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Abstract. The coronal mass ejection (CME) phenomenon occurs in closed magnetic field regions

on the Sun such as active regions, filament regions, transequatorial interconnection regions, and

complexes involving a combination of these. This chapter describes the current knowledge on these

closed field structures and how they lead to CMEs. After describing the specific magnetic structures

observed in the CME source region, we compare the substructures of CMEs to what is observed before

eruption. Evolution of the closed magnetic structures in response to various photospheric motions

over different time scales (convection, differential rotation, meridional circulation) somehow leads

to the eruption. We describe this pre-eruption evolution and attempt to link them to the observed

features of CMEs. Small-scale energetic signatures in the form of electron acceleration (signified by

nonthermal radio bursts at metric wavelengths) and plasma heating (observed as compact soft X-ray

brightening) may be indicative of impending CMEs. We survey these pre-eruptive energy releases

using observations taken before and during the eruption of several CMEs. Finally, we discuss how

the observations can be converted into useful inputs to numerical models that can describe the CME

initiation.

Keywords: coronal mass ejections, flares, radio bursts, filaments, prominences, streamers, solar

magnetism, active regions, closed and open magnetic fields, pre-eruption signatures, energy storage

and release, helicity

1. Introduction to the Pre-CME Sun

Understanding the pre-eruption state of the solar sources of CMEs is a key aspect in
unraveling the mystery behind CME initiation. There is also an important practical
application: if it is possible to identify some parameter that may indicate a high
probability for eruption, then one should be able to predict the imminent occurrence
of a CME and hence the accompanying interplanetary consequences. In order to
understand the pre-eruption state, we need to consider three aspects of an eruption
region on the Sun: (i) the magnetic structure, (ii) the evolution, and (iii) the energetic
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signatures. The very basic requirement in an eruption region is that it contains
closed magnetic field structure identified in longitudinal magnetograms by pairs of
positive and negative magnetic polarity patches. A simple closed field structure may
not have enough free energy to be ejected as a CME, so the closed field structure has
to be distorted by pre-eruption evolution that adds free energy, generally referred
to as energy build-up. Shearing motions, flux emergence and cancellation, and
sunspot rotations in the source region are some of the processes that occur in the
energy build-up phase and can result in small-scale energy releases distinct from the
eruption itself. Such small-scale heating and non-thermal radio emission (indicative
of particle acceleration) are considered to be signatures of the energy build-up and
release.

It must be noted that extensive literature exists on preflare activities (see e.g.
Priest et al., 1986; Simnett, 1999). While not all flares are associated with CMEs,
the precursor activity in eruptive flares is expected to be similar to that for CMEs.
All the aspects of the structure, evolution and energetics of the preflare source
region are applicable to the pre-CME source region.

The free magnetic energy is typically found to be twice the potential energy
of the eruption region (Mackay et al., 1997; Forbes, 2000; Metcalf et al., 1995),
although recent results indicate the possibility of much higher factors (Metcalf
et al., 2004). In this chapter we focus on the energy build-up and describe the three
basic aspects of eruption regions.

After an introduction to the pre-CME Sun (Section 1), the pre-eruption struc-
ture (Section 2), pre-eruption evolution (Section 3), and pre-eruption energetic
signatures (Section 4) are presented. Global issues related to the pre-CME Sun are
discussed in Section 5. The final Section 6 contains discussion and summary with
a brief note on future perspectives.

2. Pre-Eruption Structure

The characteristics and dynamics of CMEs are inherently related to the properties
and behavior of their associated near-surface features. Consequently, what we ob-
serve in a CME source region prior to the eruption may yield important insight
into the eruption process itself. Quiescent features in the various layers of the solar
atmosphere need to be pieced together to fully understand the pre-eruption structure
of a CME. The type of magnetic field configurations we infer from observations
and how they relate to the observed structure of CMEs is presented in this section.

