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Abstract— Coronal Mass Ejections (CMEs) appear to orig-
inate preferentially in regions of the Sun’s corona that are
sigmoidal, i.e. have sinuous S or reverse-S shapes. Yohkoh
solar X-ray images have been studied before and after a
modest number of Earth-directed (halo) CMEs. These im-
ages tend to show sigmoidal shapes before the eruptions and
arcades, cusps, and transient coronal holes after. Using such
structures as proxies, it has been shown that there is a re-
lationship between sigmoidal shape and tendency to erupt.
Regions in the Sun’s corona appear sigmoidal because their
magnetic fields are twisted. Some of this twist may originate
deep inside the Sun. However, it is significantly modulated
by the Coriolis force and turbulent convection as this flux
buoys up through the Sun’s convection zone. As the re-
sult of these phenomena, and perhaps subsequent magnetic
reconnection, magnetic flux ropes form. These flux ropes
manifest themselves as sigmoids in the corona. Although
there are fundamental reasons to expect such flux ropes to
be unstable, the physics is not as simple as might first ap-
pear, and there exist various explanations for instability.
Many gaps need to be filled in before the relationship be-
tween sigmoids and CMEs is well enough understood to be
a useful predictive tool.
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I. INTRODUCTION

The launch of Yohkoh in 1991 greatly extended our ca-
pability for making direct X-ray images of the hot solar
corona, in the natural emission domain characterized by
photon energy hv ~ kT from a million-degree gas. Prior to
Yohkoh, the Skylab mission and several sounding rockets
had carried soft X-ray telescopes for solar observation. The
Yohkoh SXT [1], [2] observations offered improved tempo-
ral cadence and span, ~ 100 full disk images per day from
late 1991 to the present. The movie representation of these
data in particular has been eye-opening.

As viewed in X-rays, coronal active regions consist of dis-
crete bright loops that outline magnetic field lines. These
loops (Fig. 1) often collectively form sinuous S or inverse-S
shapes [2] termed sigmoids by Rust and Kumar [3]. They
found transient X-ray brightenings that typically evolved
from bright, sharp-edged sigmoidal features into either an
arcade of loops or a diffuse cloud. The latter phenomena —
part of long-duration events, or LDEs — were discovered in
the Skylab era of X-ray imaging [4], [5], [6].

The concept of magnetic helicity [7], which has been ex-
plored in laboratory and space plasmas to a substantial
extent, provides a useful framework with which to charac-
terize twisted magnetic fields on the Sun. We know that
the overall twist of active region magnetic fields, as ob-
served both at the visible surface of the Sun (photosphere)
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and corona are related [8]. We expect transient sigmoidal
brightenings to form within regions whose overall magnetic
structure is twisted. Moreover, we know that the large-
scale twist of active regions seen in the photosphere changes
little from day to day [8]. Hence, there is reason to expect
active regions whose large-scale, long-lived structure is sig-
moidal to be associated with eruptive phenomena.

Fig. 1. Negative images of coronal X-ray loops seen in the north-
ern hemisphere by the Yohkoh SXT. The region near the cen-
tral meridian, and the fainter one immediately to its left, show
the inverse-S pattern of loops that is more common in the Sun’s
northern hemisphere. The much brighter region still farther to
the left is a simple bipolar region with no hint of sigmoidal struc-
ture.

In this paper we concentrate on observations of sigmoids
in X-rays made with the Yohkoh SXT (Sec. II) and related
observational studies of twisted magnetic fields in the un-
derlying photosphere (Sec. III), theoretical studies of the
origin, stability, and eruption of magnetic fields (Sec. IV),
and topics for future research (Sec. V). For a comprehen-
sive review of other phenomena associated with coronal
mass ejections we refer the reader to Webb’s paper in this
issue [6].

II. CORONAL AND SOFT X-RAY OBSERVATIONS

The SXT observations show the corona as a function
of time, and coronal mass ejections come from the same
corona, so it would seem reasonable to have expected the
immediate discovery — soon after the Yohkohlaunch in 1991
— of the mechanisms of CME formation. However, classical
CME observations come from optical telescopes (corona-
graphs) which can observe the corona only above the limb
of the Sun. The SXT could detect a CME-launching distur-
bance anywhere on the disk, in principle, though emission
in X-rays (~ n.?2) falls off with height in the corona much
more rapidly than emission in the optical region (~ n.).
For these and other reasons, the main CME signatures were
understood only several years after Yohkoh was launched.
The key advance in instrumentation has been the large
field of view and high sensitivity of the LASCO corona-
graphs [9] on the SOHO mission, combined with the high-
temperature sensitivity (~ 3M K) of the Yohkoh SXT.



