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ABSTRACT 

Dynamics of Solar Eruptive Filaments 

by 

Rui Liu 

The solar filament is one of the most important structures that lead to the desta-

bilization of the solar corona, thereby driving the space weather in the Earth space. 

The dynamics of solar eruptive filaments is crucial for us to understand the physics 

governing the initiation of coronal mass ejections (CMEs). In this thesis we concen

trate on kinking filaments and asymmetric eruptive filaments, which feature unique 

dynamic evolutions with implication of distinct initiation mechanisms. 

Kinking filaments with their warped axes are generally regarded as the 'fingerprint' 

of the MHD helical kink instability. Theoretical/numerical modelings of the kink 

instability in the solar context have raised a number of interesting issues which can 

only be fully addressed with detailed observational inputs. Our study on the kink 

evolution in a number of filament eruptions with a wide range of different natures 

provide a complete picture of how the kink instability works in the interactions of the 

filament with its magnetic environment. Our work has shown evidence supporting 

the writhing motion of the filament spine as a precursor of eruptive phenomena in 

the solar corona, and as a key component in regulating the nature of the eruption, in 

terms of full, partial or failed eruptions. 

The dynamic evolution of both kinking and asymmetric eruptive filaments has 

significant impacts on the production of hard X-ray emission. We have identified 

two types of asymmetric eruptive filaments: whipping-like and zipping-like, which are 



associated with the shifting of hard X-ray sources in different ways. Both can be 

understood in terms of how the highly sheared filament channel field responds to an 

external asymmetric magnetic confinement. In kinking filaments, our study suggests 

that two distinct processes take place during the kink evolution, leading to two types 

of HXR emission with different morphological connections to the overall magnetic 

configuration. Self-consistent, qualitative models are constructed in both studies. 

These results improve our understanding of the physical processes leading to the 

destabilization and eruption of solar filaments, and have significant impact on the 

modeling of the CME initiation and evolution. 
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Chapter 1 

Solar Storms 

Solar flares, filament/prominence eruptions, and coronal mass ejections (CMEs) in 

the solar atmosphere are the most spectacular phenomena in the solar system. Collo

quially, when these events occur together, which they frequently do, we refer to them 

as solar storms. A typical storm releases more than 1032 ergs of energy, as it ejects 

up to 1016 g of plasma into interplanetary space with speeds often exceeding 1000 km 

s-1, 'heats local coronal plasmas to temperatures in excess of 10 MK, and accelerates 

particles to GeV energies. Magnetic field plays a dominant role in solar storms, as in 

the solar atmosphere where most of the disturbances take place, the typical plasma 

P = 2/JP/B2 is less than 0.1, where P and B2/2fx are gas and magnetic pressures, 

respectively. 

Solar storms are the most important driver of space weather which "refers to 

the conditions on the Sun and in the solar wind, magnetosphere, ionosphere and 

thermosphere that can influence the performance and reliability of space-borne and 

ground-based technological systems and can endanger human life or health" (Fig. 1.1; 

Schwenn, 2006). 

The most damaging space weather events induced by solar storms include the tem

porary and sometimes permanent failure of satellites, the degradation or disruption 

of communication, navigation, and power systems, and the exposure of astronauts 

and polar-route airline crews to harmful doses of radiation. Some effects occur ap

proximately 3 days later when the ejected plasmas propagate to Earth and interact 

with the magnetosphere. Others begin almost immediately due to the acceleration 

of solar energetic particles to relativistic speeds. In January 1997, a communications 

satellite (Telstar 401) went dead just hours after a CME struck the Earth's magne-
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Figure 1.1 : This composite image presents the three most visible elements of space 
weather: a storm from the Sun, aurora as seen from space, and aurora as seen from 
the Earth. Left: a corona mass ejection composite from EIT 304 A superimposed 
on a LASCO C2 image, both from SOHO. Middle: Polar/VIS imager shows charged 
particles as they spread down across the U.S. during a large solar storm event on July 
14, 2000. Right: a photo of an aurora in Alaska took by Jan Curtis. Figure from 
SOHO Gallery (http://sohowww.nascom.nasa.gov/gallery/). 

tosphere. The loss of that satellite disrupted television signals, telephone calls, and 

part of a U.S. Earthquake-monitoring network. In 1989 a geomagnetic storm resulted 

in the destruction of a $36 million transformer in New Jersey and the collapse of 

Hydro-Quebec power system in Canada, leaving six million people in Canada and 

the U.S; without power for nine hours. Therefore, the study of the solar storms is of 

broad scientific and socioeconomic significance for a world increasingly dependent on 

satellites, electrical power and radio communications. 

Remarkable progress has been made over the last 20 years with multi-wavelength, 

around-the-clock, observations of the solar atmosphere made available by space mis

sions. Fundamental questions regarding the physics behind the solar storms, however, 

remain open: How is the free magnetic energy accumulated and confined in the solar 

atmosphere? How is the energy released? What drives/triggers the eruption? Current 

understanding of solar storms, both from observational and theoretical viewpoints, is 

reviewed in this chapter in a tutorial fashion. In Chapters 2 and 3, we concentrate 

http://sohowww.nascom.nasa.gov/gallery/
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on the role of an ideal MHD instability, namely the kink instability, in solar storms. 

In Chapter 4 we study how the dynamic evolution of solar eruptive filaments im

pact on the production of the hard X-ray emission in the solar atmosphere. Related 

publications are as follows, 

7. Liu, R., & Alexander, D., Hard X-Ray Emission in Kinking Filaments, to be 

submitted to Astrophys. J. 

6. Liu, R., Alexander, D., &; Gilbert, H. R., Asymmetric Eruptive Filaments, 

accepted by Astrophys. J. 

5. Tripathi, D., Gibson, S. E., Qiu, J., Fletcher, L., Liu, R., Gilbert, H. R., 

&; Mason, H. E., On Partially Erupting Prominences, submitted to Astron. Sc 

Astrophys. 

4. Liu, R., Gilbert, H. R., Alexander, D., & Su, Y., The Effect of Magnetic 

Reconnection And Writhing in a Partial Filament Eruption, Astrophys. J., 2008, 

680, 1508 

3. Gilbert, H. R., Alexander, D., & Liu, R., Filament Kinking And Its Implica

tions for Eruption And Reformation, Sol. Phys., 245, 287, 2007 

2. Liu, R., Alexander, D., &; Gilbert, H. R., Kink-Induced Catastrophe in A 

Coronal Eruption, Astrophys. J., 661, 1260, 2007 

1. Alexander, D., Liu, R., & Gilbert, H. R., Hard X-Ray Production in A Failed 

Filament Eruption, Astrophys. J., 653, 719, 2006 

1.1 Instruments and Datasets 

A survey of the space-borne as well as ground-based instruments and data sets that are 

used in this thesis is given here. In our study, solar activity in the chromosphere is ob

served by ground-based instruments in Ha (A = 6563 A) and He I (A = 10830 A) lines. 
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Activity in the low corona is observed in EUV by the Transition Region and Coronal 

Explorer (TRACE) spacecraft, the Extreme Ultraviolet Imaging Telescope (EIT) on 

board the Solar and Heliospheric Observatory (SOHO), and the Extreme Ultravio

let Imager (EUVI) on board the Solar Terrestrial Relations Observatory (STEREO). 

The accompanying X-ray emission during solar activity is recorded by the Reuven Ra-

maty High Energy Solar Spectroscopic Imager (RHESSI) spacecraft in hard X-rays, 

and by the X-ray Telescope (XRT) on board the Hinode spacecraft in soft X-rays. 

X-ray fluxes from the Sun are monitored by the Geostationary Operational Environ

mental Satellite (GOES) around-the-clock. The CMEs are observed by the Large 

Angle Spectrometric Coronagraph (LASCO) on board SOHO, as well as the Mark IV 

K-Coronameter (MM) at the Mauna Loa Solar Observatory. 

1.1.1 Ground-based Filtergrams 

For the present work, our major source of ground-based observations comes from two 

observatories, the Big Bear Solar Observatory (BBSO) in Big Bear Lake, California, 

operated by the New Jersey Institute of Technology, and the Mauna Loa Solar ob

servatory (MLSO) in Hawaii, operated by the High Altitude Observatory, which is 

a division of the National Center for Atmospheric Research (NCAR). The Advanced 

Corona Observing System (ACOS) at MLSO is composed of the Polarimeter for Inner 

Coronal Studies (PICS), the Chromospheric Helium Imaging Photometer (CHIP; El

more et a l , 1998; MacQueen et al., 1998) and the Mk4 K-coronameter which observes 

the white-light K-corona. The ACOS instruments operate every day from 17:00 until 

02:00 UT (weather permitting) producing about up to 180 images for each instrument 

with a cadence of about 3 mins. 

He I 10830 A 

The He 110830 A absorption line has proven useful in delineating chromospheric struc

tures, and in reflecting the conditions in the overlying corona, which are mainly re-



5 

sponsible for the excitation of the chromospheric helium. This is related to the nature 

of the line formation, to which a significant contribution comes from a photoionization-

recombination (PR) mechanism. In essence, coronal photons at wavelengths short-

ward of the photoionization threshold of the helium ground state, which is at 504 

A, penetrate into the chromosphere and photoionize helium atoms; these ions then 

recombine to He0 excited levels and produce the He I lines (Zirin, 1975; Andretta & 

Jones, 1997). 

The CHIP operated at MLSO provides full-disk and off-limb He I intensity and 

line-of-sight velocity images. It operates with a 3-minute temporal cadence with each 

pixel subtending 2.3". The CHIP telescope currently acquires data using a seven-

filter configuration, covering the spectral region from 10827 A to 10833 A, which 

allows for measurements with a line-of-sight velocity difference of about ±80 km s_1. 

The He I 10830 A line is seen in absorption on the solar disk, dominated by the 

underlying photospheric continuum, but in emission off the solar limb due to the 

lack of background emission. The data within several pixels off the limb, however, 

are plagued by a combination of a registration problem in the subtraction of images 

from different filters and a lack of a thorough limb-darkening correction. This has, 

however, negligible effects on prominences we studied, whose altitudes are usually 

over 100" above the limb. 

H a 6563 A 

The PICS at MLSO is a telescope with a removable occulting disk used to make Ha 

observations above the solar limb or on the solar disk, with a 3-min temporal cadence 

and with each pixel subtending 2.9". Its field of view extends to 2.25 RQ from the 

Sun center (beginning at 1.01 R© for occulted measurements). 

The Global High-resolution Ha Network monitors the Sun in Ha round-the-clock 

by utilizing facilities at the Big Bear Solar Observatory in the U.S., the Kanzelhohe 

Solar Observatory in Austria, the Catania Astrophysical Observatory in Italy, Meudon 
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and Pic du Midi Observatories in France, the Huairou Solar Observing Station and 

the Yunnan Astronomical Observatory in China. The Ha full disk observations at 

BBSO are obtained with a H-alpha filter at 0.25 A bandpass and a 2048 x 2048 pixel 

CCD camera. The data have a temporal cadence of about 30 s and pixel resolution 

about 1". 

1.1.2 EUV Instruments 

SOHO/EIT 

The Extreme-ultraviolet Imaging Telescope (EIT; Delaboudiniere et al., 1995) has 

provided almost continuous full Sun images up to 1.5 R 0 from the disk center, since 

the launch of SOHO which is operated at the LI Lagrangian point. The telescope has 

a 45 x 45 arcmin field of view with 2.6 arcsec pixels which provides approximately 

5-arcsec spatial resolution in 4 narrow EUV bands. The four bands and their tem

perature sensitivities are: Fe IX/X (171 A; 1.3 x 106 K), Fe XII (195 A; 1.6 x 106 K), 

Fe XV (284 A; 2 x 106 K) and He II (304 A; 8 x 104 K). It has been demonstrated 

that the 195 A band contains an Fe XXIV line at 192 A emitted by plasma at 20 

MK which is negligible in quiet Sun regions but highly significant in flaring active 

regions (e.g. Warren et al., 1999; Tripathi et al., 2006a). This channel is also mixed 

with some Fe X, Fe XI and Fe XIII emission. Particularly, these cooler lines become 

important in coronal hole and plume spectra, compared to the Fe XII lines that are 

dominant in the quiet Sun (Del Zanna et al., 2003). 

TRACE 

The TRACE spacecraft (Handy et al., 1999) is operated in a sun-synchronous polar 

orbit. The instrument has a field of view of 8.5 x 8.5 arcmins and a spatial resolution 

of 1 arcsec (0.5 arcsec pixels) with a typical time cadence of less than one minute. 

It has 3 EUV bands in iron lines similar to those of EIT, along with UV continuum 

bands at 1600 A and 1700 A. 
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Because TRA CE is not a full disk imager, the determination of its absolute point

ing is a little more complicated than is the case with a full disk imager where the 

solar limb provides a reference. In particular, an unknown and time-varying offset 

of the TRACE pointing results from flexures of the instrument metering tube, which 

supports the telescope. This can result in errors of more than 10" at the Sun. As a 

result, care must be taken in comparisons between TRACE observations and other 

instruments. 

Gallagher et al. (2002) corrected the TRACE pointing by cross-correlating the 

TRACE images with nearly-simultaneous EIT 195 A images*, assuming the pointing 

information of the EIT full disk observations is correct. In studying the spatial corre

spondence between the TRACE white-light and the HXR flare kernels, Metcalf et al. 

(2003) correct the TRACE pointing by aligning the TRACE and MDI white-light 

data*. Their method also accounts for the parallax between the Earth view and the 

LI view, solar rotation, and foreshortening. The estimated accuracy of the align

ment is about a TRACE pixel (0.5"). Aulanier et al. (2000a) suggested a three-step 

method to correct the TRACE pointing in comparing the TRACE EUV observations 

with photospheric line-of-sight magnetic fields: (1) overlay one TRACE 1600 A (UV 

continuum) image with a magnetogram with known pointing. The co-alignment is 

done by using the network brightening and the weak fields in the faculae. (2) Fine 

tune the co-registration of the 1600 A image with one 195 A or 171 A image using 

the darkenings of sunspots and brightenings of the faculae. (3) The 195 A and 171 

A images are then naturally co-aligned with the magnetogram. The estimated errors 

on the co-alignment is about the same pixel resolution of the magnetogram, typically 

~ 2". All three methods have been used in the thesis work, depending on the specific 

* h t t p : / / h e s p e r i a . g s f c . n a s a . g o v / ~ p t g / t r a c e - a l i g n / t r a c e - a l i g n . h t m l 

thttp://www.cora.nwra.com/-metcalf/TRACE/pointing.html 

http://hesperia.gsfc.nasa.gov/~ptg/trace-align/trace-align.html
http://www.cora.nwra.com/-metcalf/TRACE/pointing.html


dataset with which TRACE data are compared. 
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STEREO/SECCHI/EUVI 

The Sun-Earth-Connection Coronal and Heliospheric Investigation (SECCHI; Howard 

et al., 2007) on board STEREO is a suite of optical and EUV telescopes that observe 

the entire inner heliosphere from the solar surface out to the vicinity of Earth. These 

telescopes include EUVI (1-1.7 R0) , two traditional Lyot coronagraphs (COR1: 1.4-

4 R0 and COR2: 2.5-15 R0) and two new designs of Heliospheric Imagers (HI1: 

15-80 R0 . and HI2: 80-215 R0) . With the view from two vantage points, SECCHI 

provides stereoscopic observations of spatial structures and temporal evolution of the 

solar corona for the first time in history, as well as a substantial improvement in 

spatial resolution and temporal cadence over its predecessor SOHO. 

1.1.3 X-ray Instruments 

Soft X-ray Instrument: Hinode/XRT 

Hinode is a satellite mission equipped with three solar telescopes. The Solar Optical 

Telescope (SOT) has an unprecedented 0.2" resolution and is the first space telescope 

to measure the Sun's vector magnetic field. The EUV Imaging Spectrometer (EIS) 

provides high spectral resolution images of the transition region and corona at high 

cadence. The X-Ray Telescope (XRT; Golub et al., 2007) is a high-resolution grazing-

incidence telescope which provides an unprecedented combination of spatial, spectral, 

and temporal coverage. The XRT consists of the X-ray and visible light optics, focal 

plane mechanisms (filters and shutter), and the 2kx2k CCD camera. With a 2-second 

temporal cadence, it provides 2-arcsec resolution images of the solar coronal plasmas 

with a temperature range 6.1 < logT < 7.5. The temperature resolution logT = 0.2, 

and the field of view is greater than 30 arcmin. 
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Hard X-ray Instrument: RHESSI 

The objective of RHESSI mission (Lin et al., 2002) is to study energy release and 

particle acceleration in solar flares. This is accomplished by imaging-spectroscopy 

of solar hard X-rays and gamma-rays over a 3 keV to 17 MeV energy range with 

energy resolution of ~ 1 keV. The time resolution in non-imaging mode is about 0.1 

s, and at least 4 s for the imaging mode, due to the reliance on spacecraft rotation 

for spatial discrimination. The spatial resolution can be as high as 2.3 arcsec. At 

energies above a few keV, focusing optics have thus far been difficult to implement. 

Accordingly, imaging on RHESSI is based on nine rotating modulation collimators 

that time-modulate the incident flux as the spacecraft rotates. The modulated signals 

are then used to reconstruct images of the source (Hurford et al., 2002). 

1.1.4 Coronagraphs 

A coronagraph is a telescope that images only the corona above the solar limb, sup

pressing the bright photosphere by either internal or external occultation. The visible-

light observations show the glowing K-corona (K for continuum; Fig. 1.16) which is 

the low-layer solar atmosphere radiation scattered by free electrons in coronal plasmas 

(Thompson scattering); the intensity determines the line-of-sight column density of 

the corona. The high temperature of the corona smears out the photospheric Fraun-

hofer line spectrum, but an emission-line component appears prominently at short 

wavelengths. 

LASCO (Brueckner et al., 1995) on board SOHO is a wide-field white light and 

spectrometric coronagraph consisting of three optical systems having nested fields of 

view, which are designated as CI (1.1-3.0 R0) , C2 (2.2-6.0 R0) and C3 (4-32 R©). 

CI is fitted with an imaging Fabry-Perot interferometer, making possible spatially 

resolved high-resolution coronal spectroscopy in the few strongest optical spectral 

forbidden lines in the corona, e.g., the green line of Fe XIV at 5303 A and the the red 

line of Fe X at 6374 A. Unfortunately, Cl was severely damaged during the temporary 
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MLSO/Hoc 20-Jan-2004 16:38:39 UT EIT 195 20-Jan-2004 16:48:11 UT 

Figure 1.2 : Huge quiescent filaments and relatively small active region filaments 
observed on the solar disk. Left panel: Ha image from the Big Bear Solar Observatory; 
right panel: a nearly simultaneous EUV image from SOHO/EIT which clearly shows 
the quiescent prominence in the northwest quadrant. 

loss of SOHO in June 1998 and no observations have been possible since. C2 and C3 

mostly operate in synoptic mode at a cadence of about 24 min (C2) and 45 min (C3). 

The resolution is 11.9 arcsec pixels for C2 and 53 arcsec pixels for C3. 

The Mark IV K-Coronameter (Elmore et al., 2003) operated at MLSO produces 

white-light brightness and polarization maps in the wavelength range from 7000 to 

9500 A. Its field of view is from 1.14 to 2.86 R 0 with each pixel subtending ~ 6". 

As with the other MLSO instruments, Mk4 produces an image every 3 minutes. The 

observations run from 17-22 UT daily (weather permitting). We use the qualitative 

white light coronal images that are produced by applying an artificial vignetting 

function which reduces the radial density gradient in order to enhance contrast. 
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1.2 Solar Filaments 

Filaments are thread-like clouds consisting of relatively cool (5000-8000 K) and dense 

(1010-1011 cm -3) magnetized plasma, suspended in the hot (106 K) and tenuous 

(109 cm -3) corona. On the solar disk (Fig. .1.2), appearing in absorption in cool, 

chromospheric lines, such as Ha (A == 6563 A), as dark features, are the huge, blade

like quiescent filaments (last for many days), formed at high latitudes (referred to 

as the polar crown) away from active regions; and the slim, ribbon-like active-region 

filaments (last for minutes or hours), formed in the mid latitudes (referred to as the 

active belt). They are, without exception, situated along the photospheric magnetic 

polarity inversion lines (PILs), which separate regions of line-of-sight magnetic fields 

with opposite polarities, also termed neutral lines, or polarity inversion boundaries. 

While active-region filaments are often too low to be seen at the limb, quiescent 

filaments appear in emission in Ha as giant hedgerow or arch structures above the 

solar surface (Fig. 1.3), therefore being termed prominences (used interchangeably 

with filaments hereafter). Why do we see Ha prominences on the limb in emission 

and filaments on the disk in absorption? The reason is that cool prominence plasma 

absorbs the radiation coming from below and scatters it in all directions. On the limb 

we see only the scattered radiation as there is no coronal background in Ha. Thus, 

the Ha line is seen in emission. On the other hand, when a filament is projected 

against the disk, the radiation scattered by the filament in the direction toward the 

observer represents only a fraction of the chromospheric background, and thus cannot 

compensate for the absorption, and the Ha line is therefore seen in absorption (for 

more details see Heinzel & Anzer, 2005). 

Besides chromospheric lines, prominences can be observed as dark structures in 

hot, coronal lines, such as Fe XII (A = 195 A) and Mg X (A = 625 A). From time 

to time, however, prominences appear in emission in EUV, or even in soft X-rays, 

possibly due to localized heating and the energy transport along the field lines. The 

interface region between the prominence and the ambient corona can be observed in 



12 

Figure 1.3 : A quiescent prominence photographed at the edge of the Sun in 1970. 
Figure credit: BBSO/NJIT 

emission in intermediate temperature (transition region) lines such as He II (A = 304 

A) and C IV (A = 1548 A). Synthesis imaging in microwaves has proved effective 

in observing prominence eruptions (Hanaoka et al., 1994; Gopalswamy et al., 1999). 

Prominences contain cool material and hence are optically thick in microwaves, similar 

to Ho; observations. However, the thermal free-free continuum emission from the 

prominence plasma is dominant in microwaves above the solar limb, which allows 

the prominence to be imaged with great clarity, even when it is heated to higher 

temperatures and disappears in Ha. 

The remarkably stable equilibrium between magnetic and gravitational forces 

achieved by prominences, and their sudden eruptions associated with solar flares 

and CMEs, pose a great challenge for our understanding of the physics governing 

the destabilizing of the solar corona. Prominences also draw attention from stellar 

physicists who detected similar structures in K or M stars (e.g. Byrne et al., 1996) 
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1.2.1 Morphology 

Filament Channel 

In and around active regions, the chromosphere is largely composed of ubiquitous fine 

structure called 'fibrils'. There is approximate agreement between the fibril orienta

tion and the horizontal component of the chromospheric magnetic field. At polarity 

boundaries fibril patterns vary from bridging across the polarity boundary orthogo

nally, to running parallel to the boundary. 

A prerequisite for a filament is a channel where all the chromospheric fibrils are 

aligned with the polarity boundary, referred to as the filament channel (Fig. 1.4; 

Martin, 1998; Gaizauskas, 1998, and references therein). Foukal (1971) pointed out 

that the sense of the axial field of a filament can be inferred from the direction in 

which the surrounding fibrils stream away from network flux concentrations, whose 

polarities are known from line-of-sight magnetograms. One can conclude that filament 

channels represent the condition of maximum magnetic shear, which is consistent 

with the photospheric magnetic field environment of filament channels, as revealed 

by vector magnetograms (Martin, 1998). While these channels are observed to exist 

void of filament material, filaments only form in such channels (e.g. Gaizauskas et al., 

1997a; Wang & Muglach, 2007). 

In the EUV, a filament is typically observed as a dark 'corridor' on the disk, well 

extended beyond the Ha filament spine, referred to as the "EUV filament channel" 

(hereafter EFC). The width of an EFC can vary from 10 to 50 Mm along its axis, 

which is on average 5 times wider than its Ha counterpart (Chiuderi-Drago et al., 

1998; Heinzel et al., 2001). Chiuderi-Drago et al. (1998, 2001) reported that, for 

emission lines of a given ion, EFCs are only clearly visible for wavelengths shorter 

than 912 A, the head of the hydrogen Lyman continuum. This is interpreted as the 

Lyman continuum absorption of the background EUV radiation incident from below 

by neutral hydrogen (Kucera et al., 1998a), which is abundant in cool prominence 

structures. For shorter wavelengths additional absorption by neutral helium can 
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Figure 1.4 : A filament channel recorded in Ha at the Big Bear Solar Observatory 
on 17 June 1981. The S-shaped trail of fibrils in the middle of this image is a 
filament channel, which lies between opposite-polarity magnetic fields at the sides 
of the channel. The channel joins the active region with sunspots in the upper part 
of the image and another filament channel containing a filament in the lower right. 
Figure credit: BBSO/NJIT. 

occur (below 504 A), and for very short wavelengths (below 228 A) singly ionized 

helium will also contribute under specific conditions. It was demonstrated that this 

cool material could be invisible in Ha because the optical thickness of the hydrogen 

Lyman continuum at 912 A can be one to two orders of magnitude larger than that 

of Ha (Heinzel et al., 2001; Schmieder et al., 2003). Alternatively, filaments could 

have a "volume blocking" effect on EUV coronal lines (Heinzel et al., 2003; Schwartz 

et al., 2004; Anzer & Heinzel, 2005), in the case that the cool structure is sufficiently 

extended along the line of sight. Since the coronal volume occupied by cool plasma 

does not contribute to the emission in coronal lines, the total radiative output is 

correspondingly reduced compared with the neighboring corona. 

Barbs 

Barbs are lateral extensions from the 'spine' (long axis) of a filament and terminate 

in the chromosphere (Fig. 1.5). They are sheets of mass, composed of parallel narrow 
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Figure 1.5 : High-resolution Ha image of chromospheric filaments and barbs, observed 
at 14:46 UT on 2002 October 30. The image was recorded by the ISOON telescope 
operated at the National Solar Observatory at Sacramento Peak. Upper left corner 
corresponds to N34E22, lower right corner to N06W02. Figure from Pevtsov et al. 
(2003b). 

threads similar to those in the spine. The direction in which barbs extend from 

the axis reveals the chirality, or handedness, of the filament (see §2.1.3). Filaments 

whose fibril structures resemble the threads of a right-handed (left-handed) screw, 

are referred to as dextral (sinistral) filaments. By definition, for an observer viewing 

the prominence or filament channel from the positive-polarity side, the axial fields in 

dextral (sinistral) filaments always point to the right (left). Martin and coworkers 

(Martin, 1998, and reference therein) have established empirically that dextral and 

sinistral filaments, as well as filament channels, can be recognized by an analogy 

to highways: "If the filament axis is regarded as a highway of mass transport, and 

the direction of motion is established such as for a motorist driving along a high

speed highway, a dextral filament has barbs in the same sense as the right-hand exits; 

sinistral filaments have apparent left-hand exists." 

Martin & Echols (1994) identified the formation of some barbs with ephemeral 

regions which are tiny bipolar units that emerge in the vicinity of major active regions. 
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Martin & Echols (1994) also found that barbs were related to patches of parasitic 

polarities on either side of a filament. Parasitic polarities are small areas of magnetic 

field opposite in polarity to the dominant polarity of the network magnetic fields. The 

barb end points are the only locations anywhere in the filament that are apparently 

fixed relative to the chromospheric background. Everywhere else in the filament the 

mass is moving along threads at apparent speeds of several to tens of kilometers per 

second (Martin, 1998). 

Cavity 

The cavity is a localized lack of emission in white-light, EUV or soft X-rays in the 

immediate vicinity of the filament and the overlying coronal arcades. At radio wave

lengths, cavities can be observed as brightness temperature depressions above quies

cent filaments both on the limb and on the disk (Marque, 2004). Cavities are the 

coronal counterparts to chromospheric filament channels. Fig. 1.6 shows cavities over

lying EUV quiescent filaments. They have been suggested as the outer part of the 

magnetic flux rope sustaining the dense filament (Low &; Hundhausen, 1995). Alter

natively, Martin (1998) argued that the cavity exists because structures with opposite 

chirality, namely, the filament and the overlying coronal arcade, cannot conjoin (also 

see §2.1.3). However, for CMEs where low coronal observations are available, the 

filament and its cavity have been tracked from pre-eruption through their expansion 

outwards in the CME (e.g. Plunkett et al., 2000), indicating that both are integral 

parts of a larger magnetic structure, in agreement with the flux-rope model. 

1.2.2 Magnetic Topology 

Methods based on the Zeeman effect and the Hanle effect have been used in measuring 

the magnetic fields in and around filaments. The Zeeman effect causes the light 

emitted in a spectral line to become circularly polarized. By measuring the degree 

of circular polarization it is possible to deduce the line-of-sight field component in 



Figure 1.6 : Cavities overlying EUV filaments as seen by SOHO/EIT on 1997 De
cember 3, in 195 A bandpass. Figure from Gopalswamy et al. (2006). 

a prominence. The Hanle effect, on the other hand, can measure both the strength 

and direction of magnetic fields in prominences. It works because much of the light 

emitted by a prominence above the solar limb is actually scattered light originating 

from the chromosphere below. The presence of magnetic field results in a change in 

the linear polarization state of the scattered light in certain spectral lines, such as He I 

D3 (A = 5876 A). Observational studies summarized by Leroy (1989) and updated by 

Bommier et al. (1994) have shown that in quiescent prominences, the field is horizontal 

and mainly directed along the axis of the prominence: the magnetic vector is inclined 

to the prominence axis at an average angle of about 25°. Most quiescent prominences 

have what is known as inverse polarity configuration, i.e. the magnetic field traverses 

the prominence from the region of negative polarity to the region of positive polarity, 

opposite to what would be expected for a coronal arcade. The field is homogeneous 

and slowly varying, but the field strength seems to increase with altitude at the rate 

of 1 x 10 -4 Gauss km - 1 . Its magnitude is in the range 3-30 Gauss with an average 

value of 8 G. In contrast, most active region prominences have what is known as 

normal polarity configuration, i.e., the field lines pass through the prominence from 

the region of positive polarity to the region of negative polarity. The average field is 

also stronger, in the range 20 to 70 Gauss (Tandberg-Hanssen, 1995). These values 
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are actually averages (integration) over many unresolved fine structures. With higher 

spatial resolution (0.6"), Koutchmy & Zirker (1990) found evidence of strong fields 

(up to 1000 Gauss) in thin horizontal threads of a low-lying active region prominence, 

while the field between the the threads was smaller than 150 Gauss. 

Magnetic configurations with a 'dipped' field or a helically coiled field have been 

invoked to explain the equilibrium and stability of prominences, which leads to three 

basic prominence models: the normal polarity dip model (Kippenhahn k, Schliiter, 

1957), the normal polarity flux rope model (Hirayama, 1985; Leroy, 1989), and the 

inverse polarity flux rope model (Kuperus & Raadu, 1974; Pneuman, 1983; Anzer, 

1989; Low & Hundhausen, 1995). Schematic diagrams of these three models are 

shown in Fig. 1.7, which represent vertical cross-sections of a prominence in a plane 

perpendicular to its spine. Note there is a field component along the prominence (into 

or out of the plane), which is often stronger than the component within the plane. So 

the dipped field shown in the left panel of Fig. 1.7 is actually a sheared arcade with 

dips at the loop tops (Antiochos & Klimchuk, 1991), and the circular field lines in the 

middle and right panels of Fig. 1.7 are actually helical windings which wind around a 

horizontal axis parallel to the spine of the prominence. Also, the magnetic field does 

not vanish along the X-type neutral lines. In all three models, the magnetic tension 

force pointing upward provides support for the prominence material against gravity. 

Alternatively, it has even been proposed that a steady-state dynamic solution can 

be found in flat-topped arcade fields, indicating magnetic dips are not necessary for 

the formation and the suspension of prominences (Karpen et al., 2001). Numerical 

simulations by Karpen and colleagues (Karpen et al., 2005, 2006; Karpen &; Antiochos, 

2008) further show that condensations that represent cool, dense prominence material 

can form through thermal nonequilibrium along long, low-lying magnetic field lines 

with localized heating near the chromosphere. 

The flux rope configuration is appealing for prominences, since it can not only 

explain how the prominence mass is supported, but also naturally account for the 

magnetic inverse configuration, the thermal isolation of the prominence from the 
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surrounding corona, and the low-density cavity around the prominence, often seen 

in three-part structure helmet streamers and the ensuing CMEs (Low, 1996, and 

references therein). Thermal conductivity is severely inhibited across the magnetic 

field in low-/? plasmas, and the helical field lines within the flux rope may have enough 

twist to produce a sufficiently long path so as to inhibit thermal conduction along 

the magnetic field. As the hot plasma in the flux rope cools and condenses, an initial 

increase in mass density may trigger the thermal instability, which results in the 

radiative cooling dominating the heating by thermal conduction, since optically thin 

radiative losses vary as the square of the density. Thus, the material cools rapidly to 

chromospheric temperatures and falls to the bottom of the flux rope. This leads to 

the formation of a low-density cavity. Furthermore, the helical flux rope is capable 

of storing the free magnetic energy needed to drive a CME (Low, 1996, 2001). Many 

authors have focused on the flux rope configuration in studying prominence eruptions 

and coronal mass ejections (e.g., Forbes & Priest, 1995; Lin & Forbes, 2000; Titov & 

Demoulin, 1999; Amari et al., 2000; Linker et al., 2001; Low, 2001; Sturrock et al., 

2001; Low & Zhang, 2002; Amari et al., 2003a,b; Roussev et al., 2003; Torok k Kliem, 

2005; Fan, 2005; Birn et al., 2006). 

A difficulty with the condensation scenario is that the mass of a quiescent promi

nence (~ 1015 g) typically exceeds the mass available in the surrounding corona before 

the prominence is formed. Therefore, additional mass must somehow be supplied to 

the prominence. One possibility is that the mass is injected along the field lines from 

the chromosphere below (e.g. Pikel'Ner, 1971). This could be driven by a pressure 

difference between the chromosphere and the prominence. Another possibility is that 

cool plasma is lifted up by a twisted flux rope emerging from the convection zone 

through the chromosphere (Rust &; Kumar, 1994), the flux rope sheds most of its 

mass on it way up into the corona, but a small fraction of the initial mass remains 

trapped in the troughs of the helical windings. 
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Inverse Polarity 
Flux Rope Model 

Figure 1.7 : Schematic diagrams showing the magnetic topologies of three types of 
prominence support models; the prominences are shown by the shaded areas. In each 
case it is assumed that there is a uniform magnetic field normal to the plane of the 
figure, which changes the topology of the closed field lines in the center and right-
hand diagrams to helical field lines forming flux ropes. Figure from (Gilbert et a l , 
2000). 

1.2.3 Formation 

During the formation of filament channels, Hen fibrils are observed to change their 

orientation, within the range of a few hours to at most a few days, from nearly per

pendicular to nearly parallel to the polarity boundary. The transition of the fibril 

pattern is either associated with the convergence of opposite-polarity flux elements to

ward the neutral line (Martin, 1998; Wang & Muglach, 2007), or the emergence of new 

magnetic flux (Gaizauskas et al., 1997b, 2001). In the latter case, filaments are ob

served to form after the period of major flux emergence. Martin (1998) characterized 

the convergence of opposing magnetic flux toward the PIL, followed by cancelation, 

as a necessary condition for the formation of filaments. The 'canceling' flux elements 

might be submerging, annihilating, or being expelled upward. Several observational 

arguments, however, strongly suggest that magnetic reconnection is the mechanism 

behind flux cancelation (Litvinenko k. Martin, 1999, and references therein) 

Normal Polarity Normal Polarity 
Dip Model Flux Rope Model 
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Figure 1.8 : Converging flow in a sheared photospheric field results in the creation 
of a flux rope, which could become unstable and erupt. The rectangle represents the 
solar photosphere, and the dashed line is the neutral line, (a) initial potential field; 
(b) sheared magnetic field due to flows along the neutral line; (c) magnetic shear is 
increased further due to flows toward the neutral line; (d) reconnection produces long 
loop AD and a shorter loop CB which subsequently submerges; (e) overlying loops EF 
and GH are pushed to the neutral line; (f) reconnection produces the helical loop EH 
and a shorter loop GF which again submerges (van Ballegooijen k. Martens, 1989). 

It is possible that both the parallel and perpendicular field components are present 

in the chromosphere well before the channel forms, but the transverse field B± is can

celed (submerged) at the PIL, leaving only the axial field B\\ (e.g., van Ballegooijen 

& Martens, 1989; Wang & Muglach, 2007). The coronal reconnection between pairs 

of similar sized magnetic loops converts each pair into a longer and a shorter loop 

(Fig. 1.8). The shorter loop is pulled downward by the magnetic tension force. Its 

footpoints approach each other as the loop submerges (representing the canceling 

flux elements). The reconnection is driven by photospheric shearing flows along and 

converging flows toward the PIL (van Ballegooijen k. Martens, 1989). Photospheric 

flows have been a key element in modeling the formation of filaments and filament 

channels, which include photospheric twisting of fields (e.g. Priest et al., 1989); shear

ing of footpoints along the PIL (e.g. DeVore & Antiochos, 2000); converging flows 

towards the PIL (e.g. Martens & Zwaan, 2001); and small-scale convective flows (sur

face diffusion; e.g. Mackay & van Ballegooijen, 2005). Most models invoke multiple 

surface flows in the context of a single bipole or multiple bipoles (see the review by 
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Mackayet al. 2008). 

Another possibility is that the change in orientation of the Ha fibrils represents 

the emergence of a twisted flux rope whose axis is aligned with the PIL (e.g., Rust & 

Kumar, 1994; Low, 1996). The outer field lines of the cylindrical flux rope, with large 

pitch angles, would be observed first as the transverse fibrils, and then the axial field 

lines emerge subsequently as the filament channel and filament. Such a hypothesis 

is supported by theoretical studies that imply the necessity of a minimum amount of 

twist for emerging flux tubes to rise cohesively through the convection zone (e.g. Fan 

et al., 1998), and by observations that suggest the emergence of twisted flux ropes 

(e.g. Leka et al., 1996). Recently, Okamoto et al. (2008) reported the emergence of 

a helical flux rope under an active region prominence, observed by the Solar Optical 

Telescope on board the Hinode satellite. They found that two abutting opposite-

polarity regions, which contains vertically weak but horizontally strong magnetic 

fields, first grew laterally in size and then narrowed. The horizontal magnetic fields 

along the PIL was corresponding to a blue-shifted region, and gradually changed from 

a normal-polarity to an inverse-polarity configuration. These features are in line with 

a helical flux rope emerging from below the photosphere into the corona along the PIL. 

However, the fact that the filament already existed prior to the emergence challenges 

the idea that the flux rope supports the filament mass. 

1.2.4 Dynamics 

Even quiescent prominences are highly dynamic. Ha Doppler measurements have 

revealed continual counter-streaming flows in the threads along the spines and barbs, 

with typical speeds of 5-20 km s - 1 (Zirker et al., 1998; Lin et al., 2003b). Recently, 

observations of hedgerow prominences with unprecedented spatial resolution (0.2") 

and time cadence (15-30 s) obtained by the Solar Optical Telescope (SOT) on board 

Hinode reveal that dark, episodic upflows, visible in both the Ca II H-line and Ha 

bandpasses, are common in quiescent prominences (Berger et al., 2008). The upflows 
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are 170-700 km in width, exhibit turbulent flow, and rise with approximately constant 

speeds of ~ 20 km s_ 1 from the base of the prominence to heights of ~10-20 Mm. 

Hinode SOT observations verified previous findings of filamentary downflows at about 

10 km s_1 (Martres et a l , 1981) and vortices (Liggett & Zirin, 1984). Some downflows 

swept into large-scale vortex rotations with a mean rotation rate of 3 x 10~3 rads"1. 

SOT observations also verified large-scale transverse oscillations in prominences origi

nally observed by Regnier et al. (2001), with periods of 20-40 minutes and amplitudes 

of 2-5 Mm, indicative of a magnetoacoustic origin (Berger et al., 2008). Previous ob

servations made by the SOHO/SUMER spectrometer revealed oscillations excited 

by photospheric-chromospheric modes (5-min and 3-min oscillations; Blanco et al., 

1999); and oscillations of intermediate periods (6-12 min; Bocchialini et al., 2001), 

in agreement with Ha observations of prominence oscillations being interpreted as 

Alfven modes (see review by Oliver & Ballester, 2002). These studies have made 

possible the development of prominence seismology to probe the internal structure 

and properties of prominences. 

Two primary types of large-scale mass motions which involve reconfiguration and 

restructuring of prominences have been recognized, one with material streaming from 

one part of the solar surface to another (referred to as active prominences or APs) 

and the other with prominence material leaving the Sun partially or completely (re

ferred to as eruptive prominences or EPs). In such activities, material serves as a 

visible tracer of the field as it is compelled by its high conductivity to ride with the 

magnetic field that threads it. An important distinction between active and eruptive 

prominences is their apparent maximum heights (Munro et al., 1979; Gilbert et al., 

2000; Gopalswamy et al., 2006). For example, Gilbert et al. (2000) reported that the 

the average maximum height of EPs in their study is 1.45 R©, which contrasts sharply 

with the average for APs of only 1.16 R0 . Moreover, in the height range from 1.20 

to 1.35 RQ there is a strong likelihood that a prominence will exhibit a separation 

with the escaping part erupting with the CME while the remainder of the prominence 

drops back toward the solar surface. 
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Figure 1.9 : A collage of prominences observed in SOHO/EIT 304 A. Going clockwise 
from the upper right are two loop-like prominences appearing to be twisted, a kinking 
prominence, and an asymmetric prominence with one leg anchored to the surface while 
the other is lashed upward. Figure credit: SOHO/EIT 

The dynamic evolution of eruptive prominences can take a variety of forms (Fig. 1.9), 

including loop-like, where a single coherent loop-shape structure erupts (e.g. Gopal-

swamy &; Hanaoka, 1998); kinking, where the filament twists into a knot (e.g. Alexan

der, Liu, & Gilbert, 2006), asymmetric, where the filament eruption starts at one end 

while the other end remains fixed to the photosphere (e.g. Tripathi et a l , 2006b). 

Tripathi et al. (2006b) studied the EUV brightening during filament eruptions ob

served by SOHO/EIT and found that when the filament erupted asymmetrically the 

brightening propagated from the end point where the eruption started towards the 

other end point. In contrast, when the filament erupted symmetrically, the propaga

tion of the brightening started at the middle of the filament channel and propagated 

towards both end points. Tripathi et al. (2006b) suggested that the propagation of 

the EUV brightening represent successive reconnections in a simple 3D extension of 

the standard 2D flare model (see §1.3.3). The mechanism behind such asymmetric 

eruptions, however, remains elusive. 