2.1. CLOSED AND OPEN FIELD REGIONS ON THE SUN

The basic magnetic structure of the solar atmosphere consists of open and closed
field. The closed field regions are typically comprised of active regions,
quiescent filament regions, and transequatorial interconnecting regions. Filaments
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are regarded as one of the fundamental solar sub-structures relevant to coronal
mass ejections: solar source regions occasionally include both filaments and active
regions, with the filaments lying outside, but close to the active regions. The primary
difference between the filament regions and active regions is simply characterized
by the strength and structure of the magnetic field involved. Active regions typically
have much higher field strength in a compact volume, while filament regions have
lower field strength, typically elongated along the filament axis (although there
are exceptions). The post-eruption structures are also accordingly different in the
two cases. Transequatorial structures generally appear during solar minimum,
when the active regions are much closer to the equator. An eruption involving a
transequatorial region occurs over a larger volume than one involving a single active
region.

Figure 1 shows the Sun during October 17–18, 1999 at four different wave-
lengths, corresponding to four different heights in the atmosphere: a longitudinal

Figure 1. Large-scale solar magnetic regions such as active regions and filament regions that have

closed field structure (CME-producing regions) and coronal holes with open field structure that do

not produce CMEs. TIL–transequatorial interconnecting region.
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magnetogram from SOHO/MDI, an Hα picture from the Big Bear Solar Obser-
vatory, an EUV image at 195 Å from SOHO/EIT, and a soft X-ray image from
Yohkoh. The active region complex contains five numbered regions, the largest one
being AR 8731. The active region complex appears brightest in all images. The
active region loops are hotter and denser and hence have bright coronal emission.
The elongated dark features are the filaments, which delineate opposite polarity
patches both in the active region and in the quiet regions. As the active region
developed, the U-shaped filament in the Hα image erupted, as captured in the
SOHO/EIT image: the filament appears bright in EUV probably because it was
heated during eruption. A prominent transequatorial structure can be seen in the
SXT and in EIT images (marked TIL), connecting AR 8735 in the north (N18E22)
and AR 8736 (S20E35) in the south. In principle, all of these closed field structures
could erupt provided they have enough free energy. One can also see coronal holes,
which appear as dark patches in the SXT and EIT images. The magnetic field in-
side the largest coronal hole in the northwest quadrant is enhanced and of unipolar
(positive) polarity. While fast solar wind originates from such coronal holes, CMEs
do not.

White-light observations of CMEs show a wealth of different morpholo-
gies, ranging from amorphous blobs, to simple narrow jet-like features, up to
highly structured and complicated entities. While CMEs exclusively originate
from closed magnetic field regions, there are situations in which there is an
interaction between closed and open field regions. We shall first consider the
structure of CMEs that originate from closed field regions and then briefly dis-
cuss narrow CMEs resulting from the interaction between closed and open field
structures.

2.2. THREE-PART STRUCTURE

Many white-light CMEs display a characteristic three-part structure: a bright lead-
ing edge, a dark void (cavity) and a bright core (Illing and Hundhausen, 1985).
Figure 2 shows an example of a three-part CME recorded by SOHO/LASCO. The
frontal structure is coronal material, the cavity also is coronal, but may have higher
magnetic fields and lower density, and the bright core is the eruptive prominence.
The three-part structure is seen in only about 30% of CMEs, yet this is viewed
as the “standard CME” configuration in observational and theoretical studies. The
circular pattern observed within the cavities of many CMEs suggests the existence
of helical magnetic features (Chen et al., 1997; Dere et al., 1999; Wood et al.,
1999), commonly known as flux ropes and used extensively by CME modelers.
In-situ measurements of magnetic clouds linked to filament eruptions (Marubashi,
1986; Gopalswamy et al., 1998), and the discovery of filament material inside the
magnetic cloud (Burlaga et al., 1998) support this association.



THE PRE-CME SUN 307

Figure 2. 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 3. White-light eclipse images showing bright streamers overlying cavities with filaments

inside (indicated by the arrows). Courtesy High Altitude Observatory.

The three-part structure is commonly observed in eclipse pictures (Saito and
Tandberg-Hanssen, 1973). Figure 3 shows two eclipse images where the three-part
structure is clearly evident. The subsequent eruption of this structure then becomes
the three-part CME. The prominence and cavity become the bright core and flux rope
of the CME, while the streamer deforms to become the frontal structure. The direct
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connection between pre-eruption and CME components can be shown by means
of height-time plots, which reveal the continuity of the three different CME parts
when the fields of view of different instruments overlap (Illing and Hundhausen,
1985; Srivastava et al., 1999; Plunkett et al., 2000; Gopalswamy et al., 2003b).