These earlier data had shown clearly that X-ray arcades —
ideally, long nearly-cylindrical rows of magnetic loops con-
taining heated plasma — formed in the solar corona at the
times of CME launches. Moreover, the arcades frequently
appeared to grow out of coronal magnetic structures ex-
hibiting shear, observationally defined as the tendency of
coronal loops to lie obliquely across the magnetic polar-
ity inversion line in the photosphere beneath them. The
arcade formation thus appeared to be a relaxation of this
shear to a more nearly perpendicular loop system. This
realization spawned much theoretical work, mostly in the
ideal MHD approximation, regarding structural stability
and especially the consequences of magnetic reconnection.
Theoretical work continues vigorously, as summarized be-
low, paying particular attention to the structure of sig-
moids.

A. CMFEs and Halo CMEs

The LASCO coronagraphs (observations beginning in
1996) quickly offered an opportunity to calibrate the X-ray
signatures being discovered with Yohkoh, and the EUV in-
strumentation on board SOHO added further new perspec-
tives (see below). In particular LASCO surprised us [10] by
detecting many more “halo CMEs” at a much greater rate
than had been found with earlier coronagraphs (notably the
ones on the Skylab, SMM, and P78-1 spacecraft). A halo
CME is one that extends all or most of the way around the
occulting edge of the coronagraph [11]. From the geometry
one infers that the cloud of gas must lie along the Sun-
Earth line, moving either away from or toward the Earth,
and in the latter case an impact with Earth is likely.

The greater rate of halo CMEs, resulting mainly from
the superior performance of the LASCO coronagraphs, pro-
vides us with a double reward: first, there is the obvious
advantage in forecasting terrestrial effects, since the halo
events may come straight at Earth and have high “geoef-
fectiveness.” Second, these events occur near disk center,
ideal for the X-ray, EUV, and other observations to learn
about the physics of the eruption process.

Another LASCO surprise came in a new understand-
ing of the so-called “disconnection events.” Cartoons of
the standard two-dimensional picture of magnetic recon-
nection showed the pinching-off of magnetic field lines be-
low the CME, with the underlying reconnected field lines
forming an arcade. This picture predicts the occurrence of
concave-outward magnetic structures in coronagraph im-
ages of CMEs, but the most thorough studies [12] failed
to find many cases. LASCO has found many more, but
the bulk of them appear to result from the outward mo-
tion of large-scale helical structures, fluz ropes, rather than
pinching-off (but see the excellent example of the latter pre-
sented by [13]).

B. X-ray signatures

It has been known for some time that arcade formation
is an X-ray signature of a CME [4], [14], [6]. For some time
we have also known of the association of “transient coronal
holes” with eruptive flares (e.g., [15]). Because true coronal

holes had been identified as the sources of high-speed solar-
wind streams already, the presence of sudden darkenings
near arcade flares suggested the transient opening of strong
active-region fields at the sites of CME launches.

The Yohkoh observations allowed us to generalize the
observation of transient coronal holes, with a collection of
phenomena termed “dimmings” [16], as illustrated in Fig-
ure 2. This name has a neutral connotation relative to in-
teresting and as-yet-unsolved questions regarding the man-
ner of opening and closing magnetic field lines (here “open-
ing” means the ejection of magnetized plasma far enough
from the solar surface to participate in the solar-wind flow).
Table I lists the categories of dimming events now known
to occur in coronal X-ray imaging [17], [18].
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Fig. 2. Two soft X-ray images from Yohkoh, demonstrating the dim-
ming of the corona above an arcade flare event seen side-on. The
filamentary structures seen in the upper image (earlier) fly away
from the flare, leaving a void. We interpret such a dimming as
the result of mass loss into the solar wind, following the opening
of the magnetic field lines immediately surrounding the arcade
[17]. Unfortunately at the time of this event (August 28, 1992)
we had no access to coronagraph data.