Eruptive prominences often show evidence of a helical field configuration (Fig. 1.10). 



25 

Figure 1.10 : The "grand daddy" prominence prominence photographed by High 
Altitude Observatory (HAO) in June 1946 through a filter centered on Ha line. Figure 
credit: HAO 

Opposite Doppler-shifts are seen within erupting prominences by CDS and UVCS in

struments on board SOHO (e.g. Schmieder et al., 2000; Ciaravella et al., 2000), which 

could be interpreted as twisting or un-twisting motions of a helix. EIT and LASCO 

movies also show helical structure in eruptive filaments and CMEs (e.g. Dere et a l , 

1999; Plunkett et al., 2000). 

1.3 Solar Flares 

Flares are a sudden brightening of emission which explosively releases about 1030-32 

ergs of energy in the forms of particle acceleration, plasma heating, and bulk mass 

motion at a time scale of minutes. The bulk of the energy is emitted as X-ray and 

EUV photons, but the radiation can span the entire electromagnetic spectrum, from 

7-rays to radio waves. According to the peak soft X-ray flux (in W m - 2) within 1-8 

A, as measured by the GOES spacecraft, flares are commonly classified as A, B, C, 
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M or X. Each class has a peak flux ten times greater than the preceding one, with X 

class flares having a peak flux of order 10 -4 W m - 2 . Within a class there is a linear 

scale from 1 to 9, so an X2 flare is twice as powerful as an XI flare. 

A flare often occurs together with a prominence eruption and a CME, expelling 

bulk of plasmas into interplanetary space. The flare site is preferentially located 

within a complex solar active region where the magnetic field is strongly sheared 

(Hagyard et al., 1990), and frequently associated with the emergence of new magnetic 

flux from below (Choudhary et al., 1998). The peak brightness is typically reached 

within several minutes (impulsive phase) and then declines slowly over the period of 

tens of minutes to hours (gradual phase). 

1.3.1 Overview of Observations 

Historically, flares have been defined as the localized brightenings of the chromosphere 

over the course of a few minutes as observed in Ha images (Zirin, 1988; Tandberg-

Hanssen & Emslie, 1988). These Ha brightenings in the chromosphere typically show 

a pair of elongated ribbon-like structures on opposite side of a magnetic polarity 

inversion line (dubbed as two-ribbon flare; Fig. 1.11) moving away from each other 

at a speed that can be initially as fast as 100 km s_1, and declines to less than 1 

km s_1 over several hours, although more complex morphologies are not uncommon 

(Tandberg-Hanssen & Emslie, 1988). 

Accompanying the flare ribbons is the formation of post-eruptive arcades which are 

a transient large-scale loop systems straddling the filament channel, typically observed 

over several hours on the disk in emission in EUV and soft X-rays (Fig. 1.12), also 

referred to as post-flare loops. In Ha, they are normally seen in absorption on the 

disk, but sometimes anomalously dense loops occur and show up in emission. The 

footpoints of post-eruptive arcades form the Ha ribbons, soft X-ray flare loops often 

show a 'cusp-like' morphology (Fig. 1.12) with an enhanced temperature (Tsuneta 

et al., 1992). Cooler loops, e.g. EUV or UV loops, are nested below hotter ones, e.g. 
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Figure 1.11 : A two-ribbon flare observed in the blue wing of Ha, known as the great 
'Seahorse Flare' of August 7th, 1972. This image shows the two-ribbon structure late 
in the event, with bright Ha loops connecting the ribbons. A hot 40 million degree 
shell intersects the surface at the ribbons and condenses at the loop tops. Figure 
credit: BBSO/NJIT. 

soft X-ray loops. The coolest Ha loops, corresponding to a temperature as low as 

104 K, are rooted at the inside edges of the ribbons, while the hottest X-ray loops, 

corresponding to a temperature as high as 107 K, are rooted in the outer portions 

of the ribbons (Moore et al., 1980). In UV, EUV and soft X-ray observations, the 

separating of the Ha ribbons are joined by a rising arcade of the flare loops, with hard 

X-ray emission at their summits and footpoints (Fig. 1.13). However, Doppler-shift 

measurements show that the apparent motions of the loops and ribbons are not due 

to mass motions of the plasma, but rather to the continual upward propagation or 

mapping of an energy source onto new field lines in the corona (Schmieder et al., 

1987). 

A general interpretation of the observations (Fig. 1.13) is that electrons are accel

erated to sub-relativistic or relativistic speeds by the energy released in the corona 

(as evidenced by the compact hard X-ray source in the "cusp" above the soft X-ray 
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Figure 1.12 : Soft X-ray and EUV images of flare loops and flare arcades with bipolar 
structure. Top row: flare loops observe by Yohkoh/SXT with candle-flame like cusp 
geometry during ongoing reconnection. Middle and bottom rows: postflare loops 
(arcades) observed by TRACE. Examples are shown for a small flare (the 2001-Apr-
19 flare, 13:31 UT, GOES class M2), and for two large flares with long arcades, seen 
at the limb (1998-Sep-30, 14:30 UT) and on the disk (the 2000-Jul-14, 10:59 UT, X5.7 
flare). Figure from Aschwanden (2002). 
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loop in Fig. 1.13), and then spiral downwards to the footpoints of the magnetic tube, 

creating microwaves due to gyro-synchrotron emission (Dennis, 1988). At the dense 

chromosphere, the electrons lose all their energy in Coulomb collisions and emit hard 

X-ray bremsstrahlung (as evidenced by the pair of hard X-ray sources at the foot-

points of the imagined magnetic tube in Fig. 1.13), which is known as thick-target, 

nonthermal bremsstrahlung (Brown, 1971; Hudson, 1972; Lin & Hudson, 1976). The 

cooler plasma at the chromosphere is then heated and 'evaporated' to fill the mag

netic tube, driven by pressure gradients. The tube filled by hot plasmas emits ther

mal bremsstrahlung to form the flare loops seen in soft X-rays. The "chromospheric 

evaporation" is confirmed by spectroscopic observations showing a downward flow of 

cool plasma in the chromosphere (Svestka et al., 1980) and an upward flow of heated 

plasma expanding into the corona with speeds up to about 400 km s - 1 (Doschek et al., 

1980; Feldman et a l , 1980; Antonucci et al., 1982; Czaykowska et a l , 1999; Milligan 

et al., 2006). The upflowing hot plasma has the same momenta as the downflowing 

cool plasma, as expected by the conservation of momentum in a ballistic explosion. 

1.3.2 Magnetic Reconnection 

Magnetic reconnection is a dynamical phenomena in which neighboring parcels of 

magnetized plasma communicate with one another by reordering field lines among 

topologically distinct domains (Biskamp, 2000; Priest & Forbes, 2000). The concept of 

reconnection reflects the physical definition of a magnetic field line in terms of particle 

motion, and inherently requires a breakdown of the ideal MHD approximation. In 

the solar corona, magnetic reconnection results in the rapid release to the plasma of 

free energy stored in the large-scale structure of the coronal magnetic field, a process 

which is thought to drive solar flares 

The most common type of magnetic reconnection is separator reconnection, in 

which four separate magnetic domains exchange magnetic field lines. Separatrices 

often (but not always) coincide with current sheets that mark a sudden change in the 
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Figure 1.13 : Yohkoh X-ray image of the famous "Masuda flare" (Masuda et al., 1994) 
on Jan 13, 1992. The left frame shows a full-disk image of the Sun from the Yohkoh 
soft X-ray Telescope (SXT). The right frame magnifies a flare that occurred on the 
west limb. A contour map of x-ray emission observed with the Hard X-ray Telescope 
(HXT) is superimposed on the soft X-ray intensity map. Figure credit: Yohkoh team, 
retrieved from h t t p : / /hesper ia .gs f c.nasa.gov/sftheory/f lareimage.htm. 

direction of the magnetic field. The formation of current sheets provides a temporary 

deposit of free magnetic energy and creates favorable conditions for subsequent rapid 

conversion of this energy into other forms (Parker, 1994). In a plasma with a finite 

conductivity, when two regions of oppositely directed magnetic field approach each 

other, a diffusion region develops, and a topological change of the magnetic field 

occurs, with the system transitioning into a new configuration with lower energy 

(Fig. 1.14). During the reconnection a strong electric current flows in the diffusion 

region, which heats up the plasma. The macroscopic motion of the plasma is also 

influenced during the reconnection. The upstream plasma moves perpendicular to 

the field lines towards the diffusion region, and is expelled away from the diffusion 

region in the direction approximately perpendicular to the inflows. According to the 

geometry of the magnetic field lines, the null point where the field vanishes is referred 

to as X-type (left panel of Fig. 1.14) or Y-type (right panel of Fig. 1.14). 

A long-standing challenge is that observed reconnection-driven events, e.g. solar 
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Magnetic 
field line 

Figure 1.14 : Illustration of plasma flows (red) and field lines (blue) of a local dissipa
tion region (current sheet) during magnetic reconnection in 2D. Oppositely directed 
magnetic field lines, coming into the dissipation region from the top and the bot
tom, undergo reconnection and move out sideways. Left panel: Petschek reconnec
tion (Petschek, 1964); Right panel: Sweet-Parker reconnection (Sweet, 1958; Parker, 
1957). Figure from Finn (2006). 

flares, proceed many orders of magnitude faster than predicted by resistive MHD 

(Sweet, 1958; Parker, 1957; Petschek, 1964). Anomalous resistivity caused by tur

bulence, a process not well understood, is often invoked to explain the discrepancy. 

Alternatively, Hall MHD predicts that ions decouple from the magnetic field when the 

thickness of the Sweet-Parker dissipation region falls below the ion skin depth, c/u>Pi, 

where ay is the ion plasma frequency. In that case, resistive MHD breaks down, 

and collisional (Sweet-Parker) reconnection transitions to collisionless (Hall) recon

nection, increasing the reconnection rate by many orders of magnitude in a very short 

time via coupling to dispersive waves (Cassak et al., 2005, and references therein). 

The thinning of the dissipation region can be caused spontaneously by the convec

tion of stronger magnetic fields into the dissipation region during slow Sweet-Parker 

reconnection (Cassak et al., 2006). Therefore, slow reconnection can dominate the 

dynamics of a system for a long time but the rate is so slow that it allows magnetic 

stresses to build up. When the resistivity drops below a critical value (or the available 

free energy crosses a threshold) fast reconnection sets in abruptly, manifesting as a 

magnetic explosion. The picture is in agreement with the catastrophe model of the 

solar storms (Lin & Forbes, 2000, also see §1.6.1) 
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1.3.3 Standard Flare Model 

The most widely accepted flare model is the CSHKP model that evolved from the 

concepts of Carmichael (1964), Sturrock (1966b), Hirayama (1974), and Kopp &; 

Pneuman (1976), and has been further elaborated by Tsuneta (1996, 1997), and Shi-

bata et al. (1995) based on Yohkoh observations. The standard model fits the overall 

observational features of solar flares, and provides a well-understood theoretical foun

dation, but fails to explain how the magnetic system becomes unstable in the first 

place (see §1.6). 

In the standard model, the initial driver of the flare process is a rising prominence 

above the polarity inversion line. The rising prominence stretches the field lines, 

which results in the formation of a current sheet underneath, and a magnetic collapse 

on both sides of the current sheet. Plasma flows laterally into the opposite sides of 

the current sheets, which is confirmed in observations by Yokoyama et al. (2001). 

The X-type reconnection region is assumed to be the location of major magnetic 

energy dissipation, which heats the local coronal plasma and accelerates nonthermal 

particles. These two processes produce thermal conduction fronts and precipitating 

particles both of which heat the chromospheric footpoints of the newly reconnected 

field lines. As a result of this impulsive heating, chromospheric plasma evaporates 

(or ablates) and fills the newly reconnected field lines with over-dense heated plasma, 

which becomes SXR-emitting flare loops with temperatures of Te « 10-40 MK and 

densities of ne ~ 1010-1012 cm - 3 . Once the flare loops cool down by thermal con

duction and radiative loss, they also become detectable in EUV (Te « 1-2 MK) and 

Ha (Te ?» 104-105 K). Kopp k, Pneuman (1976) further predicted a continuous rise 

of the Y-type reconnection point, due to the rising prominence. As a consequence, 

the newly reconnected field lines beneath the X or Y-type reconnection point have an 

increasingly larger height and wider footpoint separation, which produces the classic 

two-ribbon flare in the chromosphere (see Czaykowska et al. 1999 for the first real ob

servational confirmation of this picture). The transformation from X-type to Y-type 
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Figure 1.15: Elaborate version of the standard 2D X-type reconnection flare model. 
The hot ridges located below the X-point are heated by the pair of slow shocks, 
which can be observed in soft X-rays. Above the X-point are symmetrical hot ridges 
(less dense) heated by another pair of the slow shocks. The downward and upward 
reconnection outflows collide with the bright soft X-ray loop below the X-point and 
with the rising plasmoid above the X-point, and form fast (perpendicular) shocks. 
The hot source heated by the fast shock below the X-point can be seen by HXT 
(50-90 MK), and that above the X-point can be seen by SXT (15 MK). Figure from 
Tsuneta (1997). 
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during the current sheet formation was observed by Sui & Holman (2003). Moreover, 

they observed a coronal hard X-ray source moving outward at ~ 300 km s_1 after the 

hard X-ray peak, which was interpret as the upper tip of the current sheet. The lower 

tip of the current sheet was observed as a loop top hard X-ray source by Masuda et al. 

(1994, also see Fig. 1.13). 

Tsuneta (1997) analyzed the limb flare of December 2, 1991, a well observed 

"plasmoid" event from Yohkoh. Based on this particular observation and previous 

work of Shibata et al. (1995) and Tsuneta (1996), he was able to envisage a 'complete' 

X-type reconnection geometry during the flare, including the detailed temperature 

structure, upward-ejected plasmoid, slow shocks, and fast shocks (Fig. 1.15). The 

hot ridges (T « 15-20 MK) located below the X-point are heated by the pair of 

slow shocks. Above the X-point are symmetrical hot ridges (less dense) heated by 

another pair of the slow shocks. Below, the soft X-ray flare loops occupy the newly 

reconnected relaxing field lines that are filled with chromospheric evaporated plasma. 

The downward and upward reconnection outflows collide with the bright soft X-ray 

loop below the X-point and with the rising plasmoid above the X-point, and form fast 

(perpendicular) shocks. The hot source heated by the fast shock below the X-point 

can be seen by HXT (50-90 MK), and that above the X-point can be seen by SXT 

(15MK). 

1.4 Coronal Mass Ejections 

Coronal mass ejections are complex, large-scale magnetized plasma expelled from 

the Sun (Fig. 1.16), usually observed with a white-light coronagraph. In 1971, the 

first optical observation of a CME showing a huge bubble moving through the solar 

corona was achieved by the first orbiting coronagraph launched on OSO-7 in the same 

year. Since then, Skylab, Solar Maximum Mission (SMM), Solwind, SOHO/LASCO, 

STEREO/COR and ground-based coronagraphs have contributed to a large database 

of CMEs, with the total number more than 10,000. 
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Figure 1.16 : SOHO/LASCO image (with an EIT 195 image superposed) obtained on 
2001 December 20 showing the three-part structure of a CME above the southwest 
limb. Figure from Gopalswamy et al. (2006). 

1.4.1 Statistic Proper t ies 

The CME occurrence rate depends on the phase of the solar cycle: from less than 1 

CME/day at solar minimum to as many as 6 CME/day at solar maximum (Gopal

swamy, 2004). These values are lower limits because CMEs propagating away from 

the Earth ("backside CMEs") can usually not be detected by the coronagraphs. Most 

CMEs at solar minimum originate from low-latitude streamer belts, but cover a broad 

latitude range at solar maximum (Yashiro et al., 2004). The CME apparent latitudes 

are well-correlated with the latitude distribution of the helmet streamers (Hund-

hausen, 1993; St. Cyr et al., 2000) rather than with the "butterfly" latitude distribu

tion of active regions. 

Dividing CMEs into three groups according to their angular width: narrow (< 

20°), normal (20° to 120°) and halo (> 120°), Yashiro et al. (2004) found that over 

the years 1996-2002 the three width groups were distributed as: narrow, 18%; normal, 
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70%; and halo, 12%. The linear speeds of CMEs ranges from about 20 km s_1 to 

2,700 km s - 1 with an average speed (based on SOHO/LASCO measurements between 

1996 and 2003) of 489 km s"1 (Gopalswamy, 2004). Within the LASCO field of view 

(~2-30 RQ), there is an anticorrelation between acceleration and speed in that slower 

CMEs are generally accelerated with small acceleration and faster CMEs exhibit a 

constant velocity which subsequently fell (decelerated) towards the edge of the field 

of view (Gopalswamy, 2004; Yashiro et al., 2004); the latter are clearly subject to 

fast acceleration low in the corona. For 4297 CMEs observed through the end of 

2002 with width between 10° and 150°, the average and median mass values based on 

coronagraph images are 1.6 x 1015 g and 6.67 x 1014 g, respectively (Kahler, 2006). 

Due to the two-dimensional nature of the coronagraph, these measurements are also 

lower limits. A positive correlation between CME masses and accelerations is found 

by Vourlidas et al. (2002). The CME kinetic energies can be calculated from the 

SOHO/LASCO measured masses and speeds. The average (median) kinetic energy is 

2.4 x 1030 ergs (5.0 x 1029 ergs) (Kahler, 2006). Current knowledge of CME kinematics 

indicates that the CME starts with an initial pre-acceleration phase characterized by 

a slow rising motion, followed by a period of rapid acceleration away from the Sun 

until a near-constant velocity is reached (Zhang et al., 2001). Observations (St. Cyr 

et al., 1999; Alexander et a l , 2002; Gallagher et al., 2003; Zhang et al , 2001, 2004) 

show that the magnitude of the acceleration in the inner corona can vary by three 

orders of magnitude, i.e., from a few m s - 2 to several thousand m s~2. The duration of 

the acceleration can vary by the same magnitude, i.e., from a few minutes to several 

hours. The acceleration profile in the early phase is often exponential (Alexander 

et al., 2002; Gallagher et al., 2003). 

Halo CMEs, which appear to surround or partially surround the coronagraph oc

culting disk, constitutes a more energetic group of CMEs. During 1996-2003, the 

average speed of LASCO halo CMEs was 1004 km s - 1 , well above the average speed 

of 489 km s"1 for the general CME population (Gopalswamy, 2004). They are partic

ularly efficient in driving shocks (Gopalswamy, 2004) and producing solar energetic 
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Figure 1.17 : Left: A huge CME captured by the STEREO (ahead) C0R2 corona-
graph. The CME with a clearly denned and rounded cloud of gas was seen blasting 
into space over about 24 hours (November 4-5, 2007); Figure from STEREO Gallery. 
Right: A CME with an enormous erupting prominence was recorded by the LASCO 
C2 coronagraph onboard SOHO on 2 June 1998 at 13:31 UT; Figure from SOHO 
Gallery. 

particles (SEPs; Kahler & Reames, 2003). Full halo CMEs (360°) are generally re

garded to originate close to disk center and erupt near the Sun-Earth line, either 

toward or away from the Earth. Those directed toward the Earth are therefore very 

important for space weather. 

1.4.2 Structure 

A typical white-light CME displays a three-part structure: a bright leading edge, a 

dark void (cavity) and a bright core (Fig. 1.16; Illing & Hundhausen, 1986). The lead

ing edge is the coronal plasma piled up as the CME moves outward. The cavity is a 

region of lower plasma density and the low gas pressure is probably balanced by high 

magnetic pressure. The circular or helical patterns observed in the cavity are remi

niscent of a magnetic flux rope (Fig. 1.17; Chen et al., 1997; Dere et al., 1999; Wood 

et al., 1999), a configuration used extensively by CME modelers. The bright core is 
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often identified as prominence material due to its visibility in chromospheric emission 

lines (e.g. Plunkett et a l , 2000). The three-part structure is seen in only about 30% 

of CMEs (presumably due to projection effects, see Gibson et al. 2006b), yet viewed 

as the "standard CME" morphology in observational and theoretical studies. 

An equivalent three-part structure of a quiescent bright arch (or helmet streamer), 

cavity, and prominence core is often observed in eclipse pictures (see Fig. 1.6; Tandberg-

Hanssen, 1974). The subsequent eruption of this structure then becomes the three-

part CME. Multiwavelength observations have established that cavities overlie fil

aments, but more generally that they lie along neutral lines that may or may not 

contain filaments (§1.2.1). 

Most CME studies are based on unpolarized, broadband white light coronagraphic 

observations which provide information on the structure of CMEs in the plane of the 

sky. Polarization observations, however, can provide information on the position of 

coronal plasmas out of the plane of the sky. The polarization of CME Thomson-

scattered light ranges from linear and tangential to the solar limb for CMEs that lie 

in the plane of the sky to unpolarized for CMEs lying near the Sun-Earth line. Thus, 

the ratio of polarized-to-unpolarized electron scattered emissivity, which is measured 

by recording coronal images through three or more polarizers with axes oriented at 

multiple angles, can be used to determine the three-dimensional structure of CMEs 

with considerable detail. Moran &: Davila (2004) reconstructed two halo CMEs and 

one backside CME which show complex filamented loop arcade structures (Fig. 1.18). 

Dere et al. (2005) examined a series of LASCO polarization measurements obtained 

during 2002 and discuss two well observed events. One event indicates that the CME 

structure is that of a rising arcade of loops, while the other appears to be a flux-rope. 

Although this method can be used for a single white light coronagraph, it promises an 

even better constrained 3D reconstruction for two stereoscopic spacecrafts provided 

by the STEREO mission launched on 2006 October 25. 

The STEREO SECCHI/COR1, COR2, and HI instruments track CMEs in white 

light from 1.1 R© to 328 R0 . With the information of total brightness as well as 
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Figure 1.18 : (A) Total brightness of the halo CME occurring on 4 November 1998 
(front view), (B) a reconstructed side view of the CME in the (z, y) plane, (C) a 
reconstructed top view of the CME in the (x, z) plane, and (D) a topographical 
map of the CME displaying distance from the (x, y) plane. The color bar indicates 
distance from the sky plane in R0 . The CME source region within the outlined solar 
disk is indicated by a <g> symbol. An interrupted line segment through the <g> symbol 
indicates the orientation of the magnetic neutral line. Figure from Moran & Davila 
(2004). 
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polarized brightness available from two stereoscopic spacecrafts, the 3D density dis

tribution ne(x,y,z,t) of the solar K-corona can be reconstructed. Pizzo & Biesecker 

(2004) demonstrated a robust triangulation method to locate and characterize CMEs, 

using a sequence of stereoscopic white-light images. Maximum entropy and Pixon 

methods (Puetter, 1995) for 3D reconstruction of CMEs observed by SECCHI are 

currently investigated by the NRL (Naval Research Lab) Team. 

1.5 Solar Storms as a Single Physical Process 

The large-scale eruptive phenomena of large two-ribbon flares, prominence eruptions, 

and CMEs are closed related to each other (e.g., Webb & Hundhausen, 1987; Gilbert 

et al., 2000; Zhang et al., 2001). Although most CMEs are not associated with large 

flares, if a large flare does occur, it is almost always associated with a CME and 

the eruption of an active-region prominence. Thus, the three eruptive phenomena are 

suggested to be different manifestations of a single physical process which involves the 

large-scale disruption and restructuring of the coronal magnetic field (see Fig. 1.19; 

also see Forbes, 2000; Priest & Forbes, 2002; Lin et a l , 2003a). 

In this picture (Fig. 1.19), as the expanding magnetized 'bubble' with a entrained 

prominence moves outwards, it stretches the closed magnetic field lines and an inflow 

occurs behind the prominence, driven by external magnetic pressure. The elongated 

field lines with opposite polarity 'meet' beneath the CME to form a current sheet and 

ultimately to reconnect. The newly reconnected field lines account for the formation 

of the arcade of flare loops. Recent spectrographic observations provide diagnostic 

information which supports the existence of such a current sheet. Using the Ultra

violet Coronagraph Spectrometer (UVCS) on board SOHO, Ciaravella et al. (2002) 

and Ko et al. (2003) noticed a thin spike of flare-temperature material just above 

the post-CME loop cusp in Fe XVIII 974 A emission (6 MK). This high-temperature 

narrow feature is interpreted as the current sheet expected to form in the wake of 

CMEs. 
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Figure 1.19 : Schematic diagram showing the relationship between various features 
associated with a CME. The shaded region labeled "plasma pileup" refers to the outer 
circular arc seen in coronagraphs. Figure from Forbes (2000). 

It has long been proposed that there are two distinct classes of CMEs (Gosling 

et a l , 1976; MacQueen & Fisher, 1983; Sheeley et al., 1999): impulsive CMEs, which 

are faster, are accelerated impulsively at the low corona and decelerated in the coro-

nagraph field of view, preferentially associated with solar flares; and gradual CMEs, 

which are slower, are accelerated gradually in the coronagraph field of view over a 

large height range, preferentially associated with prominence eruptions. A fundamen

tal question remains unanswered: whether there are two distinct physical processes 

that launch CMEs or the two classes of CMEs actually belongs to a dynamical con

tinuum with a single physical process. 

Some observational studies of CME-flare-prominence associations and timings are 

in line with the two-class view (Moon et al., 2002; Zhang et al., 2002). Zhang & Golub 

(2003) argued that that flares associated with fast and slow CMEs have different mor

phologies as groups: flares associated with fast CMEs show clear footpoint-separating, 
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two-ribbon brightenings during the flare, which is less often seen in flares associated 

with slow CMEs or flares without CMEs; on the other hand, flares associated with 

slow CMEs sometimes show tubular emission structures during the flare, which is 

not found in their sample of flares associated with fast CMEs. Low & Zhang (2002) 

proposed a qualitative theory relating flux rope CMEs to inverse or normal configu

ration in quiescent prominences. They found that CMEs originating from the normal 

polarity configuration have more energy and higher speeds, reproducing the observed 

dual character of CME speed-height profiles. 

However, in a recent comprehensive study of 545 flare-associated and 104 non-

flare CMEs, Vrsnak et al. (2005) found that although CMEs associated with major 

flares are on average faster and broader than non-flare CMEs and small-flare CMEs, 

the non-flare CMEs show characteristics similar to CMEs associated with flares of 

soft X-ray class B and C, which is indicative of a "continuum" of events rather 

than supporting the existence of two distinct CME classes. But CMEs whose source 

region cannot be identified with either flares or eruptive prominences are on average 

slowest, indicating that the magnetic reconnection still significantly influences the 

CME dynamics. A more compelling argument for a one-class continuum view is based 

on a statistical study by Yurchyshyn et al. (2005) of 4315 SOHO/LASCO CMEs. 

They showed that the speed distributions for both accelerating and decelerating events 

can be fitted with a single log-normal distribution to a good approximation, which 

suggests that the same driving mechanism of a nonlinear nature is acting in both slow 

and fast dynamical types of CMEs. 

1.5.1 Flare-CME Association 

There is a long-standing debate about the flare-CME relationship in the solar physics 

community: whether the flares are the cause of the CMEs or the other way around. 

For a long time, a paradigm of cause and effect, that large solar flares are the fun

damental cause of space weather, was supported by the fact that large, nonrecurrent 
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geomagnetic storms, shock wave disturbances in the solar wind, and energetic par

ticle events in interplanetary space often occur in close association with large solar 

flares. This paradigm was referred to as "the solar flare myth" by Gosling (1993) 

who proposed that it is CMEs that play a central role in producing major transient 

disturbances in the near-Earth space environment rather than flares. Just before the 

launch of SOHO, Harrison (1995) presented a comprehensive review combined with 

a statistical study on the flare-CME relationship. He concluded that "the flare and 

CME are signatures of the same magnetic 'disease', that is, they represent the re

sponses in different parts'of the magnetic structure to a particular activity; they do 

not drive one another but are closely related". The conclusion is based on the facts 

that: 1) there is a strong statistical association between flares and CMEs, but it is 

not a one to one association; 2) the onset of a CME associated with a flare can occur 

any time within several tens of minutes of the flare onset; 3) the scale sizes of CMEs 

are much larger than flares; 4) the flare tends to lie anywhere within the span of an 

associated CME. 
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CME Kinematic Evolution and Timing with Associated Flare 
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Figure 1.20 : Schematic plot of CME kinematic evolution in relation to temporal 
evolution of GOES soft X-ray flare. CME's kinematic evolution can be described in 
three distinct phases: initiation phase, acceleration phase, and propagation phase, 
corresponding to the pre-flare phase, rise phase, and decay phase of the associated 
flare, respectively. Figure from Zhang & Dere (2006). 

Zhang et al. (2001) used data from SOHO/LASCO CI, C2 and C3 coronagraphs 

combined with observations in X-rays and/or EUV to study four well-observed flare-

associated CMEs close to the limb. CI, which was lost in mid-1998, allowed ob

servation down to 1.1 solar radii from the Sun-center. Zhang et al. (2001) showed 

a three-phase kinematic evolution for three of the four CMEs: the initiation phase, 

impulsive acceleration phase, and propagation phase (Fig. 1.20). The initiation phase 

is characterized by a slow ascension (< 80 km s_1) over tens of minutes, which always 

occurs before the onset of the associated flare. The impulsive acceleration phase with 

a rapid acceleration of 100-500 m s~2 coincides very well with the flares's rise phase 

lasting for a few to tens of minutes. The acceleration of CMEs ceases near the peak 

time of the soft X-ray flares. The final phase is a propagation at a constant or slowly 
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decreasing speed. Zhang et al. (2004) found that in the acceleration phase a close 

temporal correlation exists both between the CME velocity and the soft X-ray flux 

of the flare and between the CME acceleration and derivative of the X-ray flux (see 

Fig. 1.20; also see Gallagher et al., 2003; Wang et al., 2003), suggesting that the 

CME large-scale acceleration and the flare particle acceleration are strongly coupled 

physical phenomena occurring in the corona. There is also a possible correlation be

tween CME speed and X-ray flare peak flux (Moon et al., 2003). Zhang et al. (2001, 

2004) concluded that CMEs and flares are physically integrated phenomena; both are 

the results of more fundamental processes; they have a strongly coupled relationship 

but not a cause and effect one, which is in agreement with Harrison (1995). They 

suggested the initiation phase may be caused by the destabilization and quasi-static 

evolution of a large-scale coronal magnetic structure. They argued if a critical point 

is reached during the quasi-static evolution, the disruption of the coronal magnetic 

field may be triggered, which induces the magnetic force to drive CMEs, while simul

taneously accelerate particles or heat plasma to cause flares. 

Lin (2004) discussed the flare-CME association within the framework of the catas

trophe model (§1.6.1), which treats the flare, prominence and CME as integral con

stituents of a single process. He argued that the flare-CME correlation depends the 

free energy stored in the relevant magnetic structure: the more free energy, the better 

correlation. Low and Zhang (Low, 1994, 1996; Low & Zhang, 2002; Zhang.& Low, 

2001, 2003; Zhang et al., 2006), alternatively, argued that flares and CMEs are in

dependent MHD processes (see §2.1.4). In the frame of their model, flares release 

excessive magnetic free energy while the "flare-unreleasable" free energy increases 

with the accumulating magnetic helicity in the solar corona. Magnetic reconnection 

can not destroy this accumulated helicity. CMEs, which bodily take the mass and 

the helicity trapped in magnetic field out into interplanetary space, provide a way to 

shed the excessive helicity in the corona. This physical view is supported by some 

statistical studies. Andrews (2003) showed that approximately 40% of M class flares 

between 1996 and 1999 are not associated with CMEs. Nindos & Andrews (2004) 
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found that, in a statistical sense, active regions producing flares associated with CMEs 

have a larger quantity of estimated magnetic helicity (§2.1) than active regions pro

ducing flares without any CME. Zhang et al. (2002) studied the timing behavior of 

the flares associated with fast or slow CMEs and found that flares associated with 

fast CMEs tend to happen within half an hour of the CME onsets, while the timing 

of flares associated with slow CMEs is only loosely related to the CME onsets. They 

suggested that the occurrence of flares may be integral to the early development of 

fast CMEs but is not crucial for slow CMEs. 

1.5.2 Filament-CME Association 

It has long been known that prominence eruptions are the near-surface activity most 

frequently associated with CMEs (Webb et al., 1976; Munro et a l , 1979; Webb k 

Hundhausen, 1987; St. Cyr & Webb, 1991). The activation phase of filament erup

tions, together with a gradual rising motion, may precede the CME eruption by tens 

of minutes. Some filaments erupt into the outer corona, forming the bright core of 

a classic three-part CME (§1.4.2; e.g., Illing & Hundhausen, 1986). However, many 

structured CMEs are not three-part but two-part, in absence of the inner core. In 

some cases, the filament is activated, rises to a certain height, but fails to erupt and 

settles back down to the solar surface. In general, the prominence material serves 

as an effective tracer of a magnetic structure that often leads up to a CME. The 

magnetic structure is characterized by the filament channel on the disk, whether it is 

filled with filament material or not, and its limb counterpart, the cavity, observed by 

white light coronagraphs (Gibson et al., 2006b). 

Munro et al. (1979) and Gilbert et al. (2000) pointed out that the maximum 

height reached by the prominence is an important parameter in deciding whether it is 

associated with a CME: almost all prominences that attained a height above 1.2 R0 

from the Sun center have an associated CME. Munro et al. (1979) reported that more 

than 70% of CMEs observed by Skylab are associated with eruptive prominences or 
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filament disappearances. Gilbert et al. (2000) found that 92% of the eruptive promi

nences and 46% of the active prominences were associated with CMEs. Gopalswamy 

et al. (2003) studied 186 prominence events (PEs) observed by the Nobeyama Ra-

dioheliograph. The comparison with white-light CME data revealed that 134 (72%) 

PEs were clearly associated with CMEs. The GMEs and PEs seem to start roughly 

at the same time. There was no solar cycle dependence of the temporal relationship. 

But the spatial relationship is solar cycle dependent: during the solar minimum, the 

central position angle of the CMEs tend to cluster around the equator, while those 

of the PEs were confined to the latitudes of the active region belt; no such effect was 

seen during solar maximum. 

Many CMEs are associated with the eruption of large quiescent prominences out

side active regions. Such erupting prominences have many features similar to large 

flares (e.g. Hanaoka et al., 1994). Like large flares, erupting quiescent prominences 

produce loops and ribbons which move apart in time, but, unlike large flares, the 

ribbons are usually too faint to be seen in Ha. However, the ribbons can often be 

seen in the He I (A = 10830 A) line, which is a more sensitive indicator of chromo-

spheric excitation (Harvey & Recely, 1984). The eruption of quiescent prominences 

does not usually produce hard X-ray or 7-ray emissions, probably because of the rela

tively weak fields involved (< 10 G). Faint X-ray loops, much larger than typical flare 

loops, are observed by Yohkoh/SXT in the wake of almost all CMEs and prominence 

eruptions. These loops rise with time in a similar manner as flare loops, creating a 

helmet-like streamer with a cusp at the summit. 

1.5.3 Sigmoid-CME Association 

A distinctive set of structures linked to filaments and CMEs are sigmoids which 

are forward or inverse S-shaped hot coronal loops frequently observed in soft X-

ray emission (Fig. 1.21). Sigmoids often brighten prior to or during the impulsive 

stage of coronal eruptions. Typically they transform into arcades or cusped loops 
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Figure 1.21 : A S-shaped sigmoid observed by the Hinode X-Ray Telescope just 
at the beginning of its eruption on February 12, 2007. The zoomed-in partial-Sun 
image shows that the sigmoid is made up of many smaller strands, gathered into two 
opposing interlocked "elbows". Figure retrieved from the MSU Solar Physics Press 
Page (http://solar.physics.montana.edu/press/XRT_Sigmoid.html). 

as the eruption progresses (e.g. Sterling et al., 2000; Moore et al., 2001; Pevtsov, 

2002a; Gibson et al., 2002), but the associated active regions can exhibit sigmoidal 

structures again within a matter of hours after the eruption. The central portion of 

such transient sigmoids is approximately aligned with the filament channel. Filaments 

were observed in 124 of 136 (91%) sigmoid active regions in a study by Pevtsov 

(2002a). Intriguingly, some filaments in sigmoidal regions appear largely unperturbed 

by the sigmoid-to-arcade transformation and the consequent CMEs (Pevtsov, 2002a; 

Gibson et al., 2002). 

Sigmoids are closely associated with eruptive events. Hudson et al. (1998) suggests 

that a large fraction of the soft X-ray source regions of halo CMEs have pre-flare 

sigmoid shape. By examining Yohkoh/SXT movies for the years of 1993 and 1997, 

Canfield et al. (1999) announced that sigmoidal regions are significantly more likely 

to be eruptive than non-sigmoidal regions. Sterling (2000) reviewed the sigmoid 

http://solar.physics.montana.edu/press/XRT_Sigmoid.html
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observations from YOHKOH/SXT and SOHO/EIT and stressed that: (i) sigmoid 

structures are often seen in soft X-ray prior to the onset of CMEs, Serving as precursors 

to over 50% of CMEs, but some CMEs have no associated sigmoidal structure or 

prominent soft X-ray signature; (ii) pre-eruption sigmoids are more apparent in soft 

X-ray images than EUV images, indicating that they are hotter features than typically 

seen in EUV; (iii) sigmoids evolve into un-sheared arcades or cusps throughout the 

eruption, while foot-points of the pre-eruption features are different from those of 

post-eruption features. 

The transition from a sigmoid to an arcade or a cusp is strongly suggestive of the 

occurrence of an instability, and associated topological reconfiguration. The sigmoidal 

shape is reminiscent of twisted or sheared field lines (Rust & Kumar, 1994, 1996; 

Titov & Demoulin, 1999), and a flux rope becomes "kink-unstable" with the amount 

of twist it contains above a critical twist of order 2n (e.g., Rust & Kumar, 1994, also 

see Chapter 2). However, by estimating the force-free parameter a (see §2.1) in the 

active region as a measure of the twist in the sigmoid, Leamon et al. (2003) claimed 

that the observed sigmoids is far from reaching the critical twist. 

1.6 Models of Solar Storms 

The major questions that any model of solar eruptions is obligated to address are 

how the corona is powered for the eruption, why the corona is able to sustain the 

stresses that allow the energy to build up, and how energy is released. 

It is widely accepted that the solar corona is energized by the photospheric or 

sub-photospheric activity. Strong local horizontal shearing motions near the magnetic 

neutral line (e.g., Kusano et al., 2002; Moon et al., 2002), emerging magnetic flux (e.g., 

Nindos & Zhang, 2002), and the mutual disappearance of opposite magnetic polarities 

at the neutral line separating them, i.e., flux cancelation (e.g., Livi et al., 1989), are 

often observed in flare-productive active regions. Thus, photospheric motions are 

often incorporated in an ad hoc way, usually as boundary conditions, in models of 
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Figure 1.22 : Physical (mechanical) analogues of CME initiation models. Top panel, 
tether release model, and bottom panel, tether straining model. Figure from Klim-
chuk (2001). 

solar eruptions. In these models, the corona is driven to eruption by the emergence 

of twisted flux rope from below the surface (e.g., Fan & Gibson, 2003), by vortical 

motions of coronal field footpoints (e.g., Torok & Kliem, 2003), by shearing motions of 

coronal field footpoints (e.g., Antiochos et al., 1999), or by including flux cancelation 

via converging flows (e.g., Amari et al., 2003a). However, the photospheric motions in 

almost all MH.D simulations so far have been far from the true photospheric velocity 

fields. 

The energy for solar eruptions is believed to be stored in coronal magnetic fields, 

specifically, in the strongly nonpotential, i.e., sheared/twisted, field of a filament 

channel which may or may not be filled with filament material (see reviews by Low, 

1996, 2001; Forbes, 2000; Klimchuk, 2001; Wu et al., 2001; Lin et al., 2003a; Zhang 

& Low, 2005). The basic picture is that a solar eruption is the disruption of a force 

balance between the upward magnetic pressure, —VJB2/87T, of the highly sheared 

filament channel field and the downward tension, (l/47r)(B • V)B, overlying quasi-

potential field. Since the upward pressure force is constrained to increase only slowly, 
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either by flux emergence or by photospherie motions, explosive events such as CMEs 

must be due fundamentally to the catastrophic removal of the downward magnetic 

tension of the overlying coronal field. The field lines that provide the tension are 

sometimes referred to as tethers, analogous to the ground-anchored ropes that hold 

down a buoyant balloon. 

Several mechanisms have been proposed to trigger the eruption, including tether 

release, tether straining, and ideal MHD instability (Klimchuk, 2001; Moore & Ster

ling, 2006). In a simple analogue that the energized corona is represented by a com

pressed spring attached to a rigid base by ropes (tethers), the tether-release mecha

nism invokes a slow but systematic release of the tethers, also termed "tether cutting" 

(top panel of Fig. 1.22). Each time a new tether is released, the strain on the remain

ing tethers increases until it becomes unbearable, and consequently the spring uncoils 

in an explosive fashion. This mechanism have been demonstrated in the analytical 

model of catastrophic loss of equilibrium (§1.6.1) and the numerical simulations of 

flux cancelation (§1.6.2). While in tether release, the approximately constant total 

stress is distributed over fewer and fewer tethers, in tether straining (bottom panel 

of Fig. 1.22), the number of tethers is constant but the total stress increases. In both 

cases the gradual buildup of the stress per tether leads to the breaking point. The 

"breakout" model (§1.6.3) shows a good example of tether straining. As an alterna

tive mechanism to the commonly cited resistive processes of tether release and tether 

straining, ideal MHD instability, especially the kink instability, has been suggested 

to play an important role in triggering solar eruptions (Rust k, LaBonte, 2005, and 

references therein). Numerical simulations (e.g., Fan, 2005; Torok & Kliem, 2005) 

and observational studies (e.g., Alexander et al., 2006; Liu et al., 2007; Liu et a l , 

2008b) have shown that the kink instability serves as a possible driver of CMEs, and 

that the magnetic reconnection induced by the kink instability regulates the nature 

of the eruption. Details are discussed in Chapters 2 and 3. 
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1.6.1 Catas t rophe 

In mathematics, catastrophe theory is a branch of bifurcation theory in the study of 

dynamical systems. It considers the special case where abrupt changes of a nonlinear 

system arise as a sudden response to a smooth change in external (boundary) con

ditions. Sturrock (1966a) introduced the idea of the catastrophic loss of equilibrium 

as a possible mechanism of solar eruptions. Based on the catastrophe theory, Forbes 

and colleagues (Forbes, 1990; Forbes & Isenberg, 1991; Isenberg et al., 1993; Forbes 

& Priest, 1995) developed a model in which CMEs are initiated by a catastrophic 

loss of equilibrium, as shown in Fig. 1.23. The model starts with a stable (force-free) 

magnetic field configuration. Converging photospheric flow is applied as a continu

ous driver, leading to the formation of a sheared arcade field containing a flux rope, 

where a prominence can form. As the (force-free) evolution passes a critical point, the 

system becomes unstable, triggering the sudden jump of the prominence. Fig. 1.23 

shows a vertical section across the flux rope axis. The initial magnetic configuration 

is shown in 1.23b. The photospheric field sources of opposite polarities at x = ±A 

then approach one another, while the system evolves through a series of equilibrium 

(force-free) states. The height of the flux rope, h, as a function of the footpoint 

separation half-distance A is shown in Fig. 1.23a. The flux rope slowly descends as 

the source separation decreases from A = 4 to 1. A catastrophe occurs as the source 

separation passes the critical point at A = 1: the flux rope suddenly loses equilibrium 

and jumps in height from h = 1 to h « 5, with a current sheet forming underneath. 