2.2.1. The Bright Core
The bright core is the feature of CMEs whose near-surface counterpart is best
known. The white-light core of CMEs has been shown to be the eruptive filament
observed in Hα (House et al., 1981) or in micro-waves (Gopalswamy, 1999) close
to the surface. Solar filaments, called “prominences” when viewed above the limb,
have an observational heritage significantly older than that of CMEs. Prominence
eruptions, discovered in the 1800s, were in fact one of the earliest forms of mass
ejection to receive attention (for a historical introduction see Tandberg-Hanssen,
1995). Filaments are lanes of cool (7000 K) plasma embedded in the corona that
lie, without exception, above the photospheric magnetic neutral lines (Babcock and
Babcock, 1955). They are located within the so-called filament channels, where
the orientation of chromospheric fibrils along the filament axis suggests a strongly
sheared magnetic field (Martin, 1998a). Filaments have traditionally been observed
in the Hα line, but are also visible in the EUV or soft X-rays as dark structures
(Vaiana et al., 1973). Prominences are optically thick in microwaves, so they ap-
pear as dark elongated features on the disk and bright features above the limb as
in Hα (Gopalswamy, 1999). In fact prominences are the brightest features out-
side the solar disk in microwaves. Figure 4 shows a prominence seen in different
wavelengths.

Although bright cores are commonly observed in CMEs, their presence is not
necessary: many structured CMEs are not three-part but two-part, being composed
only of a bright leading edge and a cavity. Even for those CMEs associated with

Figure 4. Prominence seen in different wavelengths. (left) The quiescent prominence is seen in EUV

as a series of dark features, each looking like an inverted “Y”. The bright (middle) prominence seen

in Hα in emission. Note the good correspondence between each of the features seen in EUV and Hα.

(right) In microwaves the prominence is seen in emission, and there is good correspondence with

other wavelengths.
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prominence eruptions, only 60% to 70% show a bright core (Hori and Culhane,
2002; Gopalswamy et al., 2003b). Not all filaments that erupt lead to CMEs, and
there are some strikingly different results on the fraction of prominence eruptions
that lead to CMEs. Early work by Webb et al. (1976) found that all filament disap-
pearances they examined had a “transient coronal manifestation”. This result was
confirmed in more recent work by Gilbert et al. (2000), Hori and Culhane (2002),
and Gopalswamy et al. (2003b), with association rates that varied between 70%
to 90%. On the other hand, Yang and Wang (2002) have found that, in a total of
431 prominence eruptions, only 10% to 30% were associated with CMEs. The
discrepancy may be due in part to selection criteria, mainly in the maximum height
attained by the prominence. In fact, Munro et al. (1979) observed that while all
prominence eruptions seen beyond 1.2R� were associated with CMEs, only about
60% of those seen beyond 1.1 but below 1.2R� were associated with CMEs. They
noted also that about two thirds of reported eruptive prominences are in fact not
seen above 1.1R�; and these show a rate of association with CMEs of only about
10%. The relation between prominence height and CME association has recently
been confirmed using the height-time history of eruptive prominences and their
associated CMEs (Gopalswamy et al., 2003b).

2.2.2. The Cavity
The cavity is a localized lack of emission (see Figure 3), in white-light images.
Engvold (1988) found this brightness depression to be due to a drop of 50% to
75% in the local electron density in the immediate vicinity of the filament and the
overlying coronal arcades. It is tempting to see this cavity as the outer part of the
magnetic structure (flux rope) sustaining the filament (Low and Hundhausen, 1995),
but other possibilities have been proposed. Martin (1998a) defines the cavity as the
volume between features of opposite chirality. The void exists because structures
with opposite chirality cannot conjoin.

Cavities are also seen in EUV and soft X-ray images (Vaiana et al., 1973; Hudson
et al., 1999). An example, observed by EIT in 195Å, on 1997 December 3, is shown
in Figure 5. On this day three filament channels were seen extending close to the
limb, with dark thin filaments clearly visible inside each of them. Overlying each of
these filaments a cavity is seen reaching an altitude about 0.15R� over the solar limb.