TABLE I
X-RAY TRANSIENT DIMMINGS

Dimming type | Reference
Transient coronal holes [15]
Enveloping dimming [16]
Arcade dimming [19]
Moving cloud [20]
Transequatorial loop [18]

The different categories refer to the morphology of the
dimming structure. Dimming in general has its easiest in-
terpretation in terms of the expulsion of mass from the
corona, hence a CME; in the best of cases (“moving cloud”)
one can also actually see the motion of the material, but
the high-temperature plasma visible in soft X-rays often
has such a diffuse character that the flow cannot easily be
recognized.



C. EUV signatures

The EUV Imaging Telescope (EIT) on SOHO brought
still further perspectives on mass ejections from the lower
corona. We had known about large-scale coronal shock
waves from the early meter-wave observations of Type II
bursts (e.g. [21]); rapidly-expanding wave-like fronts also
could be seen as “Moreton waves” via Ha observations of
the chromosphere [22] — the latter seemed mysterious be-
cause their speeds exceeded theoretical limits. Uchida [23]
united these observations with the interpretation that a
rapidly-expanding global coronal wave would focus energy
into its chromospheric skirt, so that the Type II burst and
Moreton wave could represent two different views of weak
fast-mode Alfvénic disturbances launched by a flare into
the corona.

This simplification (a flare-driven blast wave) did not
lead easily to an explanation for shocks seen in the outer
corona and solar wind. Here the CME itself, not the effects
of the flare eruption directly, drives a different shock wave
(e.g. [24]). Thus many events with powerful flares and
CMEs apparently create two distinct large-scale coronal
waves. At present we cannot readily identify these separate
signatures in coronagraphs, but the halo CMEs [11], [10]
may eventually provide a link.

With Yohkoh’s new X-ray view of the solar corona, com-
mencing in 1991, one might confidently have expected to
see the Type II/Moreton shock fronts more directly. In
fact this did not happen until the EIT instrument on
SOHO began routine high-cadence observations in 1997
[25]. These observations have shown the common occur-
rence of these large-scale waves, frequently in association
with halo CMEs. Although the soft X-ray observations fre-
quently show ejecta from flares, signatures resembling the
EIT waves have not been found readily (see [26] for a dis-
cussion of the implications of this, along with a description
of a plausible X-ray signature from a flare of May 6, 1998).

D. The “sigmoid — arcade” signature

The recognition that coronal structures change from a
sheared (apparently twisted) to a less-sheared magnetic
configuration during major eruptive flares (e.g. [4], [27])
led to much of the theoretical development described be-
low. The Yohkoh soft X-ray observations gave us the new
finding that the pre-event magnetic shear often takes the
form of a sigmoidal coronal structure at an elevated tem-
perature.

The sigmoid may suddenly disappear (or become mod-
ified) during a CME launch [28], [29], [30], in the pattern
that we term the “sigmoid — arcade” signature (Figure 3).
Transient coronal holes — one of the dimming signatures in-
dicating a CME occurrence — often form in the crooks of
the sigmoid. This pattern occurred repeatedly in a study
of low-coronal counterparts of halo CMEs [30].

The possible utility of this phenomenology is clear: we
may use it to assist in predicting the occurrence of CMEs,
which may have hazardous effects at the Earth. How good
is this new tool? A first survey of the statistics of this

Fig. 3. Illustration of the “sigmoid — arcade” morphology, in which
a sigmoidal coronal structure (left insert, 7-APR-97 13:28:42 UT)
erupts, leaving behind an arcade and a cusp (right insert, 7-APR-
97 17:40:40). From A. Sterling, by permission.

question [31] examined two descriptors of solar active re-
gions: the sunspot area and the tendency towards helicity.
The latter consisted of a simple shape classification into
“sigmoid” or “non-sigmoid.” These descriptors were then
compared with occurrence of eruptions, using the X-ray
morphology (cusps, arcades, directly observable ejections,
dimmings). Both descriptors correlated positively with the
tendency towards eruption (Figure 4). The results quan-
titatively confirm the finding of Rust and Kumar [28] re-
garding the association of sigmoids and eruptions. The as-
sociation between sunspot area and probability of eruption
has long been known [32].
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Fig. 4. Statistics relating the appearance of sigmoid morphology and
of active-region size to eruptions [31].