Without dissipation or magnetic reconnection, the ideal-MHD jump of the flux rope 

is terminated at the upper equilibrium position, because the tension force associated 

with the current sheet is always strong enough to prevent the flux rope from escaping 

(Lin & Forbes, 2000). 

Lin &; Forbes (2000) started with the work of Forbes & Priest (1995) to inves

tigate how magnetic reconnection affects the acceleration of the flux rope and how 

the acceleration in turn affects the reconnection process. As the catastrophe takes 

/ • 



53 

-6 0 6 

(c) X = 0.97 
121 • : n 

Figure 1.23 : A catastrophe model for the eruption of an arcade containing a flux 
rope, (a) Flux-rope height, h, as a function of the separation half-distance, A, between 
the photospheric sources. The dotted section of the curve indicates the region which 
is bypassed because of the jump at the critical point. Panels (b), (c), and (d) show 
magnetic configurations in the x — y plane at the three locations indicated in (a). i?0 

is the initial radius of the flux rope. All the coordinates are in the unit of A0. Figure 
from Forbes k Priest (1995). 
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Figure 1.24 : Diagram of the catastrophe CME/flux rope configuration. The height 
of the center of flux rope is denoted by h;.p and q denote the lower and the upper tips 
of the current sheet, respectively; the distance between the magnetic source regions 
on the photosphere is 2A. Figure from Lin & Forbes (2000). 

place, the closed magnetic field lines confining the flux rope are stretched so severely 

that a current sheet forms separating two magnetic fields of opposite polarity. With 

dissipation occurring in the current sheet, the stretched field lines reconnect and cre

ate new closed field lines below the current sheet. As a result, the current sheet is 

no longer attached to the boundary surface, but detached, with two Y-type neutral 

points at each tip of the current sheet (Fig. 1.24). Without reconnection, the energy 

release is relatively small (< 10%), but if there is some resistivity; even a fairly small 

reconnection rate is sufficient to eject the flux rope (Lin &; Forbes, 2000). The key 

point is that the loss of equilibrium creates the current sheet very rapidly and this in 

turn enables rapid reconnection, which releases more energy and allows the flux rope 

to escape. 

The evolution of the current sheet is depicted in the top panel of Fig. 1.25. It forms 

during the ideal-MHD jump, as shown in Fig. 1.23d But the impact of reconnection 
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at this stage is minimal because of its long timescale compared to the the Alfven 

timescale on which the catastrophic loss of equilibrium operates. Thus, the ideal-

MHD evolution dominates the initial stage of the eruption process, and the current 

sheet is able to develop quickly. However, the reconnection speed depends significantly 

on the local Alfven speed. In an isothermal corona as assumed in Lin & Forbes (2000), 

the local Alfven speed increases with height at large altitudes, so after magnetic 

reconnection sets in the current sheet is quickly eroded by reconnection and its length 

consequently shrinks a couple of hours after the onset (Lin & Forbes, 2000; Forbes 

& Lin, 2000). In a more realistic corona, on the other hand, the local Alfven speed 

decreases with height at large altitudes, so erosion of the current sheet is not very 

fast and the current sheet may sustain a fairly long time (Lin, 2002). The theoretical 

scenario proposed in Lin & Forbes (2000) is in agreement with the observations that 

some fast CMEs take off before the initiation of the flare (e.g., Zhang et al., 2002), but 

does not fit those eruptions during which the flares begin earlier than the associated 

CMEs. 

This flux rope model is developed fully analytically and demonstrates quanti

tatively how a loss of equilibrium results in a rapid energy release. The principle 

limitation is that it is restricted to 2D, which makes it easier to create an eruption 

as the flux rope is not anchored to the photosphere as it would be in a 3D model. 

Moreover, typically observed photospheric flows are slow (in the order of 1 km s_1) 

and randomly oriented, in contrast to the systematic converging flows assumed in this 

model. 

1.6.2 Flux Cancelation 

Flux cancelation is often associated with the formation of filaments along the neutral 

line (Litvinenko & Martin, 1999; Wang, 2001). At times, these filaments ultimately 

disappear, presumably due to eruptions, and may even reform in the same location 

later. Although the 'canceling' flux elements might be submerging, annihilating, or 
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Figure 1.25 : Dynamic evolution of the Lin-Forbes model. The figure shows trajec
tories for the flux rope (h), and the upper (q) and lower (p) tips of the current sheet. 
The dashed line shows the flux rope speed (h). The inflow Alfven Mach number 
MA = 0.1. Figure from Lin k Forbes (2000). 

being expelled upward, several observational arguments strongly suggest that mag

netic reconnection is. the cancelation mechanism (Litvinenko &: Martin, 1999, and 

references therein). This leads to the interpretation that the reconnection converts 

sheared fields in the active region into a flux rope which is able to support the ob

served cool, dense filament (§1.2.3). The filament could be stable for a long time 

until cancelation increases the magnetic pressure in the flux rope to the point that it 

exceeds the surrounding tension, resulting in an eruption. This scenario is attractive 

in that it can explain both the filament formation and the initiation of CMEs with 

the associated filament eruptions, and consequently has been studied extensively in 

both theoretical and numerical models. 

Starting from an initial potential field and prescribing the footpoint motions at 

the photosphere, van Ballegooijen & Martens (1989) computed sequences of force-

free equilibria to show that flux cancelation at the neutral line of a sheared magnetic 

arcade leads to the formation of helical field lines (Fig. 1.8). Though the flux rope 

is stable, the axis of the helical field is found to ascend, suggestive of prominence 
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Figure 1.26 : Evolution from an arcade-like topology (left) to a twisted flux rope-like 
topology (right), after applying an electric field corresponding to diffusive photo-
spheric boundary conditions. Figure from Amari et al. (1999). 

Figure 1.27 : MHD Simulation of a helmet streamer eruption triggered by flux can
cellation. The stripes in the top panels show projected field lines (there is also a B(p 
component of the magnetic field out of the plane). The middle panels shows the cur
rent density J(f> out of the plane. The bottom panels shows the polarization brightness 
that would be observed by a coronagraph if this were a real CME. A high density 
flux rope structure can be seen at t = 1350 TA- At t = 1390 TA , the configuration is 
erupting. Figure from Linker et al. (2003). 
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eruptions. Amari et al. (1999, 2000) showed the formation and subsequent erup

tion of a magnetic flux rope in a three-dimensional bipolar magnetic field, driven by 

photospheric shearing and then flux cancelation through a viscous relaxation process 

(Fig. 1.26). Amari et al. (2003a,b) studied further examples of eruptions in this ge

ometry by imposing on the boundary slow footpoint motions converging toward the 

inversion line (Amari et al., 2003a), or slow turbulent anisotropic diffusion of the 

photospheric flux (Amari et al., 2003b). In both cases, they showed that a flux rope 

is created by magnetic reconnection. In the former case, the flux rope is never in 

equilibrium, while in the latter, the rope can stay in equilibrium for a while. Its 

ultimate disruption may be either confined or unconfined, depending on the value of 

the initial helicity. 

Linker et al. (2003) solved the full MHD equations and included the important 

effects of the solar wind. A shear flow is introduced near the neutral line of a helmet 

streamer as a source of free energy. A nonzero tangential component of the electric 

field at the boundary is specified to drive converging flows and the consequent flux 

cancelation at the neutral line. The two-and-a-half-dimensional simulation showed 

the formation of a stable flux rope, which erupts violently when a critical threshold 

of flux reduction is exceeded. The ejected flux rope propagates out into the solar 

wind and forms an interplanetary shock wave. The eruption of the flux rope and 

the formation of the current sheet is reminiscent of the catastrophe model (Lin & 

Forbes, 2000). Linker et al. (2003) also showed a similar eruption occurs for a three-

dimensional calculation where the ends of the flux rope are anchored to the Sun. The 

simulation successfully reproduces a three part structure often seen in CMEs in an 

idealized way (Fig. 1.27). 

1.6.3 Breakout 

The magnetic configuration in the breakout model (Antiochos et al., 1999) is a 

quadrupolar structure with two adjacent arcades, with a magnetic null "point" (lat-
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itudinal circle in 2.5D) above the central arcade (Fig. 1.28). The photospheric flux 

distribution consists of four polarity regions separated by three neutral lines. A fila

ment channel is created by simply imposing a slow, photospheric shear-flow localized 

at the central neutral line (MacNeice et al., 2004), which results in the buildup of 

magnetic stress until magnetic reconnection starts in the overlying X-point between 

the two loop arcades. Once reconnection occurs, the outward expansion rate grows 

exponentially, even with no further shearing, because reconnection removes the over

lying flux, thereby decreasing the downward tension. The tension decrease allows 

the sheared field to expand outward faster, which, in turn, drives faster reconnection. 

The expansion causes a current sheet to form below the erupting field, resulting in 

strong reconnection there. This reconnection produces a highly twisted plasmoid that 

escapes into interplanetary space and leaves behind the flare loops, as in the standard 

flare model. In contrast to the flux cancelation model, the twisted flux rope forms as 

a consequence of eruption. 

While the original breakout model (Antiochos et al., 1999) is 2D and symmetric, 

the version of Aulanier et al. (2000a) involves 3D null points with a separatrix dome 

beneath the 3D nullpoint and a spine field line above (Fig. 1.29), which can be an 

open field line, marking the escape route of the GME. 

The breakout model naturally explains why solar eruptions occur predominately 

in magnetically complex regions. It requires only that the filament channel builds 

up free energy, and specifies no specific form for the photospheric evolution. Thus, 

the model is compatible with a wide range of observed photospheric conditions, from 

strong active regions to very quiet high-latitude filaments, and during flux emergence, 

or flux cancelation. 
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Figure 1.28 : Meridional projections of magnetic field lines throughout the magnetic 
breakout eruption process. The overlying X-point is distorted into a current sheet, 
allowing fast magnetic reconnection, which triggers positive feedback between the 
sheared-flux expansion and the removal of the overlying restraining flux. A current 
sheet forms beneath the erupting sheared field, creating a disconnected flux rope that 
escapes, as well as closing the remaining field back down to a more potential state. 
Figure from Lynch et al. (2004). 
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Figure 1.29 : A 3D null point with its associated spine field lines and fan surface 
is inferred for the first Bastille-Day (1998-Jul-14, 12:55 UT) flare by Aulanier et al. 
(2000a). Extrapolated magnetic field lines are shown that closely trace out a fan
like separatrix surface above 5-spot and end in a 3D null point, which is connected 
through spine field lines to the leading polarity in the west. Figure from Aulanier 
et al. (2000a). 
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Chapter 2 

Magnetic Helicity and the Kink Instability 

In this chapter, we introduce the most important topological concept in solar physics, 

magnetic helicity (§2.1). It measures the topological structure of the magnetic field. 

If the volume is divided into a collection of flux tubes, magnetic helicity arises from 

both the internal structure within each flux tube, such as twist and writhe; and the 

external relations between flux tubes, such as linking and braiding. Magnetic helicity 

is an important tool for both observers and theorists, providing a common measure 

of the topology between different flux systems. For example, the twist of field lines 

within a coronal loop can be directly compared to the shear of a coronal arcade. 

An important characteristic of magnetic helicity is that it is a conserved quantity 

in a highly conducting medium, which provides a useful constraint on the evolution 

the magnetic field (Berger, 1998). A field region in the solar corona with excessive 

helicity stores substantial free energy, which can be shed via a coronal mass ejection 

into interplanetary space (Low, 1994, 1996). 

The conservation of helicity in the solar corona is directly related to the ideal 

MHD kink instability, which has been intensively studied extensively in laboratory 

plasmas as a crucial consideration in the stability of fusion devices. It has also long 

been explored both theoretically and numerically for years as a possible triggering 

mechanism for solar eruptive phenomena, which provides an ideal MHD alternative 

to the commonly cited resistive processes of internal or external tether-cutting (§2.2 

and §2.3). Only recently can it be investigated observationally in the solar context 

with meaningful spatial and temporal resolution. Theoretical/numerical modelings of 

realistic magnetic configurations in the solar corona have raised a number of interest

ing issues which can only be fully addressed with detailed observational inputs. The 
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role of the kink instability in regulating the nature of eruptions has been investigated 

both from observational and modeling standpoints (§2.4). 

2.1 Magnetic Helicity 

2.1.1 Definition 

The divergence free property of the magnetic field, V-B = 0, allows us to examine the 

field structure in terms of. the topology of closed curves, which is of general interest, 

not only in various macroscopic physical systems, but in DNA molecules as well. 

Magnetic helicity is defined as following: 

H= [ A-Bd3x, (2.1) 
Jv 

where the vector potential 

A(x) = _J LY(x-xQxB(xQ 
4*JV |X-X' |3 dX [2-Z) 

is given by the Biot-Savart law (in the Coulomb gauge). Measuring the linkage of 

magnetic field lines, the vector potential satisfies V x A = B, as well as V • A = 0. A 

gauge transformation A —• A + \/<f> w n l n ° t change H, provided that V is bounded 

by a magnetic surface S where the normal component of the magnetic field vanishes, 

B • n\s = 0. Similarly we can define the current helicity 

I Hc= I B-Jd3x, (2.3) 

where J = ^ V x B. 

For cases where magnetic flux passes through the boundary, e.g., the emergence 

of magnetic flux through the photosphere into the solar corona, the relative magnetic 

helicity, Hr, is introduced to maintain the required gauge invariant property (Berger 

& Field, 1984). Hr is obtained by subtracting the helicity of a reference field (e.g., 
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Figure 2.1 : Two tubes with linking number -3. Figure from Berger (1999). 

a potential field) that has the same normal field at the boundary (Berger & Field, 

1984): 

Hr= A-Bd3x- J ApBpd
3x (2.4) 

Jv Jv 

where Ap is the vector potential of the reference field, Bp , which has the same dis

tribution as B on the surface S surrounding V. The quantity HT does not depend 

on the common extension of B and B p outside V. A convenient choice for Bp is the 

potential, i.e., current free, field. If in addition V x Ap = 0 and (Ap)n = 0 on S then 

the second term on the right side of equation (2.4) vanishes (Berger 1988). 

Equation (2.1) is essentially in the form of the linking number which counts how 

many times one curve passes through the other (Moffatt, 1969). Take two closed 

interlinked curves X(s) and Y(T) where s and r parameterizes length along the two 

curves, respectively, the linking number L\Y of the two curves is given by the Gauss 

linkage formula: 

where r = X(S) — Y(T). AS an example, Fig. 2.1 shows two tubes with linking number 

-3. In effect, the magnetic helicity sums the linking number over every pair of field 

lines within the volume V. Let's divide the field into a finite number of N small flux 

tubes. Each tube has flux $i, i = 1...N, and tubes % and j have linking number Ly. 
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Then one can show 
N N 

tf = E E M v * > ; (2.6) 
i=l i = l . . . 

Now consider the helicity of a single flux tube. We can directly calculate the 

linking number L according to equation (2.5). We can also measure the net angle 

Tw through which a field line twists about the axis of the flux tube, then evaluate 

equation (2.5) for the axis alone, i.e. with both line integrals along the same axis. 

The latter quantity is called the writhe number, Wr, which measures the coiling or 

helical structure of the axis. Unlike L, neither Tw nor Wr are topological invariants 

for a closed flux tube, however, Calugareanu (1961) discovered the simple formula 

L = Tw + Wr (2.7) 

to relate these three quantities. In that case, 

H = $2(Tw + Wr), 

where $ is the axial magnetic flux within the rope. 

2.1.2 Woltjer Theorem and Taylor Relaxation 

The total magnetic helicity is conserved in a perfectly conducting plasma during the 

evolution of any closed flux system, i.e., an isolated volume V bounded by a magnetic 

surface, because topological properties like helicity are preserved by the flow when 

the field lines are frozen into the fluid. Furthermore, the minimum magnetic energy 

configuration of this system is a linear force-free field (Woltjer, 1958), which satisfies 

V x B = aB , (2.9) 

with a uniform in V. In other words, the magnetic free energy in a flux system is the 

energy in excess of a linear force-free field. 

(2.8) 
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Even in a resistive plasma, over the time scale of energy relaxation, the helicity 

H remains approximately invariant (Taylor, 1974). From Maxwell's equations, 

— = -21 rjj -Bd3x, 
dt Jv 

and a Schwartz inequality, Berger (1984) gives 

(2.10) 

dH 

dt 
< \ 2-qM 

dM 

dt 
(2..H) 

where M — JvB
2dV measures the magnetic energy with dissipation \dM/dt\ = 

2fvr)J
2dV. 

Define a length scale L = \H\/M, then we can obtain the dissipation time scale 

for a helical structure, TJ = L2/rj. Integrating (2.11) over a time At gives a change 

in helicity 
AW [At 

< W—. (2.12) H 

Thus, AH is small for any fast reconnection event where At <C r^. For flares in 

the solar corona with At ~ 1000s, L ft* 103A;m and rj « 10_6A;m2s_1, the change 

in helicity \AH/H\ < 3 x 10 - 5 is small enough to treat the helicity as an invariant. 

Hence, changes in the twist of a flux rope must lead to opposite changes in the writhe 

(see Equation (2.8)), which we will see is relevant to the kink instability discussed in 

the next section. 

Throughout the plasma relaxation, turbulent magnetic reconnection will occur to 

change the field topology and redistribute helicity over the field, until the field reaches 

its minimum energy state, namely, the linear force-free configuration, according to 

the Woltjer theorem. Unlike the case of ideal MHD in which the helicity of each field 

line is an invariant of motion, Taylor (1974) suggested that only the total helicity 

of the flux system is approximately conserved during its evolution to the minimum 

energy state, while the conservation of helicity is not maintained in its sub-volumes. 
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Taylor's conjecture successfully explains properties of the relaxed states observed in 

the reverse-field pinch experiment in laboratory plasmas. 

Whether Taylor's conjecture can be applied to the solar corona is under debate. 

Some three-dimensional MHD simulations show such a relaxation toward a constant 

a-field in the corona (e.g., Kusano et a l , 1994), while others (e.g., Amari k, Luciani, 

2000; Antiochos & Devore, 1999) suggest a more complicated behavior at variance 

with Taylor relaxation. Antiochos & Devore (1999) argued that the theory's re

quirement that reconnection occurs continuously until the minimum energy state is 

reached cannot be fulfilled easily in the corona due to photospheric line-tying: the 

photospheric plasma is so dense that perturbations generated in the tenuous corona 

must vanish on the photosphere. 

2.1.3 Hemispheric Chirality Rule 

Something is chiral when it cannot be superimposed on its mirror image, e.g., our 

hands. Magnetic helicity describes the chiral properties of magnetic structures. 

Throughout the solar atmosphere, a preferred sense of magnetic field twist (chirality) 

for a given hemisphere (Fig. 2.2), independent of solar cycle, is observed in the quiet 

sun (QS) network field, X-ray bright points (XBR), quiescent filaments, strong mag

netic fields of active regions (ARs), superpenumbral Hct filaments, sigmoids, arcades 

overlying quiescent filaments, large-scale magnetic field, solar wind, and interplane

tary magnetic clouds (MCs). 

Interesting chirality patterns for sigmoids and filaments provide clues to the global 

organization of magnetic helicity (Rust, 1999). More S-shaped sigmoids are observed 

in the southern hemisphere, and more inverse-S shapes are observed in the northern 

hemisphere (Rust &: Kumar, 1996; Pevtsov et al., 2001). Pevtsov et al. (1997) and 

Burnette et al. (2004) investigated the relationship between the orientation of the 

sigmoid and the dominant chirality of the active region field. It was found that, in 90% 

of the cases studied, forward (reverse) S sigmoids were formed in dominantly positive 
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Figure 2.2 : Hemispheric chirality rule of the Sun. H (Hc) is magnetic (current) 
helicity. CCW/CW is counter/clockwise. LH/RH is left-/right- hand twist. Other 
abbreviations explained in the text. LSMF chart shows latitudinal (±60°) profiles of 
Hc for solar rotations 1910-1919. Red is positive Hc, blue is negative, and black is 
zero. Figure from Pevtsov (2002b). 
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(negative) chirality regions, consistent with the moderate hemispheric preference of 

the active region fields (Fig. 2.2). 

Similarly, dextral (sinistral) filaments (§1.2.1) are predominant in the northern 

(southern) hemisphere (Martin et al., 1994). However, both dextral and sinistral 

barbs may be present in the same filament. Pevtsov et al. (2003a) measured the 

percentage of dextral (sinistral) barbs associated with a given filament to study the 

chirality of 2310 filaments from 2000-2001. They found that 80.2% of quiescent 

filaments in the northern hemisphere are dextral and 85.5% of filaments in southern 

hemisphere are sinistral, in agreement with the hemispheric chirality rule. The active 

region filaments follow the same rule, though the hemispheric dependence is weaker. 

Rust & Martin (1994) reported that active-region filaments with an end curving 

toward sunspots with counterclockwise whirls (negative helicity) are dextral while 

those curving toward sunspots with clockwise whirls (positive helicity) are sinistral. 

The result seems to suggest that a dextral (sinistral) filament is associated with 

negative (positive) magnetic helicity. 

Although it is believed that there is a one-to-one correspondence between filament 

chirality and the magnetic helicity sign, two opposing models of the magnetic fields 

of filaments by Rust and Martin (Rust k Kumar, 1994; Martin & McAllister, 1997), 

lead to the contradictory predictions of the chirality-helicity correspondence, known 

as the Rust-Martin debate. 

Rust assumed that the barbs of filaments reflect the existence of helical lines on 

the bottom of a magnetic flux rope. By taking into account the predominance of 

negative-helical magnetic clouds originating from the northern hemisphere (Both-

mer & Schwenn, 1994), combined with the predominance of dextral filaments in the 

same hemisphere, Rust and Kumar (Rust &. Kumar, 1994; Rust, 1999) concluded 

that dextral filaments should have negative magnetic helicity. Martin &, McAllister 

(1997) made a totally different prediction. They pointed out that left-skewed ar

cades of coronal loops overlie dextral filaments with right-bearing barbs, and barbs 

are field-line threads that are rooted in minor-polarity flux concentrations in the pho-
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tosphere. In their empirical model, when a filament erupts, the barbs are detached 

from their photospheric roots by magnetic reconnection beneath the filament axis, 

and the dextral filament, for example, consequently develops a right-helical struc

ture, while the overlying left-skewed coronal arcades result in a left-helical CME and 

a left-helical magnetic cloud. Martin therefore argued that an erupting filament could 

acquire a helical structure of opposite helicity sign to that of the flux rope (formed 

by reconnections of coronal arcades) in the CME. In essence, Rust predicts left heli

cal magnetic fields for dextral filaments while Martin predicts right helical magnetic 

fields for dextral filaments. The debate has not yet been settled. Latest observational 

and theoretical works, however, are in favor of Rust's interpretation. 

Chae (2000) investigated the magnetic helicity sign of filaments using EUV images 

in which filaments sometimes appear as mixtures of bright and dark threads. Assum

ing that the helicity sign of two crossing thread segments is the same as that of the 

filament, he concluded that dextral filaments have negative helicity and that sinistral 

filaments have positive helicity. Aulanier &; Demoulin (1998) employed a linear force-

free field model to reproduce several important observational aspects of filaments. 

They showed that filament barbs can be interpreted as a collection of magnetic dips, 

whose distribution then forms a continuous pattern which links one side of the flux 

rope down to a magnetic parasitic polarity located on the photosphere (Aulanier &; 

Demoulin, 1998; Aulanier et al., 1998). Using observed magnetograms as boundary 

conditions, they were able to confirm this interpretation through a constant-alpha 

magnetohydrostatic extrapolation to successfully model several filaments and fila

ment channels observed in Ha and in EUV (Aulanier et al., 1999, 2000b; Aulanier 

& Schmieder, 2002). Their model also showed that dextral (sinistral) chirality corre

sponds to the magnetic field with negative (positive) a. Thus, in the framework of 

linear force-free field models, chirality represents the sign of magnetic (and current) 

helicity since hc = aB2 = a2hm, where hc and hm are current and magnetic helicity 

density (Hagyard & Pevtsov, 1999). Latest developments, using non-linear force-

free fields from MHD simulations (Lionello et al., 2002) or from magneto-frictional 
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methods (Mackay & van Ballegooijen, 2006a,b), are in agreement that the body of 

filaments is made of shallow dips within a weakly twisted flux tube, and that fila

ments barbs are also made of magnetic dips, suspended above the photosphere. The 

continuous distribution of dips in barbs, combined with some projection effects, give 

the illusion that barbs are made of vertical magnetic fields that connect the filament 

body to the photosphere. 

2.1.4 Helicity and Solar Storms 

The solar cycle is believed to be driven by magnetic flux generated by the solar dy

namo in the deep convective zone. Magnetic flux emerges through the photosphere 

by magnetic buoyancy (Parker, 1979) and forms the observed dark sunspots that 

are about one thousand degrees cooler than the surrounding photosphere due to the 

strong sunspot field effectively suppressing the thermal convection locally. Observa

tions have shown evidence that magnetic fields emerging from the solar interior to 

the photosphere are twisted (e.g., Leka et al., 1996; Pevtsov et al., 2003b), suggesting 

that magnetic helicity is carried by twisted flux tubes rising from the convection zone 

and transported across the photosphere into the corona. Once the magnetic helicity 

goes into the corona the net helicity of a magnetic structure cannot be destroyed even 

during magnetic reconnection (Berger, 1984). On the global scale, helicity emerges 

with a negative (positive) sign in the northern (southern) hemisphere (Seehafer, 1990; 

Pevtsov et al., 1995; Pevtsov, 2002b). Moreover, the sense of the hemispheric helicity 

is independent of the solar cycle (Pevtsov et al., 2001). Consequently, helicity can 

not be removed globally by mutual cancelation of helicity of opposite signs, which 

results in the accumulation of helicity in the two hemispheres of the corona, with 

no clear observational evidence of helicity canceling across the solar equator. CMEs, 

as expulsions of magnetized plasmas, may provide an important process to shed the 

excess helicity from the corona (Low, 1996). This statement is supported by in-situ 

observations of interplanetary magnetic clouds which are well-modeled as magnetic 
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flux tubes twisted in either the right-handed or left-handed sense, corresponding to 

positive or negative helicity, respectively (Burlaga, 1991). Magnetic clouds are associ

ated statistically with disappearing filaments and CMEs on the Sun (e.g., Marubashi, 

1986; Rust, 1994) and interpreted as an interplanetary manifestation of some CMEs. 

This association is also supported by the discovery of filament material inside the 

magnetic cloud (Burlaga et al., 1998). Magnetic clouds that are associated with 

CMEs originating from the northern (southern) hemisphere tend to have negative 

(positive) chirality (Rust, 1994; Bothmer & Schwenn, 1994). 

Erupting prominences often show twisted structures with knots of prominence 

mass in them swirling as if constrained to follow helical magnetic field lines (Fig. 1.10). 

If the magnetic flux rope topology is adopted for prominences, the relationship be

tween the sense of writhing of erupting flux ropes and their chirality is determined by 

helicity conservation such that that the middle section of the flux rope takes a reverse 

(forward) S shape for positive (negative) chirality (Fan & Gibson, 2003; Kliem et al., 

2004). This is observable if the flux rope writhes sufficiently and contains entrained 

filament material. The apex of rising filaments is then seen to rotate in a clockwise 

(counterclockwise) direction for positive (negative) chirality, associated with a reverse 

(forward) S-shaped sigmoid (Green et al., 2007). 

Although the analysis of helicity in filaments has been ongoing for two decades 

since House & Berger (1987) first discussed the transfer of helicity along the body of 

an erupting filament, many issues about the helicity in filaments still remain unset

tled. First of all, do such twisted structures truly represent a helical magnetic field? 

There are no direct measurements of the twist of fields in filaments, but rotational (he

lical) motion of filament knots can be established unequivocally when spectra and a 

cinematic sequence of high-resolution images are available (e.g., Kucera et al., 1998b). 

Secondly, is it necessary to invoke the magnetic flux rope topology to explain 

the prominence support and the existence of a lower density cavity surrounding a 

prominence (e.g., Low, 1996, 2001)? Although the flux rope topology is favored 

by various groups (e.g., Priest et al., 1989, 1996; Rust & Kumar, 1994; Aulanier & 
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Demoulin, 1998; Amari et al., 1999; Martens & Zwaan, 2001; Lionello et al., 2002), 

other models adopting sheared arcade geometries (e.g., Antiochos & Klimchuk, 1991) 

or thermodynamic variability (e.g., Karpen et al., 2001) still manage to explain the 

presence of chromospheric material in the corona. The existence of a flux rope after 

the onset of the eruption, however, is widely accepted, thanks to in-situ observations of 

interplanetary magnetic clouds. Rust & Kumar (1994) suggested that the helical field 

of magnetic clouds originates from the filament field which expands and is transported 

through space by eruptions. Gosling et al. (1995), however, suggested that the flux-

rope fields of magnetic clouds could be created by reconnection during the eruptive 

process in the corona. Thus, preexisting magnetic helicity in the form of a helical flux 

rope in the filament is not necessary. All the helicity might be trapped in sheared 

coronal fields before they reconnect and erupt from the Sun (Antiochos et al., 1999). 

Low and Zhang (Low, 1994, 1996; Low & Zhang, 2002; Zhang & Low, 2001, 2003; 

Zhang et al., 2006) provided a unified picture of CMEs as a hydromagnetic phe

nomenon. Specifically, CMEs are regarded as the last physical mechanism in the 

chain of processes that transfer magnetic flux and helicity from the base of the con-

vective zone into interplanetary space. To explain how the corona reverses its global 

magnetic field, Zhang & Low (2001) studied the hydromagnetic results of magnetic 

field newly emerging into a corona containing a preexisting magnetic field with op

posite polarity. They suggested that the corona will reverse its polarity when the 

emerged flux exceeds the preexisting flux by a critical amount. Before the critical ra

tio is reached, the field with the emerged flux may have enough energy to eject some of 

the preexisting flux out of the corona, therefore increasing the emerged-to-preexisting 

flux ratio and bringing the corona closer to the critical value for its global magnetic 

reversal. High electrical conductivity in the corona will at first prevent the immediate 

mixing of the emerged flux with the preexisting flux, as current sheets form naturally 

between the two flux systems. However, the current sheets will subsequently dissi

pate by a series of magnetic reconnections with associated changes of field topology, 

in which magnetic free energy is rapidly liberated in flare-like events, and helicity is 
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redistributed, although its total amount is conserved. The relaxation results in the 

formation of a flux rope which contains the significant part of the total helicity and 

a fraction of magnetic free energy as the system reaches the minimum-energy state 

(Zhang & Low, 2003). 

Zhang & Low (2005), therefore, argued that flares and CMEs are independent 

MHD processes, although both are important players in the magnetic-helicity trans

port from the solar interior into interplanetary space. When magnetic helicity is 

introduced via flux emergence into a closed magnetic field, e.g., active regions and 

helmet streamers in quiet Sun regions, from which a significant number of CMEs 

originate, the closed magnetic field serves as a confinement structure for the accu

mulating helicity. A flare without a CME rapidly liberates excessive magnetic free 

energy and successive flaring of this kind punctuates the evolution of a coronal mag

netic structure along a path of increasing total magnetic helicity. As a natural product 

of Taylor relaxation a flux rope eventually forms. The trapped helicity in the flux 

rope, which sets a rigorous lower bound on the energy of the magnetic field (Berger, 

1998), keeps the field from relaxing into a potential state. This lower-bound energy is, 

however, "flare-unreleasable" free energy associated with the trapped total helicity, 

and increases with the accumulating helicity. The removal of the trapped helicity and 

magnetic energy is achieved by the bodily expulsion of the flux rope, i.e. the CME. 

Zhang et al. (2006) further suggested there is an upper bound on the total magnetic 

helicity that a self-confining force-free field in unbounded space can contain. The 

accumulation of helicity in excess of this upper bound would inevitably lead to a 

CME. 

Amari et al. (2003a,b) constructed a series of force-free bipolar configurations with 

different magnetic flux and helicity contents and used them as an initial condition by 

imposing converging motions or a diffusion-driven evolution. This process leads to the 

formation of a twisted flux rope by a reconnection process and to the disruption of the 

configuration, which is confined for a small initial helicity and global for a large initial 

helicity. Amari et al. (2003b) suggested that helicity, which keeps a constant value 
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throughout the evolution, cannot be the only parameter controlling the triggering of 

an ejection: having a large enough helicity seems to be a necessary condition for an 

ejection to occur, but not a sufficient one. Phillips et al. (2005), however, showed 

that eruption occurs at a fixed magnitude of free energy in the corona, independent 

of the value of helicity, using numerical simulations of the breakout model for CMEs. 

Almost identical eruptions are obtained for both large and zero-helicity cases. These 

results argue against the postulation that a critical helicity buildup and shedding 

serve as the determining factors for CME initiation. 

Still, the important role of magnetic helicity in solar eruptions is highlighted by 

the observational facts that the pre-eruption magnetic topology is non-potential (ei

ther sheared or twisted), and that twisted magnetic fields are carried away by CMEs. 

The conservation of magnetic helicity in the corona provides an important constraint 

on the evolution of the coronal magnetic field, which makes helicity probably the only 

physical quantity monitoring the entire history of the evolution: from the transporta

tion of magnetic field from the convective zone all the way to the interplanetary space 

via the expulsion of CMEs. 

2.2 Overview of the Kink Instability 

2.2.1 Theoretical Studies 

Magnetic loops are the fundamental building block of the solar corona. Due to the 

small plasma 0 (~ 10 - 2 in the low corona), the magnetic field in a stable loop must 

be nearly force free (J x B « 0). Consequently, any instability must be caused by 

currents flowing mainly along the loops, a situation that has been extensively studied 

for toroidal geometry in fusion research (e.g., Biskamp, 1993) and for cylindrical 

geometry with fixed ends in the astrophysical context (e.g., Hood, 1992). 

In the early studies, coronal loops were often modeled as straight cylinders with 

azimuthal and axial magnetic field components Be(r) and Bz(r) respectively. The 

dense photosphere is simulated by line-tying boundary conditions (v = 0) at the 



75 

upper and lower boundaries. This extreme assumption implies that this boundary is 

infinitely conductive, inertial and reflective. In such radial twist profile, 

is prescribed and then force balance gives the magnetic field components. When the 

amount of twist reaches a critical value it is well established that the loop becomes 

unstable to a perturbation of the form £ = (£r, £#, ^z)e
mB+kz with the azimuthal wave 

number m = ±1 , which is referred to as the kink mode (Raadu, 1972; Hood & Priest, 

1979; Einaudi & van Hoven, 1983; Velli et al., 1990). The effect of line tying at the 

extremely dense photosphere is important, as it anchors the footpoints of the field lines 

and so effectively forces any perturbations to vanish at the ends of the loop, leading 

to a higher critical twist value. At the same time, the sufficiently slow photospheric 

flows would twist and stretch the loop in such a way that it experiences a series of 

force-free equilibria. For the straight, cylindrically symmetric flux tube with fixed 

(line-tied) ends and uniform-twist force-free field introduced by Gold & Hoyle (1960), 

the threshold was found numerically to be 2A9TT (Hood &: Priest, 1981; Einaudi & van 

Hoven, 1983). For force-free equilibria having other radial profiles, similar values for 

the critical average twist are found if the axial field component does not change sign 

(see the review by Hood, 1992, and references therein). Moreover, in the ideal MHD 

limit it is shown that the kink mode is always the first mode to become unstable for 

force-free equilibria (van der Linden Sz Hood, 1998, 1999). The configuration with a 

localized-twist profile is found to be stable for the peak value of the twist up to bn 

(Mikic et al., 1990; Baty & Heyvaerts, 1996). As the MHD helical kink instability 

sets in, the axis of the flux rope exhibits writhing motions, and the twist is converted 

to the writhe of the field due to the conservation of magnetic helicity in the highly 

conducting corona (Berger, 1998). 
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2.2.2 Physics of Kinking 

Consider an initially straight (i.e., cylindrically symmetric) flux rope (Fig. 2.36) that 

experiences some perturbations resulting in an upward displacement that produces 

a curvature of the axis, or bending of the tube while the footpoints remain fixed 

(Fig. 2.3c). The rope is now subject to the lateral kink instability: magnetic pressure 

increases on the inner side of the bend while decreasing on the outer side of the bend, 

therefore enhancing the perturbation. The force that tends to drive the instability 

arises from the azimuthal (6) component of the magnetic field, as this component 

is enhanced toward the base of the curved flux rope and reduced toward the top 

(Fig. 2.3c). The stabilizing forces are those arising from the axial (C) component of 

the magnetic field,which exert a downward tension force in response to the initial 

displacement. So, in general, if BQ is sufficiently large in comparison to B^, the flux 

rope is kink unstable. If, however, the resultant force on the flux rope axis is in the 

direction opposite that of the initial displacement, then the system is stable against 

the lateral kink mode. However, the flux rope can still be unstable to the helical 

kink instability in which destabilizing torques arising from the azimuthal component 

of the magnetic field helically deform the flux rope. The helical kink mode can be 

stabilized by torques arising from the axial component of the magnetic field (Gilbert, 

Alexander, & Liu, 2007). In both cases, the anchoring of the magnetic foot-points in 

the extremely dense photosphere generates a stabilizing magnetic tension due to the 

deformation of the axial magnetic field (Hood, 1992). 

The basic picture presented in the Appendix of Gilbert et al. (2007) demonstrates 

that there are forces that can produce a writhing of a magnetic flux rope and that there 

are a number of other forces that will tend to resist this writhing once it has begun. 

The relative importance of these various forces will depend on the detailed nature of 

the initial equilibrium of the flux rope. This can really only be understood thoroughly 

by performing a systematic numerical study of a broad range of initial equilibria and 

their nonlinear evolution. In the absence of such a study, we must conclude that 
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Figure 2.3 : Three magnetic geometries and corresponding useful coordinate systems. 
In the Cartesian (x, y, z) and cylindrical (r, 9, z) systems ((a) and (b) respectively) 
the z-axis is the same, while in the third orthogonal coordinate system (r, 0, C) the C 
coordinate (which replaces the z coordinate) lies along the axis of the magnetic flux 
rope, and the r — 6 plane is perpendicular to that axis (c). Figure from Gilbert et al. 
(2007). 

a broad range of kinking behavior is possible, and a focused observational study of 

prominence eruptions (including failed eruptions) can provide important constraints 

on the range of such behavior that is realized in the solar context. 

2.2.3 Observational Definition of Kinking 

A kinking magnetic flux rope is favorably observed in the corona in Ha or in EUV 

when it is loaded with cold and dense filament mass. In Ha, filaments appear as dark 

features in absorption against the solar disk and as bright features in emission above 

the solar limb (see §1.2). In EUV, filaments usually appear in absorption unless they 

are heated to coronal temperatures during the dynamic evolution. In the absence of 

filaments, kinking flux ropes may still be observed as coronal mass ejections when 

they erupt outward into interplanetary space. 

It is presently unclear whether the degree of kinking is related to the eruption or 

not: theoretically the degree of kinking may influence the ability of the filament to 

erupt (Fan, 2005) or the degree of kinking in an eruption might be determined by the 

magnetic configuration (T. Torok, private communication); observationally this study 
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has not yet been performed due to the difficulties caused by projection effects which 

become important when trying to understand a intrinsically three-dimensional process 

like the kink instability with only two-dimensional data. Even in the most favorable 

orientations (e.g., when a kinking filament is observed at disk center and the observer's 

line of sight provides a complete view of the filament axis), only the rotation of the 

axis can be measured, i.e., the angle between the orientations of the central portion 

of the filament and the polarity inversion line along which the filament was originally 

aligned (Liu et al., 2008b). This is effectively a measurement of the non-local writhe, 

as denned by Berger & Prior (2006), with the local writhe remaining observationally 

undetermined due to the limitations of line-of-sight integrated observations. 

Moreover, the orientation of the magnetic flux rope axis with respect to the ob

server has a significant impact on the projected appearance of the flux rope geometry. 

For example, a flux rope showing significant kinking motions (apex rotations of sig

nificantly more than 90 degrees) is favorably observed in projection where there is a 

more or less 90-degree angle between the rope axis prior to kinking and the observer. 

The flux rope will exhibit a clear transformation from a A shape to an "inverted 7" 

shape, and finally to a knot that is formed by the apparent crossing of the two fila

ment legs (Fig. 2.7). However, the same kinking flux rope observed from a viewpoint 

parallel to the axis of the spine prior to kinking (0-degree separation between the 

axis and observer), will, in general, not show such an obviously closed-loop structure, 

but deceptively appear as a non-kinking filament. The upper portion of the filament 

in this latter orientation will seem to widen along the filament axis as the kinking 

occurs, but unless it significantly expands allowing a closed-loop structure to become 

visible, it would be extremely difficult to use this as a definitive observationally-based 

signature of kinking. 

Thus, intensity data alone are not sufficient to infer that a filament is kinking 

unless the orientation is favorable as described above. Fortunately, the motion asso

ciated with the writhe of the axis will have a distinctive velocity signature. Therefore, 

Doppler velocity information, e.g., He I velocity data from MLSO, combined with in-
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tensity observations, e.g., Ha data, is vital to distinguish among expansion, kinking, 

and draining motions of the prominence material (§3.2). 

To aid in the identification and quantification of kinking from an observational 

standpoint, Gilbert et al. (2007) identified certain observational signatures that in

dicate whether kinking of the filament axis is occurring. Three cases have been 

considered: 

1. Clear kinked structure: an identifiable closed-loop is evident above two 

crossed filament legs that are anchored to the surface. However, we should 

keep in mind that such a strong evidence of kinking could be compromised if 

the kinked portion of the filament spine is not completely filled with material, 

i.e., not completely visible. 

2. Possible kinked structure: in the absence of an identifiable closed-loop struc

ture, a cusp-like (or A-shaped) structure forms above two filament legs anchored 

to the surface while writhing motions are apparent in the dynamical process of 

eruption. Velocity information is needed here to establish whether writhing 

motions are occurring (see Liu et al., 2007). Such a structure is sometimes ob

served to transform into a closed-loop configuration, indicating a large amount 

of kinking. 