EUV and X-ray observations show cavities only at the limb. At radio wave-
lengths, cavities can be observed on the disk as brightness depressions (Kundu and
McCullough, 1972; Gopalswamy et al., 1991; Marqué, 2004). The brightness de-
pressions at 20 cm wavelength were found to have a larger extent than the filament
itself at higher temperature (Gopalswamy et al., 1991). Decimetric radio images
from the Nançay Radioheliograph show cavities overlying filaments observed in
Hα. The observed radio depression in the a cavity implies a density drop of 25%
to 50% from the mean coronal density (75% for one event). The radio cavities
match the extent of filament channels, and are continuous features even when the
associated Hα filament is not. When seen erupting, the radio depression overlies
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Figure 5. Cavities overlying EUV filaments as seen by EIT on 1997 December 3, in 195 Å bandpass.

the erupting filament (Marqué et al., 2002), suggesting that the radio depression is
linked to the filament, in agreement with flux-rope models of filaments (Low and
Hundhausen, 1995).

2.2.3. The Frontal Structure
The frontal structure of CMEs (the bright leading edge) represents density enhance-
ments from 10 to 100 times the background corona (below 6R�). The average mass
of CMEs is about 2 × 1015 g, with a significant fraction of CMEs (15%) having
masses below 1014 g (Vourlidas et al., 2002). The question is where does all that
mass come from and what kind of features in the low corona account for the frontal
structure? It has been suggested that the mass in the overlying pre-eruptive arcade
could account for most of the mass in CMEs (Hudson et al., 1996; Gopalswamy and
Hanaoka, 1998). Some observations indicate that prominences also carry approx-
imately the same mass as the frontal structure (Gopalswamy and Hanaoka, 1998).
As the CME proceeds into the corona, it will likely sweep up additional material
so that the mass would increase, at least in the beginning. As the CME moves out,
the frontal structure near the Sun is likely to evolve into the sheath material behind
interplanetary shocks observed in situ (Gopalswamy, 2003). Transequatorial loop
systems (TLS) have masses around 1015 g (Khan and Hudson, 2000). These may
become part of the larger CMEs (Delannée and Aulanier, 1999; Wills-Davey and
Thompson, 1999; Khan and Hudson, 2000) and as such can account for a substan-
tial fraction of the CME mass. Glover et al. (2003) have found that TLS are likely
to contribute mass to a CME if at least one of the following happens: (1) two active
regions are involved, (2) the TLS is extended, (3) the longitudinal asymmetry is
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Figure 6. Pre-event versus post-event configuration of a CME source region. (a) and (b) The pre-

event shows a system of sheared loops overlying a filament. (c) After the CME lift-off magnetic

restructuring gives rise to an arcade of loops perpendicular to the neutral line.

high. Unfortunately no comprehensive study of TLS association with CMEs has
been made to date.

2.2.4. Relation to Post-Eruption Arcade
Post-eruptive arcades (PEAs) are defined as the formation of transient large-scale
loop systems straddling the neutral line, following an eruption. Figure 6 shows an
example of such a feature. The PEAs are typically observed over a time period
of several hours on the solar disk in EUV and X-rays (Webb et al., 1978; Zarro
et al., 1999; Sterling et al., 2000; Gopalswamy, 2003; Tripathi et al., 2004). In
Hα, they are referred to as post-flare loops. Occasionally, the PEAs are observed
in microwaves as enhanced thermal free-free emission (Hanaoka et al., 1994). The
foot points of a series of PEA loops form the ribbons visible in Hα (the two-ribbon
flares). EUV PEAs observed by SOHO/EIT (195 Å) from 1997 to 2002 had an
average duration of ∼7 hours and an average length of ∼15 degrees (Tripathi et al.,
2004). Kopp and Pneuman (1976) have interpreted the formation of loop systems
as a consequence of magnetic reconnection in the aftermath of the CME eruption.
One of the interesting questions is how these PEAs evolve to become the frontal
structures of future CMEs.