III. MAGNETIC FIELD OBSERVATIONS
A. Solar active regions

Magnetic fields play an important role in all active phe-
nomenon on the Sun, including CMEs. Due to the highly
ionized state of the solar corona, magnetic field is “frozen”
into the plasma. At and below the photosphere, the mag-
netic field topology may be changed by plasma motions.
Above the photosphere, however, the plasma must follow
existing magnetic field lines.

Magnetic flux is thought to be generated by a dynamo
operating at the base of the solar convection zone, approx-
imately 200,000 km below the photosphere. In the dy-
namo region, magnetic fields are organized in individual
flux tubes. When the field strength in a flux tube exceeds
a threshold, it becomes buoyant and rises to the photo-
sphere, where it forms a solar active region with magnetic
regions of conjugate polarity. Thus, the active region can
be pictured as the upper part of a large Q-shaped loop,
whose apex is in the corona, above the photosphere, and
whose legs are anchored at the base of the convection zone.

B. Constant a force-free field

Above the photosphere, magnetic forces become domi-
nant over those of gravity and gradients of the gas pressure.
Electric currents flow along magnetic field lines, and the
field is described by the force-free field model V x B = aB,
where B is the magnetic induction [33]. Solar magne-
tographs use the polarization of spectral lines to measure
the magnetic field vector in the photosphere, but these
techniques do not work in the corona. However, the coro-
nal magnetic field can be modeled in various ways; one
of the simplest is to use the linear force-free field approx-
imation with @ = constant, using a photospheric vector
magnetogram as a boundary condition. If this is done in
a simple bipolar active region, and the field lines are pro-
jected onto the horizontal plane, the extrapolated field lines
form a distinctive sigmoidal pattern (Figure 5, left panel)
reminiscent of the letter S (for @ > 0) or a backwards S
(a < 0). Sigmoidal structures are not unusual in the solar
corona, (Figure 5, right panel).

Fig. 5. Model linear force-free field for a simple bipolar region with
positive a (left) and Yohkoh SXT image showing an S-shaped
sigmoidal structure (right).

C. Relation of coronal twist to the photosphere

The close similarity in appearance between the shapes of
force-free field lines and those of coronal structures (Figure

5) supports the use of this model. Using photospheric mag-
netograms, one can compute linear force-free fields with
various values of a. The “best” value of a then can be
determined by minimizing the difference between the com-
puted and observed patters of fields in a least-squares sense
[34]. Coronal o values can be determined independently as
a = %-sinvy, where d is the separation between footpoints of
a loop and + is the shear angle (Figure 5). There is a good
correlation between the photospheric and coronal values of
a, which suggests a continuity of electric currents flowing
through the photosphere and corona above an active re-
gion [8]. At least two different processes can contribute to
photospheric electric currents and corresponding shear in
the coronal loops: gradual build-up by steady near-surface
motions [35], and sub-photospheric motions unrelated to
those visible in the photosphere [36].

TABLE II
CHIRALITY OF SOLAR ACTIVE REGIONS [37] AND SHAPE OF THE
CORONAL SIGMOIDS [38] BY HEMISPHERE.

| || N-hemisphere | S-hemisphere |

Positive « 38% 667
Forward S 419, 68%
Negative o 627 34,
Backward S 597 32

D. Hemispheric chirality rule

The distribution of the chirality (handedness) of active
region magnetic fields follows a weak hemispheric rule. The
chirality of a given active region may be determined from
either the a-coefficient based on a photospheric magne-
togram or the shape (S or backwards-S) of the coronal
loops. Approximately 60-70% of active regions in each
hemisphere exhibit a preferred chirality, as detailed in Ta-
ble II. The chirality of active regions in the photosphere
tends to be negative in the northern hemisphere, and pos-
itive in the southern. Coronal loops tend to show S shapes
in the southern hemisphere (easy to remember); we see be-
low that this is consistent with the observed photospheric
chirality [38].

The interaction between magnetic fields and both tur-
bulent convection-zone plasmas (whose kinetic helicity de-
pends on hemisphere) and differential solar rotation (whose
direction of shear depends on hemisphere) are likely sources
of the hemispheric chirality rule [39], [35].