3. Low evidence of kinked structure: no closed-loop or cusp structure is visible 

during the rise of a filament axis, and/or line-of-sight velocity data show a 

complete absence of writhing motions with or without a projected closed-loop 

or cusp structure. 

2.3 Modeling of the Kink Instability 

The kink instability has long been investigated as a possible triggering mechanism 

for solar eruptive phenomena (see the review by Hood, 1992), especially in flux rope 

models, in which the flux rope is suspended in the solar corona by a balance between 



80 

magnetic compression, hoop, and tension forces. The straight flux tube configuration 

has been studied in depth at various aspects of the kink instability in a solar context 

including the nonlinear evolution of the kink instability (Lionello et al., 1998), the 

formation of current sheets (Baty & Heyvaerts, 1996; Gerrard et al., 2001; Gerrard 

& Hood, 2003) and the magnetic topology change during the evolution of the kink 

instability (Baty, 2000). The current sheet that forms during the non-linear evolu

tion of the kink instability and the resultant magnetic reconnection have provided a 

possible explanation of compact loop flares (e.g. Gerrard & Hood, 2003). The effects 

of curvature on loops have been explored more recently. Numerical simulations have 

shown how the current sheets form (Torok et al., 2004; Gibson et al., 2004), how the 

loops respond to twist being injected through foot points (van Hoven et al., 1995; 

Amari et al., 1996; Amari & Luciani, 1999; Klimchuk et al., 2000; Torok & Kliem, 

2003; Gerrard et al., 2004; Aulanier et al., 2005), and how kink unstable loops erupt 

through the overlying arcades (Torok &; Kliem, 2005; Fan, 2005). 

2.3.1 A 3D Flux Rope Model 

Titov &; Demoulin (1999) constructed a three-dimensional analytical model (hereafter 

T&D model; Fig. 2.4) to study how a twisted flux tube, i.e., a flux rope, evolves when 

it emerges quasi-statically from below the photosphere to a certain height in the 

corona, where the tube becomes unstable and its eruption has to occur. A number 

of numerical studies have been carried out to test this model in the context of CME 

initiation, either due to MHD instabilities (e.g. Torok et al., 2004; Gibson et al., 2004) 

or a loss of equilibrium (e.g. Roussev et al., 2003). 

The whole magnetic field in the T&D model has three components, Bi , Bq and 

BQ (Fig. 2.4). Bj is created by a ring current / with major radius R uniformly 

distributed over its circular cross section of radius a. The axis of symmetry of the 

ring is submerged under the photosphere at a depth d, so that in corona only an 

arc of the ring is present. The second component, Bq, is created by the leading and 
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Figure 2.4 : Magnetic field topology in the model of Titov & Demoulin (1999). The 
major components include a force-free circular flux tube with the total current / , a 
pair of magnetic charges —q, q and a line current IQ. Below the photospheric plane 
z = 0 this configuration has no real physical meaning: it is used only to construct 
the proper magnetic field in corona. Figure from Titov & Demoulin (1999). 

following spots of the model active region, which are represented here by two point 

magnetic charges ±q buried at a depth d below the photospheric surface and located 

at x = ±L. The third component, J3<?, is created by a line current I0 flowing exactly 

along the axis of symmetry of the ring. The sub-photospheric currents and sources 

only play an auxiliary role to construct the configuration above the photosphere. 

The Lorentz-self force of the current ring, also referred to as the hoop force (Fhoop ~ 

I2/R; Shafranov 1966), is counterbalanced by the Ampere force (FAmp ~ IqL/(L2 + 

R2)3/2) acting on the ring by the two magnetic charges ±q. The purpose of the toroidal 

field produced by the imaginary line-current, I0, below the surface is to reduce the 

number of turns of the field lines within and outside the flux rope. Without the 

line-current, the field lines at the surface of the flux rope are purely poloidal, and 

they would have an infinite number of turns in a finite length (Roussev et al., 2003). 

By adjusting the strength of the line-current, one can achieve a reasonable amount 

of twist everywhere. 

This field configuration excludes the existence of any null point, but the presence of 

the so called bald patches (BPs; Seehafer, 1986; Titov et al., 1993) makes it relevant to 

solar flares. BPs are the segments of the photospheric inversion line where the coronal 
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field lines touch the photosphere tangentially. The field lines starting at a BP form a 

separatrix surface, where the field-line connectivity suffers a jump, due primarily to 

the line-tying of the field lines to the (assumed) rigid photosphere. This bald-patch-

associated separatrix surface (BPSS; Titov & Demoulin, 1999; Low & Berger, 2003) 

exists before the instability sets in, but a bright, transient sigmoid forms when the 

dynamic evolution of the flux rope causes the current density and dissipation in the 

BPSS to rise sufficiently. 

When the flux rope only partly "emerges" above the photosphere, there is a single, 

continuous BP of dipped field grazing the central portion of the neutral line and so a 

corresponding single BPSS. As the flux tube continues to emerge and grow, the BP 

bifurcates to give birth to a hyperbolic flux tube (HFT; Titov et al., 2002) lying below 

the rising flux tube. The HFT is a generalized separator field line at the intersection 

of two separatrix surfaces, which could be regarded a three-dimensional counterpart of 

the X-type magnetic topology in the standard flare model (§1.3.3). The gap between 

bifurcated parts of the BP grows with R, and the BP disappears altogether when the 

flux tube protrudes sufficiently far into corona, where a transition to a topologically 

simple arcade-like configuration occurs (Titov & Demoulin, 1999; Roussev et al., 

2003). The HFT could be current-free initially, but can pinch into a vertical layer 

of exponentially rising current density as a result of external perturbations (Titov 

et al., 2003). The current in the vertical sheet is of the same sign as the flux rope 

current, so that the sheet attracts the current loop. Therefore, the erupting flux rope 

cannot escape unless a non-ideal process, such as magnetic reconnection, dissipates 

the current sheet fast enough. 

Titov & Demoulin (1999) also considered the stability of their configuration and 

found that it may be unstable if the major radius, R, of the flux rope exceeds 2L. 

This analysis, however, does not include the effects of the line-tying of the poloidal 

field circulating around the flux rope. The numerical study by Roussev et al. (2003) 

demonstrated that R in excess of 5L is required to achieve an eruption. It was also 

found that even when the initial equilibrium is unstable, the flux rope cannot escape, 
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unless the static arcade field associated with I0 is removed (Roussev et al., 2003), or, 

the magnetic field falls off more rapidly with height (Torok & Kliem, 2005). 

2.3.2 Helical Kink Instability 

Instabilities of the flux rope in the T&D model have been independently investigated 

in both its variants, i.e., BPSS (Fan k Gibson, 2003, 2004; Fan, 2005), and HFT 

(Torok et al., 2004; Kliem et al., 2004; Torok & Kliem, 2005). 

Fan and Gibson (Fan & Gibson, 2003, 2004; Fan, 2005) simulated the evolutionary 

transport of a twisted magnetic structure (i.e., an arched flux rope) through the solar 

photosphere into a preexisting, initially potential, coronal field, by numerically solving 

the MHD equations under isothermal conditions. The emerging flux rope is trans

ported into the corona via the time-dependent electric field at the lower boundary and 

then allowed to relax dynamically in that domain to a nearly force-free configuration. 

The rope emergence is driven at a constant speed, until the rise is stopped and the 

field lines are anchored by setting the electric field at the lower boundary to zero. The 

imposed kinematic flux emergence serves to construct a sequence of near force-free 

equilibria with increasing amounts of detached, twisted flux. After the twist in the 

emerged part of the flux rope exceeded « 3.571̂  the helical kink instability occurred 

and a sigmoidal layer of strongly enhanced current density was formed in the BPSS 

(left panel of Fig. 2.5). In agreement with the conservation of the total helicity in 

the simulation box, the flux rope writhed such that it developed an S shape of the 

opposite sense to the S shape of the BPSS. Two distinct stages of the evolution of the 

coronal magnetic field were shown in the simulation. The initial evolution is quasi-

static during which the magnetic energy transported into the corona is being stored 

in a sequence of confined flux rope equilibria. This is followed by a dynamic stage in 

which the flux rope loses confinement and erupts (Fig. 2.6). If emergence is stopped 

earlier, the flux rope settles at a non-eruptive, force-free equilibrium. 

Field lines may reconnect at the current sheets that form at the BPSS and transfer 
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Figure 2.5 : Comparison of the current sheets forming in the two variants of the T&D 
model. Left Panel (Figure adapted from Gibson &; Fan, 2006a): magenta field lines 
are representative of the BPSS that separates winding and non-winding field lines, 
and brown indicates dips in magnetic field lines. Yellow and orange isosurfaces in the 
top image show current sheet. Red and orange field lines in the bottom left image 
intersect the orange isosurface of current sheet shown in the top image: orange lines 
are the subset that are dipped. Right panel (figure adapted from Torok et al., 2004; 
Kliem et al., 2004): the top image shows the helically deformed flux rope (red), the 
helical current sheet (purple isosurfaces) forming at the interface of the perturbed 
loop with the surrounding fields, and the vertical current sheet (yellow isosurfaces) 
forming at the HFT during the evolution of the helical kink instability (Torok et al., 
2004); middle image shows field lines associated with this eruption, including two sets 
(red and blue) that intersect the vertical current sheet (Kliem et al., 2004); bottom 
image shows the same field lines in the middle image seen from top (Kliem et al., 
2004). 
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Figure 2.6 : The eruption of a 3-D flux rope seen in snapshots at times (left column) 
t = 86 (when rope emergence is stopped) (middle column) t = 95 and (right column) 
t = 130 (top row) and t = 105 (middle and bottom rows). Top panel: sample field 
lines showing kinking, erupting rope, where red lines are rooted in the original arcade 
boundary, blue and green field lines are rooted in the original rope bipole; Middle 
panel: Evolving, initially dipped field (brown) and current sheet isosurfaces (dark 
orange is approximately twice as strong a value of J/B as yellow); Bottom panel: 
reconnected field lines (orange) associated with the stronger (dark orange) current 
sheet isosurface (shown here in red). Figure from Gibson Sz Fan (2006a). 
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Figure 2.7 : The numerical simulation of a failed filament eruption event by Torok 
k Kliem (2005). Top: TRACE 195 A images of the confined filament eruption on 
2002 May 27. Bottom: Magnetic field lines outlining the core of the kink-unstable 
flux rope. Figure from Torok k Kliem (2005). 

magnetic energy to thermal energy, therefore heating the field lines through thermal 

conduction, which, could be observed as sigmoidal structures in soft X-ray or EUV 

emissions. The reconnections ultimately separated the flux rope into two parts, with 

the upper part being ejected and the lower part being left behind (Fig. 2.6), which 

is often observed in partial eruptions of solar filaments. The degree to which the 

initially dipped field was filled with filament mass, and the location of this mass 

relative to where the rope broke in two, would then have implications for a whole 

range of eruptions, from full, partial to failed eruptions. 

Torok and Kliem (Torok et al., 2004; Kliem et al., 2004; Torok k Kliem, 2005) 

used the T&D flux rope equilibrium with no BP as the initial condition, choosing 

the parameters such that the flux rope had supercritical twist for the occurrence of 

the helical kink instability (again, critical twist <i>c « 3.57T at .a loop aspect ratio 

R/a w 5), and an HFT is present below the rope. The m = 1 kink mode develops 
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with both upward and downward directed perturbations. As the instability occurs, 

the peak current density in these sheets, the apex displacement, and the total kinetic 

energy in the simulation box grow exponentially. Similar to the cylindrical case, the 

growth of the mode leads to the formation of a helically shaped current sheet at the 

interface of the perturbed loop with the surrounding fields (see the purple isosurfaces 

in the top right image in Fig. 2.5). The upward directed kink instability of the loop 

forms a second, nearly vertical current sheet (see the yellow isosurfaces in the the 

top right image in Fig. 2.5), at the HFT underneath, which does not occur in the 

cylindrical kink. The vertical current sheet is threaded by sigmoidal field lines, with 

the sense of the S shape as observed for sigmoids: forward (reverse) S for positive 

(negative) twist in the rope (middle and bottom images in the right panel of Fig. 2.5. 

The upward-kinking flux rope developed the opposite S shape due to the conservation 

of helicity. Then the exponential growth of the kink mode eventually saturates in the 

considered configuration, corresponding to a failed eruption (Fig. 2.7). However, a 

global eruption may ensue if the confining field decreases more rapidly with height or 

magnetic reconnection occurs in the formed current sheets. 

2.3.3 Lateral Kink Instability (Torus Instability) 

The toroidal flux ring can become unstable to lateral expansion if the external poloidal 

field decreases sufficiently rapidly with radial distance such that the decrease in the 

confining force due to the external poloidal field Bex is faster than the decrease of the 

hoop force with major ring radius R. Assuming Bex oc R~n, a perturbation dR > 0 

will be unstable if 
^dln(Bex) 

n = -R^Fd (2'14) 

is greater than a critical value n^ « 3/2 (Bateman, 1978; Kliem & Torok, 2006). 

This instability to lateral expansion, termed the "torus instability" by Kliem & Torok 

(2006), is also referred to as the lateral kink instability (Hood, 1992). In contrast to 

the helical kink instability, the torus instability cannot be stabilized by the presence 
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of a toroidal field component inside the torus, since the hoop force also points outward 

in this case. A loss of equilibrium due to the onset of the torus instability may be a 

cause for CMEs in general that do not show significant writhing motions. 

Fan & Gibson (2007) present and compare the results of two different numerical 

experiments, in which the loss of confinement and the eruption of a flux rope is 

due to the helical kink instability and the torus instability, respectively. In the first 

simulation whose setup is close to that of Fan (2005), the overlying arcade field 

declines with height slowly such that the flux rope becomes significantly kinked. The 

kinking motion causes rotation of the tube to an orientation that makes it easier for it 

to rupture through the arcade field, leading to an eruption. In the second simulation, 

the preexisting arcade field has a much steeper decline of the field strength with height 

and the emerging flux rope has a smaller twist rate. The flux rope becomes unstable 

to the torus instability and begins to erupt before the development of the helical kink 

instability. 

It has been proposed that there are two distinct types of CMEs, fast (impulsive) 

CMEs and slow (gradual) CMEs (§1.5): CMEs originating in active regions and 

accompanied by strong flares are usually faster and accelerated more impulsively 

than CMEs associated with filament eruptions outside active regions and weak flares. 

However, the CME velocity distribution does not show two distinct peaks, and both 

fast and slow CMEs can be accompanied by both weak and strong flares (Vrsnak 

et a l , 2005; Zhang & Dere, 2006). Both the analytical result (Kliem & Torok, 2006) 

and the numerical simulations (Torok &: Kliem, 2007) demonstrated that a flux rope 

driven by the torus instability permits the description of fast and slow CMEs in a 

unified manner (Fig. 2.8). The eruption occurs if the field overlying the flux rope 

decreases sufficiently rapidly with height. The acceleration profile depends on the 

steepness of this field decrease. Impulsive acceleration profiles correspond to a rapid 

decrease, as is typical of active regions, while gradual acceleration profiles corresponds 

to a gentle decrease, as is typical of the quiet Sun. In both scenarios, the acceleration 

rises to a maximum which increases as the steepness of the external field decreases. 
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decay index of external field 

Figure 2.8 : The 3D ideal MHD simulations of the torus instability by Torok & 
Kliem (2007), using the T&D model as the initial condition. Left panel: initial 
configurations, corresponding to the red, blue, green, and black lines in the right 
panel, respectively (from top left to bottom right). Normalized distances between 
the monopoles are 3.6, 2.7, and 0.5 h0 in the bipolar configurations and 2.5 and 5.0 
ho in the quadrupolar one, where ho is the initial apex height of the flux rope.The 
rainbow colored field lines show the center of the flux rope (current ring), and the 
green lines the overlying magnetic field. Right panel: Decay indices n, defined in 
(2.14), and corresponding acceleration and velocity profiles for the torus-unstable 
flux ropes in the left panel (n —• oo at the null in the quadrupolar configuration). 
The initial position of the current-carrying flux rope is indicated in grey. Velocities 
are normalized to the initial Alfven velocity va at the flux rope apex; ra = h0/va. 
Figure adapted from Torok &; Kliem (2007). 
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Afterwards, the steeper the field decrease, the steeper the drop in the acceleration. 

The numerical simulations show that the torus instability occurs not only in freely 

expanding current rings (Kliem & Torok, 2006), but also in line-tied flux ropes, with 

the instability threshold n^. ~ 3/2 in both cases. 

The numerical simulations by Torok & Kliem (2007) could explain why magneti

cally complex regions are profuse in producing solar eruptions. Since magnetic fields 

in multipolar active regions decrease in the lower corona faster with height than those 

in bipolar active regions or in the quiet Sun, they are more susceptible to the torus 

instability. Furthermore, no "breakout-like" reconnection (Antiochos et al., 1999) 

above the flux rope is required in their simulation of the quadrupolar configuration 

(see Fig. 2.8). 

2.4 Kink Instability and the Nature of Filament Eruptions 

Filaments have generally been defined in terms of the magnetic environment in which 

they form. The magnetic topology adopted here defines a large-scale helical magnetic 

structure, i.e., a magnetic flux rope, where filament mass residing at its bottom is 

supported by the concave-up field against the gravity. The remaining part of the 

flux rope is generally devoid of matter and is known as the cavity (§1.2). The role 

played by the dynamical evolution of mass in filaments is, therefore, an important 

factor in the eventual nature of the eruption and in the subsequent re-formation of 

the filament. 

Filaments have been observed to exhibit a wide range of eruptive activity behavior, 

including dramatic activation with the filament mass remaining confined to the low 

corona (see §3.1), the eruption of part of the observed filament structure (see §3.2 and 

§3.3), and the almost complete eruption of all of the prominence mass (e.g., Plunkett 

et al., 2000). 

Gilbert and colleagues (Gilbert et al., 2000, 2001, 2007) discussed the separation 

of a flux rope into two as a viable mechanism to explain the commonly observed par-
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tial eruption of prominence mass, in which part of prominence material escapes with 

the CME instead of the entire prominence. Gilbert et al. (2001) suggested that the 

occurrence and location of magnetic reconnection in relation to the erupting promi

nence serves to create a range of different topological changes with implications for the 

full, partial or failed eruption of the prominence. In an inverse polarity configuration 

(Fig. 2.9), for instance, the expanding CME stretches the flux rope, leading to the 

formation a new X-type neutral line near the top of the prominence. The reconnec

tion at the internal X-type null point results in part of the prominence separating and 

erupting as part of the CME, while the remainder of the prominence becomes magnet

ically disconnected and drops back toward the solar surface (right panel in Fig. 2.9; 

also see §3.3). If the reconnection occurs above the prominence, that would lead to 

a CME carrying no prominence material (middle panel in Fig. 2.9; also see §3.2). Of 

course, reconnection could also occur below the prominence, leading to a complete 

eruption of the prominence embedded in the CME (left panel in Fig. 2.9). Similar 

processes would occur in the dipped (see Fig.2 in Gilbert et al. 2001) or the normal 

polarity configuration of the prominence during large-scale coronal reconfigurations 

such as CMEs. 

To gain a better understanding of the varying types of eruption and how they are 

related, Gilbert et al. (2007) established observational definitions that can be applied 

to filament eruptions in general, but also in the context of kinking motions. It is 

instructive to point out that, although the filament mass and the associated support

ing magnetic structure are coupled, we distinguish between the two when describing 

eruptions observationally because the magnetic structure can erupt, destabilizing the 

corona and generating a CME, while the filament mass remains confined. Three types 

of filament eruptions are defined as the following: 

1. Full eruption: bulk (^ 90%) of filament mass and magnetic structure escapes 

the Sun. 

2. Partial eruption: entire magnetic structure erupts with some or none of the 



92 
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(within flux rope) 

Figure 2.9 : Schematic diagrams showing the magnetic topologies of the evolution 
of an inverse polarity flux rope model during a CME with horizontal reconnection 
occurring in different locations with respect to the prominence material supported 
by the concave-upward fields at the bottom of the flux rope. Left panel: An x-
type neutral line forms below the flux rope, leading to a complete eruption of the 
prominence embedding in the CME. Middle panel: reconnection occurs above the 
prominence and within the flux rope. No prominence material escapes with the CME 
in this scenario. Right panel: Separation of prominence material occurs through the 
formation of a second x-type neutral line in the upper portion of the prominence. 
Figure from Gilbert et al. (2001). 

filament mass (as a result of mass draining), or partial eruption of the magnetic 

structure with some or none of the filament mass (as a result of mass draining 

and/or settling). 

3. Failed eruption: none of the filament mass nor magnetic structure escapes 

the Sun 

2.4.1 Full Eruption 

A full eruption is defined to occur when the entire magnetic structure erupts and 

contains the bulk (approximately 90% or more) of the pre-eruptive filament mass (i.e., 

the mass escapes without draining or settling back to the surface). It is uncertain 

whether an eruption involving 100% of the filament mass ever occurs since draining 

is generally observed in erupting events, but to distinguish between partial eruptions 

(described in the following) and the more dramatic large, almost complete eruptions, 
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the choice of 90% of the mass is a reasonable delineation of these two types of events. 

Gilbert et al. (2007) specifically address whether it is possible to observe a full eruption 

subsequent to kinking motion. The optimum conditions for a rising, kinking flux rope 

to eject the bulk of the filament material residing within it involve the following: (1) 

the initial location of all of the filament material must be on the middle section of the 

rope and (2) the eruption must occur quickly enough so that only a small fraction 

of the material has time to drain along either leg to the surface. Unfortunately, if 

these two conditions are fulfilled, it would be difficult to identify the kinking structure 

as a kinking of the flux rope, because the successful detection of the kinking motion 

requires the presence of the filament material. It can be concluded that a full eruption, 

as defined here, is highly unlikely to be detected in observations of kinking structures. 

2.4.2 Partial Eruption 

Partial eruptions are more complicated to define observationally, since the coupling of 

the filament mass and its supporting magnetic structure create a couple of variations 

within this class. 

The first type of partial eruption occurs when the entire magnetic structure erupts, 

with the eruption containing either some or none of its supported pre-eruptive filament 

mass. The mechanism by which mass loss occurs in this scenario is draining along 

magnetic field lines connected to the photosphere, manifested in observations as an 

initial lifting of material followed by draining of some or all of the mass, essentially 

losing it to the photosphere. If the structure were to carry the bulk of the filament 

mass, only incurring a small fraction of mass loss via draining, this type of eruption 

would fall under the "full eruption" category. 

The second type of partial eruption occurs when the magnetic structure itself 

partially escapes with either some or none of the filament mass. Observationally, 

this type of partial eruption with no filament mass manifests as a lifting of filament 

material followed by draining and/or settling back to the surface while reconnection 
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splits the flux rope in two above the apex of the filament, resulting in a failure of the 

mass to escape but allowing part of the cavity to escape with a resulting CME. This 

particular case can be labeled a "partial cavity with failed filament eruption" (see 

§3.2). 

A similar sequence of events can occur but with reconnection occurring within 

the filament, creating a partial eruption of material along with the partial eruption 

of the cavity. This could be called a "partial cavity with partial filament eruption" 

(see §3.3). 

In a numerical simulation of the dynamic emergence of a magnetic flux rope across 

the photosphere, Manchester et al. (2004) demonstrated that shearing motions in

duced by axial field gradients could lead to internal reconnections, and ultimately 

the bifurcation of the flux rope and the upward expansion of its upper portion. Birn 

et al. (2006) likewise demonstrated the formation of a current sheet within an un

stable flux rope, which separated an outwardly expanding portion of the rope from 

a portion that remained below. Gibson & Fan (2006b) described the full evolution 

of such a partially ejected flux rope, from the rope's emergence and formation as a 

pre-eruption equilibrium, through its destabilization, eruption, and bifurcation, and 

ultimately to an end-state with magnetic field closing down over the surviving portion 

of the rope. The model accounts for a range of pre-CME observations of filaments, 

cavities, and sigmoids, as well as post-eruption phenomena such as coronal dimmings 

and the structure of magnetic clouds (Gibson & Fan, 2006a). Tripathi et al. (2008) 

summarize some explicit predictions from this model that can be compared to coronal 

observations as below. 

1. Partially erupting filament: the middle panel of Fig. 2.6 shows the evolution 

of initially dipped field (brown) during the flux rope's eruption. Current sheets 

form within the rope, splitting the erupting material in two. The upper-most 

material escapes upwards, while the material lying below the current sheets is 

essentially unaffected by the eruption. Material in the vicinity of the current 
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Figure 2.10 : Reforming cavity in the model of a partially-expelled flux rope (Gibson 
& Fan, 2006b). Isosurface and isocontours show the logarithm of number density, 
magenta lines show the BPSS, and yellow lines show overlying arcade field. Figure 
from Gibson & Fan (2006a). 

Figure 2.11 : Left: Footpoints of reconnected field lines (orange) forming two ribbons 
surrounding surviving portion of filament (brown). Right: Post-eruption cusp over 
sigmoid and filament. Redorange- black field lines are sample lines straddling the 
magnetic neutral line lines show BPSS of surviving rope, brown shows surviving 
portion of filament. Figure from Gibson & Fan (2006a) . 
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sheets first surges up, and then falls back down. 

2. Partially erupting/reforming cavity: both the initial, and the surviving 

filaments are contained within a region of decreased density, i.e. a cavity, as 

demonstrated in Fig. 2.10. 

3. Two ribbon flares surrounding non-erupting filament: the left panel 

of Fig. 2.11 shows the footpoints of field lines that have reconnected at the 

current sheets, with the surviving filament shown in brown. However, this is 

also consistent with completely non-erupting filament in case of confined flares. 

4. Post-eruption loops transitioning from sheared to potential: the bot

tom panel of Fig. 2.6 shows reconnected field lines, and demonstrates that they 

transition from sigmoidal, sheared lines to more potential arcade-like lines ori

ented perpendicular to the underlying neutral line. This is due to reconnections 

which occur initially at the sigmoidal surface (BPSS) separating rope and ar

cade, then on sigmoidal lines within the core of the rope, and finally behind the 

erupting portion of the rope (which is rooted in the initial arcade boundary, i.e. 

parallel blue and yellow bands). 

5. Cusp over sigmoid end-state: the right panel of Fig. 2.11 shows that the 

reconnected field lines can appear cusp-shaped when seen from the right view

ing angle. A portion of the flux rope survives below this cusp, as evidenced by 

the magenta field lines which represent the BPSS of dipped field just grazing 

the "photosphere" (i.e., the simulation's lower boundary). The BPSS has been 

demonstrated to be a site where current sheets form under dynamic perturba

tion, so that the predicted observable is a sigmoid transitioning to a cusp which 

overlays a quickly reforming sigmoid. 

6. Transient coronal holes rooted outside original source region: the bot

tom panel of Fig. 2.6 also demonstrates the connectivity-changing reconnections 

between the rope and the arcade. The middle image in particular shows a set 
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Table 2.1 : Comparing the observables predicted by Model C (partial eruption of flux 
rope) with Model A (in-situ forming flux rope) and Model B (total eruption of flux 
rope) (from Tripathi et al. 2008) 

Predicted observables 

1. Partly erupting filament 
2. Partly erupting cavity 
3. Flare ribbon surrounding filament 
4. Sheared post-eruption loops 
5. Cusp over reformed sigmoid 
6. Dimming external to source region 
7. Writhing motion of filament 

Model A 

V 

V 
V 

Model B 

V 

Model C 

V 
V 
V 
V 
V 
V 
V 

of low-lying field lines connecting the original rope's bipole boundary (red and 

blue circles) to the original arcade boundary (blue and yellow parallel bands). 

These "mixed-connectivity" field lines undergo further "rope-breaking" recon-

nections at the internal current sheets to result in an escaping rope which is 

rooted in the original arcade boundary. If transient coronal holes correspond 

to the footpoints of the escaping flux rope, they would thus be expected to lie 

completely outside the original source region. 

7. Writhing motion during eruption: the top panel of Fig. 2.6 shows the 

change in rope axis orientation as it erupts. As discussed in Gibson & Fan 

(2006b), the writhing motion of the erupting rope facilitates its reconnections, 

both internal and with surrounding fields. 

Tripathi et al. (2008) compared these observables predicted by the partial eruption 

model, referred to as Model C, with those from the models in which a flux rope is 

formed in-situ, referred to as Model A, and from models in which the flux rope is 

totally expelled, referred to as Model B (partial eruption of pre-existing flux rope). 

Table 2.1 displays the differences between models A, B and C with respect to the 

predicted observables as discussed above. 

In their observational study, Tripathi et al. (2008) selected five on-disk events 
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and three limb events. They concluded that the observations are consistent with 

the predictions based on the partial eruption model by Gibson &; Fan (2006b). The 

observations indicated that magnetic reconnections during eruptions play a crucial 

role in changing the topology and leading to bifurcation of the flux rope, in addition 

to closing down the magnetic field behind the erupting and expanding flux rope, as 

in the case of totally expelled flux rope models. 

2.4.3 Failed Eruption 

We define the case in which none of the lifted filament mass nor the supporting mag

netic structure escapes the solar gravitational field as a "failed eruption", although 

this does not preclude localized dynamic activity, heating, and flare production. An 

example of a kinking failed filament eruption demonstrating significant draining oc

curred on 27 May 2002 and is studied in detail in §3.1. This type of failed eruption 

has two mechanisms by which mass returns to the surface instead of escaping (also 

applicable to the partial eruptions discussed above): (1) mass draining along apparent 

magnetic field lines back into the photosphere and (2) mass remaining in concave-

upward field lines that settle back to a lower altitude in the corona. In the latter 

scenario, mass does not get lost to the photosphere, but instead it can return with 

its supporting structure as they both relax in the atmosphere after releasing part of 

the flux rope (the concave-upward or largely horizontal field lines continue to support 

the mass), resulting in the filament mass maintaining its presence in the corona. The 

distinction between these two mechanisms for mass return becomes important when 

considering filament re-formation following eruption. 

2.4.4 Discussion 

As described in §2.4, there are several ways in which a filament and its supporting 

structure can exhibit eruptive behavior, with or without kinking. The relationship 

and fundamental differences between the types of eruption depend crucially on the role 
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played by reconnection. Regarding the role of the kink instability in solar eruptions, 

signals from modeling and numerical simulation studies are mixed, although the kink 

instability has long been invoked as a driver of eruptions by observers. 

Fan (2005) suggested that the evolution of the kink instability facilitates the loss 

of confinement of the flux rope. Specifically, when the writhing rotation of the flux 

rope changes the direction of its apex relative to the overlying arcade from being 

perpendicular to being parallel, it becomes easier for the flux rope to erupt through the 

arcade fields without having to open up most of the arcade fields, thereby avoiding the 

Aly-Sturrock paradox (Aly, 1984; Sturrock, 1991; Forbes, 2000; Lin et a l , 2003a), the 

difficulty of opening up the closed magnetic field lines via a purely ideal-MHD process 

occurring in the force-free configuration. This 3D effect was also predicted by Sturrock 

et al. (2001). Gibson & Fan (2006b) extend the simulation long enough in time to 

show the erupting flux rope breaking into two, and thus only partially erupting. As 

discussed in §2.4, one observational consequence of reconnection occurring within the 

flux rope is that part or none of the filament material escapes (depending on where 

reconnection occurs relative to the material). The Fan (2005) simulation is specific to 

a kinking flux rope, but the splitting of a flux rope can occur in cases where only lifting 

is occurring; the difference is the driver of reconnection at the point of separation. 

Motivated by the observations of Ji et al. (2003), Torok & Kliem (2005) simulated 

the confined eruption of a helical flux rope driven by the ideal kink instability. Their 

model allows for the same configuration to generate a fully erupting filament by simply 

modifying the form of the overlying magnetic field. The authors hence argue that 

whether an eruptive flux rope is confined or not is determined by how steeply the 

overlying magnetic field declines with height. Actually, when the confining poloidal 

field decreases with distance fast enough, radially outward perturbations of the flux 

rope could trigger the torus instability (Kliem & Torok, 2006) before the helical kink 

instability sets in, and the toroidal flux rope will no longer be confined. 

The simulation by Fan (2005), however, implies that the degree of kinking also 

matters. Four possibilities exist for the role of kinking motion per se in the eruption 
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process. First, in the model of Fan (2005) the kinking of the flux rope allows it 

to "slip through" the overlying arcade fields. In this model, the evolution of the 

flux rope is governed by the emergence of magnetic flux and proceeds through an 

early quasi-static stage in which the kinking structure evolves through a series of 

kinked equilibria. Throughout this stage, neighboring equilibria are reached when 

the flux emergence is stopped. Above a critical threshold, the twist of the flux rope 

results in the onset of the kink instability, facilitating a loss of confinement as the 

increased kink changes the orientation of the flux rope, allowing it to "slip through" 

the overlying arcade. In other words, in this scenario the non-equilibrium sets in, 

rather than instability. With no neighboring equilibrium available for the flux rope, 

it jumps to an energetically much lower equilibrium, as shown in Fan's simulation. 

Second, the flux rope may exhibit a weak kink and find an equilibrium before it 

reaches the point where the rupture through the overlying fields is facilitated. Such 

a nonerupting, slightly-kinked equilibrium was described in Fan & Gibson (2006). 

Third, as a contrast to the second possibility, the kinking flux rope may 'overshoot'. 

Presumably, instead of kinking quasi-statically, the flux rope could kink sufficiently 

fast that it passes the ideal degree of kinking for slipping through the overlying arcade 

before it interacts substantially with the overlying fields. Consequently, the flux rope 

could be confined; this may be the case in the failed eruption on 2002 May 27 (§3.1) 

in which a breakout type reconnection (as indicated by the coronal hard X-ray source 

overlying the filament prior to the eruption) initiates relatively fast kinking of the 

filament (the transition from the A-like configuration to the leg-crossing configuration 

only takes about 5 minutes). These first three possibilities invoke "slipping" through 

the arcades as would be necessary for ejection of the flux rope from the Sun as 

envisaged in the models of Sturrock et al. (2001) and Fan (2005). However, flux 

ropes can also be driven to erupt by other forces. Recently, numerical simulations of 

the torus instability (Torok & Kliem, 2007) have shown that erupting flux ropes need 

not be aligned with the overlying field to erupt. Finally, the accumulation of magnetic 

helicity in a kinking flux rope driven by the injection of helicity (e.g., by photosperic 
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motions) may exceed an upper bound beyond which no stable equilibrium can be 

found (see Zhang et al., 2006). Although the kink instability might play a role in the 

evolution in this case, it is difficult to determine this observationally since helicity 

injection can cause a flux rope to twist, expand, and writhe without an instability 

setting in. 

In Chapter 3 we present a body of original work which focuses on the observational 

manifestation in the solar corona of the processes discussed in this chapter, which 

ranges from the failed eruption, partial cavity eruption, to partial filament eruption. 
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Chapter 3 

Kink Evolution of Eruptive Filaments 

In this chapter, we investigate three filament eruption with significant kinking mo

tions, while resulting in deferent nature of eruptions. The kinking filament on 2002 

May 27 features a failed eruption (§3.1), associated with a M-class flare but no CME. 

The 2003 October 31 event (S3.2) is a partial cavity eruption with the bulk of the fil

ament mass confined in the low corona, while the top of the magnetic cavity structure 

is "clipped off", resulting in a jet-like CME. In §3.3 we investigate a partial filament 

eruption associated with a transient sigmoid. The evolution of the sigmoid features 

an interesting spatial relationship with the filament. 

3.1 Failed Filament Eruption 

We revisit the "failed" filament eruption of 2002 May 27, first studied in detail by Ji 

et al. (2003). We investigate the temporal and spatial relationship between the fila

ment dynamics and the production of hard X-ray emission using spatially resolved 

high-cadence data from TRACE and RHESSI.We confirm the presence of a hard 

X-ray source in the corona above the filament prior to the main activation phase 

and identify a second coronal hard X-ray source, not considered by earlier studies, 

that occurs under the apex of the filament during the erupting phase when the fil

ament is clearly strongly kinked.We argue that this second source of coronal hard 

X-ray emission implies ongoing magnetic reconnection in a current sheet formed 

via a kink instability resulting from the interaction of the two adjacent legs under

neath the writhing filament, in agreement with simulation results. The presence 

of this second energy release site has important implications for models of solar 
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3.1.1 Introduction 

The importance of filament activity as a driver of space weather phenomena is a 

critical topic in solar physics. Solar filament eruptions are frequently associated with 

coronal mass ejections (CMEs) and solar flares, with all three phenomena generally 

Occurring together in the largest events. This direct association suggests a commonal

ity of the physical processes driving these disparate phenomena, a commonality that 

has been exploited to good effect by models of CME and flare initiation (see review 

by Lin et al., 2003a). Recently, however, there has been much study of the nature 

of filament activation and its role in driving solar transient phenomena (e.g., Martin, 

1998; Gilbert et a l , 2000). 

Filament activation encompasses a wide array of phenomena, including partial 

and so-called failed eruptions. The partial eruptions of solar filaments are frequently 

observed to occur (Pevtsov, 2002a; Gilbert et al., 2001) and are generally accompanied 

by flaring activity in the solar corona. Failed eruptions (e.g., Ji et al., 2003, hereafter 

J03) are defined by the dynamical evolution of the filament, which displays an initially 

eruptive-like acceleration persisting for a relatively short duration prior to a period 

in which the filament decelerates, reaching a maximum height as the mass in the 

filament threads drains back toward the Sun. Such events can produce solar flares, 

but generally are not associated with CMEs nor show much evidence for the opening 

of the magnetic field. 

There is clearly a range of eruptive-like dynamic activity in filaments, from full 

eruption through partial eruption to failed eruption. The importance of the dynamic 

nature of filaments to the potential for eruption and CME initiation is still being 

explored, but the interaction between the filament magnetic field and the dynamical 

motions is such that any external disturbance, such as emerging or canceling flux 

in the filament vicinity, could have dramatic consequences for the filament itself. 
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(Sterling et al., 2001) used observations of Hen filament activation in the buildup 

to a flare and associated CME to demonstrate that while the filament itself did 

not appear to erupt, it underwent significant dynamic motion and morphological 

changes in the early stages of the CME initiation. The co-spatial and co-temporal 

correspondence with flare-associated brightenings at other wavelengths allowed these 

authors to conclude that models that allow reconnection high above the core region 

are more relevant to the CME initiation process. 

The eruption of an active region filament on 2002 May 27 was accompanied by 

a flare of GOES class M2.0, but with no detectable CME. The early development of 

the filament was typical of the initiation phase of eruptive filaments. However, in this 

case the filament flux rope underwent a kinking motion that effectively terminated 

the rise of the filament at a height of some 80 Mm above the photosphere (Ji et al., 

2003, hereafter J03). The observed writhing motion has led some modelers to consider 

kink-unstable flux rope configurations in an attempt to explain the dynamics of this 

intriguing event (e.g., Torok & Kliem, 2004; Torok et al., 2004). 

J03 showed that, even though the filament failed to erupt, significant energy re

lease occurred in association with the complex filament dynamics. This energy release 

resulted in a number of radiative signatures in the corona, suggesting the possible pres

ence of magnetic reconnection in the magnetic field overlying the filament prior to 

the filament erupting phase. Most notably, these radiative signatures included hard 

X-ray emission in the 12-25 keV range detected by RHESSI. J03 therefore concluded 

that two conditions are required for an eruption to occur: reconnection in the low 

corona (possibly above the filament) and open or opening fields. If correct, this has 

important consequences for models of CME initiation. 

As part of an ongoing study of the association of energetic particle production 

with filament activation, we revisited the J03 failed eruption event and found sig

nificant additional information in the behavior of the coronal hard X-ray emission, 

which serves to clarify the dynamic evolution of the filament flux rope and to refine 

the physical interpretation. The discovery of additional coronal emission and its im-
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plications for models of filament eruptions provides the motivation for the present 

study. We discuss our observations and data analysis in §3.1.2, characterize the spa

tial and temporal evolution of this event in §3.1.3, and present a discussion and our 

interpretation in §3.1.4. 

3.1.2 Data Analysis and Observations 

One of the key aspects of the interpretation of J03 was the discovery of a coronal 

source of 12-25 keV hard X-ray emission early in the event (18:00:00-18:02:30 UT) 

at a location some 7-9 Mm above the filament. This site of coronal hard X-rays 

is interpreted as the location of energy release by J03, a conclusion borne out by 

subsequent emission in the blue wing of Hen and the EUV at 195 A at the same 

location. To quote J03 "the hard X-rays, Hcu blue wing, and Fe XII195 A emissions all 

showed compact activity in sequence at the same location." The RHESSI hard X-ray 

image reconstruction performed by J03 utilized the CLEAN algorithm (Aschwanden 

et al., 2004) with a 40 s integration time, and was restricted to the early period 

of activity in this event. RHESSI is a rotating modulation collimator (Lin et al., 

2002) from which hard X-ray images can be produced via a detailed analysis of the 

received modulation patterns (see Hurford & Curtis, 2002, for details). While a 

number of image reconstruction techniques are available, we choose to work with the 

Pixon reconstruction method (Metcalf et al., 1996) due to the significantly better 

photometry that it provides. This allows for a direct comparison to the J03 results 

while allowing better time resolution (we use 12-40 s depending on the count rates 

and attenuator state) and the detection of fainter sources later in the event. We 

concentrate, in this study, on RHESSI data in two energy bands (12-25 keV and 

25-50 keV), with a spatial resolution defined by the lowest grid used, which here is 

grid 3, corresponding to a resolution of ~ 7". The TRACE data used in this study 

is the same sequence of 195 A images used by J03. We perform a co-alignment of 

the TRACE and RHESSI images using the identification of similar structure in EIT 



106 

Figure 3.1 : Temporal evolution of the active filament eruption seen in TRACE 195 
A images on 2002 May 27. The contours show the 12-25 keV hard X-ray emission 
from RHESSI. The apex of the filament lies approximately 80 Mm above the solar 
surface. 

195A data to correct the TRACE pointing (see §1.1.2), assuming that the pointing of 

EIT and RHESSI are accurate. The correction to the TRACE pointing in this case 

is approximately 6". In addition to RHESSI and TRACE, we use He I (A = 10830 A) 

spectral line data MLSO to obtain line-of-sight velocity observations of the filament 

mass (§1.1.1). 