2.3. FILAMENT ERUPTION NEAR CORONAL HOLES

Filaments located in the vicinity of coronal holes have shown some proclivity for
eruption. This was first pointed out by Webb et al. (1978) using Hα and Skylab X-
ray data. Webb et al. (1978) studied the relation between X-ray PEAs and the long
and short-term variability in coronal hole boundaries and found that they occurred
over neutral lines which form the borders of evolving coronal holes. The associated
filaments were observed to rotate rigidly (compared to the photospheric plasma)
similar to the coronal holes (Adams, 1976). A similar study was conducted using
Yohkoh data by Bhatnagar (1996). Webb et al. (1976) also found that the eruptions
are associated with coronal holes growing in area while Bravo (1996) suggested that
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Figure 7. Narrow, jet-like CMEs originating from an active region inside a coronal hole, 1999

November 12 and 14. (a) and (c) show the two events as observed near the solar surface with EIT (each

panel represents the difference between two Fe XII λ195 images taken 12 min apart). (b) and (d) show

the same events as observed above r ∼ 2R� over the west limb with the LASCO C2 coronagraph.

Both CMEs had velocities of the order of 1000 km/s.

the coronal hole area may increase due to the eruption of nearby filaments. Thus the
location of filaments near coronal holes can be considered as a pre-eruption state
with a propensity for eruption. These studies need to be repeated with the uniform
and extensive data set available from SOHO. For example, SOHO/EIT data can
provide information on coronal holes and filaments. Filament eruptions are readily
observed in the EUV images and can be compared with SOHO/LASCO data for
the associated CMEs. Eruptions of filaments not located close to coronal holes can
be used as a control sample.

2.4. JETS, NARROW CMES, AND THEIR RELATION TO CORONAL HOLES

There is a particular class of mass ejection that appears to be triggered by the
interaction between closed and open magnetic fields and that is closely associated
with coronal holes. During the 1996–1997 activity minimum, the LASCO C2
coronagraph detected faint linear structures propagating outward at high speeds
from the Sun’s polar regions. These white-light jets, which occurred at an average
rate of 3–4 per day and which were also seen in O VI and Lyα with UVCS
(Dobrzycka et al., 2002), had angular widths of 1◦ −4◦ and leading-edge velocities
of ∼400–1100 km/s. They were shown to be the outward extensions of EIT jets
that originated from flaring EUV bright points inside the polar coronal holes
(Wang et al., 1998). During the 1999–2001 activity maximum, both white-light
jets and narrow CMEs having widths �15◦ and velocities of up to 1000 km/s were
observed to originate from active regions located inside or along the boundaries of
low-latitude coronal holes (Wang and Sheeley, 2002). A single active region often
gave rise to a succession of such ejections over its lifetime, which were detected
by LASCO as the coronal hole rotated past the solar limb (see Figure 7). The basic
mechanism underlying all of these jet-like events is presumed to be “interchange”
magnetic reconnection between the bipole and coronal hole fields, whereby material
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Figure 8. Soft X-ray sigmoid observed by the Yohkoh/SXT. This region erupted with an associated

CME: the reconfiguration of the coronal structure in the aftermath of the eruption is evident. Courtesy

Yohkoh Team.

is transferred from closed to open fields lines to produce a fast, highly collimated
ejection.

2.4.1. Sigmoids
An observational manifestation of the connection between coronal structure and
CME production is the soft X-ray sigmoid (Rust and Kumar, 1996; Pevtsov and
Canfield, 1999; Canfield et al., 2000). An example of a sigmoid that gives rise to
an eruption is shown in Figure 8. Active regions exhibiting sinuous-S or reverse-S
shapes have been shown to exhibit a greater tendency to erupt (Canfield et al.,
1999). Leamon et al. (2002), further demonstrated that when active region sigmoids
do erupt, they tend to produce at least moderate geomagnetic storms. Relating
the sigmoids at X-ray (and other) wavelengths to magnetic structures and current
systems in the solar atmosphere is the key to understanding their relationship to
CMEs. The sigmoidal shape suggests that the twist in the magnetic structure may
have something to do with the eruption. For instance, the stability of a flux tube
seems to be related to the amount of twist it contains (e.g. Priest, 1984; Rust and
Kumar, 1994b) with the result that a flux tube becomes unstable above a critical twist
of order 2π . However, Leamon et al. (2003) have argued that the observed sigmoids
fall well short of this critical twist, albeit using an approach which measures an
active-region averaged value for the force-free parameter, α, as a measure of the
twist in the sigmoid.