We expect the hemispheric chirality rule and the solar
magnetic cycle to come into play in the reconnection of ge-
omagnetic fields with those of solar eruptions. The mutual
orientation of these two fields affects the reconnection rate
and hence the geoeffectiveness of the CMEs [40].

E. Helicity and stability

In Sec. ITI-D we identified two processes which may con-
tribute to the formation of twisted magnetic fields. A sig-
moid of given length may be formed by reconnection of two



smaller loops. The total amount of twist in a given loop is a
factor in its MHD stability [33]. A simple model illustrates
this point. Consider a cylindrical force-free magnetic field
with constant & = T/ L, where L is the length of the tube
and T is the total twist contained within it. The tube is
stable to the MHD kink instability for total twist below a
critical value T, ~ 27w. Reconnecting two stable flux tubes
can result in a total twist 77 + T» > T,. Figure 6 gives an
observation associated with an eruption [41] that appears
to conform to the above scenario.
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Fig. 6. Sequence of Yohkoh soft X-ray images showing the formation
of a sigmoidal structure before the eruptive flare of 1992 May 8
15:12 UT, which took place between two last panels. The arrow
shows the gap between two individual flux tubes at an early stage
of the event.

The interplanetary magnetic field exhibits flux-rope
properties in many CMEs, perhaps most of them. Esti-
mates of the fraction that do so range from 1/3 [42] to
nearly all [43]. Figure 7 shows how, as the result of sev-
eral reconnection events, the magnetic field might become
disconnected from the solar surface and erupt. Multiple
reconnection events leading to the buildup of larger-scale
twisted flux ropes and subsequent eruption have been found
in one well-observed event [44].
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Fig. 7. The sequence of the reconnection events in the corona leading
to disconnection of the magnetic field from the solar surface and
formation of a CME. By permission [42]

F. Helicity and reconnection

It appears that helicity comes into the reconnection pro-
cess in two ways, which are illustrated by contrasting re-
connecting twisted fields in the laboratory and the Sun.
Consider the drawing in Figure 8a, which illustrates recon-
nection of twisted cylinders in two cases, whose chirality is
the same (left column) or opposite (right column).

Laboratory plasma experiments show that the rate at
which magnetic reconnection takes place between two flux

systems is greater when their chirality is opposite (counter-
helicity) [45]- In the laboratory (Figure 8b), reconnection is
favored when field lines at the interface between two recon-
necting twisted field systems are fully anti-parallel (right
column).
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Fig. 8. Two scenarios of reconnection between two twisted flux tubes
having (left) same and (right) opposite chirality. (a) Schematic
representation of pair of flux tubes. Arrows show the longitudinal
components of the field and electric currents. Orientation of the
field and electric currents in the reconnection site in (b) plasma
laboratory experiments and (c) on the Sun. (d) topology of the
magnetic field and currents in the post-reconnection complex,
viewed from above.

The solar corona, however, seems to favor reconnection
when the chirality is the same (co-helicity) [46]. The dif-
ference from the laboratory result can be attributed to the
lesser pitch of the twisted solar magnetic fields, which have
much more nearly the same orientation at the reconnection
site, independent of chirality (Figure 8c). The solar result
has been attributed to the role of the field-aligned electric
currents associated with the twisted fields. The direction
of currents relative to magnetic field is chirality-dependent.
On the Sun, the counter-helicity reconnection must dissi-
pate significant currents, and hence is less favorable from
the point of view of continuity [46] (cf, Figure 8d left and
right) and energetics [47].

The existence of transequatorial interconnecting loops
[48], [49], [50], [51] implies to us that large-scale magnetic
reconnection has taken place, since we know of no way that
either the solar dynamo or sub-photospheric magnetic flux
propagation will create them. Table III shows statistics
for transequatorial loops connecting 27 pairs of close ac-
tive regions. In most cases transequatorial loops between
two such regions develop only if they have the same chi-
rality. In contrast, interconnecting loops do not tend to
develop between regions of opposite chirality, despite their
proximity.



TABLE III
TRANS-EQUATORIAL CONNECTIONS AND CONJUGATE-REGION
CHIRALITY FOR 27 PAIRS OF ACTIVE REGIONS.