3.1.3 Spatial and Temporal Evolution of EUV and Hard X-ray Emission 

Fig. 3.1 shows the time development of the filament as observed in the TRACE 195 

A channel from 18:00:56 to 18:11:32 UT. Also shown is the 12-25 keV hard X-ray 
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X (arcsecs) X (arcsecs) 

Figure 3.2 : Coronal hard X-ray sources, marked by arrows, in relation to the filament. 
(a) Source SI, identified by J03, lies above the filament prior to the filament eruption. 
(b) Source S2, located at the projected crossing point of the two filament legs. The 
integration time of the RHESSI data, centered on the time of the TRACE image, is 
40 s in (a), to match the J03 analysis, and 12 s in (b). 

emission overlain as contours. The filament evolves quite dramatically over a period of 

~ 10 minutes, with a slow rise phase from 18:00:56 to 18:02:14 UT being followed by 

a rapid expansion with a distinct kinking motion evident. The filament itself appears 

to be confined, reaching a maximum height of ~ 80 Mm. At times after ~18:10 UT 

the filament structure has effectively stopped rising, and most of the dynamic motion 

is in the form of material draining down the legs of the filament to the chromosphere. 

There is also some evidence for an untwisting motion as the filament drains (see 

below). A movie of the filament evolution can be found at the TRACE Web site*. 

The hard X-ray emission is evident from the onset of the filament activation, with 

the 12-25 keV emission beginning around 18:00:20 UT and the 25-50 keV emission 

starting some two minutes later at ~18:02:30 UT. In addition to the usual hard X-ray 

footpoints, a coronal source (SI) in the 12-25 keV band, first identified by J03, is 

*See movie at http://trace.lmsal.com/P0D/movies/T195_020527_18M2.mov 

http://trace.lmsal.com/P0D/movies/T195_020527_18M2.mov
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Figure 3.3 : Light curves of RHESSI hard X-ray emission. The dotted and solid lines 
show the time evolution of the 12-25 and 25-50 keV emission, respectively, from the 
whole flare (in photons). The diamonds indicate the time evolution of the 12-25 keV 
coronal source (S2; photons cra~~2s-1). The arrows delimit the time over which the 
hard X-ray coronal source (SI) was detected. The gaps in the whole flare light curves 
are due to attenuator switches in RHESSI. 

clearly evident above the erupting filament at spatial location 913" W, 130" N, rela

tive to disk center (see Fig. 3.2), beginning at 18:00:56 UT, and lasting approximately 

3 minutes. (J03 stated that the coronal source disappeared after 18:02:30 UT, but 

Fig. 3.1, which was generated by the Pixon reconstruction method, sees signs of it 

lasting until as late as ~18:03:30 UT.) Following the initial evolution the filament 

develops a dramatic kink; the footpoint structures evolve, showing multiple interac

tion sites in the chromosphere (see frame at 18:06:32 UT). Meanwhile, the coronal 

emission fades from the initial energy release site above the filament, as the filament 

erupts through its kink phase. A second, independent coronal hard X-ray source (S2) 

forms at location 948" W, 134" N, cospatial with the projected crossing point of the 

kinked filament structure (Fig. 3.2). This additional hard X-ray source, not discussed 

by J03, lies approximately 25 Mm above the earlier J03 source, SI, but below the 

apex of the now confined filament. Fig. 3.2 shows the spatial and temporal differ

ences between the two coronal hard X-ray sources detected by RHESSI. The time 

development of source S2 indicates that it appears approximately 1-2 minutes after 
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the initial source SI disappears and is closely associated with the writhing motion 

exhibited by the filament. Fig. 3.3 shows that source S2 develops around 18:03:40 UT 

(shortly after the disappearance of coronal source 1), peaking at ~18:07:00 UT, in 

agreement with the peak 12-25 keV emission of the flare as a whole, and ~30 s after 

the flare peak in the 25-50 keV emission. The coronal source decays quickly over the 

next 3-4 minutes. Throughout its appearance, source S2 remains at the same phys

ical location and same position relative to the draining filament. The association of 

coronal source S2 with the projected crossing point of the two filament legs suggests 

a scenario whereby magnetic reconnection of oppositely directed field, presumably in 

a current sheet that forms between the inner portions of the adjacent filament legs, 

powers further energy release, generating the observed hard X-ray emission. The 

overall dynamical behavior of the filament is further illuminated by analysis of the 

MLSO CHIP line-of-sight velocity data,which has a 3 minute cadence, in conjunction 

with the image sequence from TRACE. The early evolution of the filament from 18:05 

to 18:08 UT is dominated in the velocity data by the rapid expansion of the confined 

structure. This expansion is indicated by a growing dark (negative velocity) region, 

signifying the expansion of the structure toward the observer, together with a narrow 

positive velocity feature, signifying the observed portion of the flux rope that is ex

panding away from the observer. As the expansion ceases and the filament maintains 

its confined configuration, the velocity data indicate a combination of motions result

ing from an apparent "untwisting" of the entire apex of the filament (18:14-18:20 

UT) and the draining of filament material evident in the TRACE 195 A data. The 

untwisting is evident in the TRACE movies, as well as in the velocity data. The 

CHIP observations in row 3 of Fig. 3.4 show a characteristic dipolar pattern, with 

the front and southerly part of the filament apex moving away from us and the back 

and northerly part moving toward us (opposite to that detected during the expansion 

phase). 
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Figure 3.4 : Correspondence between MLSO CHIP He 110830 A line-of-sight velocity 
data and the TRACE 195 A observations of the kinking filament. In the velocity 
data (second and fourth rows), Blue (red) indicates velocity toward (away from) the 
observer. In the TRACE data, (first and third rows) dark (bright) indicates absorbing 
(emitting) plasma. 
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3.1.4 Discussion and Interpretation 

The results presented in the previous section provide insight into the nature of fila

ment activation and eruption. The "failed" eruption discussed here places constraints 

on models of CME initiation and yields important clues to the interaction between 

filaments and their surrounding magnetic field. 

The key distinction between the present analysis and that performed previously by 

J03 is the use of the Pixon reconstruction algorithm for the RHESSI hard X-ray data, 

which provides better photometry than the GLEAN procedure used by J03, allowing 

shorter integration times and longer coverage of the event into its hard X-ray decay. 

In addition to confirming the J03 detection of a coronal source above the filament at 

the onset of the activation, we highlight a second coronal source evident at a later 

time lying below the erupted filament structure, not discussed by J03, but evident at 

a low level in their Figure lg. The presence of the hard X-ray emission in the corona 

suggests the local interaction of fast particles with the ambient medium, where the 

particles are assumed to be produced locally in an energy-release site, possibly driven 

by magnetic reconnection. The earlier coronal hard X-ray source (SI) lying above 

the filament, prior to the rapid expansion phase of the filament, possibly indicates 

the opening of magnetic field, or the significant reduction of the magnetic tension 

in the overlying field, allowing the filament to rise (see also J03). The enhanced 

detection of a second hard X-ray source in the corona (S2) situated at the projected 

crossing point of the kinking filament legs (see Figures 3.1 and 3.2) indicates either 

the possible interaction of the adjacent filament legs brought together by the kinking 

motion of the flux rope (Gibson et al., 2004; Gibson k. Fan, 2006b), or the magnetic 

reconnection at the vertical current sheet formed under the flux rope (Torok et al., 

2004; Torok &; Kliem, 2005) due to the expansion of the flux rope. The resultant 

local energy release produced the hard X-ray emission and the localized heating of 

plasma indicated by the EUV and Ha brightenings discussed by J03. 

The full scenario painted by these observations, then, is that reconnection above 
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the energized filament opened, or significantly weakened, the overlying field, allowing 

the filament to begin to erupt. The strong line-tying of the filament footpoints, the 

kinking motion of eruption, and the form of the overlying magnetic field serve to 

confine the filament, restricting any subsequent ejection into the corona. The kinking 

and expansion of the filament also serves to bring oppositely directed magnetic field 

either from the two filament legs, or from the overlying arcade, together, creating the 

conditions for magnetic reconnection and further energy release powering the hard 

X-ray emission (both in the corona and at the chromospheric hard X-ray footpoints) 

and localized plasma heating. 

The initial evolution, in which the energy release signalled by the hard X-ray 

emission in the corona (source Si) would seem to indicate magnetic reconnection 

in the field overlying the filament, does not fit with any of the dipped field model 

scenarios discussed by Gilbert et al. (2001). Reconnection above the arcade in the dip 

models results in the formation of an inverse-polarity flux rope above the filament, 

but the dip supporting the filament maintains its integrity and does not erupt. The 

inverse-polarity flux rope models of Gilbert et al. (2001) fair no better in explaining 

the observed behavior, as they do not support a situation in which the filament 

eruption is initiated by reconnection above the flux rope containing the filament. 

However, the scenarios outlined by Gilbert et al. (2001) do not allow for the kinking 

motion of the failed filament eruption discussed here, nor do they attempt to explain 

how a filament might be confined. One possibility might be that the filament forms 

in a normal-polarity flux rope, which becomes unstable as a result of reconnection 

in the overlying arcade. The subsequent evolution depends on the strength of the 

overlying field and the driving mechanism. In principle, a rising filament could lead 

to the formation of a current sheet underneath, which then reconnects to cause the 

filament to erupt. This scenario combines facets of the popular breakout (Antiochos 

et al., 1999) and catastrophe (Lin & Forbes, 2000) models. 

Most models addressing the activation of solar filaments and its role in the produc

tion of flares and CMEs focus on the eruption process and the subsequent response 
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of the coronal field and plasma. A variety of theoretical models have been proposed 

to explain the impulsive onset and initial evolution of solar eruptions (see the review 

by Lin et al., 2003a). However, the application to partial or confined eruptions is 

a relatively recent topic of interest (e.g., Gibson & Fan, 2006b). Recently (Torok 

& Kliem, 2005, hereafter TK05) used a flux rope instability model to simulate the 

dynamic behavior of the 2002 May 27 failed eruption event studied here (Fig. 2.7). 

Motivated by the observations of J03, TK05 modeled the confined eruption of a he

lical flux rope driven by the ideal kink instability (see also Titov & Demoulin, 1999; 

Torok & Kliem, 2004; Torok et al., 2004). In this model the average twist of the flux 

rope is assumed to be quite large, $ = 5n, in order to reproduce the observed helical 

shape of the rising filament evident in Fig. 3.1. 

The TK05 model reproduces both the observed development of the kinking struc

ture and the rise profile of the filament reasonably well. More interestingly, their 

model allows for the same configuration to generate a fully erupting filament by sim

ply modifying the form of the overlying magnetic field, suggesting that the response 

of the filament to this instability is determined by how quickly the overlying mag

netic field declines with height. Indeed, Kliem & Torok (2006); Torok k Kliem (2007) 

showed that if the overlying field decreases rapidly enough, the rope may erupt, driven 

by a "torus instability" (see §2.3.3), without any significant kinking motion. 

In addition to the successful reproduction of the dynamical evolution of the 2002 

May 27 event, the TK05 simulations also provide the conditions necessary to foster 

energy release in the solar corona. While they do not directly address the energy 

release implied in the production of hard X-rays nor its role in the ensuing dynamics, 

they do discuss the formation of the current sheets generated by the kink instability 

driving the flux rope eruption. In particular, the instability results in the formation of 

a helical current sheet wrapped around the kinking and rising flux rope and a vertical 

current sheet below the flux rope (Fig. 2.5; Torok & Kliem, 2004). The vertical 

current sheet formed by the expanding and writhing motions has no counterpart in 

the cylindrical flux tube approximations, and its presence below the rising unstable 
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magnetic flux provides a possible explanation for the energy release implied by the 

coronal hard X-ray source S2. The early coronal hard X-ray source (SI), identified 

by J03, indicates the presence of magnetic reconnection in the field overlying the 

filament, presumably in the helical current sheet discussed by TK05. The TK05 

simulations are performed in ideal MHD and do not directly address the effects the 

energy release might have on the subsequent dynamics nor how they might alter 

conclusions regarding the role played by the form of the overlying field. 

Alternatively, in the simulation by Gibson & Fan (2006b), as the flux rope kinks 

and expands upward, a vertical S-shaped current sheet is formed within the flux rope 

as the two legs are brought together by the kinking motion. The dissipation at the 

internal current sheet breaks the flux rope into two parts, leading to a partial filament 

eruption (§2.4). Similar to Torok & Kliem (2007), Fan & Gibson (2007) also found 

that a non-kinking eruption could occur for a rapidly falling-off magnetic field, but 

that a less steep falloff in overlying field strength allowed sufficient buildup of twist 

for the kink instability to occur. In the latter they argued that the kinking motions 

allow the flux-rope to "rupture" through the overlying field (§2.4). There is clearly, 

then, an important synergy between the observations and the varied physical aspects 

of the models which provides insight into the eruptive process. 

The velocity data obtained from the MLSO/CHIP instrument indicated a period of 

rapid expansion as the flux rope writhed early in the event and an apparent untwisting 

at the end of the event once it had ceased to rise. This untwisting is also evident in 

the TRACE movies of this event. These observations also support the kink-unstable 

flux rope model of Torok et'al. (2004). The initial expansion reflects the translational 

motion of the flux rope during its strong writhing phase, while the apparent untwisting 

is consistent with the relaxation phase discussed, briefly, in Torok et al. (2004) where 

the flux rope relaxes to its initial circular shape. 

The dynamics of the 2002 May 27 failed eruption event and the concomitant 

coronal hard X-ray emission provide important insight into the filament eruption 

process. The new observations presented here add to the complexity of the event but 
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compare favorably with extant models where the filament dynamics are driven by the 

kink instability. 

3.2 Partial Cavity Eruption 

We investigate the kinking motion and its role in the eruption of a filament/cavity 

system that occurred on 2002 Oct 31. The evolution of the eruptive filament con

sists of four distinct phases. After an initial slow upward acceleration, the filament 

experiences a quasi-static phase exhibiting kinking motions of the filament axis. 

The kinking phase is followed by a sudden jump, coincident with the onset of the 

'un-kinking' of the filament. The loss of equilibrium initiates a gradual relaxation 

phase at the end of which the filament re-attains a similar un-kinked configuration 

as its initial state. The filament/cavity structure, evident in the white light observa

tions, interacts with a large-scale coronal helmet streamer to the north, and ma

terial is observed to eject outward, aligned with a pre-existing, low-density, dark 

channel which originally separates the northern helmet streamer from the south

ern streamer, where the dark cavity resides. The bulk of the filament, however, 

remains confined in the lower corona throughout the eruption along the channel. 

This suggests a partial eruption of the filament/cavity structure. The observations 

presented here manifest a catastrophic loss of equilibrium in response to the evo

lution of kinking motions in the filament activation. 

3.2.1 Introduction 

Solar eruptive filaments, flares and Coronal Mass Ejections (CMEs) are frequently 

observed to occur together. Consequently, it has been suggested that the three phe

nomena are different manifestations of a single physical process which results in the 

disruption of the solar corona and the rapid release of the magnetic energy (e.g., Lin 

et al., 2003a). A three-part structure of bright loop (or helmet streamer), dark cav

ity, and prominence core often exists quiescently in the corona (e.g., Gibson et al., 
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2006b). The cavity is suggested to be the upper portion of a helical flux rope with 

cool filament material suspended at its bottom (e.g., Low, 1996, 2001); the latter 

makes up the bright core in CMEs which exhibit an equivalent three-part structure 

(Illing & Hundhausen, 1986). The concave-upward field lines at the bottom of the 

flux rope provide the support for the filament against gravity (e.g., Gilbert et al., 

2000, and references therein). Thus the nature of filament activation and its role in 

disrupting the coronal magnetic fields, which still remain elusive, are critical aspects 

for understanding CMEs and related space weather phenomena. 

Eruptive filaments which display a helically deformed axis are often regarded as 

the 'fingerprint' of the MHD helical kink instability (e.g., Rust & LaBonte, 2005). 

A magnetic flux rope becomes kink-unstable if the twist, a measure of the number 

of windings of field lines about the rope axis, exceeds a critical value (e.g., Hood 

& Priest, 1979; Baty, 2000; Gerrard et al., 2001; Fan, 2005; Torok & Kliem, 2005). 

The axis of the flux rope then exhibits writhing motions - the twisting of the axis 

itself. Consequently, the flux rope may lose its equilibrium and erupt, or, at least, 

evolve rapidly to a new equilibrium (e.g., Ji et al., 2003; Alexander et a l , 2006). 

Recent observations of kinking in a number of filament eruptions including full (e.g., 

Williams et al., 2005), partial (e.g., Romano et al., 2003; Zhou et al., 2006) and failed 

eruptions (e.g., Alexander et al., 2006) indicate that it plays an important role in 

the interactions of the filament with its magnetic environment. An observational 

definition of kinking, as well as definitions of different types of filament eruptions, 

is given by Gilbert et al. (2007). The MHD simulations performed by Fan (2005) 

demonstrate that the nonlinear kink evolution facilitates the loss of equilibrium of 

a line-tied flux rope previously confined by external arcades, while the linear kink 

instability may simply lead the system to evolve to a nearby kinked equilibrium 

without eruption. She suggested that the two stage eruption in the former simulation, 

i.e., quasi-static evolution followed by explosive loss of confinement, represents a form 

of MHD catastrophe (e.g., Priest & Forbes, 2002, and references therein). 

As Lin et al. (2003a) pointed out, the idea of the catastrophic loss of equilibrium as 
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a possible mechanism of solar eruptions was originally introduced by Sturrock (1966a). 

He suggested that a system may evolve through a sequence of stable equilibrium states 

quasi-statically for a control parameter /z up to a critical value fic, beyond which the 

system may exhibit a catastrophic change of states due to lack of equilibrium or an 

explosive onset of nonlinear instability. Such a sudden event is often characteristic of 

a metastable configuration. 

The filament/cavity structure studied in this paper provides a manifestation of 

catastrophic loss of equilibrium induced by kinking motions. Before presenting the 

observations, we give a quick survey of the instruments and data sets utilized in this 

study (§3.2.2). We would like to highlight the He I (A = 10830 A) velocity data which 

provide unique diagnostics of the motions of the filament, and the K-corona data 

which provide white light observations of the lower corona. Both data sets are from 

the Mauna Loa Solar Observatory (MLSO). We examine the pre-eruption conditions 

of the filament when it is on the disk, which is helpful in our interpretation of the 

configuration when it erupts on the west limb. We then inspect the initial activation 

phase, examine the kinking and un-kinking motions of the filament, explore the role 

of the kinking in the eruption, and investigate the relation of the eruptive filament 

structure to the CME. We discuss our results in §3.2.3. 

3.2.2 Observations and Data Analysis 

The activation of the filament occurs at the west limb at about 17:00 UT on 2002 

Oct 31. Our primary data source is Ha (A = 6563 A) and He I data (A = 10830 

A) from MLSO. The eruption in the lower corona is also observed in Ha by the 

Big Bear Solar Observatory and by EIT (Delaboudiniere et al., 1995) aboard SOHO. 

The accompanying X-ray emission is recorded by RHESSI (Lin et al., 2002) in hard 

X-rays, and by GOES in soft X-rays. The responses of the corona to the filament 

eruption are observed by the Mark IV K-Coronameter (Mk4) at MLSO, as well as 

LASCO (Brueckner et al., 1995) aboard SOHO. Movies of data are available at h t t p : 
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Figure 3.5 : Morphological evolution of the filament days before its eruption on 
the west limb on Oct 31. The evolution is observed by BBSO Ha telescope and 
SOHO/MDI. The white arrows point to the filament studied in this paper. The 
white circle in (c) and (d) marks the region which exhibits significant flux emergence. 

/ / spac ibm. r i ce . edu /~ r l i u / thes i s / . 
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The filament studied in this paper is located along the neutral line of the active region 

AR 10162. Fig. 3.5a shows the filament six days prior to the eruption, on 2002 Oct 25, 

when the active region is at the disk center. Two days later, on Oct 27, flux emergence 

in the northern part of the active region, highlighted by the white circle in Fig. 3.5c 

and Fig. 3.5d, splits the original filament into two parts: the northern part becomes 

thickened and stretched while the southern part fragmented and brightened. The 

northern part, which is aligned predominantly east-west over ~ 7 x 104 km activates 

around 17:00 UT on Oct 31. The flux emergence increases the magnetic complexity 

locally and renders the region prolific in flares, which frequently disturb the filament 
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on the following days (see the RHESSI flare list*; a two-ribbon flare is evident in 

Fig. 3.5e). The peak of the flare occurring about ten minutes prior to the filament 

activation on Oct 31 is detected by RHESSI at 16:51 UT (GOES flare class X1.2). 

The first Ha picture taken at MLSO at 17:03 UT shows a post-flare loop system to 

the immediate south of the filament (also observed in EIT 195 A; Fig. 3.10a). The 

loop system provides a good reference for the subsequent interpretation of the velocity 

data. In the movie of BBSO Ha data (available as a mpeg file accompanying Fig. 3.7), 

mass draining is observed along the loop in both directions. In the corresponding 

CHIP velocity data, the southern half of the loop is Doppler red-shifted, while the 

northern half blue-shifted (see Fig. 3.6 and Fig. 3.7), indicating that the post-flare loop 

is oriented in the northeast-southwest direction. This is evidenced by the detection 

of a single hard X-ray (25 - 50 keV) foot point at the base of the blue-shifted portion 

of the loop (left panel of Fig. 3.6). The lack of a conjugate hard X-ray foot point 

suggests that it is occulted by the limb. Although the flare is an X-class event 

and a brightening post-flare loop is observed in EIT 195 A (Fig. 3.11a), there is no 

associated CME: no signs of a disruption of the corona are observed in white light 

by MM starting from 17:17 UT (see the movie of MM data, available as a mpeg file 

accompanying Fig. 3.13), or in EUV by EIT with 12-minute cadence around 17:00 UT 

(see the movie of EIT 195 A images, available as a mpeg file accompanying Fig. 3.10). 

Initial Activation 

When the filament erupts on the limb, we get a view along the filament axis, since 

it was aligned roughly east-west. During the filament's initial slow rise till about 

17:30 UT, motions toward the observer are detected in the CHIP velocity data (see 

Fig. 3.7e). The predominant blue-shifting of the filament suggests that the filament 

rises asymmetrically, with an eastward tilt (see the schematic in Fig. 3.8). At 17:31 

thttp://hesperia.gsfc.nasa.gov/hessidata/dbase/hessi_flare_list.txt 

http://hesperia.gsfc.nasa.gov/hessidata/dbase/hessi_flare_list.txt
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Figure 3.6 : CHIP He I line-of-sight velocity data from MLSO overlaid by RHESSI 
contours (12-25 keV in magenta and 25-50 keV in green) showing the hard X-ray 
sources involved in the filament activation. Contour levels are 10, 20, 50 and 80% of 
the maximum intensity. Hard X-ray sources are constructed by the 'Pixon' algorithm 
(Metcalf et al. 1996; Hurford et al. 2002). Motions toward (away from) the observer 
are in blue (red). Left panel: Hard X-ray sources are located at the northern foot 
point of the post-flare loop prior to the filament activation. The northern leg of the 
loop is blue and its southern leg red, as a result of draining along the loop which runs 
northeast-southwest. Right panel: A coronal X-ray source marked by the arrow is 
located at about the half height of the filament arch. 



121 

UT, the red-shifted 'core' inside the filament (Fig. 3.7f) is primarily due to the ex

pansion of the filament arch as it rises, with draining motions in the background leg 

also contributing to the line-of-sight integration. In Figures 3.7a and 3.76 the blue-

shifted 'foreground' leg almost occults the 'background' leg, which confirms that we 

are observing along the spine of the filament. In this configuration, kinking motions 

of the spine would'expose'the background leg (§3.2.2). 

At about 17:27 UT (see the corresponding 'burst' in the RHESSI light curve in 

Fig. 3.9d), the centroid of the foot point source shifts northward, relative to the foot 

point source at the peak of the flare (see the left panel of Fig. 3.6), and a coronal 

hard X-ray (12 keV -25 keV) source appears below the apex of the filament arch at 

about the filament's half height (see the right panel of Fig. 3.6). Torok et al. (2004) 

showed that even a slight kink of the flux rope, which forms a cusp-like structure, 

would result in the formation of a vertical current sheet below the apex. The coronal 

source implies the presence of the vertical current sheet of the type suggested by 

Torok et al. (2004). A coronal hard X-ray source below the filament arch is also 

reported by Alexander et al. (2006) in a failed filament eruption observed on 2002 

Mar 27. In that event, the two legs of the filament are observed to cross, which is 

regarded as a high certainty that the axis is kinked (Gilbert et al., 2007). 

Kinking and Un-kinking 

Following the initial slow rising phase, the filament seems to settle at an approxi

mately fixed height and mass draining is observed down its legs, with the background 

leg red-shifted and the foreground leg blue-shifted (see Frame g, h and m in Fig. 3.7). 

Filament material in the background leg flows along a curved trajectory from about 

17:30 UT till 17:45 UT, illuminating the magnetic structure, as the partially ionized 

filament material follows the lines of force of the magnetic field. The observed 'bend

ing' of the path taken by the draining material in the background leg suggests that 

the flux rope which threads into the filament is kinking. In Fig. 3.7d the two legs 
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Figure 3.7 : The filament undergoing expansion, writhing, and draining motions is 
observed by MLSO CHIP He I line-of-sight velocity data and the corresponding BBSO 
Ha data (colors are reversed). In the velocity data (second and fourth rows), blue 
(red) indicates motions toward (away from) the observer. The Doppler shifts are 
inferred separately from the subtraction of the intensity data obtained by relevant 
He I filters for each frame shown. The solid and dashed lines in the inset of Frame 
(i) and (j) indicate the foreground and background leg, respectively, and indicate 
the orientation of the filament spine as determined from the Ha intensity and He I 
velocity data. A movie of the filament activation observed by BBSO is available as 
an mpeg animation at h t t p : / / s p a c i b m . r i c e . e d u / ~ r l i u / t h e s i s / . 

http://spacibm.rice.edu/~rliu/thesis/
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are observed to cross, similar to the kinked filament reported by Ji et al. (2003) and 

Alexander et al. (2006). Notice that the red-shifted motion which dominates the He I 

velocity data (Fig. S.7h) is in the background leg as observed in Ha (Fig. 3.7d). This 

can be explained by the asymmetric rise of the filament arch (§3.2.2). If we assume 

that the draining speed is comparable in both legs, then the draining material in the 

background leg has a larger velocity component along the line of sight because the 

filament arch tilts eastward (§3.2.2; Fig. 3.8). Moreover, the background leg appears 

to have a relatively more horizontal part at about the half height of the filament arch, 

as indicated by the 'shoulder' of the red-shifted leg in Fig. 3.7h and by the flow ob

served in the movie of BBSO Ha data. Thus, there is also more red-shifted material 

along the line of sight at this height (Fig. 3.8). Combining the two factors together, 

the red-shifted signal dominates when integrating along the line of sight, especially 

as the foreground leg becomes more vertical near the solar surface. 

/#8|f 

Foreground jglifr Background 

Photosphere 
yyyyyyyyyyyyyyy 

Figure 3.8 : Schematic diagram of the Doppler shift pattern observed due to mass 
draining along the asymmetric filament arch. The filament leg which is closer to the 
observer is referred to as 'foreground leg' and the other as 'background leg' in the 
text. The foreground leg is significantly more vertical than the background leg which 
impacts the line-of-sight integrated velocity profiles (see text). 

From 17:50 UT, the foreground leg in Ha is observed to rotate towards the north 

while the background leg rotates southward. The BBSO Ha data has a gap from 

17:57 UT to 18:01 UT during which a drastic change apparently occurs. Except for 

the apparent rotation, there are no crucial changes in Ha from 17:50 UT to 17:57 UT. 
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However, at 18:01 UT (Fig. 3.7n), although the Doppler-shift pattern appears to be 

the same as before (e.g., Figure3.7m), the upper portion of the foreground leg, which 

is projected to the south in Fig. 3.7i, has moved to the north of the background leg 

(Fig. 3.7j). It is now red-shifted in CHIP velocity data (Fig. 3.7n), while the upper 

portion of the background leg is blue-shifted. The observations suggest that at this 

time the looped part of the filament above the projected crossing point of the two legs 

is rotating clockwise if seen from above, and this is regarded here as an un-kinking 

motion which 'unknots' the leg-crossing configuration. Below the crossing point, mass 

draining down the two legs still dominates the velocity signals. The filament, however, 

does not stop rotating when the background leg is aligned with the foreground leg 

along the line of sight, as it nearly is in Fig. 3.7a and Fig. 3.76. Consequently, the 

loop now tilts to the equator (Frame (j) and (k) in Fig. 3.7). A similar configuration 

is observed in the EIT 195 A image at 18:12 UT (Fig. 3.10/), in which the foreground 

leg below the loop obscures its background counterpart. The rotation seems to persist 

until at least 18:05 UT (Fig. 3.7o). After that, CHIP only detects motions towards 

the observer in the loop (Fig. 3.7p), suggesting that the filament rises eastward again 

as in Fig. 3.7e. One hour later, the loop of the filament in EIT 304 A (Fig. 3.12a) is 

seen to align almost along the line of sight, as in Fig. 3.7a and Fig. 3.76 . The loop 

must have rotated counter-clockwise during this one-hour interval. 

The configuration where the filament arch is aligned along the line of sight could 

indicate an equilibria, as this configuration is observed in both the initial (Fig. 3.7a) 

and final phases of the filament behavior (Fig. 3.126), although the final state has a 

lower energy than the initial state. Thus, the evolution can be described as follows: 

The spine of the filament first writhes counter-clockwise if viewed from above, charac

terized by the leg-crossing configuration (Fig. 3.7d and Fig. 3.7i). Then the filament 

un-kinks, rotating clockwise, therefore 'unknotting' the projected crossing of the two 

legs. The rotation continues till the loop tilts to the equator, as observed in Fig. 3.7j, 

Fig. 3.7A; and Fig. 3.10/ The loop rotates counter-clockwise back afterwards to the 

equilibrium configuration as in Fig. 3.126. The dynamic and energetic implications 
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Figure 3.9 : Measurements of the displacements in the top panel are made for the 
top of the filament along a fiducial in the projected direction of the filament motion. 
The solid lines in (a) and (b) indicate a 5-point average of the data points in star 
symbols. Projected speeds and accelerations in (b) and (c), respectively, are derived 
from these smooth lines by numerical differentiation. In panel (d), the y-axis on the 
left indicates accumulated photons recorded by RHESSI for every 4s. Data gaps in 
the light curve occur when RHESSI is occulted by the earth. The narrow spike at 
16:55 UT is due to an attenuator switch. The gray (black) solid line indicates the 
RHESSI 12-25 keV (25-50 keV) energy band. The dashed line which is scaled by the 
y-axis on the right shows the 1-min average GOES flux in the 1-8 A band. The black 
bar at the top indicates the interval during which the two filament legs are crossing 
in Ho;. The gray bar indicates the interval during which the loop above the projected 
crossing point is rotating in Hen (6563 A) intensity and He I (10830 A) velocity data. 
The three vertical dotted lines mark the points where the acceleration approaches 
zero during the eruption. The light curve of the EIT 195 A emission from the boxed 
region in Figure 6 is also plotted in panel (c), showing a clear correlation with the 
filament's acceleration profile. 
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of the kinking and un-kinking motions are explored in §3.2.3. 

Catastrophic Loss of Equilibrium 

Filament eruptions often consist of two stages, beginning their upward movement 

slowly and then undergoing rapid acceleration (e.g., Kahler, 1992). The eruptive fil

ament structure studied here displays more complicated kinematic features because 

of kinking, characterized by the acceleration profile (Fig. 3.9c) derived from the pro

jected displacements of the apex of the filament that we measure from PICS (§1.1.1) 

limb observations. In Fig. 3.9, the three vertical dotted lines mark the points where 

the acceleration approaches zero, so that we roughly divide the evolution into four 

phases. In Phase 1, from the start of the measurements to about 17:20 UT, the fil

ament is observed to rise upward with a small acceleration. In Phase 2, from about 

17:20 UT to about 17:50 UT, the filament remains at a flat plateau of the displace

ment profile at ~ •1.1.0 R© from the sun center, with a small negative acceleration and 

positive upward velocity. By the end of Phase 2, both the speed and the accelera

tion of the filament approach zero. However, the material within the filament is still 

highly dynamic via a combination of draining and kinking motions. Phase 3 lasts 

from about 17:50 to about 18:15 UT, near the beginning of this phase, the filament 

undergoes a sudden jump with the acceleration increasing rapidly from 0 to ~ 90 m 

s - 2 in less than 10 minutes. This peak acceleration lasts for an additional 10 minutes, 

as the peak velocity of the filament reaches ~ 100 km s_1, before plummeting to zero 

over the last 5 minutes. In the final relaxation phase (Phase 4), the filament begins 

to decelerate again and slowly falls back towards the solar surface. 
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Figure 3.10 : The filament eruption seen in logarithmically scaled SOHO/EIT 195 
A images. The box encompasses the post-flare loop which is brightening during the 
rapid ascent of the filament. The gray contours (colored red in the electronic edition) 
in frame (g) indicate the reconstructed hard X-ray sources in RHESSI 12-25 keV, 
and black contours (colored blue in the electronic edition) indicate the 25-50 keV 
energy band. The contour levels are 10, 40, and 70% of the maximum intensity. A 
movie of the EIT 195 A data is available as an mpeg animation at h t t p : //spacibm. 
r i c e . e d u / ~ r l i u / t h e s i s / 
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The black bar at the top of Fig. 3.9 indicates the interval during which the two 

filament legs are observed to cross in Ha (§3.2.2), suggesting that the spine of the 

filament is kinked (Gilbert et.al., 2007). The gray bar indicates the interval during 

which the filament is un-kinking, as the loop above the projected crossing point is 

observed to rotate clockwise in Ha intensity and He I velocity data (§3.2.2). The 

start of the un-kinking motion is coincident with the onset of the sudden jump of 

the filament, suggestive of the relaxation of the stressed magnetic fields, presumably 

with an associated release of free energy (e.g., Priest & Forbes, 2002). It is also inter

esting that the high acceleration phase (Phase 3) involves no obvious flare activity. 

Instead, it corresponds to a 'trough' between two soft X-ray bursts in the GOES light 

curve (during this interval RHESSI was in night time). However, the post-flare loop 

brightens again in EUV during this phase (Fig. 3.11 e and f). Integrating the EIT 

195 A emission within the box indicated in Fig. 3.10, which encompasses the entire 

loop, shows that the brightening correlates temporally with the rapid ascent of the 

filament (see the diamond symbols in Fig. 3.9c). In the wake of the brightening, the 

loop becomes diffuse in EIT 195 A, and hard X-ray emission originating from the 

southern leg of the loop is detected by RHESSI (Fig. 3.10p), corresponding to the 

'burst' in the RHESSI light curve at about 18:28 UT (GOES flare class C8.0). The 

fact that the EUV brightening of the loop builds up to the hard X-ray burst suggests 

intense heating in the loop as a response of the corona to the sudden jump of the 

filament. Also notice that following its activation the filament begins to brighten and 

appears in emission in EIT 195 A from 17:24 UT (Fig. 3.10). 

EIT images (Fig. 3.10) show similar kinematic features as in Ha limb observations. 

For example, from 18:12 UT to 18:36 UT, the filament rises from ~ 1.16 R©, measured 

from Sun center, to ~ 1.32 RQ. The average speed during this interval is about 80 

km s_1, comparable to the speed derived from Ha limb measurements (see Fig. 3.9). 

From 18:36 UT to 19:13 UT, however, it only rises from ~ 1.32 R 0 to ~ 1.34 R0, 

as the average speed drops to ~ 6 km s_1. Also notice in Fig. 3.10 and Fig. 3.11, 

the filament which rises into the overlying coronal field pushes the overlying coronal 
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Figure 3.11 : Running difference of images in Fig. 3.10. Image pairs chosen for 
difference have roughly the same exposure time (~ 5 s). 
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Figure 3.12 : The filament during the relaxation phase, observed in He II 304 A by 
SOHO/EIT. 

arcade aside between 18:12 UT and 18:36 UT. The arcade can be seen in EIT 195 A 

images as bright narrow ribbons on either side of the erupting filament. As the ascent 

speed of the filament decreases, the deviation of the arcade reaches a maximum. The 

apex of the arcade is not visible even when the arcade is at a relatively low altitude 

as in Fig. 3.105". This is consistent with the picture that the arcade is 'ruptured' by 

the eruptive filament, as suggested by Sturrock et al. (2001) and Fan (2005). 

The EIT 304 A filter provides a glimpse of the filament in its gradual phase of 

relaxation. At 19:19 UT, the entire filament is within the EIT FOV (Fig. 3.12a). The 

structure of the filament is highly organized, and displays little evidence of being in 

a kinked configuration (also discussed in §3.2.2). Another 304 A image taken by EIT 

5 hours later (Fig. 3.126) shows that the filament is still suspended at about 0.10 

R0 above the solar surface, roughly the same height and with similar morphological 

features as seen before the loss of the equilibrium (see Fig. 3.7a-b). 
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Figure 3.13 : A sequence of Mk4 base difference images showing a CME with three-
part structure. The base image serving as the background is taken at 18:02:05 UT. 
White (black) indicates areas of increased (decreased) coronal brightness compared 
with the background image. Frame (i) is overlaid by EIT 304 A contours from the 
image shown in Fig. 3.12a. The contour levels are 10, 20, 40, and 60 counts/pixel. 
A movie of the CME observed by Mk4 is available as an mpeg animation at h t t p : 
/ / spac ibm. r i ce . edu /~ r l i u / t he s i s / 
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Relation to GME 

Although the filament appears to be confined, a small GME is observed to erupt 

in Mk4 images (see Fig. 3.13; a movie of Mk4 images is also available as a mpeg 

file at h t t p : / / spac ibm. r i ce . edu /~ r l i u / t he s i s / ) . In the initial stage it has a 

typical three-part structure, with a bright leading shell surrounding a dark cavity 

within which a bright structure is matched well with the filament in EIT 304 A 

(Fig. 3.13i). The dark cavity is visible before the filament emerges into the Mk4 

FOV (see the Mk4 movie), suggesting the pre-existence of a flux rope in the lower 

corona prior to the onset of the CME. As the filament jumps northward, deflected 

from the radial direction, it interacts with a helmet streamer in the north. Fig. 3.14 

shows a low-density, dark channel in the radial direction at a position angle of about 

320°, measured counterclockwise from the solar north. It is located between the 

norther helmet streamer and the southern streamer where the dark cavity resides. 

The helmet streamer blows out a 'puff' (Fig. 3.15) as a result of its interaction with the 

filament. At the same time, the channel is gradually filled with material apparently 

extending from the rising filament structure (see the movie of Mk4 images), and a 

'plume' is observed to stream outward along the channel, first in LASCO C2 from 

20:26 UT and then in C3 from 22:18 UT, in the same radial direction, lining up 

with the original channel (Fig. 3.14 and Fig. 3.15). From 18:24 UT, as the filament 

decelerates in Ha (Fig. 3.9) and EUV (Fig. 3.10), the rising of the cavity also slows 

down in white light (Fig. 3.13). The cavity appears to remain within the Mk4 FOV 

till the last image taken at 22:05 UT on that day, only becoming progressively fainter. 

The observation suggests that only a fraction of the filament/cavity structure 'slips' 

through the channel and escapes into the interplanetary space—in other words, this 

is a'partial'eruption (Gilbert et al., 2007). 

http://spacibm.rice.edu/~rliu/thesis/
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Figure 3.14 : A composite of a LASCO C2 image at 21:26 UT with a Mk4 image at 
18:15 UT, showing that a low density, dark channel, which separates the southern 
streamer where a dark cavity resides from the northern helmet streamer, is aligned 
with the 'plume' ejecting outward. 

Figure 3.15 : A sequence of LASCO C2 running difference images overlaid with Mk4 
images, showing the mass ejection from both the helmet streamer in the north and 
the channel which separates the northern helmet streamer from the southern streamer 
where the dark cavity resides. 
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3.2.3 Discussion and Interpretation 

The event studied in this paper has two important observational aspects, namely, the 

kinking during the filament activation, and the subsequent partial eruption of the 

dark cavity, whose implications are discussed in the following subsections. 

Role of Kinking 

The four-stage evolution of the eruptive filament studied here compares favorably 

with the catastrophe theory (e.g., Priest & Forbes, 2002, and references therein) and 

provides important implications for understanding the role of kinking motions in 

filament eruptions. 

After the initial slow acceleration, the filament settles at a certain height (about 

l.lOR© from the sun center) for about half an hour (from ~17:30 UT to ~18:00 

UT) while exhibiting highly dynamic draining and kinking motions. As the magnetic 

structure kinks, the twist in the field is being transferred to writhe, so that the total 

helicity is unchanged while some of the magnetic energy stored in the tension of the 

twisted field lines is released (Linton et al., 1996), suggesting that the filament may 

reside at a metastable configuration. At the end of this phase, instead of stabilizing 

at the local minimum-energy state as both the speed and acceleration of the filament 

approach zero, the filament abruptly jumps to a new equilibrium state with lower 

energy, characteristic of a catastrophic loss of equilibrium. The drastic change indi

cates the disappearance of the local minimum (Figure 10b and Figure 11 in Priest 

& Forbes (2002)) as the imbalance between the magnetic compression and tension 

forces develops in response to the evolution of the kinking motion (Gilbert et al., 

2007). The start of the un-kinking motion which coincides with the onset of the sud

den jump signifies the release of free energy stored in the stressed magnetic field of 

the kinked flux rope. Following the jump, the filament re-attains stability at the end 

of the relaxation phase when all of the energy released by the loss of the equilibrium 

is dissipated, corresponding to another local energetic minimum. Part of the free 
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energy released may go into heating the filament and its surrounding structures, as 

indicated by the emission features in EUV associated with the rapid ascent of the 

filament (§3.2.2). Before its kinetic energy is completely dissipated the flux rope may 

oscillate in the vicinity of the new equilibrium state, as exhibited by the 'overshoot

ing' of the rotating loop above the projected crossing point of the two filament legs 

(§3.2.2 ). More energy could be released via reconnection so that the eruption con

tinues catastrophically and the filament may eventually escape, given a fast enough 

rate of reconnection (Forbes & Priest, 1995; Lin & Forbes, 2000). 

Fan (2005) performed 3D simulations of a twisted magnetic flux tube emerging 

slowly into the low-(5 corona previously occupied by a potential arcade. The evolution 

consists of two distinct stages. The earlier stage is characterized by a series of equi

librium states during the quasi-static emergence. When the twist in the emerged flux 

rope reaches some critical level, the rope undergoes catastrophic loss of equilibrium 

and erupts through the arcade with most of the arcade fields remaining closed. She 

suggested that the evolution of the kink instability facilitates the loss of confinement 

of the flux rope. Specifically, when the writhing rotation of the flux rope changes the 

direction of its apex relative to the overlying arcade from being perpendicular to being 

parallel, it becomes easier for the flux rope to erupt through the arcade fields with

out having to open up most of the arcade fields, thereby avoiding the Aly-Sturrock 

paradox (see the review by Lin et al., 2003a, and references therein). This 3D effect 

was also predicted by Sturrock et al. (2001). The evolution described by Fan (2005) 

is very similar to the event studied here in which a quasi-static kinking phase pre

cedes the filament's loss of equilibrium, evidenced as a sudden jump. However, Fan's 

simulation lacks the relaxation of the kinked flux rope observed in our case, in which 

the un-kinking rotational motion of the filament coincides with a sharp transition to 

a high acceleration phase. 
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Partial Eruption of the Filament /Cavity 

The observation that a fraction of the filament/cavity structure ejected through a low 

density channel with the bulk of the filament confined in the lower corona (§3.2.2) 

is reminiscent of the model described by Gilbert et al. (2001, also see §2.4). They 

suggested that reconnection at different positions of the flux rope which threads into 

the filament creates different topologies with implications of full, partial or failed 

filament eruptions (Fig. 2.9). When reconnection occurs within the filament, it causes 

a part of the filament to separate and erupt with the CME, while the remainder of the 

filament becomes magnetically disconnected from the CME and drops back toward 

the surface (right panel of Fig. 2.9). Reconnection may also occur above the filament, 

which separates the entire filament from the dark cavity, thereby producing a failed 

eruption (middle panel of Fig. 2.9). The 3D simulation performed by Gibson & Fan 

(2006b) shows that an upper, escaping rope is separated from a lower, surviving rope 

via reconnection, as the rising flux rope kinks. The eruption studied here appears 

to fall into the partial eruption category, as a small fraction of filament mass may 

eject outward through the channel which is gradually filled with material apparently 

extending from the rising filament when the filament/cavity structure 'bumps' into 

the channel (§3.2.2). 

A possible scenario in this event is that the 'breaking' of the flux rope, highlighted 

by the dark cavity observed in white light, occurs when the rope interacts with the 

low-density, dark channel, probably an open-field region (§3.2.2). When the closed 

fields in the flux rope and the open fields in the channel reconnects, part of the helicity 

in the flux rope can propagate away, for example, via Alfven waves, along the open 

field lines, accompanied by a release of free energy in the twisted magnetic field. The 

filament mass can also escape along the open field. The surviving flux rope, which 

still sustains the bulk of the filament, has a smaller helicity to satisfy so that it relaxes 

to a lower energy state by un-kinking. 
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Other Participants in Initiating the Eruption 

It could be argued that reconnection below the apex of the filament arch, implied 

by the coronal hard X-ray source (§3.2.2), initiates the sudden jump of the filament. 

Closed magnetic field lines which confine the filament could be stretched due to the 

initial rising of the filament, and a current sheet forms underneath to separate two 

magnetic fields of opposite polarity. With dissipation occurring in the current sheet, 

the stretched field lines reconnect, which weakens the confinement. As the loss of 

equilibrium takes place, the overlying arcades are stretched more severely and the 

current is expected to be dissipated more intensely. The absence of flare activity 

during the filament's loss of equilibrium, however, suggests that reconnection is not 

the main driver of the filament's sudden jump (§3,2.2). Another possibility, suggested 

by Gibson et al. (2004) and Alexander et al. (2006), is that the reconnection results 

from the interaction of the two adjacent legs brought together by kinking, as evidenced 

by the coronal hard X-ray source co-spatial with the projected crossing point of the 

kinked filament in the 2002 May 27 event (Chapter 3), in which the filament is also 

confined in the lower corona. 

As for reconnection driven by the loss of equilibrium, the brightening loop at the 

base of the filament during the relaxation phase appears to be a post-ejection loop 

(see Fig. S.lOi). Also, hard X-ray emission is detected from the the southern leg of 

the original post-flare loop located in the immediate south of the filament, following 

the EUV brightening of the loop (§3.2.2). Coincident with the high acceleration 

phase of the filament, the EUV brightening is very likely a coronal response to the 

sudden jump of the filament. One possibility is that the filament's sudden jump was 

facilitated by a small reconnection event which led to the heating of the loop and the 

production of the hard X-rays. 

Mass drainage may also play a role in initiating the eruption since draining motions 

are observed prior to the sudden jump of the filament (§3.2.2). The flux rope which 

threads into the filament has a tendency to rise buoyantly into the atmosphere but 
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is anchored by the weight of the filament and by the weight of the bright arcade 

overlaying the dark cavity (Low, 1996). Force imbalance may develop due to the 

mass drainage, therefore facilitating the activation of the filament. 

In conclusion, the observations presented manifest a catastrophic loss of equilib

rium in response to the evolution of the kink instability in the filament eruption. The 

observations also indicate a partial eruption of the filament/cavity structure, which 

results in the un-kinking of the filament, as a fraction of its helicity is carried away 

by the mass ejection. 

3.3 Partial Filament Eruption 

We present observations from 2007 March 2 of a partial filament eruption charac

terized by two distinct phases of writhing motions: a quasi-static slowly evolving 

phase followed by a rapid kinking phase showing a bifurcation of the filament. The 

quasi-static kinking motions are observed before there is any heating or flaring 

evident in EUV or soft X-ray (SXR) observations. As the writhe of the filament 

develops, a sigmoid becomes sharply defined in SXR. Prior to eruption onset, the 

sigmoid in EUV appears to be composed of two separate loop-like structures, dis

continuous at the projected location where the sigmoid crosses the filament. Coin

cident with the onset of the eruption and the production of a GOES class B2 flare, 

the original 'two-loop' EUV sigmoid is now observed as a single continuous struc

ture lying above the filament, signifying the presence of magnetic reconnection, 

and the associated dissipative heating, of field lines above the filament. During 

the eruption, the escaping portion of the filament rotates quickly and erupts to

gether with the expanding arched sigmoid. The portion of the filament that is left 

behind develops into an inverse S-shaped configuration. The separation of the 

filament, the EUV brightening at the separation location, and the surviving sig-

moidal structure are all signatures of magnetic reconnection occurring within the 

body of the original filament. Other features of the same event reported by Sterling 
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and co-workers, e.g., the flux cancellation at the polarity inversion line prior to the 

eruption, and the SXR compact loop formed underneath the erupting sigmoid dur

ing the eruption, indicate that magnetic reconnection also occurred in the sheared 

core field beneath the filament. These results suggest that a combination of the 

kinking motions and internal tether-cutting are responsible for the initiation of the 

eruption. 

3.3.1 Introduction 

Eruptive solar filaments that display a helically deformed axis are often regarded as 

the 'fingerprint' of the MHD helical kink instability (e.g., Rust & LaBonte, 2005). A 

magnetic flux rope becomes kink-unstable if the twist of the field, a measure of the 

number of windings of field lines around the axis of the rope, exceeds a critical value 

(e.g., Fan, 2005; Torok & Kliem, 2005). The axis then exhibits writhing motions and 

the twist is converted to the writhe of the field, a measure of the twist of the axis itself, 

due to the conservation of magnetic helicity in the highly conducting corona (Berger, 

1998). Consequently, the flux rope may totally or partially erupt (e.g., Williams 

et al., 2005; Romano et al., 2003; Liu et al., 2007)), or it may be confined in the lower 

corona (e.g. Alexander, Liu, & Gilbert, 2006). Quantifying the amount of kinking, 

i.e., the conversion of twist to writhe, in observations is challenging due to projection 

effects. With 2D observations, even when the filament is viewed directly from above, 

only the rotation of the axis can be measured as the angle between the orientations 

of the central portion of the filament and the polarity inversion line along which the 

filament is originally aligned. This is effectively a measurement of the nonlocal writhe, 

as defined by Berger & Prior (2006), with the local writhe remaining observationally 

undetermined due to the limitations of line-of-sight integrated observations. 

A distinctive set of structures linked to solar filaments are sigmoids which are for

ward or inverse S-shaped hot coronal loops frequently observed in soft X-ray emission 

(§1.5.3), reminiscent of twisted or sheared field lines (Rust Sz Kumar, 1994, 1996; 
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Titov & Demoulin, i999). One of the earliest models that addresses the relationship 

between the soft X-ray sigmoid and Ho; filament is the tether-cutting model (Moore 

& Labonte, 1980; Moore et al., 2001). In this model the sigmoid is composed of two 

oppositely curved elbows crossing over the polarity inversion line and a filament is 

supported by the dips of sheared core field between the elbow arms (Fig. 3.16). At the 

eruption onset, the two crossed arms reconnect to form two sets of field lines, one set 

escaping upward from the reconnection site and the other downward (top right panel 

in Fig. 3.16). The upward field lines form a rising twisted flux rope which carries the 

filament with it, while the downward field lines form low-lying compact loops. Titov 

& Demoulin (1999), however, suggested that the transient sigmoid brightening is a 

manifestation of the formation of a strong current layer, stimulated by an ideal MHD 

instability, e.g. the kink instability (Kliem et al., 2004; Gibson et al., 2004), or the 

catastrophe of a flux rope . 

Recently Gibson Sz Fan (2006b) demonstrated in 3D simulations the partial erup

tion scenario in which a kinking flux rope is separated into two by multiple reconnec-

tions at internal current sheets formed as the flux rope writhes and expands upward. 

The transient sigmoid within their framework is the manifestation of the helical field 

lines heated by the dissipation of the current sheets along a topological surface which 

separates the twisted fields from the surrounding untwisted fields, as predicted by 

Titov & Demoulin (1999). 

In this section, we present observations from 2007 March 2 of a partial filament 

eruption characterized by two distinct phases of writhing motions: a quasi-static 

slowly evolving phase followed by a rapid kinking phase showing a bifurcation of the 

filament. The quasi-static kinking motions are observed before there is any heating 

or flaring evident in EUV or soft X-ray observations. As the writhe of the filament 

develops, a sigmoid becomes sharply defined in soft X-rays. Prior to eruption onset, 

the sigmoid in EUV appears to be composed of two separate loop-like structures, 

discontinuous at the projected location where the sigmoid crosses the filament. Co

incident with the onset of the eruption and the production of a GOES class B2 flare, 
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Figure 3.16 : Eruption in a single-bipole with sigmoidally sheared and twisted core 
fields. The rudiments of the field configuration are shown before, during, and after 
the onset of an explosion that is unleashed by internal tether-cutting reconnection. 
The dashed curve is the photospheric neutral line. The ragged arc in the background 
is the chromospheric limb. The gray areas are bright patches or ribbons of flare 
emission in the chromosphere at the feet of reconnected field lines, field lines that we 
would expect to see illuminated in SXT images. The diagonally lined feature above 
the neutral line in the top left panel is the filament of chromospheric temperature 
plasma that is often present in sheared core fields. Figure from Moore et al. (2001) 
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Figure 3.17 : The active region where the partial eruption occurred shown in Ha. 

the original 'two-loop' EUV sigmoid is observed as a single continuous structure lying 

above the filament, signifying the presence of magnetic reconnection, and its associ

ated dissipative heating, of field lines above the filament. During the eruption, the 

escaping portion of the filament rotates quickly and erupts together with the expand

ing arched sigmoid. The portion of the filament that is left behind develops into an 

inverse-S shaped configuration. The separation of the filament, the EUV brightening 

at the separation location, and the surviving sigmoidal structure are all signatures 

of magnetic reconnection occurring within the body of the original filament. Other 

features of the same event reported by Sterling et al. (2007), e.g., the flux cancelation 

at the polarity inversion line prior to the eruption, and the soft X-ray compact loop 

formed underneath the erupting sigmoid during the eruption, indicate that magnetic 

reconnection also occurred in the sheared core field beneath the filament. These re

sults suggest that a combination of the kinking motions and internal tether cutting 

are responsible for the initiation of the eruption. 
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3.3.2 Observations and Analysis 

The partial filament eruption occurred close to solar disk center in the NOAA Active 

Region 0944 at about 05:00 UT on 2007 Mar 2. Our predominant data sources are 

EUV images obtained by TRACE (Handy et al., 1999) and soft X-ray images obtained 

by the Hinode X-Ray Telescope (XRT; Golub et al., 2007). The XRT images used 

in this paper are of 512 x 512 pixels with a typical temporal cadence of 2 min and 

a pixel size of 1.032". Images are taken with the Ti-poly filter which have a broad 

temperature response function with a relatively flat peak at about 1069 MK. The 

exposure time of images adopted is around 2 seconds prior to the flare but less than 1 

second during the flare to avoid saturation. The pre-eruption activity of the filament 

was recorded by the 171 A filter of the EUV imager (EUVI; Wuelser et a l , 2004) 

on board STEREO with a temporal cadence of 2.5 minutes and a pixel resolution of 

1.59". Details of the observations are explained below. 

Quasi-static Kinking 

Fig. 3.17 shows the NOAA Active Region 0944 several hours before and after the 

eruption in Ha obtained at the Mauna Loa Solar Observatory (MLSO) and at the 

Kanzelhohe Solar Observatory (KSO). Observed in absorption as dark features, the 

filament is oriented primarily N-S, located to the east of a sunspot. About five 

hours after the eruption (bottom panel in Fig. 3.17), the filament is reformed, but 

a considerable portion of the filament mass was lost. It is difficult to verify if the 

filament eruption is associated with a CME as this relatively small eruption occurred 

close to the disk center, and indeed no CME was reported by either SOHO/LASCO 

(data gap from 02:36-13:12 UT) or STEREO/COR1 within hours after the eruption 

occurred. However, the filament mass-loss and the separation of the filament with 

the escaping part leaving the TRACE field of view (§3.3.2) indicate the occurrence 

of a partial filament eruption (Gilbert et al., 2007). Sterling et al. (2007) reported 

that for at least six hours prior to the eruption, the Solar Optical Telescope (SOT) 
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Figure 3.18 : The evolution of the filament in its earlier quiescent stage, (a) The active 
region of interest observed in STEREO-B/EUVI 171 A about 1.5 hours prior to the 
dynamic stage of the eruption. Note STEREO has a different viewpoint from satellites 
operated at the earth-centered orbits, like TRACE and XRT. The area enclosed by 
the rectangle is enlarged and displayed in (b). The dark filament, marked by white 
arrows in (b), can be seen to slowly rotate counter-clockwise about its relatively fixed 
northern end. The rotation angle about the northern end is about 17°. (c) 1-8 A 
(0.5-4 A) GOES X-ray flux shown in dotted (solid) line. The onset of a B2 flare at 
05:03 UT marks the beginning of the dynamic stage of the eruption. 
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Figure 3.19 : The partial eruption observed in TRACE 171 A. (a) and the corre
sponding Hinode/XRT images (b). The area enclosed by the rectangle in the TRACE 
images is enlarged and displayed in Fig. 3.20 [mpeg animations of TRACE and XRT 
images are available at h t t p : / / spac ibm. r i ce . edu /~ r l i u / t he s i s / ] . 

on board Hinode observed opposite magnetic elements flowing together and canceling 

each other at the polarity inversion line along which the filament was aligned. 

Fig. 3.18a shows the filament as a dark, elongated structure in the STEREO/EUVI 

Fe IX/X 171 A filter as it absorbs the optically-thin EUV emission underneath. By 

concentrating on the filament region (the rectangle in Fig. 3.18a), it can be seen that 

the filament slowly rotates counter-clockwise, with its northern end relatively fixed 

and the southern end moving westward (Fig. 3.186). By 04:34 UT, the rotation angle 

about the northern end is approximately 17°. A bright ribbon-like structure crossing 

the filament can be seen in the same figure. The ribbon-like structure developed into 

the northern 'elbow' of a transient sigmoid in the later evolution (§3.3.2). The devi

ation of the filament spine from the original N-S orientation of the filament suggests 

that it is undergoing slow kinking motions. Fast kinking motions, recorded by the 

TRACE 171 A filter, start at about 05:00 UT (§3.3.2), coincident with the onset of 

http://spacibm.rice.edu/~rliu/thesis/
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Figure 3.20 : The complex spatial relationship between the transient sigmoid and 
the filament. White arrows mark the points where the central portion of the EUV 
sigmoidal loop crosses the dark filament [a mpeg animations of TRACE images is 
available at h t t p : / / spac ibm. r i ce . edu /~ r l i u / t he s i s / ] . 

a GOES class B2 flare (Fig. 3.18c). The rotation of the filament is a signature of 

increasing writhe and this provides a lower limit to how much the filament is kinked 

before the kink instability sets in. 

Sigmoid Transformation 

Fig. 3.19 shows the evolution of the sigmoid which first appeared about half an hour 

prior to the onset of the flare. More details are revealed in Fig. 3.20. At 04:29:48 UT, 

a diffuse, sigmoidal structure was visible in soft X-rays (Fig. 3.19&), with no coun

terpart in EUV (04:29:12 UT; Fig. 3.19a). At about 04:35 UT (Fig. 3.20a), a bright 

ribbon-like structure appeared to thread beneath the midpoint of the dark filament in 

TRACE 171 A, similar to the STEREO/EUVI image at 04:34 UT (Fig. 3.186). The 

ribbon arched toward the northern end of the filament and at 04:43:15 UT developed 

into the northern elbow of an inverse S-shaped sigmoid (Fig. 3.19a, Fig. 3.20o; see 

http://spacibm.rice.edu/~rliu/thesis/
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also Sterling et al., 2007). At this time the sigmoidal loop was sharply defined in 

Hinode/XRT data (04:43:18 UT; Fig. 3.196), but its southern 'elbow' was not visi

ble in TRACE 171 A until minutes later (Fig. 3.20c). The observation implies that 

the sigmoid was composed of two separate loops as suggested by some authors (e.g., 

Moore et al., 2001) although it appears to be a single continuous structure in soft 

X-rays, probably due to the lower resolution and the broadband nature of the soft 

X-ray data. At 05:01:41 UT, the EUV sigmoid still appeared to be 'broken' at the 

crossing with the filament, for which two explanations are possible: a) at the central 

portion of the sigmoid there was lack of emission within the temperature range of 

the 171 A filter, which is consistent with the two-separate-loop interpretation of the 

sigmoid; b) the dark filament lay above the central portion of the sigmoid so that it 

blocked the EUV emission underneath, which indicates the relative spatial relation

ship between the filament and the sigmoid, similar to Moore's picture (Moore et al., 

2001). At 05:03:25 UT (Fig. 3.20(f), the EUV sigmoid appeared as a continuous loop 

lying above the dark filament suggesting a "transition" of the sigmoid across the fil

ament. A possible alternative explanation is that part of the filament had "suddenly 

disappeared" as a result of dynamic motions, or that it had been heated to coronal 

temperatures to appear in emission in EUV, creating a false impression of a continu

ous sigmoidal loop. However, it is unlikely that the filament behaved so dynamically 

because of the fact that the southern portion reappeared in absorption three minutes 

later at 05:06:49 UT (Fig. 3.21a) once the sigmoid had lifted off slightly. 

The sigmoid-to-arcade transformation was continuously recorded by XRT (avail

able as a mpeg animation accompanying Fig. 3.196): the central portion of the sigmoid 

began to rotate counter-clockwise at about 05:00 UT; as the sigmoidal loop grew in 

thickness, the southern portion of the sigmoid which was originally convex towards 

the southeast started to curve inward, and eventually the sigmoid developed into an 

arch-like structure and expanded outward, with a bright, compact loop forming un

derneath the erupting sigmoid (see the last panel in Fig. 3.196, Fig. 3.22d; see also 

Figure 2 in Sterling et al. 2007), which was suggested by Sterling et al. (2007) as an 
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Partial Eruption 

Following the transformation of the sigmoid into an arched structure, the underlying 

filament began to quickly rotate counter-clockwise and to rise with the arched sigmoid 

(see the TRACE movie accompanying Fig. 3.21). At 05:06:49 UT (Fig. 3.21a), it can 

be seen in TRACE 171 A that the filament appeared to be composed of two strands 

intertwining with each other, as illustrated in the insets. At 05:10:13 UT (Fig. 3.21c), 

the two strands began to untangle, with one of them rotating counter-clockwise. 

EUV brightenings were observed at the approximate separation location of the two 

strands, presumably due to the dissipation at an internal current sheet which formed 

as the filament kinked and expanded upwards (Gilbert et al., 2001; Gibson & Fan, 

2006b). The separation of the two filament strands was illuminated by the EUV 

brightening. With its subtended angle increasing at a speed of approximately 10° 

min - 1 (Fig. 3.21d-f), the brightening probably represents the emission from heated 

filament material at the separation location. 

Remaining Sigmoidal Structure 

As the upper, rotating filament strand erupted, the lower, remaining strand appeared 

to be heated. With the heated material moving northward along an arched direction, 

an inverse S-shaped dark structure was displayed in TRACE 171 A (delineated by 

white dashed lines in Fig. 3.22a-fe). Surrounded by a hot sheath, its northern elbow 

became increasingly convex northwestward (Fig. 3.226). A sigmoidal structure was 

also observed in the corresponding XRT images (Fig. 3.22d-e), roughly co-spatial 

with and similar in shape to its EUV counterpart. The original erupting sigmoid that 

developed into the arch-like structure can still be seen as an expanding bright shell 

above the sigmoidal structure that is left behind (Fig. 3.22d-e). 

At about 05:30 UT, an northwestward ejection from the northern elbow of the 
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Figure 3.21 : The unraveling of two filament strands initially intertwining with 
each other, illustrated by the insets. The strands depicted as solid lines repre
sent those portions of the filament which lie above the associated portions de
picted by dashed lines. The separation of the two filament strands was illumi
nated by the EUV brightening whose subtended angle increased at a speed of 
approximately 10 deg/min [a mpeg animations of TRACE images is available at 
h t t p : / / spac ibm. r i ce . edu /~ r l i u / t he s i s / ] . 

http://spacibm.rice.edu/~rliu/thesis/
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Figure 3.22 : The remaining sigmoidal structure. In TRACE 171 A images (first 
row) the remaining portion of the filament developed into a dark, inverse-S shaped 
structure (delineated by white dashed lines) with its northern portion surrounded 
by a hot, semi-transparent sheath. It is co-spatial with a sigmoidal structure in the 
corresponding XRT images (second row). The original sigmoid can be seen as an 
expanding bright shell in the XRT data. A secondary ejection from the northern 
elbow of the remaining sigmoidal structure is marked by white arrows in frames (b) 
and (e). 

remaining sigmoidal structure can be seen in both TRACE and XRT data (marked 

by white arrows in Fig. 3.226 and e). The ejection seemed to disrupt the remaining 

sigmoidal structure. As a result it became invisible in TRACE at about 06:00 UT. The 

corresponding sigmoidal structure in XRT also dimmed at about 06:30 UT. Multiple 

brightening post-flare loops appeared in both TRACE and XRT images. The loop 

orientation in soft X-ray had a dominant E-W component, more or less normal to the 

N-S oriented neutral line. In addition to these potential-like loops, there are highly 

sheared loops in EUV, oriented NE-SW, but invisible in soft X-ray. 
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3.3.3 Discussion and Conclusion 

To summarize, kinking motions of the filament studied here are signified by the ob

served rotation of the filament spine, as the filament is viewed from above. The 

filament experiences two distinct stages of eruption in terms of the rotation speed of 

the filament spine, i.e., a quiescent stage with slow rotation followed by a dynamic 

stage with rapid rotation. In the earlier quiescent stage, the filament spine rotates 

counterclockwise quasi-statically about the relatively fixed northern end for at least 

one hour. A soft X-ray sigmoid is sharply defined fifteen minutes prior to the dynamic 

stage. Its counterpart in EUV, however, appears to be composed of two separate loops 

with the northern elbow becoming visible first, then the southern elbow. The EUV 

sigmoid is discontinuous at the projected crossing with the dark filament. At the on

set of the dynamic stage, the EUV sigmoid appears as a single continuous structure 

lying above the filament, which marks the onset of a GOES class B2 flare and the 

initiation of the sigmoid-to-arcade transformation. During the dynamic stage, the 

filament is separated into two: the escaping portion rapidly rotates counter-clockwise 

about its center and erupts with the expanding sigmoid; the remaining portion arches 

northward and forms an inverse-S shaped structure. 

The quasi-static kinking motions are observed before there is any heating or flar

ing in EUV or soft X-ray (§3.3.2), which suggests that the accumulation of helicity 

plays an important role in initiating the eruption. Sterling et al. (2007), however, 

reported significant flux cancelation prior to the eruption at the neutral line associ

ated with the eruptive filament. Based on other features observed in soft X-ray, i.e., 

the sigmoid-to-arcade transformation, and the compact loops formed underneath the 

erupting sigmoid, they suggested that the eruption could also be driven by reconnec-

tion beneath the filament within the sheared core field, i.e., internal tether cutting 

(Moore et al., 2001). 

Other features observed in the event studied here seem to be consistent with an 

eruption driven by the kink instability, e.g., the fast kinking of the filament spine, the 
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sigmoidal loop lying above the filament at the eruption onset, the separation of the 

filament, and the remaining sigmoidal structure. Most of these features are demon

strated in the 3D simulations performed by Fan & Gibson (Fan, 2005; Gibson & Fan, 

2006a,b), in which the kink instability is instrumental in initiating the eruption. In 

their simulations a twisted magnetic flux tube emerges slowly into the corona previ

ously occupied by a potential arcade. The evolution of the flux tube is characterized 

by a quasi-static kinking phase preceding the loss of confinement and the partial erup

tion of the tube which undergoes rapid kinking motions, with a sigmoidal structure 

left behind. 

In Fan's model (Fan, 2005), the accumulation of helicity in the corona, which 

leads to the onset of the kink instability, is accomplished by flux emergence. How

ever, helicity can also build up by shearing motions (e.g., Amari et al., 2003a), flux 

cancelation (e.g., van Ballegooijen & Martens, 1989; Amari et al., 2000; Linker et al., 

2001), and turbulent diffusion (e.g., Mackay & van Ballegooijen, 2006a,b; Amari et al., 

2003b). In particular, flux cancelation, which may be interpreted as the emergence 

of a subphotospheric flux rope, or as a combination of photospheric shearing flows 

and the emergence or submergence of opposite polarities, can lead to the creation 

of a coronal flux rope, and to its eventual destabilization and eruption (e.g., Linker 

et al., 2001). Thus, the flux cancelation observed by Sterling et al. (2007), which was 

ongoing for at least six hours prior to the eruption, could contribute to the build-up of 

twist within the flux rope that holds the filament at its base. About one hour prior to 

the eruption, as the twist builds up the filament begins to exhibit quasi-static kinking 

motions. At the eruption onset, the twist reaches the instability threshold, instigating 

the kink instability with the filament showing the consequent rapid kinking motions 

(see simulation by Fan, 2005). In general, both internal tether cutting and external 

tether cutting (see the review by Moore & Sterling, 2006) could involve the onset of 

the kink instability as the twist within the flux rope, that is created by reconnections 

of sheared arcades prior to or during the eruption, reaches the instability threshold. 

The evolution of the sigmoid in relation to the filament could be understood 
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within the framework of Fan and Gibson's simulations. It has been suggested that 

hot sigmoidal loops observed in EUV or soft X-ray emissions are the manifestations 

of sheared field with enhanced current density (e.g. Kliem et al., 2004; Gibson et al., 

2004). Reconnection and associated dissipative heating can occur in current sheets 

along separatrix surfaces where distinct flux systems are in contact with one another. 

In particular, a bald-patch-associated separatrix surface (BPSS) with a sigmoidal 

shape can be formed where the dipped portion of winding field lines tangentially 

graze the photosphere along the polarity inversion line (Titov & Demoulin, 1999; 

Low & Berger, 2003). In this configuration the filament lies within and above the 

BPSS, with the filament aligned with the central portion of the BPSS along the 

polarity inversion line. Field lines in the BPSS have a high, arched end and a low, 

dipped end (see magenta lines in Figure 2e of Gibson & Fan, 2006a). Opposing upper 

portions of BPSS field lines can reconnect when they are squeezed together due to 

the kinking motion of the flux rope (see Figure 6c in Gibson & Fan, 2006a). 

The reconnection is similar to the internal tether-cutting in the sense that it 

occurs between two oppositely curved J-shaped field lines (Fig. 3.23a). But now 

that it is driven by the kinking motions of the flux rope, there are three important 

differences from the internal tether cutting model: First, as the flux rope kinks and 

expands upward, a vertical current sheet is formed within the flux rope (Gibson & Fan, 

2006b). The dissipation at the internal current sheet breaks the flux rope into two, 

which could account for the separation of the filament and the EUV brightening at 

the separation location in our observations. Second, the reconnection occurs between 

higher arched portions of two elbow-like field lines as opposed to the reconnection of 

lower dipped portions by internal tether cutting, which results in a higher reconnection 

location, probably within, or even above, the filament (Fig. 3.236). If the reconnection 

occurs above the filament, the reconnected lines above the reconnection site could be 

observed as an EUV sigmoidal loop arching over the filament if the field lines are 

heated to coronal temperatures via the reconnection. In Gibson & Fan (2006b), the 

reconnection that breaks the flux rope into two starts to occur at t = 90, right after 
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Figure 3.23 : Schematic diagrams showing the reconnection in a sigmoidal BPSS 
field, a) Initial configuration showing a sigmoidal BPSS field. A filament, if exists, 
would 'sit' above and within the sigmoidal field (not shown here). The configuration 
is similar to the tether-cutting model depicted in Moore et,al. (2001). b) Two elbow
like field lines are pushed together due to the writhing motion (Gibson & Fan, 2006b). 
Keep in mind the reverse S-shaped sigmoid is associated with the counter-clockwise 
rotation of the filament, c) Reconnection at the opposing higher arched portions, as 
opposed to the lower dipped portions in 'conventional' tether-cutting. 
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the flux emergence is stopped at t = 86 (See Fig.3 in Gibson h Fan, 2006b). This is 

consistent with the observation studied here, as the 'broken' EUV sigmoid appears 

to be continuous at 05:03 UT, coincident with the onset of the flare and the dynamic 

phase of the eruption. Third, the reconnected lines below the reconnection site form a 

sigmoidal structure underneath as opposed to the low-lying compact loops formed by 

internal tether cutting (Fig. 3.23c). Thus, in the above scenario, the filament would 

not necessarily be totally expelled with the expanding sigmoid, which may shed some 

light on the mystery that some filaments apparently survive the sigmoidal-to-arcade 

transformation (Pevtsov, 2002a; Gibson et al., 2002). 

The observation that the erupting part of the filament rotates counterclockwise 

while the sigmoid (both in EUV and soft X-ray) exhibits an inverse S-shape (indi

cating negative helicity) is in line with the very recent results by Green et al. (2007), 

who find the same relationship between the rotating filament and the sigmoid shape 

(counter-clockwise rotation is associated with inverse-S shaped sigmoids while clock

wise rotation with forward-S shaped sigmoids) in all of the events they studied. This 

relationship is in agreement with the implications of both the model proposed by 

Titov & Demoulin (1999) and the tether-cutting model (Moore et al., 2001). 

The observations presented here suggest that the kink instability and the internal 

tether cutting may work together in initiating the eruption as the two mechanisms 

are not mutually exclusive (see also Sterling et al., 2007; Williams et al., 2005). As a 

result, magnetic reconnections may occur above, within or beneath the filament: a) 

Coincident with the onset of a small flare, the transition of the EUV sigmoid from a 

discontinuous to a continuous structure lying above the filament suggests reconnection 

above the filament driven by the kinking motions, b) The separation of the filament 

into two, the EUV brightening at the separation point, and the remaining sigmoid 

structure suggest that reconnection occurs within the filament at the internal current 

sheet formed due to the kinking motions, c) Reconnection may also occur beneath 

the filament to form the low-lying compact loops observed by Sterling et al. (2007). 
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Chapter 4 

Dynamics of Eruptive Filaments and Hard X-Ray 
Emission 

In this chapter, we investigate the spatial and temporal relationship of the hard 

X-ray emission with the dynamic evolution of solar eruptive filaments. In §4.1, we 

concentrate on the asymmetric filament eruptions, which are often associated with the 

shifting of the HXR sources along the magnetic neutral line along which the filament is 

aligned. In §4.2, we investigate the HXR emission in kinking filaments, with emphasis 

on flare morphology and spectral properties. We identify two types of HXR emission 

with different morphological connections to the overall magnetic configuration. In 

both studies, we construct self-consistent qualitative models to understand how the 

dynamic evolution of eruptive filaments impacts on the HXR emission in the solar 

atmosphere. 

4.1 Hard X-Ray Emission in Asymmetric Eruptive Filaments 

Filaments are often observed to erupt asymmetrically, during which one leg is fixed 

to the photosphere (referred to as the anchored leg) while the other undertakes 

most of the dynamic motions (referred to as the active leg) during the eruptive pro

cess. In this paper, we present observations of a group of asymmetric eruptive 

filaments, in which two types of eruptions are identified: whipping-like, where the 

active leg whips upward, and hard X-ray sources shift toward the end of the an

chored leg; and zipping-like, where the visible end of the active leg moves along 

the neutral line like the unfastening of a zipper as the filament arch rises and ex

pands. During a zipping-like eruption, hard X-ray sources shift away from where 
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the eruption initiates toward where the visible end of the active leg eventually stops 

moving. Both types of asymmetric eruptions can be understood in terms of how 

the highly sheared filament channel field, traced by filament material, responds to 

an external asymmetric magnetic confinement, where force imbalance occurs in 

the neighborhood of the visible end of the active leg. The dynamic motions of the 

active leg have a distinct impact on how hard X-ray sources shift, as observed by 

RHESSI. 

4.1.1 Introduction 

The dynamic evolution of eruptive filaments is observed to take different forms, in

cluding loop-like, where a single coherent loop-shaped structure erupts (e.g. Gopal-

swamy & Hanaoka, 1998); kinking, where the filament twists from the loop-shape to 

an inverse 7-shape, and then into a 'knot' with two filament legs crossing each other 

(e.g. Alexander et al., 2006); and asymmetric, where the filament eruption starts at 

one end while the other end remains fixed to the photosphere (e.g. Tripathi et al., 

2006b). Tripathi et al. (2006b) studied the EUV brightening that occurred during 

filament eruptions observed by SOHO EIT and found that when the filament erupted 

asymmetrically the EUV brightening propagated from the end point where the erup

tion started towards the anchored end point. In contrast, when the filament erupted 

symmetrically, the propagation of the EUV brightening started at the middle of the 

filament channel and propagated towards both end points. Tripathi et al. (2006b) 

suggested that the propagation of the EUV brightening represents successive recon-

nections in a simple three-dimensional extension of the standard two-dimensional flare 

model. A similar interpretation has been proposed for the propagation of the soft 

X-ray loops in giant arcade formation events (Isobe et al., 2002). 

The motions of hard X-ray (HXR) sources in the chromosphere are generally re

garded as being directly related to the presumed magnetic reconnection in the corona. 

In the classic scenario (e.g., Priest & Forbes, 2002), the two HXR footpoint sources 
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move apart as successive field lines are reconnected at higher and higher altitude, 

with the X-point of the reconnection moving upward, which is often highlighted by 

a HXR coronal or looptop source (Tsuneta et al., 1992). Three types of motions of 

HXR footpoint sources have been identified by Bogachev et al. (2005) in a study of 

31 flares observed by the Hard X-ray Telescope on board Yohkoh. In this study, 4 

flares show motions away from and nearly perpendicular to the neutral line (Type I), 

in agreement with the standard flare model; 8 flares show antiparallel motions along 

the neutral line (Type II), indicating the relaxation of the sheared field; 11 flares 

show motions in the same direction along the neutral line (Type III), suggesting "a 

displacement of the particle acceleration region during a flare"; and the remaining 8 

flares display a combination of the three basic types. This classification is supported 

by a more recent study using RHESSI data (Gan et al., 2008). A new type of motion 

has also been revealed in RHESSI observations, namely, the converging motion of con

jugate footpoints during the initial phase of flares (e.g., Ji et al., 2006). Grigis & Benz 

(2005) suggested that the Type III motion identified by Bogachev et al. (2005) could 

be produced by the asymmetric eruption of a filament, so that "the arcade erupts in 

a manner similar to the opening of a zipper", although no filament is observed in the 

event that they studied. 

In this section we investigate a group of asymmetric filament eruptions, all of 

which are associated with the Type III motion of HXR sources. 

4.1.2 Observation and Data Analysis 

Overview of Observations 

As defined here, during an asymmetric filament eruption, the leg that is fixed to the 

photosphere is referred to as the anchored leg, and the leg that undertakes most of the 

observed dynamic motions is referred to as the active leg. Two types of asymmetric 

filament eruptions are identified in our study: whipping-like, where the active leg 

whips upward, occasionally extending into the SOHO LASCO field of view (FOV); 
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Table 4.1 : List of asymmetric eruptive filaments 
Date 

2003 August 25 
2005 July 27 
2005 July 29 

2005 July 30 

Timex(UT) 
02:30 
05:00 
18:00 
03:00 
05:00 

Type* 
Whipping 
Whipping 

Zipping 
Whipping 
Zipping 

CME3(deg) 
61 
360 
15 
30 
360 

1 The approximate time when the filament erupted 
2 The types of the asymmetric eruption 
3 The angular width of the CME associated with 

the asymmetric filament eruption, adopted from the 
SOHO LASCO CME catalog. 

and zipping-like, where the visible end of the active leg moves along the neutral line 

like the unfastening of a zipper. Details of two types of asymmetric eruptions are 

provided in the case studies below, where §4.1.3 is dedicated to whipping-like events, 

and §4.1.4 to zipping-like events. Table 1 lists the events we have studied. All the 

filaments studied here are eruptive (Gilbert et al., 2000), i.e., all or some of the 

filament material escapes the solar gravitational field, resulting in a coronal mass 

ejection (CME). 

Co-Alignment 

With the exception of the 2005 July 29 event, the other three events are observed by 

TRACE spacecraft (Handy et al., 1999). The TRACE telescope has a field of view of 

8.5 arcmin x 8.5 arcmin and a spatial resolution of 1 arcsec (0.5 arcsec pixels) with 

a typical time cadence of less than one minute. The determination of its absolute 

pointing is a little more complicated than is the case with a full disk imager where 

the solar limb provides a reference. Moreover, an unknown and time-varying offset is 

caused by flexures of the instrument metering tube that supports the telescope. This 

can result in errors of more than 10" in the TRACE pointing knowledge. Thus, care 
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Table 4.2 : TRACE pointing correction 

2003 Aug 25 

2005 July 27 
2005 July 30 

X0ff (arcsec) 
7.3 

13.9 ±1.74 
14 

2.2 ±0.42 
4.2 ±0.68 

Y0ff (arcsec) 
-6.0 

-1.6 ±1.33 
-4 

-17.9 ±0.74 
-14.8 ±0.68 

Method 
Metcalf et al. (2003) 

Gallagher et al. (2002)l 

Aulanier et al. (2000a) 
Gallagher et al. (2002) 
Gallagher et al. (2002) 

1 When multiple EIT 195 A images are used to correct the TRACE 
pointing, the TRACE offset is written in the form of X0ff ± a and 
Y0fj ± a, where the barred variable indicates the average and a is 
the standard deviation. 

must be taken in comparing TRACE observations with other instruments. It is also 

known that the TRACE EUV channel pointing is offset with respect to the TRACE 

WL (white-light) channel, due to the different focus positions of the two; this has 

been taken into account in processing the TRACE images. 

The 2005 July 27 event is a limb event, thus the only method available for cor

recting the TRA CE pointing is to cross-correlate the TRA CE 171 A images with 

nearly-simultaneous EIT 195 A images (Gallagher et al., 2002), assuming the point

ing information of the EIT full disk observations is correct. For the 2005 July 30 

event, only TRACE 171 A images are available, so we followed the same procedure 

as used for the 2005 July 27 event. For the 2003 Aug 25 event, TRACE 111 A, 1600 

A (UV continuum), and WL images are all available. For this event, three different 

methods can be used to correct the TRACE pointing. By cross-correlating TRACE 

171 A and EIT 195 A images, we found that the TRACE pointing should be offset by 

about 14" in the X direction and about -2" in the Y direction (left panel of Fig. 4.1). 

Following the method by Metcalf et al. (2003), we cross-correlated an image obtained 

in the TRACE WL channel and an MDI continuum image, using trace.mdLalign 

in the SolarSoftWare (SSW; Freeland & Handy, 1998), and found that the TRACE 

pointing should be offset by 7" in the X direction and -6" in the Y direction. Finally, 
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TRACE 171 01:40:22 UT TRACE 1600 01:39:21 UT 

-750 -700 -650 -600 -550 -750 -700 -650 -600 -550 
X (arcsecs) X (arcsecs) 

Figure 4.1 : NOAA active region 10442 observed by TRACE prior to the whipping
like eruption on 2003 August 25. The filament is observed as dark, loop-like features 
in TRACE 171 A. The TRACE images are overlaid by a SOHO MDI magnetogram 
obtained at 01:39:02 UT on 2003 Aug 25. Contours levels are 50, 200 and 800 gauss for 
positive polarities (red), and -800, -200, and -50 gauss for negative polarities (blue). 

following Aulanier et al. (2000a), we overlaid one TRACE 1600 A image with the 

nearly simultaneous MDI line-of-sight magnetogram, manually adjusting the align

ment between the facular brightening and the weak network fields (right panel of 

Fig. 4.1). The result is that TRACE 1600 A should be offset by 14" in the X di

rection and -4" in the Y direction, approximately consistent with the co-alignment 

result using TRACE 171 A and EIT 195 A images, but there is a relatively large 

discrepancy when compared with the co-alignment result using the white-light image 

(about 7" in the X direction). This is most likely caused by projection since the 

active region was close to the east limb. Thus, we adopt the co-alignment approach 

using the method of Gallagher et al. (2002) for the TRACE 171 A images, and the 

approach using the method of Aulanier et al. (2000a) for the TRACE 1600 A images. 

Table 2 summarizes the TRACE pointing corrections conducted in this section. 
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4.1.3 Whipping-like Events 

We present two whipping-like asymmetric filament eruptions in this section. The 

eruption on 2003 August 25 was observed to originate from NOAA active region 10442 

when it was located in the southeast quadrant of the solar disk, and the eruption on 

2005 July 27 was observed to originate from NOAA active region 10792 when it was 

located on the east limb. 

2003 August 25 Event 

In the 2003 August 25 event, the eastern leg of the filament is anchored in the neigh

borhood of the trailing sunspot that is of positive polarity, while its western leg in 

the neighborhood of the leading sunspot that is of negative polarity (left panel of 

Fig. 4.1). From 01:00-02:30 UT, the loop-shaped filament slowly rose and the fila

ment arch gradually expanded, which we define as the activation phase of the eruption. 

The filament suddenly jumped upward at about 02:26 UT (Fig. 4.2a). By 02:39 UT 

(Fig. 4.2c and 4.2/), the western leg of the filament apparently disconnected from the 

solar surface, while the eastern leg was still anchored till 02:51 UT (Fig. 4.2? and 4.2/). 

After that, the eastern leg also faded, presumably due to mass depletion because of 

either material ejecting into higher corona or draining down to the solar surface. 