Connected ? || Opposite | Same |

Yes 2 15
No 8 2

G. Nests of activity and helicity.

Several studies show that active regions tend to form
repeatedly in certain areas, called nests of activity, which
may last for up to six months (6 solar rotations). Obser-
vations suggest a spatial relationship between the origin
of CMEs and the nests of activity [52]. Large-scale helic-
ity patterns, perhaps related to nests of activity, have also
been found [53], [54]. Active regions that disobey the hemi-
spheric helicity rule tend to emerge at certain locations,
which could be called nests of helicity, in analogy to nests
of activity. Bearing in mind the importance of twist to re-
connection (Sec. III-F) and MHD stability (Sec. III-E),
one should expect to find a statistically higher probability
of eruptions near activity and helicity nests.
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Fig. 9. Building blocks of coronal magnetic fields: (a) nearby flux
tubes; (b) crossing flux tubes; (c) a twisted flux tube: (d) a
sheared arcade. The black dots mark the photospheric footpoints
of the coronal field lines. By permission [55].

IV. THEORY

Theoretical studies have focused on several basic issues:

« How are flux ropes formed?

o How are sigmoids related to flux ropes?

o Why do sigmoids erupt?

In all probability, twisted magnetic fields are created
deep inside the Sun [57], [39]. In the corona, such magnetic
helicity [7] manifests itself in several forms (Fig. 9). Sig-
moidal structures, whose sinuous structure suggests non-
zero helicity, have been explained in several ways. It ap-

pears to us that no single formation mechanism accounts
for sigmoidal structures seen on the Sun; whereas the emer-
gence of twisted flux tubes (Fig. 9(c)) may be a plausible
explanation of sigmoids in active regions, those seen outside
active regions may best be explained in terms of shearing
by differential rotation and diffusion.

(a) t=400

(b) t=430

Fig. 10. Merging of magnetic field lines in a 3D nonlinear MHD sim-
ulation, as the previously twisted and sheared configuration ad-
justs to the emergence of opposite-polarity magnetic flux. Time
is in units of the Alfvén time. By permission [61].

A. Formation of twisted magnetic fields

On scales much smaller than observed sigmoids, twisted
flux such as that drawn in Fig. 9(c) is observed to emerge
from beneath the solar photosphere [36]. The much larger
structures seen as sigmoids in the corona and flux ropes in
the interplanetary medium may result from reconnection of
smaller ones. Helical field lines may form by reconnection
after magnetic flux has emerged into the corona, in either
twisted or untwisted form [35], [42]. Random footpoint mo-
tion, modeling the effect of photospheric supergranular mo-
tions, combined with shearing footpoint motion (Fig 9(d)),
can lead to formation of flux ropes [58], [59]. The formation
of a flux rope by reconnection at a magnetic neutral line
separating two polarities, based on a fully non-linear 3D
MHD simulation, is illustrated in Fig. 10. Clearly the lower
panel of this figure contains twisted fields whose projections
have inverse-S shapes, just as Fig. 5 contains twisted fields
whose projections have forward-S shapes.

B. Topology

Once twisted magnetic fields are present on the spatial
scales of observed sigmoids, there are two quite different
possibilities for how they might be related to sigmoidal
structures in X-rays. On the one hand, sigmoids may sim-
ply trace twisted fields within flux ropes, such as shown in
Fig. 10, spheromak configurations [60], or linear force-free
fields, such as Fig. 5. On the other hand, sigmoids may



Separatrices

Fig. 11. A 3D view of the separatrices associated with a flux rope
embedded in a surrounding potential magnetic field. The hor-
izontal plane represents a photospheric magnetogram, showing
contours of the magnetic flux density associated with the poten-
tial magnetic field and the magnetic polarity inversion line (IL).
The points S,, BP1, BP», and S; are elements of the topological
skeleton. For esthetics the vertical height (z) has been changed
by the function 30/z. By permission [56].

arise on only certain field lines which are special from a
topological point of view.

Titov and Démoulin [56] consider sigmoids from a topo-
logical point of view. They developed approximate ana-
lytical expressions for the magnetic field that results when
a force-free toroid, as shown in Figure 9(c), intrudes into
a background potential field. The topological features of
interest are the so-called separatrix surfaces, across which
the magnetic field line connectivity suffers a jump. These
are the sites at which magnetic reconnection can take place,
allowing the conversion of magnetic energy into heat, mass
motion, and enhanced X-ray emission. The manner in
which the separatrices wrap around the twisted flux rope
is shown in Figure 11. It is clear that X-ray emission from
these surfaces will have a sigmoidal shape when viewed
from above. In our opinion, this provides a very natu-
ral explanation for the sigmoids seen in the early phases
of eruptive flares [28], when rapid magnetic reconnection
might be expected along the separatrix. However, it is not
clear that the sigmoidal patterns seen in the quiet corona
and in steady-state structures of active regions are defined
by such large-scale separatrix surfaces, as opposed to field
lines within flux ropes (represented by the toroid in the
Titov and Démoulin model).