During the activation phase, two bright dots appeared within each of the two 

opposite-polarity dark sunspots in TRACE 1600 A images, and gradually bright

ened, which is not observed in other TRACE channels (WL or EUV). All the 1600 

A images used in our study, from 00:47 to 04:20 UT, have the same exposure time, 

~ 0.86 s. The brightness (in DN/s) is measured by summing the pixel values over 

an 11 pixel x 11 pixel box enclosing each dot (Fig. 4.3a). From 02:20-02:30 UT, the 

bright dot in the trailing sunspot flashed, with the brightness increasing exponen

tially (Fig. 4.4c), coincident with the sudden jump of the filament (Fig. 4.4a). The 

brightness of the dot in the leading sunspot also increased, but much more slowly 

than the dot in the trailing sunspot (Fig. 4.4c). Both bright dots also expanded in 
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Figure 4.2 : TRACE 171 A and the corresponding running difference images show
ing the whipping-like asymmetric eruption on 2003 August 25. All images are co-
registered with the TRACE 171 A image taken at 02:00:23 UT. A fiducial is shown in 
(a) along which the projected displacements of the filament are measured (Fig. 4.4a). 
TRACE images with the same exposure duration, 55.1 s in this case, are used to 
conduct the running difference. 
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(a) TRACE 160002:18:27 UT (b)TRACE 1600 02:32:27 UT (o) TRACE 160002:35:19UT 

-700 -680 -660 -640 -620 -600 -580 -560 
X (arcsecs) 

Figure 4.3 : HXR source shifting observed in the 2003 August 25 event. The TRACE 
1600 A images are overlaid with RHESSI X-ray contours at 30%, 50% and 80% of the 
maximum intensity of each RHESSI image, in the 6-12 keV (green), 12-25 keV (blue), 
and 25-50 keV (purple) energy bands. The two boxes in (a) cover 11 by 11 pixels 
with the brightest pixel in the center, which enclose the two umbral brightenings. 
The evolution of the umbral brightenings with time are shown in Fig. 4.4c. 

size. Our measurement stops when the brightening in the trailing sunspot began to 

expand beyond the defined box at 02:27:26 UT. From 02:30 UT onward, both bright 

dots developed into ribbons extending across the sunspots, connecting with flare rib

bons outside (Fig. 4.36). Intriguingly, the filament leg whipped upward from the 

neighborhood of the leading sunspot, where the umbral brightening is weaker. The 

brightness profile of the bright dot within the trailing sunspot, on the other hand, is 

more closely correlated with the filament's displacement profile (Fig. 4.4a and 4.4c). 

The eruption is associated with a GOES class C3.7 flare. As the eruption pro

gressed, the HXR sources in the low energy range (6-12 keV; green contours), which 
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show thermal footpoint emission, appeared at first in the neighborhood of the leading 

sunspot, then in the neighborhood of the both sunspots, and finally settled in the 

neighborhood of the trailing sunspot (Fig. 4.3&-d). The HXR sources in the higher 

energy bands (12-25 keV, blue contours; and 25-50 keV, purple contours) can only 

be spatially resolved in RHESSI data after 02:46 UT. They were located in the neigh

borhood of the trailing sunspot, co-spatial with the soft X-ray source (Fig. 4.3d-,/). 

From 02:32:12 UT till 02:42:18 UT, the centroid of the 6-12 keV X-ray source shifted 

by about 33", with an average 'equivalent' speed of about 40 km s_ 1 during the course 

of the filament eruption. 

The projected displacements of the filament are obtained by measuring the top 

of the filament along a fiducial as shown in Fig. 4.2a. The measurement represents 

a lower limit, as the fiducial mostly cut through the anchored leg, while the active 

leg had whipped out of the TRACE FOV. The measurement is also compromised by 

the large uncertainties that are introduced when the contrast of the filament rapidly 

decreases as the eruption progressed. Fig. 4.4a shows that the overall profile can be 

roughly fit with a power law function of the form, h = a + bt + ctm, with xl — 9.90*, 

and m = 3.6 ± 0.06. The result is very similar to that obtained by Alexander et al. 

(2002), who found that the best fit for the height-time profile of the early phase 

of a CME observed by the Soft X-Ray Telescope on board Yohkoh took the form 

ho + vot + ct3-7±003. The power law fit is slightly better than the exponential fit (e.g., 

Gallagher et al., 2003), h = a + bexp(ct), with xl = 20.89, a result in agreement with 

Schrijver et al. (2008), who found that in the two cases they studied the power law 

fit with m }t 3 is superior to the exponential fit for the rapid-acceleration phase of 

the filament eruption. However, the power-law fit uses four parameters to fit the data 

compared to three parameters in the exponential fit. 

'*x1 is the standard deviation of the residuals, defined as ^/N, where x2 1S the chi-square 
estimator and N is the number of the degrees of freedom. 
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Figure 4.4 : Dynamic evolution of the asymmetric eruptive filament on 2003 August 
25 and the associated UV and X-ray emission, (a) Projected displacements of the 
filament in arcsecs, which are obtained by measuring the top of the filament along a 
fiducial as shown in Fig. 4.2a. The profile is fit with a power law function (red line), 
h — a + bt + ctm, and an exponential function (cyan line), h = a + bexp(ct). (b) The 
acceleration of the filament (in arcsec min -2, or 0.2 km s~2, comparable to the Sun's 
surface gravity, 0.27 km s -2) derived from (a), (c) The UV brightening in DN/s, 
which are obtained by integration over two boxes enclosing the bright dot in each 
sunspot, as shown in Fig. 4.3a. The measurement of the UV brightenings starts from 
00:47:30 UT till 02:27:26 UT when the brightening in the trailing sunspot began to 
'overflow' the defined box. (d) The y-axis on the left indicates accumulated photons 
recorded by RHESSI for every 4 s, in the 6-12 keV (blue), 12-25 keV (green) and 
25-50 keV (purple) energy bands. The 1-min average GOES flux (W m~2) in the 1-8 
A band is scaled by the y-axis on the right. 



167 

The acceleration derived from the projected displacements by numerical differen-

r tiation shows that the acceleration peaked prior to the onset of the X-ray emission 

(Fig. 4.46). The acceleration derived from the power law fit or exponential fit, how

ever, can only be valid over a relatively short height range as the acceleration profile 

usually has a peak at some height in the low corona, followed by a decay (e.g., Gal

lagher et al., 2003). The timing between the peak acceleration of the filament and 

the onset of the flare suggests that the eruption may have been triggered by an ideal 

instability (see the discussion in §5.3), as indicated by the exponential increase of the 

UV brightness of the bright dot within the trailing sunspot prior to the flare, as well 

as the exponential increase of the filament's'height'. 

2005 July 27 Event 

Fig. 4.5 shows the eruptive filament on 2005 July 27, observed by the TRACE 171 

A filter (see the detailed multi-wavelength investigation by Chifor et al., 2006). The 

eruption is associated with a GOES class M3.7 flare starting at 04:00 UT. RHESSI 

data were unfortunately not available from 04:06 UT till 04:48 UT due to RHESSI 

night and an SAA (South Atlantic Anomaly) passage. Just before RHESSI night time, 

the reconstruction of a 12-25 keV HXR source (red contours at 04:01 UT in Fig. 4.5) 

shows that the HXR sources are located where the filament eruption initiated. During 

the eruption, the filament spine extended upward above 0.46 RQ, beyond the field 

of view of SOHO EIT. The filament ultimately disappeared at about 05:02 UT in 

TRACE 171 A data and 05:24 UT in EIT 195 A data, with the mass presumably 

ejected outward into the higher corona. A filament thread located in the foreground, 

however, remained intact throughout the eruptive process (Fig. 4.5). 

Fig. 4.6 shows the evolution of the coronal HXR source for the 2005 July 27 event, 

seen in the 12-25 (Fig. 4.6a) and 25-50 keV (Fig. 4.66) energy ranges, respectively. 

From 04:51 to 05:28 UT, the centroid of the HXR source in the 12-25 keV energy 

range shifted by about 30", with an average 'equivalent' speed of ~ 10 km s_1. From 
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TRACE 171 2005-07-27 04:01:27 UT TRACE 171 2005-07-27 04:36:58 UT TRACE 171 2005-07-27 04:42:20 UT 

TRACE 171 2005-07-27 04:51:02 UT TRACE 171 2005-07-27 04:59:03 UT TRACE 171 2005-07-27 05:05:15 UT 
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Figure 4.5 : Whipping-like asymmetric filament eruption observed by TRACE on 
2005 July 27. The TRACE 171 A images are overlaid with RHESSI X-ray contours 
at 20%, 50% and 80% of the maximum intensity of individual RHESSI image, in 
12-25 keV (red), and 25-50 keV (blue) energy ranges. 
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(a ) RHESSI Contours (12-25 keV; 80%) (b) RHESSI Contours (25-50 keV; 80%) 
i • • • i 

P f f l 04:54 
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Figure 4.6 : Hard X-ray coronal source shifting observed in the 2005 July 27 event. 
The contours represent the locations of the HXR source at 80% of the peak intensity 
at a specific time instant, coded by a color spectrum, (a) The HXR source in the 
12-25 keV energy range, (b) The HXR source in the 25-50 keV energy range. 

04:52 to 04:59 UT, the centroid of the HXR source in the 25-50 keV energy range 

shifted by about 9", with an average 'equivalent' speed of ~ 16 km s - 1 . Both shifts 

are projected in the northeast direction, deviating from the radial direction, but in a 

similar direction to that of the filament whipping. 

4.1.4 Zipping-like Events 

Two zipping-like asymmetric eruptions were observed on 2005 July 27 and July 30, 

respectively, both from NOAA active region 10792 (the whipping-like event on July 

27 also originated from this active region). Fig. 4.7 shows the active region in Ha 

obtained at Big Bear Solar Observatory (BBSO) at 15:39:57 UT on 2005 August 3, 

overlaid with a SOHO MDI line-of-sight magnetogram obtained at 15:59:02 UT on 

2005 August 3, when the active region was at disk center. The active region has an 

reverse S-shaped polarity boundary (also termed neutral line, or polarity inversion 

line), which separates regions of opposite-polarity, line-of-sight magnetic fields. The 

extended neutral line is essentially composed of three predominantly north-south 

oriented segments (referred to as eastern, central and western neutral lines in this 

paper), outlined by dark filaments. 
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BBSO/Ha 3-Aug-2005 15:39:57 UT 
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Figure 4.7 : NOAA active region 10792 observed in Ha at the disk center on 2005 
Aug 3 by Big Bear Solar Observatory. Overlaid red (green) contours represent the 
magnitude of the line-of-sight photospheric magnetic field with positive (negative) 
polarities, observed by SOHO MDI. 

2005 July 29 Event 

Fig. 4.8 shows the filament eruption on 2005 July 29, observed in the SOHO EIT 

304 A filter. At 17:36:10 UT, the western leg of the filament is anchored at the 

central neutral line, while the eastern leg seems to be anchored to the north of the 

eastern neutral line. As the filament erupted, its arch expanded, and rotated counter

clockwise, as the active, eastern leg moved southward, associated with a southward 

shifting of the HXR footpoint sources (Fig. 4.9). From 17:24:52 UT to 17:30:56 UT, 

the centroid of the 12—25 keV X-ray source shifted by about 70", with an average 

'equivalent' speed of about 140 km s_1. At 18:24:10 UT, the active leg appeared to 

settle to the south of the anchored leg. Most of the filament material, however, fell 

back to the solar surface, and the eruption only resulted in a small, jet-like CME. 

Fig. 4.10 shows the same eruption observed by the CHIP instrument (Elmore et al., 

1998; MacQueen et a l , 1998) operated at the Mauna Loa Solar Observatory (MLSO). 

At 17:36:09 UT (Fig. 4.10a), the western half of the filament arch was blue-shifted 
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(a) EIT 304 29-Jul-2005 17:12:11 UT (b) 17:24:10 UT (c) 17:36:10 UT (d) 17:48:23 UT 

(e) 18:00:11 UT (f) 18:12:10 UT (g) 18:24:10 UT 
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Figure 4.8 : Zipping-like asymmetric filament eruption observed in SOHO EIT 304 
A filter on 2005 July 29. 
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Figure 4.9 : Shifting of the hard X-ray foot-point sources observed in the 2005 July 
29 event. Ha images obtained at Big Bear Solar Observatory are overlaid with cor
responding RHESSI contours at 20%, 50%, and 80% of the peak intensity of each 
RHESSI image in the 12-25 keV (red) and 25-50 keV (blue) energy ranges. 
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Figure 4.10 : Zipping-like asymmetric filament eruption observed by the CHIP in
strument operated at Mauna Loa Solar Observatory on 2005 July 29. Red (blue) 
colors indicate motions away (toward) the observer. 

while the other half red-shifted, which is consistent with the observed expansion of 

the east-west oriented filament on the east limb.. In Fig. 4.10&-C, both red and blue 

shifts were observed simultaneously within the anchored, western leg, indicating the 

twisting motion of the filament spine, which suggests that the filament field may have 

a flux-rope configuration at this time. One possibility is that it is a manifestation of 

the 'untwisting' of the magnetic flux rope. This naturally occurs when the filament 

arch expands so that the length of the flux rope increases. The field line pitch, q, 

therefore decreases if the total twist of the flux rope, Tw(q) = $2/2n § q dl, where $ 

is the magnetic flux through the flux-rope cross section, is reasonably assumed to be 

approximately constant, or at least not to increase during the eruptive process. In 

contrast, the eastern leg was still red-shift dominated at 17:51:07 UT (Fig. 4.10(f), 

suggesting that the expansion occurs primarily due to the dynamic evolution of the 

active leg. As the expansion speed of the filament arch decreased, the mixed red and 
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(a) TRACE 171 03:00:05 UT <b) TRACE 171 04:06:54 UT (c) TRACE 171 05:03:46 UT 
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Figure 4.11 : Activation and eruption of the whipping-like filament, "Fi", in the 2005 
July 30 event. Fi is located along the southern half of the S-shaped neutral line while 
the zipping-like filament, "F2", which erupted later, is located along the northern 
half. TRACE 171 A images are overlaid with RHESSI contours at 20%, 50%, and 
80% of the peak intensity of each RHESSI image, in the 12-25 keV (red) energy range. 

blue shifts appeared within both legs (Fig. 4.10d-e ). The transition of the Doppler 

signals within the active leg, from red shift at 17:51:07 UT (Fig. 4.10d), to mixed 

red and blue shifts at 17:54:07 UT (Fig. 4.10e), and then to blue shift at 17:57:09 

UT (Fig. 4.10/), can be naturally interpreted as due to the expansion of filament, 

followed by the counter-clockwise rotating motion of the filament arch, coupling to 

the counter-clockwise twisting motion within the filament spine itself. 

2005 July 30 Event 

The 2005 July 30 event involves two asymmetric eruptions. The first eruption, oc

curring at about 05:10 UT, is a small whipping-like event, hereafter being referred 

to as Fi, The second eruption, occurring at about 06:00 UT, is a zipping-like event, 

hereafter being referred to as F2, on which we will concentrate in this section. Fx is 
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Figure 4.12 : Eruption of the zipping-like filament, F2, and the shifting of HXR 
footpoint sources observed in the 2005 July 30 event. TRACE 171 A images are 
overlaid with RHESSI contours at 20%, 50%, and 80% of the peak intensity of each 
RHESSI image, in the 12-25 keV (red), 25-50 keV (blue) and 50-100 keV (purple) 
energy ranges. The shifting is observed from about 06:28 UT till 06:36 UT. 

primarily aligned along the southern half of the reverse S-shaped neutral line, with 

one end at the western neutral line, the other at the central neutral line. F2 is pri

marily aligned along the northern half of the reverse S-shaped neutral line, with one 

end at the central neutral line, the other end at the eastern neutral line (Fig. 4.11a). 

Prior to the eruption of Fi, it can be seen that F2 experienced some marked activ

ity, evident as mass moving along the filament spine. At 04:08:54 UT (Fig. 4.116), 

the visible end of F2 at the central neutral line extended further south to the close 

neighborhood of the end of Fi at the central neutral line, indicated by a white arrow. 

The whipping-like eruption of Fi was associated with a GOES class C9.4 flare 

starting from about 05:03 UT, coincident with an EUV brightening at the western 

end of Fi, indicated by a white arrow in Fig. 4.11a. An ejection was observed to 

originate from that EUV brightening, which activated Fi (Fig. 4.116). Fi started to 

whip upward from its western end at 05:06:50 UT. The reconstructed HXR sources in 
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the 12-25 keV energy band are also located at the western end of Fi (Fig. 4.116-c). 

At about 05:30 UT, the top of Fx reached the eastern boundary of the TRACE FOV. 

Some material was ejected beyond the TRACE FOV, resulting in a small CME with 

an angular width of 30°. This CME was only visible in one LASCO C2 image at 

05:57 UT (no detection in the C3 image at 06:40 UT). A halo-CME was observed 

in the next C2 image at 06:50 UT, then in the C3 image at 07:00 UT, which is 

obviously associated with the eruption of F2 at about 06:30 UT (see below). Most 

of the filament material, however, fell back to the solar surface, toward the anchored 

end at the central neutral line (Fig. 4.11c/). 

The zipping-like eruption of F2 was associated with a GOES class XI.3 flare 

starting from about 06:17 UT. Just prior to the eruption, the active leg appeared 

partly in emission in TRACE 171 A (Fig. 4.12a-6). The activation of the filament 

appeared to start from further north of the central neutral line (Fig. 4.126), but as the 

eruption progressed, the visible end of the active leg extended successively southward. 

The whole active leg took off at about 06:28 UT. The anchored leg can still be seen 

at 06:32:31 UT, but was significantly fainter partly due to the decreasing contrast as 

the post-flare arcade brightened. The eruption resulted in a halo CME. 

Right after the active leg erupted, the 'harder' (> 25 keV) footpoint sources, a 

manifestation of electron-ion bremsstrahlung produced by energetic electrons accel

erated at reconnection sites in the corona, shifted southward along the neutral line; 

the 'softer' (12-25 keV) source, primarily due to the chromospheric evaporation of 

heated chromospheric plasma (e.g., Antonucci et al., 1982), remained localized to the 

region surrounding the site where the eruption initiated, i.e., in the north of the cen

tral neutral line (Fig.4.12c£-e). From 06:28:36 UT till 06:37:56 UT, the centroid of 

the HXR source in the 25-50 keV energy range shifted by about 38", with an average 

'equivalent' speed of about 50 km s - 1 . During the same period of time, the centroid 

of the HXR source in the 50-100 keV energy range shifted by about 30" with an 

average 'equivalent' speed of about 40 km s_1. In the same direction of the HXR 

source shifting, the brightening of the EUV post-flare arcade propagated along the 
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(a) TRACE 171 06:49:39 UT (b) TRACE 171 07:00:09 UT (c) TRACE 171 07:33:45 UT (d) TRACE 171 07:58:18 UT 
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Figure 4.13 : Propagation of the post-flare arcade brightening observed in the TRACE 
171 A filter on 2005 July 30. The bottom panel shows the corresponding base-
difference images. Images with the same exposure time, 11.58 s in this case, are used 
in conducting the image difference. 

neutral line (Fig. 4.13). 

4.1.5 Interpretation of the Observations 

Interpretation of Whipping-like Events 

Fig. 4.14 summarizes our understanding of the whipping-like events. Ideologically, 

the whipping motion of the filament can be trigged by "tether release" (top panel 

of Fig. 4.14; also see the review by Klimchuk 2001). The field lines that provide 

the confinement for the filament (potential-like loops in Fig. 4.14) are usually termed 

tethers, analogous to the ground-anchored ropes that hold down a buoyant balloon. 

Tether-release may take place slowly, but systematically, at one end of the filament, 

and therefore the strain on the remaining tethers increases gradually to a critical 

point that the force balance between the upward magnetic pressure, —\7B2/8n, of 

the highly sheared filament channel field and the downward tension, (l/47r)(B • V)B, 

of the overlying quasi-potential field is disrupted at that end, while the force balance 
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Figure 4.14 : A cartoon showing a whipping-like asymmetric filament eruption. The 
filament is represented by a thick loop aligned along the magnetic neutral line, which 
is indicated by a dashed line. In the top panel the x mark indicates the tether-cutting 
occurring at one end of the filament. As the filament whips upward, the magnetic 
field in the active leg may be still connected to the solar surface, as indicated by the 
dotted line. 
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Figure 4.15 : Schematic diagrams for the two zipping-like eruptions: (a) the 2005 
July 29 event, and (b), F2 in the 2005 July 30 event. The thick loops in both panels 
indicate the filament, the dashed lines indicate the S-shaped neutral line, and the 
arrows indicate the direction in which the HXR sources shifted. 

still roughly maintains at the other end. The filament, therefore, whips upward in an 

explosive fashion from the end with the force imbalance. The whipping motion would 

stretch the overlying magnetic field lines with a current sheet forming underneath the 

filament, where field lines may reconnect (bottom panel of Fig. 4.14). The reconnec-

tion in turn enables the active leg to whip upward more, which results in a positive 

feedback for the whole eruptive process. As more and more field lines overlying the 

filament are stretched and reconnect successively, the HXR footpoint source would 

shift along the neutral line toward the end of the anchored leg of the filament, and the 

HXR coronal source would shift upward, at the same time toward the anchored end, 

as the cartoon implies. The mass in the active leg could either be depleted quickly 

due to mass draining, or fail to keep up with the whipping motion, and therefore the 

end of the active leg is observed to be apparently detached from the solar surface, to 

which the filament field may be still connected, as indicated by the dotted line in the 

bottom panel of Fig. 4.14. 
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Figure 4.16 : A cartoon showing a zipping-like asymmetric filament eruption. As in 
Fig. 4.14 and Fig. 4.15, the filament is represented by a thick loop, aligned along the 
neutral line which is indicated by a dashed line. In the top panel, the cross indicates 
that tether-cutting occurs at the visible end of the active leg of the filament. In the 
bottom panel, the compact potential-like loops that originally overly the lower part 
of the active leg are stretched, and then reconnect beneath the filament. 

Interpretation of Zipping-like Events 

It is interesting that the two zipping-like eruptions 'mirror' each other (see Fig. 4.15): 

the filament on 2005 July 29 has one leg anchored at the central neutral line while the 

visible end of the other leg moved southward along the eastern neutral line, associated 

with the southward shifting of the HXR sources; the filament, F2, on 2005 July 30, 

however, has one leg anchored at the eastern neutral line and the visible end of the 

other leg moving southward along the central neutral line, also associated with the 

southward shifting of the HXR sources. Since the neutral line is curved, the filament 

arch rotated as part of the zipping process, which was detected by MLSO/CHIP 

instrument in the 2005 July 29 event. 

The schematic diagrams in Fig. 4.15 are further simplified (in absence of the 

S-shaped polarity boundary) in Fig. 4.16 which summarizes our interpretation of 

zipping-like asymmetric filament eruptions. Prior to the eruption, the filament has 

an apparent symmetric loop-shape, represented by a thick solid line in Fig. 4.16. But 

the lower part of the active leg, lying very low and flat in the solar atmosphere, is 
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actually anchored farther away. It is invisible because it is not loaded with mass, as 

indicated by a dotted line. The eruption is probably trigged by tether release in the 

neighborhood of the visible end of the active leg, as indicated by an x mark in the 

top panel of Fig. 4.16. The filament arch then rises and expands toward the invisible 

end of the active leg. The compact potential-like loops that overly the lower part of 

the active leg are stretched due to the expansion and rise of the filament arch, and 

thereby reconnect beneath the filament, which result in the shifting of HXR sources 

toward the invisible end of the active leg, away from where the eruption initiates. At 

the same time, filament material drains down along the filament leg, making more and 

more of the lower part of the active leg visible, and creating an impression that the 

'footpoint' of the active leg moves along the neutral line as the eruption progresses. 

Discussion and Conclusion 

Both the whipping-like and zipping-like asymmetric filament eruptions can be under

stood in terms of how the highly sheared filament channel field, traced by the filament 

material, responds to an external asymmetric magnetic confinement. This asymmet

ric confinement may manifest as a force imbalance due to tether release occurring in 

the neighborhood of the visible end of the active leg, as illustrated in Fig. 4.14 and 

Fig. 4.16. The asymmetric eruption can also, presumably, be triggered by certain 

ideal instabilities, e.g., the torus instability (Kliem & Torok, 2006; Torok & Kliem, 

2007; Fan & Gibson, 2007). If the overlying field at one end of the filament declines 

more rapidly with height than at the other end, the eruption would, as a consequence, 

be asymmetric, as the more sharply decreasing field is more susceptible to the torus 

instability. Recently, Schrijver et al. (2008) showed numerical simulations of the torus 

instability that approximate the height evolution of the whipping-like filament in the 

2005 July 27 event. During its rapid-acceleration phase, the height-time profile is 

best characterized by h(t) cc tm w i thm ^ 3. They noted that such an evolution is 

incompatible with so far published height-time profiles of breakout, MHD-instability, 
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or catastrophe models. Schrijver et al. (2008), however, also acknowledged that recon-

nection occurred even before the rapid-acceleration phase in the 2005 July 27 event, 

as suggested by the observed precursor soft and hard X-ray emission, and that the 

torus instability model is highly sensitive to the initial as well as the boundary condi

tions, which can yield a range of different hight-time profiles. Thus, the rise profile of 

the filament alone is far from sufficient to determine the destabilizing/driving process, 

especially when multiple processes could take place in the same event (e.g., Liu et al., 

2008b). 

During the asymmetric filament eruption, the active leg can either whip upward, 

if it is anchored at the location where the eruption initiates; or 'zip' away from the 

visible end of the active leg, where the eruption initiates, toward the 'invisible' end of 

the active leg. The 'invisible' end later becomes visible during the zipping process with 

mass draining down along the field line, as illustrated in Fig. 4.16. This temporary 

'invisibility' of the field line that connects the visible end of the active leg to its real 

anchor point on the solar surface is due to the lack of the filament mass, which may 

have been depleted via mass-draining. 

In the case of whipping-like eruptions, HXR sources shift toward the anchored end 

of the filament along the neutral line; in zipping-like eruptions, HXR sources shift 

away from where the eruption initiates toward the 'invisible' end of the active leg. 

The shifting of HXR sources is caused by overlying field lines successively stretched 

and thereby reconnected due to the whipping or zipping motions of the active leg. 

However, for small events, the whipping or zipping motions of the filament may not be 

able to stretch the overlying field lines to the extent that they form a current sheet and 

reconnect, which may be the case in the small whipping-like event on 2005 July 30. 

In conclusion, the asymmetric dynamic motion of the active leg has a distinct impact 

on the reconnection site of the overlying field in the corona, and thereby the shifting 

of HXR sources. In general, the reconnection site in the corona should be affected in 

a similar fashion by the asymmetric eruption of a magnetic flux rope whether it is 

loaded with filament mass or not. The mechanisms leading to asymmetric eruptions, 
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4.2 Hard X-Ray Emission in Kinking Filaments 

We present an observational study on the impact of the dynamic evolution of kink

ing filaments on the production of hard X-ray (HXR) emission. The investigation 

of two kinking-filament events in this paper, occurring on 2003 June 12 and 2004 

November 10, respectively, combined with our earlier study on the failed filament 

eruption of 2002 May 27, suggests that two distinct processes take place during the 

kink evolution, leading to two types of HXR emission with different morphological 

connections to the overall magnetic configuration. The first type (Type I) is char

acterized by coronal emission along the legs of the kinking filament and compact 

footpoint sources at the end points of the filament legs. The second type (Type 

II) features coronal emission near the crossing point of the kink and ribbon-like 

footpoint emission extending along the neutral line. We propose the following sce

narios to explain the different flare morphology: Type I emission occurs as a result 

of the interactions of the two writhing filament legs; Type II emission occurs due to 

reconnection at an X-type magnetic topology beneath the filament arch when the 

filament ascends and expands. 

4.2.1 Introduction 

Eruptive filaments which display a warped axis are generally regarded as the 'finger

print' of the MHD helical kink instability (e.g., Rust & LaBonte, 2005). A magnetic 

flux rope becomes kink-unstable if the twist of the field, Tw, a measure of the num

ber of windings of field lines about the rope axis, exceeds a critical value of order 2-ir 

(e.g., Hood & Priest, 1979). This results in a transfer from the twist to the writhe of 

the field, Wr, a measure of the twist of the rope axis itself, as the magnetic helicity, 

H oc Tw + Wr, is essentially conserved in the highly conducting corona (Berger, 

1984). Recent observations of kinking motions in a number of filament eruptions 
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with a range of different natures, including full filament eruption (Williams et al., 

2005), partial cavity eruption (Liu et al., 2007), partial filament eruption (Liu et al., 

2008b), and failed filament eruption (Ji et al., 2003; Alexander et al., 2006), suggest 

the kink instability as an important process in the interactions of the filament with 

its magnetic environment. 

The kink instability has long been investigated as a possible triggering mechanism 

for solar eruptive phenomena (see the review by Hood, 1992), especially in flux rope 

models. While the straight flux tube configuration has been studied in depth (e.g., 

Baty & Heyvaerts, 1996; Lionello et a l , 1998; Baty, 2000; Gerrard et al., 2001; Gerrard 

&; Hood, 2003), the effects of curvature on the flux tube have been explored more 

recently. Numerical simulations have shown how the current sheets form (e.g., Torok 

et al., 2004; Gibson et al., 2004), how the flux rope responds to twist being injected 

through footpoints (e.g., van Hoven et a l , 1995; Amari et al., 1996; Amari & Luciani, 

1999; Klimchuk et a l , 2000; Torok & Kliem, 2003; Gerrard et a l , 2004; Aulanier et al., 

2005), and how the kink unstable flux rope erupts through the overlying arcades (e.g., 

Torok & Kliem, 2005; Fan, 2005). 

Simulations by Torok and Kliem (hereafter T&K; Torok et al., 2004; Kliem et al., 

2004; Torok & Kliem, 2005) show the formation of a helical current sheet enwraping 

a flux rope and a vertical current sheet underneath the flux rope during its kink 

evolution. Alternatively, simulations by Fan and Gibson (hereafter F&G; Fan & 

Gibson, 2003, 2004; Gibson et al., 2004; Fan, 2005; Gibson & Fan, 2006b) show that 

as the flux rope kinks and expands upward, a vertical S-shaped current sheet is formed 

within the flux rope. The current sheets forming during the kink evolution have been 

used to explain the bright sigmoidal structures seen in soft X-ray or EUV (see reviews 

by Gibson et al. 2006a; Green et al. 2007). In the failed filament eruption on 2005 

May 27, EUV brightening sheaths were observed to be oriented along one leg of the 

kinking filament (Ji et al., 2003), and a hard X-ray (HXR) coronal source (12-25 keV) 

is observed to be located close to the projected crossing point of the kink (Alexander 

et al., 2006). In the partial cavity eruption on 2003 October 31, a HXR coronal source 
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(12-25 keV) also appeared below the apex of the kinking filament, as seen from the 

side, at about the filament's half-height (Liu et al., 2007). However, the association 

of these emission features with the current sheets in the T&K or F&G simulations 

remain uncertain. 

Both T&K and F&G are variants of a three-dimensional analytical model con

structed by Titov & Demoulin (1999) (hereafter T&D). The field configuration of 

T&D excludes the existence of any null point, but the presence of bald patches (BPs; 

Seehafer, 1986; Titov et al., 1993) makes it relevant to solar flares. BPs are the seg

ments of the photospheric inversion line where the coronal field lines touch the pho

tosphere tangentially. The field lines starting at a BP form a bald-patch-associated 

separatrix surface (BPSS; Titov & Demoulin, 1999; Low & Berger, 2003), along which 

sigmoid current sheets could form as a result of dynamic perturbations of the flux rope 

lying above and within this BPSS. When the flux rope only partly "emerges" above 

the photosphere, there is a single, continuous BP of dipped field grazing the central 

portion of the neutral line. As the flux tube continues to emerge and grow, the BP 

bifurcates, or disappears altogether, giving birth to & hyperbolic flux tube (HFT; Titov 

et al., 2002) below the flux rope, where a transition to a topologically simple arcade

like configuration occurs (Titov & Demoulin, 1999; Roussev et al., 2003). The HFT 

is a generalized separator field line, which could be regarded as a three-dimensional 

counterpart of the X-type magnetic topology in the standard flare model. It may 

be current-free initially, but can pinch into a vertical layer with exponentially rising 

current density due to external perturbations (Titov et al., 2003). 

Thus, if the flux rope lies high enough in the atmosphere, the HFT will be present, 

and the reconnection in the vicinity of the HFT below the flux rope would result in the 

flux rope being completely expelled, leaving behind cusped, post-flare fields, which 

is the case in the T&K simulation using the T&D modelwith no BP as the starting 

point. On the other hand, in the F&G simulation, the flux rope is driven from below 

the photosphere slowly into the corona previously occupied by a potential arcade. 

As the eruption begins, the BPSS is dynamically forced, causing a transient sigmoid 
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brightening. At the onset of the kink instability, the two legs of the kinking flux 

rope are squeezed together, where sigmoid field lines reconnect, thereby breaking the 

rope in two and resulting in a partial eruption with a less sigmoid-shaped and more 

cusp-shaped BPSS left behind. 

In this section we utilize spatially resolved HXR data from RHESSI and high res

olution EUV/UV data from TRACE to explore the locations of possible reconnection 

sites and analyze how this relates to current sheets formed during the kink evolution 

as demonstrated in numerical simulations. First we revisit the kinking filament on 

2002 May 27, which is associated with an M-class flare, then we investigate the HXR 

emission in a peculiar 'twin' kinking-filament event taking place on 2003 June 12, 

associated with an M-class flare, and another kinking filament on 2004 November 

10, associated with an X-class flare. Observations and data analysis are presented in 

§4.2.2—§4.2.5, and the result is discussed in §4.2.6. 

4.2.2 Instruments and Co-Alignment 

All three events studied here are well observed by RHESSI and TRACE. RHESSI is 

a rotating modulation collimator from which HXR images can be reconstructed via a 

detailed analysis of the received modulation patterns (Hurford et al., 2002). While a 

number of image reconstruction techniques are available, we choose to work with the 

most computationally expensive one, the Pixon reconstruction method (Metcalf et al., 

1996; Alexander & Metcalf, 1997), which is superior in photometry, positional accu

racy, and weak-source detection, while mitigating the problems of correlated residuals 

and spurious sources that often plague the Fourier deconvolution and maximum en

tropy approaches (Aschwanden et al., 2004). To achieve the best photometry, we chose 

all detectors at default, leaving for the Pixon algorithm to decide which detector to 

discard in image reconstruction. The Pixon control parameter, pixon_sensit ivity, 

is set to 0.5 to further suppress possible spurious sources. 

The TRACE telescope has a field of view (FOV) of 8.5' x 8.5' and a spatial 
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TRACE 1700 12-Jun-2003 01:00:03 
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TRACE 1600 10-Nov-2004 01:39:16 

600 700 800 900 
X (arcsecs) 

Figure 4.17 : TRACE pointing correction conducted for the 2003 June 12 (left) and 
2004 November 10 (right) events. TRACE images are overlaid by corresponding 
SOHO MDI magnetogram contours at 50, 100, 200 and 400 gauss for positive polari
ties (red), and -400, -200, -100, and -50 gauss for negative polarities (blue). SOHO's 
LI view is converted to the Earth perspective, using the routine developed by T. Met-
calf, mk_soho_map_earth, in the Solar SoftWare (SSW). Top row shows the TRACE 
images before the pointing correction, and bottom row the TRA CE images after the 
pointing correction. In the 2003 June 12 event (left column), TRACE pointing is 
offset by —3.5" in the X direction and —4" in the Y direction. In the 2004 November 
10 event (right column), TRACE pointing is offset by —3" in the X direction and 1.5" 
in the Y direction. 
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TRACE 195 27-May-2002 18:12:32.000 UT 
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Figure 4.18 : TRACE pointing correction conducted for the 2002 May 27 event. The 
TRACE 195 A image at 18:12:32 UT is overlaid by the corresponding SOHO EIT 195 
A image at 18:12:11 UT. The TRACE pointing is offset by -4 .8" in the X direction 
and —1.4" in the Y direction. 

resolution of 1" (0.5 arcsec pixels) with a typical time cadence of less than 10 s for 

the UV continuum band in the flare mode, and less than 1 min for EUV bands. An 

unknown and time-varying offset in the TRACE pointing is caused by flexures of 

the instrument metering tube that supports the telescope, making the determination 

of its absolute pointing difficult. This can result in errors of more than 10" in the 

TRACE pointing knowledge (e.g., Alexander &, Coyner, 2006). Thus, care must be 

taken when comparing TRACE observations with other instruments. 

In this study, three different approaches are taken to correct the TRACE point

ing. In the 2003 June 12 event, we cross-correlate an image obtained in the TRACE 

WL channel (2003 June 12 01:06:08 UT) with an MDI continuum image (2003 June 

11 23:59:32 UT), using the routine developed by T- Metcalf, trace_mdi^align, in 

the Solar Soft Ware (SSW) (also see Metcalf et al., 2003), and find that the TRACE 

pointing should be corrected by —3.5" in the X direction and —4.3" in the Y direc

tion. Alternatively, following Aulanier et al. (2000a), we overlay one TRACE 1700 A 
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image obtained prior to the flare (2003 June 12 01:00:03 UT) with the MDI line-of-

sight magnetogram closest in time (2003 June 12 01:34:59 UT), manually adjusting 

the alignment between the facular brightening and the weak network fields after dif

ferential rotation is taken into account. The co-alignment shows that the TRACE 

pointing should be offset by —3.5" in the X direction and —4" in the Y direction 

(top panel of Fig. 4.17), with the estimated error of 1 TRACE pixel (0.5"). Here 

the two approaches are in agreement with each other. In the 2004 November 10 

event, however, the Metcalf method results in an offset of —1.0" and —2.0" in the 

X and Y directions, respectively, while the Aulanier method an offset of —3.5" and 

1.5" (bottom panel of Fig. 4.17). The discrepancy is most likely due to the large 

time difference between the two white-light images used in cross-correlation, which 

is about 3 hr and 40 min apart, while the TRACE 1600 A image is only 14 s away 

from the MDI magnetogram being used for co-alignment (2004 November 10 01:39:02 

UT). Thus, we adopt the approach using the method of Aulanier et al. (2000a) for the 

2004 November 10 event. The 2002 May 27 event is a limb event, and only TRACE 

195 A images are available during the time interval of interest, thus the only method 

available for correcting the TRACE pointing is to cross-correlate one TRACE 195 A 

image with a nearly-simultaneous EIT 195 A image, assuming the pointing informa

tion of the EIT full disk observations is correct. The cross-correlation (again using 

the routine t racejndi .a l ign but with the EIT keyword being invoked) shows that 

the TRACE pointing should be offset by —4.8" in the X direction and —1.6" in the 

Y direction (Fig. 4.18). 

4.2.3 2002 May 27 Event 

The failed eruption of the kinking filament on 2002 May 27 has been studied in detail 

by Ji et al. (2003) and Alexander et al. (2006). Ji et al. (2003) reported EUV bright

ening sheaths aligned along the filament legs during the kink evolution (Fig. 4.19). 

Alexander et al. (2006) identified a HXR coronal emission that occurs beneath the 
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(a) 27-May-2002 18:04:32 UT (b) 27-May-2002 18:05:32 UT 

(c) 27-May-2002 18:06:32 UT (d) 27-May-2002 18:07:32 UT 
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Figure 4.19 : TRACE 195 A images on 2002 May 27 overlaid with RHESSI X-ray 
contours at 10%,20%, 50% and 80% of the peak intensity in 12-20 keV (grey), and at 
20%, 50% and 80% of the peak intensity in 20-40 keV (black). Coronal sources are 
marked by white arrows. The integration time for each RHESSI image is 12 s around 
the time of the corresponding TRACE image. All detectors are chosen, leaving for 
the Pixon algorithm to decide which detector to discard in the reconstruction. 
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Figure 4.20 : Different HXR sources defined by the rectangular regions in Pixon 
images on 2002 May 27. The integration time spans from 18:05:00 UT to 18:05:48 
UT. Region 0 and 1 enclose two coronal sources, and Region 2 and 3 enclose two 
footpoint sources, defined in the 14-15 keV and 22-25 keV images, respectively. 

apex of the filament close to the crossing point of the kink during the erupting phase 

(Fig. 4.19d, indicated by a white arrow). Utilizing the He 110830 A velocity data from 

Mauna Loa Solar Observatory, Alexander et al. (2006) also identified a unique 'un-

kinking' motion of the filament following the writhing motion (see Fig.4 in Alexander 

et al., 2006). In Fig. 4.196, despite two well separated footpoint sources at the end-

points of the filament legs, one can see two HXR coronal sources (marked by white 

arrows), apparently related to the EUV brightening sheaths. The coronal source in 

the north is visible in the 12-20 keV energy range until 18:06:32 UT (Fig. 4.19c), 

and the one in the south is visible in the 20-40 keV energy range. Fig. 4.19a-d also 

display a transition from a pair of well-separated conjugate HXR footpoint sources 

at the end points of the filament, to a ribbon-like footpoint emission oriented along 

the neutral line beneath the ascending and writhing filament. 

Imaging Spectroscopy 

Imaging spectroscopy is conducted with the spectral software package OSPEX in two 

time intervals, from 18:05:00 to 18:05:48 UT, and from 18:06:20 to 18:07:00 UT. 

During the time interval from 18:05:00 to 18:05:48 UT, the HXR emission features 
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Figure 4.21 : Imaging spectroscopy for the time interval from 18:05:00 to 18:05:40 
UT on 2002 May 27. We use one 3-6 keV energy bin, 1-keV wide bins for energies 
from 6 keV to 18 keV. Above 18 keV up to 40 keV, we use one 2-keV, one 3-keV, one 
5-keV, and one 10-keV wide energy bins. The observed spectra for individual regions 
defined in Fig.4.20 are in thick solid lines, and power law fits in thin dashed lines. 
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Figure 4.22 : Imaging spectroscopy for the time interval from 18:06:20 to 18:07:40 
UT on 2002 May 27. We use one 3-6 keV energy bin, 1-keV wide bins for energies 
from 6 keV to 18 keV. Above 18 keV up to 50 keV, we use one 2-keV, two 5-keV, 
and one 20-keV wide energy bins. Top: Region 0 is denned by a circle enclosing the 
coronal source; Region 1 is defined by a contour at 30% of the maximum intensity. 
Bottom: the corresponding spectra and fits. The observed spectra are in thick solid 
lines, and power law fits in thin dashed lines. 
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two coronal sources (marked by Region 0 and 1 in Fig. 4.20) associated with the EUV 

brightening sheaths along the filament legs, and a pair of conjugate footpoint sources 

(marked by Region 2 and 3 in Fig. 4.20). Presumably, the coronal source marked 

by Region 0 is related to the footpoint source marked by Region 2, because they are 

apparently associated with the same filament leg (the background leg). For the same 

logic, the coronal source marked by Region 1 should be related to the footpoint source 

marked by Region 3. 

During the time interval from 18:06:20 to 18:07:00 UT, the HXR emission exhibits 

a coronal source (Region 0 in Fig. 4.22) near the crossing point of the kink (Fig.4.19d), 

and a ribbon-like footpoint emission (Region 1 in Fig. 4.22). 

The spectrum of each HXR source is obtained by summing photon flux at various 

energy bands within the individual region as defined in Fig. 4.20 and the top panels 

of Fig. 4.22. Spectral indices are obtained by fitting each spectrum above 15 keV 

with a single power law function. The spectra and the corresponding fits are shown 

in Fig. 4.21 and the bottom panels of Fig. 4.22. 

4.2.4 2003 June 12 Event 

Kinematics 

The 2003 June 12 event features twin kinking filaments (Fig. 4.23), originating from 

the same neutral line in the same active region. Both filaments activated at times 

within about 10 min apart from each other, evolved in a similar fashion, and eventually 

erupted together. The first kinking filament, labelled "Fl" in Fig. 4.23e, started to 

rise slowly at about 01:01 UT, in the radial direction as indicated by the fiducial line. 

By 01:07 UT, it developed an inverse 7-shape (Fig. 4.23a), and then quickly twisted 

into a kinked structure with two filament legs crossing each other (Fig. 4.236). The 

kink was fully developed at about 01:11 UT, and then remained relatively static at 

approximately the same height, with mass draining and probably cooling. Around 

01:13 UT the second kinking filament, labelled "F2" in Fig. 4.23m, started to rise in a 
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(a) TRACE 1700 01:07:04 (b) TRACE 1700 01:08:05 (c) TRACE 1700 01:09:52 (d) TRACE 1700 01:12:43 
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Figure 4.23 : TRACE 1700 A images and the corresponding running difference images 
showing the eruption of the twin kinking filaments on 2003 June 12. Images with the 
same exposure time, 0.364 s in this case, are selected to conduct image difference. The 
twin kinking filaments are labelled as "Fl" and "F2", respectively. Fiducials in (e) and 
(m) show the directions along which the filaments erupted. An animation of TRACE 
running difference images is available at h t t p : //spacibm. r i c e . edu /~ r l iu / thes i s / . 
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direction tilting northward from the radial, as indicated by the northwestward fiducial 

line. F2 followed a similar evolution pattern as Fl: it first developed an inverse 7-

shape at 01:14 UT, then twisted into a kinked structure at 01:17 UT. At 01:18:39 UT, 

Fl started to rise again in a direction tilting southward from the radial, as indicated 

by the horizontal fiducial line in Fig. 4.23m. F2 disappeared in TRACE at about 

01:24 UT due to decreasing contrast, but Fl can be observed to reach the western 

boundary of the TRACE field of view (FOV) at 01:25:53 UT, with the assistance of 

running difference images (see Fig. 4.23 and the ancillary animation), and disappeared 

eventually at about 01:27 UT, presumably due to filament mass ejecting out of the 

FOV into the high corona. 

The projected displacements of both filaments are obtained by measuring the top 

of the filament along the fiducials as shown in Fig. 4.23e and 4.23m. All projected 

displacements (in arcsecs) are relative to the individual starting point (the first mea

surement), intending to obtain the overall shape of the profiles only. Fl experienced 

a three-stage evolution, namely, an initial acceleration stage, a linear stage with low 

speed, and a linear stage with high speed. During 01:06:12-01:09:00 UT the displace

ment profile of Fl is best fit by a cubic polynomial function, h = a+bt+ct2 + dt3, with 

xl = l-02t and the jerk value d3h/dt3 = -9.69 m s - 3 (top panel of Fig. 4.24). From 

01:09:06 UT to 01:14:15 UT, the profile is best fit by a linear function (xl = °-82)> 

with the speed of the filament v = 26 km s_1. From 01:14:15 UT to 01:18:35 UT, 

Fl was relatively static, but the draining and cooling of filament material resulted in 

decreasing contrast, especially for the top part of the kink structure, which makes the 

measurement of the exact evolution impossible. From 01:18:35 UT to 01:26:24 UT, 

Fl was re-activated by the eruption of F2. The displacement profile can be fit by a 

linear function (xl = 0.88), with the speed of the filament v — 92 km s - 1 , although in 

the later stage of the evolution, the profile shows signs of deceleration. As for F2, the 

*xl is the standard deviation of the residuals, denned as ^/N, where \ 2 ls t n e chi-square 
estimator and N is the number of the degrees of freedom. 
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displacement profile is best fit by a cubic polynomial function {xt = 0.26), similar to 

the initial acceleration stage of Fl, only with a positive jerk value 0.45 m s - 3 . 

RHESSI Imaging 

The event was accompanied by a. GOES class M7.4 flare. From 01:07 UT to 01:26 

UT, during which the twin kinking filament writhed and erupted, the RHESSI light 

curve, shown here only from the RHESSI night time at 01:10:56 UT to the time before 

the thick attenuator sets in (01:21:00 UT), featured two major spikes in the 30-50 

keV energy range (bottom panel of Fig. 4.24). The specific time instants when the 

twin kinking filaments began to develop a clear kink structure, i.e., the two filament 

legs crossed each other, are marked by two arrows at the bottom of the top panel 

in Fig. 4.24. One can see that the acceleration stage of Fl is coincident with the 

preheating phase of the flare (Lee et al., 1995), during which the SXR flux increases 

prior to the impulsive HXR emission, as indicated by the GOES light curve. The 

eruption of F2 coincides with the first major burst in the HXR light curve, and the 

re-activation of Fl is apparently associated with the second major burst. 

HXR sources are reconstructed from 01:11:40 UT till 01:21:00 UT. The time range 

is divided into consecutive 40 s intervals, during which only the thin attenuators were 

in front of the detectors (Al state). An elongated HXR coronal source was observed 

to be aligned along the foreground leg of the kinking filament, Fl , in the east-west 

direction, evidently deviating from the orientation of the UV flare ribbons running 

in the northeast-southwest direction (Fig. 4.25). The coronal source is preferentially 

visible in the 6-18 keV energy range, and appeared even prior to any compact foot-

point emission (Fig. 4.25a). This footpoint emission is located at the end point of the 

same filament leg in the 30-50 keV energy range (Fig. 4.256). As the second kinking 

filament, F2, rose and kinked, the elongated coronal source was still aligned along the 

foreground leg of the kinking filament Fl (Fig. 4.25c?-e), despite the westward motion 

of Fl. There seems to be a second coronal source associated with F2 (Fig. 4.25d-e), 
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Figure 4.24 : Kinematic evolution of the twin kinking filaments and the associated 
X-ray fluxes recorded by RHESSI and GOES during the early impulsive phase of 
the flare on 2003 June 12. Top panel: projected displacements of the twin kinking 
filaments, fit with a cubic polynomial function (red), or a linear function (blue). 
The first (second) arrow at the bottom indicates the time when the first (second) 
filament began to display a clear kinking signature, with two legs crossing each other 
at 01:07:39 (01:15:54) UT. Middle panel: the RHESSI counts in the 12-25 keV energy 
range. Bottom panel: the RHESSI counts in the 30-50 keV energy range is scaled by 
the y-axis on the left, in the solid line; and the 1-min average GOES flux (W m~2) 
in the 1-8A band is scaled by the y-axis on the right, in the dotted line. 
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(a) TRACE 170012-Jun-200301:12:02 (b) TRACE 170012-Jun-2003 01:12:38 (c) TRACE 1700 12-Jun-2003 01:14:41 

Figure 4.25 : TRACE 1700 A images overlaid with RHESSI contours at 20% 50% 
and 80% of the peak intensity in the 12-25 keV (red) energy range, and at 30% and 
60% in the 30-50 keV (blue) energy range. 

but the long time integration required for the image reconstruction in this event and 

the limitation of the RHESSI spatial resolution prevent us to pinpoint its temporal 

and spatial relationship with the evolution of F2. One can see that the twin kinking 

filaments appear to share the same footpoint emission, which implies that this region 

is the source of the destabilization of both eruptions. 

Imaging Spectroscopy 

Imaging spectroscopy is conducted separately for the two spikes in the 30-50 keV 

light curve during the early impulsive phase of the flare, which covers an 1-min time 

interval from 01:12:32 to 11:13:32 UT, and a 52-sec time interval from 01:17:40 to 

01:18:32 UT. 

We obtain the spectra of individual HXR sources by summing the photon flux at 

various energy bands within the regions as defined in the top panels of Fig. 4.26 and 
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Figure 4.26 : Imaging spectroscopy for the time interval from 01:12:32 to 11:13:32 
UT on 2003 Jun 12. Top: the rectangulars define the regions where photon flux is 
summed at various energy bands. Bottom: the corresponding spectra and fits. The 
observed spectra are in thick solid lines, thermal fits in dotted lines, and power law 
fits in thin dashed lines. 
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Figure 4.27 : Imaging spectroscopy for the time interval from 01:17:40 to 01:18:32 
UT on 2003 Jun 12. Top: the rectangulars define the regions where photon flux is 
summed at various energy bands. Bottom: the corresponding spectra and fits. The 
observed spectra are in thick solid lines, thermal fits in dotted lines, and power law 
fits in thin dashed lines. 

Fig. 4.27. We use one 3-6 keV energy bin, and 1-keV wide bins for energies from 6 

keV to 20 keV. Above 20 keV up to 40 keV, we use one 2-keV, one 3-keV, one 5-kev, 

and one 10-keV wide energy bins. The power law fits which yield the spectral indices 

above 15 keV are shown in the bottom panels of Fig. 4.26 and Fig. 4.27. 
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4.2.5 2004 November 10 Event 

The 2004 November 10 event has been studied in detail by Williams et al. (2005). 

Prior to the filament eruption, four precursor ribbons are observed in TRACE UV 

continuum (1600 A), suggestive of the quadrupolar nature of the active region. Dur

ing the eruption, the eruptive filament rose as a kinking structure with an exponential 

growth of height within the FOV of TRACE. The dynamic evolution of the kinking fil

ament is in qualitative agreement with MHD numerical simulations of a kink-unstable 

magnetic flux rope. Williams et al. (2005) therefore concluded that the MHD helical 

kink instability is most likely the driver of the eruption while tether weakening by 

breakout-like quadrupolar reconnection may be the release mechanism. 

RHESSI Imaging 

The event was associated with a GOES class X2.5 flare. HXR emission features in this 

event were well observed by RHESSI. The time range from 02:04:36 UT till 02:06:12 

UT, during which only the thin attenuators were in front of the detectors (Al state), 

is divided into 6 consecutive 16 s intervals, and HXR sources in three energy ranges 

are reconstructed, namely, 3-10 keV, 15-30 keV and 35-100 keV. The HXR coronal 

source is only visible in the 15-30 keV energy range (Fig. 4.28a-/). Note the filament 

already kinked at the onset of the flare, as shown in Fig. 4.28/i, where the arrow at 

the bottom marks the time (02:04:14 UT) when the filament first displayed a clear 

kinked structure, with two filament legs crossing each other. This is in agreement with 

Williams et al. (2005) who suggested that the kink instability is the major driving 

process in this event. 

Fig. 4.28a-/ shows that there were two concurrent but separate flare emissions 

taking place during the very early impulsive phase of the flare, labeled "El" and "E2" 

in Fig. 4.28a. In the SOHO MDI line-of-sight magnetogram (Fig. 4.28d) overlaid 

with the same RHESSI contours as in Fig. 4.28a, one can see that El occurred 

at the neutral line, "LI", which separates small patches of negative flux from the 
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Figure 4.28 : X2.5 flare on 2004 November 10 observed in TRACE UV continuum 
and RHESSI X-v&y data, (a-f) TRACE 1600 A images overlaid with RHESSIX-ray 
contours at 20%, 50%, and 80% of the peak intensity in the 6-10 keV (red) and 15-
30 keV (green) energy ranges, and contours at 30% and 60% of the peak intensity in 
the 35-100 keV (blue) energy ranges. Two separate flare emissions are labelled El 
and E2 in (a). .(g) A SOHO MDI line-of-sight magnetogram taken at 01:39:02 UT is 
differentially rotated to 02:04:36 UT and overlaid with the same RHESSI contours as 
in (a). The two neutral lines (yellow dashed line) that are associated with the HXR 
emission El and E2 are labelled LI and L2, respectively, (h) The RHESSI counts in 
the 1-s time resolution in the 15-30 keV (grey) and 35-100 keV (black) energy bands 
are scaled by the y-axis on the left; and the 1-min average GOES flux (W m~2) in 
the 1-8 A band (dotted line) is scaled by the y-axis on the right. The arrow at the 
bottom indicates the time when the filament first displayed a clear kink structure at 
02:04:14 UT. The sharp transition in the 15-30 keV light curve is due to the change 
of the attenuator state. 
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Figure 4.29 : A series of Pixon images showing the time evolution of the coronal 
source on 2004 November 10. The coronal source is marked by a white arrow in each 
image with an integration time 8 s in the 15-30 keV energy range. All subcollimators 
are chosen in the image reconstruction, leaving for the Pixon algorithm to decide 
which subcollimator to discard. 
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Figure 4.30 : Height-time profile of the coronal HXR source on 2004 November 10. 
The location of the coronal source is the determined by its brightest pixel shown in 
each Pixon image in Fig. 4.29 



204 

dominant positive flux in the center of the active region. The filament was aligned 

along LI, oriented predominantly in the east-west direction. One can also see that 

E2 is associated with the neutral line, "L2", which separates the leading sunspot of 

positive flux from small patches of negative flux located to the northeast of the leading 

sunspot. El features compact footpoint emission in the 35-100 keV energy range, and 

a weak coronal source in the 15-30 keV energy range, located at the projected crossing 

point of the two writhing filament legs (Fig. 4.28a-c). As the eruption progressed, 

the footpoint emission of El extended along the UV flare ribbons beneath the kinking 

filament (Fig. 4.28d-/). Meanwhile, the HXR coronal source is observed to rise with 

the kinking filament, approximately co-spatial with the projected crossing point of 

the kink (Fig. 4.28b-c). 

Fig. 4.29 shows a series of Pixon images with an integration time 8 s in the 15-30 

keV energy range. The coronal source is marked by an arrow in each image. Its 

height-time profile is measured and shown in Fig. 4.30 in diamond symbols. Also 

shown in dotted line as a reference is the exponential fit of the hight-time profile of 

the filament's apex by Williams et al. (2005). The hight-time profile of the coronal 

source indicates a two-stage evolution: slow rising followed by rapid rising. It is 

therefore fit by two linear functions, which gives a speed of 35 km s_1 for the slow 

rising stage and a speed of 560 km s_1 for the rapid rising stage. The latter speed 

is comparable to the filament speed which can be derived from the exponential fit 

of the filament's height-time profile (Williams et al., 2005). In the exponential fit 

h = h0 + a0e(t-*°)/T, t0 is at 02:02:50 UT, a0 = 6.7 x 103 km, and r = 95 s. Thus, 

the derived speed of the filament's apex is 520 km s_ 1 at 02:06:00 UT. However, 

the coronal source is contaminated by the HXR emission E2 after 02:05:44 UT (the 

bottom panels in Fig. 4.29), which introduces large uncertainties to the measurement 

of its location. Fig. 4.35 shows the total spectrum of the flare, during which the 

coronal source is observed (from 02:04:44 UT to 02:06:08 UT; see Fig.4.29). 
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Figure 4.31 : Different HXR sources on 2004 November lOdefined by the rectangular 
regions in a 20-21 keV Pixon image. The integration time spans from 02:04:44 UT to 
02:05:44 UT. Region 0 encloses the coronal source; Region 1 the HXR emission El, 
and Region 2 encloses the HXR emission E2 (see Fig. 4.28). We use 1-keV wide bins 
for energies from 6 keV to 30 keV, and 2-keV wide bins from 30 to 34 keV. Above 34 
keV up to 80 keV, we use one 4-keV, one 10-keV, and one 30-keV wide energy bins. 

Imaging Spectroscopy 

Imaging spectroscopy is conducted in a 1-min interval from 02:04:44 UT to 02:05:44 

UT when the observed coronal source is well separated from both HXR emission 

El and E2 (top and middle panels of Fig. 4.29). Spectra are obtained by summing 

photon flux at various energy bands within individual regions as defined in Fig. 4.31. 

The coronal source located near the projected crossing point of the kink is marked 

by Region 0; the footpoint sources of the HXR emission El by Region 1; and the 

HXR emission E2 by Region 2. Again, spectral indices are obtained by fitting the 

spectra above 15 keV with a single power law function (Fig. 4.32), with the exception 

for El (middle panel of Fig. 4.32), whose spectrum is fit by a power law function 

(7 = 4.6 ± 0.1) plus a thermal function with the temperature of 17 MK. If it is 

also fit by a single power law function above 15 keV, the spectral index is 5.0 ±0 .1 

(xl = 2.10). Either way, the spectrum of El is significantly harder than that of E2 
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Figure 4.32 : Imaging spectroscopy for the time interval from 02:04:44 UT to 02:05:44 
UT on 2004 November 10. The spectra of individual HXR sources are obtained by 
summing the photon flux at various energy bands within individual rectangular re
gions as defined in Fig. 4.31. Also shown are the power law fits and the corresponding 
normalized residuals. The observed spectra are in thick solid lines, power law fits in 
thin dashed lines. For Region 1, the thermal fit is in the dotted line, and thermal 
plus power law fit in the thin solid line. 
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Figure 4.33 : Total spectra and the corresponding spectral fits of the flare emission 
during the two time intervals, from 18:05:00 to 18:05:48 UT (left), and from 18:06:20 
to 18:07:00 UT (right), on 2002 May 27. 

(7 = 6.6 ±0.1), which is in line with our interpretation that El and E2 are separate 

HXR emissions. 

4.2.6 Summary &; Discussion 

Summary of Imaging Spectroscopy 

Imaging spectroscopic analysis shows that the spectrum of the coronal emission is 

softer than the spectrum of the associated footpoint emission, i.e., 7CS ^ yfp. How

ever, the nature of the coronal emission is not well constrained by the imaging spec

troscopy, mainly because of the weakness of the coronal emission as well as the poor 

spectral resolution at higher energies (above 25 keV). In some cases, the coronal emis

sion is also contaminated by the footpoint emission. In all three events, however, an 

optically thin thermal bremsstrahlung radiation function can also fit the spectrum of 

the coronal emission above 6 keV, with similar xl a s the power law fit (Table 1). 

In all three events, during the time intervals when the coronal emission was ob

served, the total spectrum of the flare above 15 keV is best fit by a power law function 

plus a "superhot" continuum thermal component. The spectrum within 6-15 keV is 
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Figure 4.34 : Total spectrum of the flare during the two time intervals of interest on 
2003 June 12 and the corresponding spectral fits. Left: the spectrum during the time 
interval from 01:12:32 to 11:13:32 UT. Right: the spectrum during the time interval 
from 01:17:40 to 01:18:32 UT. 
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Figure 4.35 : Total spectrum of the flare on 2004 November 10 and the corresponding 
spectral fits. The spectrum covers the time interval from 02:04:44 UT till 02:06:08 
UT, during which the coronal source is observed (see Fig.4.29). 
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Table 4.3 : Temperature of the coronal emission 

Event 

2002 May 27 

2003 Jun 12 

2004 Nov 10 

Time (UT) 

ismm-ism-AS1 

18:05:00-18:05:482 

18:06:20-18:07:00 
01:12:32-01:13:32 
01:17:40-01:18:32 
02:04:44-02:05:44 

T™ (MK) 
54 ± 1 5 
46 ± 1 0 
31 ± 2 
23 ± 3 
34 ± 4 
80 ± 3 

X.U 

0.02 
0.23 
0.68 
0.23 
0.18 
1.23 

Ttotal ( M K ) 

52 ±1.2 
52 ±1.2 
43 ± 1.2 
42 ±2.7 
38 ±1.5 
76 ± 0.8 

1 Region 0 in Fig. 4.21 
2 Region 1 in Fig. 4.21 

dominated by a thermal component with iron and iron-nickel line features at ~ 6.8 

keV and ~ 8 keV, respectively (Fig.4.33-4.35). The less hot thermal component, 

which is at the plasma temperature of ~ 20 MK in all the cases, is probably cor

responding to the footpoint thermal emission. In Table 1, one can see that the 

temperature of the coronal emission, Tcs, derived from the thermal fit is comparable 

to that of the "superhot" thermal component of the corresponding total spectrum, 

r£totai Thus, the coronal emission could be produced by a "superhot" thermal gas. 

Interpretation of Observations 

Fig. 4.37 summarizes our understanding of how the dynamic evolution of kinking 

filaments impacts on the HXR emission. In this cartoon, the filament is represented 

by a thick solid line, the overlying potential-like field by a thin loop, and the magnetic 

neutral line by a dashed line. The red explosion-like shapes indicate the location of 

magnetic reconnections in the corona, and the orange circular or elliptical shapes 

represent the consequent EUV or X-ray emission. 

As the filament field is mainly directed along the filament spine (Tandberg-Hanssen, 

1995, §3.5), the field in the two filament legs are effectively opposing each other in an 

arch-like filament. As a consequence, reconnection may occur where the two filament 
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Figure 4.36 : Spectral indices of the coronal emission 7CS versus the spectral indices 
of the footpoint emission 7^p in the three flares studied in this paper. 

Figure 4.37 : A cartoon showing the reconnection and HXR emission in a kinking 
filament. The filament is represented by a thick loop, the overlying field by a thin 
loop, and the magnetic neutral line by a dashed line. The red explosion-like shapes 
indicate reconnections in the corona. The orange circular or elliptical shapes indicate 
EUV or X-ray emissions. Top panel: Type I flare (see the text). Bottom panel: Type 
II flare (see the text). 
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legs are 'squeezed' together due to the writhing motion (Type I emission; top panel 

of Fig. 4.37), reminiscent of the F&G simulations. 

As the filament ascends and expands upward, overlying magnetic field lines are 

stretched and pinched, yielding a current sheet underneath the filament, where field 

lines may reconnect. The reconnection takes place throughout the overlying arcade, 

therefore leading to ribbon-like HXR footpoint emissions underneath the rising fila

ment at each side of the neutral line (see also Fig. 4.19c-d and Fig. 4.28d-f). In this 

scenario, the reconnection occurs at an X-type magnetic topology beneath the fila

ment arch (Type II emission; bottom panel of Fig. 4.37), reminiscent of the vertical 

current sheets generated in the T&K simulation as well as in the later stage of the 

F&G simulation. 

In Type I emission, particles that are accelerated at the reconnection site will 

precipitate along the field lines, in this case, the filament legs, to the dense chro

mosphere where they lose most of their energy in Coulomb collisions and emit HXR 

bremsstrahlung, as evidenced by the compact HXR footpoint sources at the end points 

of the filament (see Fig. 4.19a-b and Fig. 4.256-/). The reconnection can also heat 

up the local plasma and cause an expansion, with thermal conduction fronts that 

propagate along the magnetic field direction down to the chromosphere (e.g., Priest 

Sz Forbes, 2002), which can heat the plasma along the field lines (e.g., Chen et al., 

1999). This probably manifests as the elongated HXR thermal emission aligned along 

the foreground leg of the kinking filament, Fl, in the 2003 June 12 event (Fig. 4.25), 

and the HXR thermal emission at both legs of the kinking filament in the 2002 May 

27 event (Fig. 4.19b). The thermal emission is produced by plasmas with tempera

tures of 20-50 MK. In the 2002 May 27 event, it is observed in TRACE 195 A filter 

as brightening sheaths along the filament legs (Fig. 4.19). It is well known that the 

195 A band contains an Fe XXIV line at 192 A emitted by plasma at 20 MK during 

flares (e.g. Warren et al., 1999; Tripathi et al., 2006a). 

Alternatively, particles may also deposit energy in the filament body on the path 

of the precipitation to the chromosphere since the density of filament material is 
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up to two orders of magnitude higher than surrounding coronal plasmas, i.e., 1010 

cm - 3 <ne< 1011 cm - 3 (Tandberg-Hanssen, 1995, §3.3). In the 2003 June 12 event, 

the coronal source even appears before the footpoint emission. This is reminiscent of 

the observations reported by Veronig & Brown (2004) who suggested that very high 

coronal densities resulted that HXR emission is dominantly seen in the corona rather 

than in the chromosphere. However, models constrained by the observed emission 

line profiles suggest that the filament is an ensemble of small threads, with the value 

of the filling factor between 0.01 and 0.1 (e.g., Tandberg-Hanssen 1995, §5.3; Wiik 

et al. 1999). Therefore, only part of the accelerated particles can be stopped in the 

filament body, while the rest of them are still able to generate the observed footpoint 

emission. 

Conclusion 

In conclusion, two types of HXR emission with distinct morphological features are 

identified in the kink evolution of eruptive filaments. Type I features coronal emission 

along the legs of the kinking filament and compact footpoint sources at the end points 

of the filament legs. It occurs as a result of the interactions of the two filament legs 

undertaking writhing motions. Type II features a coronal emission near the crossing 

point of the kink and a ribbon-like footpoint emission extending along the neutral 

line. It occurs due to reconnection at an X-type magnetic topology beneath the 

filament arch when the filament rises and expands upward, similar to the assumed 

reconnection in the standard flare model. The evolution of the HXR emission in the 

2002 May 27 clearly exhibits a transition from Type I to Type II emission. The 2003 

June 12 event features a Type I emission, while the 2004 November 10 event mostly 

exhibits characteristics of Type II emission. 
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Chapter 5 

Summary and Future Work 

5.1 Summary 

The solar filament is one of the most important structures that lead to the destabi-

lization of the solar corona, thereby driving the space weather in the Earth space. 

The dynamics of solar eruptive filaments is crucial for us to understand the physics 

governing the initiation of coronal mass ejections (CMEs). The dynamic evolution 

of eruptive filaments is observed to take different forms, including loop-like, where 

a single coherent loop-shaped structure erupts (e.g. Gopalswamy & Hanaoka, 1998); 

kinking, where the filament twists from the loop-shape to an inverse 7-shape, and 

then into a 'knot' with two filament legs crossing each other (e.g. Alexander et al., 

2006; Liu et al., 2007); and asymmetric, where one of the filament legs is fixed to the 

photosphere (anchored leg) while the other undertakes most of the dynamic motions 

(active leg) during the eruptive process (e.g. Liu et al., 2008a). We are particularly 

interested in the latter two types of solar eruptive filaments, which feature unique 

dynamic evolutions with implication of distinct initiation mechanisms. 

Kinking filaments with their warped axes are generally regarded as the 'finger

print' of the MHD helical kink instability (e.g., Rust & LaBonte, 2005). The kink 

instability has been studied extensively in laboratory plasmas as a crucial considera

tion in the stability of fusion devices (Wesson, 2004). It has also long been explored 

theoretically as a possible triggering mechanism for solar eruptive phenomena (Chap

ter 2, also see the review by Hood, 1992; Moore & Sterling, 2006), which provides 

an ideal MHD alternative to the commonly cited resistive processes of internal or 

external tether-cutting. However, only recently can it be investigated in the solar 
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context observationally with meaningful spatial and temporal resolution. Further

more, although the straight flux tube configuration has been studied in depth (e.g., 

Baty & Heyvaerts, 1996; Lionello et al., 1998; Baty, 2000; Gerrard et al., 2001; Ger-

rard &; Hood, 2003), the effects of curvature on the flux tube have only been explored 

more recently. Numerical simulations have shown how the current sheets form (e.g., 

Torok et al., 2004; Gibson et al., 2004), how the flux rope responds to twist being 

injected through footpoints (e.g., van Hoven et al., 1995; Amari et a l , 1996; Amari 

& Luciani, 1999; Klimchuk et al., 2000; Torok k Kliem, 2003; Gerrard et al., 2004; 

Aulanier et al., 2005), and how the kink unstable flux rope erupts through the over

lying arcades (e.g., Torok & Kliem, 2005; Fan, 2005). These theoretical/numerical 

modelings of realistic magnetic configurations have raised a number of interesting 

issues which can only be fully addressed with observational inputs. The synergy be

tween observation and modeling has been a major motivation for the observational 

study presented in this thesis. Our study on the kinking motions in a number of 

filament eruptions with a wide range of different natures, including failed filament 

eruption (§3.1; Alexander et al., 2006), partial cavity eruption (§3.2; Liu et a l , 2007), 

partial filament eruption (§3.3; Liu et al., 2008b), has provided a complete picture of 

how the kink instability works in the interactions of the filament with its magnetic 

environment. Our work has shown evidence supporting the writhing motion of the 

filament spine as a precursor of eruptive phenomena in the solar corona, and as a key 

component in regulating the nature of the eruption, in terms of full, partial or failed 

eruptions, due to kink-induced current dissipation. Working with other mechanisms, 

e.g., tether-cutting, the kink instability may play an important role in initiating the 

eruption (§3.3; Liu et al., 2008b). ( 

The dynamic evolution of both kinking and asymmetric eruptive filaments has 

significant impacts on the production of hard X-ray emission. Asymmetric eruptive 

filaments often result in the shifting of hard X-ray source during the eruptive process. 

We have identified two types of asymmetric eruptive filaments (§4.1; Liu et al., 2008a): 

whipping-like, where the active leg whips upward, and hard X-ray sources shift toward 
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the end of the anchored leg; and zipping-like, where the visible end of the active leg 

moves along the neutral line like the unfastening of a zipper as the filament arch rises 

and expands. During a zipping-like eruption, hard X-ray sources shift away from 

where the eruption initiates toward where the visible end of the active leg eventually 

stops moving. Both types of asymmetric eruptions can be understood in terms of how 

the highly sheared filament channel field responds to an external asymmetric magnetic 

confinement. This asymmetric confinement may manifest as a force imbalance due 

to tether-cutting. The asymmetric eruption can also, presumably, be triggered by 

certain ideal instabilities, e.g., the torus instability (Kliem & Torok, 2006; Torok k. 

Kliem, 2007; Fan & Gibson, 2007). If the overlying field at one end of the filament 

declines more rapidly with height than at the other end, the eruption would, as a 

consequence, be asymmetric, as the more sharply decreasing field is more susceptible 

to the torus instability. 

In kinking filaments, hard X-ray emission can be explained by reconnection at 

the current sheets that form due to writhing and expanding motions of the filament. 

We have identified two types of HXR emission with distinct morphological features 

(§4.2; Liu h Alexander, 2008). Type I emission occurs as a result of the interactions 

of the two filament legs undertaking writhing motions. Type II emission occurs due 

to reconnection at an X-type magnetic topology beneath the filament arch when the 

filament rises and expands upward. 

These results improve our understanding of the physical processes leading to the 

destabilization and eruption of solar filaments, and have significant impact on the 

modeling of the CME initiation and evolution. Many issues, however, remain unre

solved. For example, the un-kinking motion of the filament, observed in both the 

2002 May 27 and the 2003 October 31 events, has implication for the shedding or 

redistribution of magnetic helicity in the filament field, presumably as a result of the 

interactions with its magnetic environment. Since the apparent un-kinking motion 

in both events occurred while the filament essentially stayed at the same height, it 

must not be due to the expanding or rising of the filament. Yet such an un-kinking 
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motion is missing in any numerical simulations published so far. The role of the kink 

instability is also under debate. Is the kink instability the cause or the effect of the 

eruption? Is it the trigger or the driver of the eruption? These questions can only be 

answered with future extensive observational as well as numerical studies. 

5.2 Future Work 

Eruptive filaments are major players in the production of CMEs. An understanding 

of what drives them to erupt will have significant impact on our ability to model and, 

ultimately, predict GME events. A number of important questions are raised by the 

existing observational and theoretical studies: 

• In the pre-eruption dynamics, what distinguishes a prominence that will erupt 

from one that won't? 

• What role does helicity play in triggering an eruption? 

• How is the form of the eruption mediated by the specific filament dynamics? 

• How do ambient field conditions, e.g. overlying flux, impact the filament dy

namics? 

• What impact does magnetic reconnection play in driving the eruption and how 

is this connected to the writhing motions? 

These are all important considerations in understanding the physics governing the 

initiation of CMEs and require a detailed observational analysis coupled to additional 

physical insight from the models. To answer these questions, we need to significantly 

enhance the observational constraints on the models by combining data from a wide 

range of space- and ground-based instrumentation 
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5.2.1 Kinking Filaments 

The relationship and fundamental differences between the types of eruption depend 

crucially on the role played by reconnection in both the eruption and writhing pro

cesses. We will utilize spatially resolved hard X-ray data from RHESSI to explore 

the locations of possible reconnection sites and analyze how this relates to the type 

of eruption that ensues. For example, reconnection in the corona above an energized 

filament may significantly weaken the overlying fields, leading to a possible sudden 

jump in filament acceleration. Reconnection underneath the filament may indicate 

that a current sheet forms as a result of the expansion of the flux rope (Torok et al., 

2004), or, alternatively, indicate that reconnection occurs in the sheared core field 

associated with the neutral line along which the filament is aligned (Moore et al., 

2001). Reconnection within the filament may indicate that an internal current sheet 

forms due to the kinking of the flux rope (Gibson & Fan, 2006b), which often leads to 

the separation of the filament and a resultant partial eruption. These have important 

implications for whether the eruption is full or partial or involves the filament mass 

or just the cavity (§2.4). 

We will focus on three main observational considerations which yield insight into 

the physical processes involved in erupting prominences. These are 

• the presence and degree of writhing motions, 

• the nature of the eruption, and 

• the location and driver of magnetic reconnection. 

One or several of these processes appear in the various models of flux-rope CMEs 

but not in the detail required for direct comparison with observations. Motivated by 

the apparent significance of helicity in defining the nature of filament eruptions we 

would like to explore this relationship fully and to provide observational guidance to 

modelers to better understand eruptive phenomena. 
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The proposed future work falls into two well-defined areas: observational analysis 

of dynamic filaments, including the role played by helicity and reconnection, and the 

incorporation of the observational results into models of CME initiation. 

The multi-wavelength observational analysis will focus on the combination of 

MLSO/CHIP He I Doppler data and stereoscopic observations from STEREO SEC-

CHI, augmented by Hinode EIS and XRT as well as BBSO Ha data which provide 

high cadence observations to help identify flows and structures. The velocity infor

mation from the MLSO/CHIP instrument, in particular, is crucial for identifying the 

motions associated with twist, writhe, and mass flows. In coordination with stereo

scopic EUV data from STEREO SECCHI we are able to determine unequivocally 

the presence of any local and non-local writhe in the filament. RHESSI hard X-ray 

and Hinode soft X-ray data will provide further information on the possible pres

ence of current sheets forming in the interaction regions between the filament and 

the ambient field, or within the magnetic structure that supports the filament, by 

indicating the presence of localized energy release sites. Finally, line-of-sight field 

data from SOHO MDI and vector magnetic field data from Hinode can provide the 

photospheric magnetic context for the filament activation. 

Quantifying the full range of dynamic motions in filaments is challenging due, pri

marily, to projection effects. With 2D observations, even when the filament is viewed 

directly from above, only the rotation of the axis can be measured as the variation 

of the angle between the orientations of the central portion of the filament and the 

polarity inversion line (Liu et al., 2008b). This is effectively a measurement of the 

non-local writhe, as defined by Berger & Prior (2006), with the local writhe remain

ing observationally undetermined due to the limitations of line-of-sight integrated 

observations. With stereoscopic observations coupled to the third viewpoint from the 

Earth and the velocity information of the Doppler measurements, we should have an 

unequivocal determination of any writhing motions that result in the filament axis 

being warped in 3D. 

Specifically, a number of studies can be performed: 
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• For each of the filaments selected, confirm the 3D configuration and determine 

the presence and level of writhe, using STEREO/SECCHI/EUVI stereoscopic 

data. 

• Determine the dynamic motions as well as the sense of twist and writhe as the 

filament evolves, by utilizing MLSO Doppler velocity and intensity information. 

• Investigate how the writhing motions affect the eruptive processes and the 3D 

topology of the ensuing CMEs. 

• For those filaments which show eruptive behavior, determine the nature of the 

eruption, and determine whether the filament and/or cavity was involved in the 

eruption. 

• Relate the eruptive signatures of the filament to any associated CME activity 

using STEREO/SECCHI, SOHO/LASCO and MLSO/Mk4 data. 

• Using RHESSI hard X-ray signatures as evidence for reconnection, compare 

the spatial and temporal relationship of the energy release with the filament 

dynamical evolution. 

• Incorporate photospheric magnetic field measurements from SOLIS, SOHO 

MDI, and Hinode to determine the magnetic environment of the filament. 

• In combining the magnetic context with hard X-ray signatures, relate the reconnection-

driven energy release to the dynamical activity generating the CME. 

• Determine the key diagnostic signatures for comparison with and inclusion in 

theoretical models 

There are several competing models of CME initiation available in the literature. 

Each discusses a different aspect of the eruption process and adopts different initial 

conditions, assumptions and observational input. The observational analysis proposed 
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here specifically focuses on a class of filaments which exhibit clear observational signa

tures in their dynamics, namely writhing motions. The expected observations have a 

direct impact on the modeled dynamics and magnetic configurations and as a result 

provide significant guidance to the modeling effort. By concentrating on filaments 

which exhibit writhing motions we are directly addressing an important parameter 

in models of CME eruption, namely the role of the helicity in erupting prominences. 

The role of helicity has been the focus of several theoretical papers in recent years but 

has only recently been addressed observationally with sufficient spatial and temporal 

resolution. The synergy between observational and modeling efforts are highlighted 

by the following proposed studies: 

• Compare the observed dynamical evolution with the predicted behavior of pub

lished models, with the specific aim of identifying the key physical conditions 

leading up to an eruption. 

• Incorporate the observational findings into the modeling effort with the aim of 

exploring the physical foundations of the observed behavior and guiding im

provements in the modeling to incorporate the range of behavior observed. 

5.2.2 Asymmetric Eruptive Filaments vs Active Filaments 

A possible mechanism to initiate an asymmetric filament eruption is that the fila

ment field reconnects with an open field. Dependent on the polarity of the open 

field in relation to the filament field, there are two possible scenarios: 1) the bulk of 

the filament whips upward along the newly reconnected open field line, and a small 

fraction of filament material streams along the newly reconnected loop (left panels of 

Fig. 5.1); 2) the bulk of filament material streams along the newly reconnected loop, 

and a small fraction of filament material streams along the newly reconnected open 

field line (Right panels of Fig. 5.1). The former scenario results in a whipping-like 

asymmetric filament eruption, while the filament in the latter scenario will be cate

gorized as an active filament instead of an eruptive filament, according the definition 
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proposed by Gilbert et al. (2000). 

The reconnection of the closed filament field with an open field line would, in 

principle, result in three HXR footpoint sources, located at the two ends of the fila

ment, and at the footpoint of the open field line, respectively. However, it would be 

hard to see any footpoint emission at the farther end of the filament (Footpoint 1 in 

Fig. 5.1a), because the accelerated particles flowing along the filament field would be 

stopped by high density filament material in the corona before they reach the chro

mosphere. A side effect is that the filament material would be heated and become in 

emission in EUV or soft X-rays. For accelerated particles, it would encounter much 

less filament material when precipitating to the nearer end of the filament (Footpoint 

3 in Fig. 5.1a), where they are probably able to generate footpoint emission. Certain 

observational features in line with this mechanism are observed in two whipping-like 

filament eruptions, occurring on 2005 September 13 and 2006 July 6, respectively. 

We will conduct more detailed analysis to determine whether tether-cutting or recon

nection with the open field is responsible for the observed whipping-like eruptions. 

5.2.3 Full Eruption 

Gilbert et al. (2007) argued that a full eruption, as defined in §2.4.1, is highly unlikely 

to be detected in observations of kinking structures, because the optimum conditions 

for a rising, kinking flux rope to eject the bulk of the filament material residing within 

it involve the following: (1) the initial location of all of the filament material must 

be at the middle section of the rope and (2) the eruption must occur quickly enough 

so that only a small fraction of the material has time to drain along either leg to the 

surface. Unfortunately, if these two conditions are fulfilled, it would be difficult to 

identify the kinking structure as a kinking of the flux rope, because the successful 

detection of the kinking motion requires the presence of the filament material. 

However, let us consider a two-flux system proposed by Sturrock et al. (2001, 

Fig. 5.2;), which has a long twisted flux tube, anchored at both ends in the photo-
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Figure 5.1 : Schematic diagrams showing a whipping-like asymmetric eruptive promi
nence and an active prominence triggered by reconnection with open field. Left: a 
whipping-like prominence; Right: an active prominence. The prominence is repre
sented by a thick line, and the open field by a thin line. The three footpoints of the 
field lines are marked by 1, 2 and 3, respectively. Arrows indicated the direction of 
the magnetic field. 

Figure 5.2 : Schematic diagrams from Sturrock et al. (2001) showing the partial 
eruption of a flux tube constrained by a magnetic arcade. Left: schematic model of a 
long twisted flux tube held down by an overlying magnetic arcade; right: schematic 
depiction of the evolution of the flux tube following the eruption of part of the tube 
through the arcade. 
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sphere and confined by an overlying magnetic arcade. Then what would happen if a 

"full eruption", in terms of the flux rope depicted in Fig. 5.2 rather than the filament 

material, did occur? Prior to the eruption, the downward tension, (l/47r)(B • V)B, 

of the overlying quasi-potential field is in a force balance with the upward magnetic 

pressure, —VB2/8TT, of the highly sheared filament channel field. If the flux rope 

"ruptures" through the overlying arcades (see the right panel of Fig. 5.2; Sturrock 

et al., 2001; Fan, 2005) and "fully" erupts, with one end or both ends of the flux 

rope somehow disconnected from the solar surface, the overlying loops would not be 

able to sustain themselves, and they would therefore rapidly shrink downward until 

re-attaining the equilibrium. This phenomenon is observed in a sigmoidal filament 

on 2001 June 15, in which the overlying loops initially expanded due to the ascending 

of the filament, and then shrunk all the way down to the solar surface at a speed of 

~ 100 km s_1. We will carry out detailed analysis to investigate the consequence of 

the full eruption. 

One of the most important frontiers of solar physics is to understand the physi

cal processes leading to the destabilization of the solar corona. The research plan 

outlined here is directly relevant to this goal: erupting solar filaments/prominences 

have been directly associated with the production of solar flares and CMEs, and 

serve as an effective tracer of the magnetic structures in coronal eruptions. The 

proposed research will provide new diagnostic information about the development 

of instabilities and loss of equilibrium in filaments. The expected results will have 

significant impact on modeling of CME initiation and evolution which, in turn, will 

improve our understanding what drives a filament to erupt as a CME, as well as 

our ability to predict the potential consequences of these event, namely, the Space 

Weather. 
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