C. Eruption

Observers see ample evidence of helical structures in
erupting solar filaments and CMEs [62]. However, there is
no consensus among theorists on the physical mechanism
by which such structures erupt — this is one of the ma-
jor dueling grounds of solar physics. Some theorists argue
that magnetic reconnection is of paramount importance,

(b) t=490

Fig. 12. Simulation of the eruption of magnetic fields during the
relaxation of the configuration shown in Fig. 10 at ¢t = 43074.
By permission [61].

and we discuss that mechanism in this review. However,
catastrophic loss of equilibrium, rather than magnetic re-
connection, may be the primary mechanism driving erup-
tion. Gravitational forces, at work on relatively massive fil-
aments embedded in the otherwise magnetically dominated
corona, may be important. These topics are discussed ex-
tensively in the solar physics literature [63], [64], [65], [66],
[67], [68], [69], [70], [71], [72], [73]. We could not possibly
do justice to the various issues, and will present only one
example of recent work here.

Early theoretical work showed that simple bipolar force-
free configurations twisted by more than ~ 27 steradians
are linearly unstable [33], Sec. III-E. Nevertheless, there
are various wrenches in the works [74], [75]. In virtually
all magnetic configuratios field line tying — the inhibition
of transverse motions of magnetic field lines at their pho-
tospheric footpoints — has a stabilizing effect. As well, one



must do work to open up closed magnetic field lines such as
all those shown in Fig. 9 [76], [77]. Hence, one may not nec-
essarily expect an instability in a simple bipolar magnetic
field to lead to a CME, unless one or more of the assump-
tions of the early models (no field lines that close within the
corona, planar lower boundary condition) break down — as
they do in many models currently being studied. Indeed,
3D ideal-MHD numerical simulations of the production of
helical structures by shearing motions of fields in bipolar
fields that are line-tied to a planar photosphere do not lead
to eruption [75].

Continuing improvements in the physical realism of non-
linear MHD simulations of the formation and eruption of
3D helical structures through shearing and diffusion in both
planar geometry [59] and spherical geometry [78] encour-
age us to believe that solar physicists might someday un-
derstand the eruption of flux ropes. In the first phase of
the planar simulations (0 < ¢ < 40074, where 74 is the
Alfvén time of the system) twisting and shearing, followed
by viscous relaxation, drive reconnection near the mag-
netic polarity inversion line (Sec. IV-A) to form a sequence
of twisted quasi-static structures (Fig. 10) reminiscent of
the observations shown in Fig. 6. In the second phase
(t > 40074) new opposite-polarity flux is emerged, which
changes the energetics [76], [77] appropriate to the work
that must be done to open up the closed magnetic field
structure. When the structures shown at ¢t = 43074 are
subjected to such flux emergence, disruption takes place
(Fig. 12) with liberation of a significant fraction of the
stored magnetic energy.

V. FUTURE WORK

It is straightforward to identify the areas in which work
is required to make the discovery of a relationship between
sigmoidal structures and proxies for white-light CMEs a
useful tool for space weather forecasting:

« Improve the statistical basis for the link of white-light
CMEs to proxies such as arcades, cusps, and transient
coronal holes.

o Use measures of twist other than X-ray coronal mor-
phology, i.e., photospheric vector magnetograms, chro-
mospheric H-alpha images.

o Quantify the departure from potential structure by
quantifying the degree of twist in the sigmoid [8].

o Take advantage of the sunspot area measurements to
quantify the dependence of the eruption probability
on this parameter.

o Develop an effective method for identifying sigmoids
and their parameters in X-ray images, taking into ac-
count perspective effects.

o Extend the earlier study [31] to include sigmoids that
are not in active regions.

« Extend the earlier study to flares.

o Incorporate time-to-eruption in the study.
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