The transition from a sigmoid to an arcade in the X-ray observations during
the initiation of a CME is strongly suggestive that an instability, and associated
topological reconfiguration, has occurred. However, sigmoids may also disappear
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Figure 9. The latitude difference between CMEs and prominence eruptions (PEs) for the period

1996–2001: (a) the distribution of the latitude difference, (b) the latitude difference as a function of

time. The reason for the positive offset of PEs in (a) is obvious in (b) because the offset is positive

during solar minimum. Towards and during solar maximum, there is no net offset. During solar

minimum the dipole field of the Sun is strong and guides the CMEs towards the equator. During the

rising phase and maximum the dipole field is considerably weakened and hence the PEs and CMEs

have roughly the same position angle. Adapted from Gopalswamy et al. (2003b).

and reappear without a detectable CME (see Gibson et al., 2002). We need to
understand more about the formation and evolution of sigmoid structures in active
regions and to explore the conditions that drive them to eruption. Key components
would be the role played by magnetic helicity and how this helicity reaches the
corona, via photospheric motions (shearing) or direct emergence of twisted flux.

2.5. GUIDING STREAMERS

During solar minimum, the CME latitude shows a single broad peak centered on the
equator, while the source region latitude exhibits a two-peak behavior, with maxima
at around ±30◦ (Plunkett et al., 2002; Gopalswamy et al., 2003b; Cremades and
Bothmer, 2004). This effect is clearly evident in Figure 9, showing the distribution of
the offset between the latitudes of prominence eruptions (PEs) and CMEs (derived
from the central position angles). The offset is clearly positive during solar minimum
years (the PE latitude is poleward of the CME latitude). The reason for this offset
can be explained by the strong influence of the large-scale global solar magnetic
field on the erupting structure, as evidenced by the nonradial motion of prominences
(Gopalswamy et al., 2000; Filippov et al., 2001). The typical scenario is that the
prominence originates from the active region belt, and is channeled into the streamer
centered at the heliospheric current sheet, typical of minimum solar activity. Since
the majority of the CMEs observed in the field of view of SOHO/LASCO C2,
maintain their direction of propagation, the deflection must have already taken
place at lower altitudes, i.e. below 2 solar radii. The marked trend in CME position
angle toward the equator is not seen at solar maximum: CMEs get deflected in all
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directions, reflecting the varied influence of the solar dipolar field on CMEs during
solar minimum and maximum.

3. Pre-Eruption Evolution

Pre-eruption evolution can be loosely defined as the process by which closed field
structures on the Sun are energized (or become non-potential). One of the simplest
ways in which this can happen is by the deformation of the closed field lines as a
result of the change in footpoint separation or twisting of one or both footpoints. The
deformation resulting from the footpoint translations is referred to as magnetic shear
and statistically, regions with sheared magnetic field lines are prone to eruption.
Vector magnetograms provide direct evidence for sheared magnetic fields near the
photospheric neutral lines (e.g. Krall et al., 1982; Heyvaerts and Hagyard, 1991)
and rotation of sunspots causing magnetic shear is often observed. Measurement of
shear in active regions is possible from vector magnetograms, and hence provides
a simple means of predicting the possibility of large eruptions. Theoretically, as the
shear reaches a critical value, the system goes out of equilibrium and the sheared
structure erupts (Hagyard et al., 1984). Other processes such as flux emergence
and vertical flows may also trigger the eruption of sheared structures (Ambastha,
1998). Flux emergence has long been associated with filament eruption (Canfield
et al., 1974), a good indicator of CMEs (Gopalswamy, 2003 and references therein).
However, flux emergence seems to be ubiquitous in active regions and its utility
as a pre-eruption signature requires more study. Filament activation observed for
about 10–30 min before eruption provides further insight into the eruption process
itself. The filament activation may represent changes in the background magnetic
field or the increase in filament current (see, e.g., Kuperus and van Tend, 1981)
which may result from changes caused by shear or flux emergence.

3.1. SHEAR, DIFFERENTIAL ROTATION

In the solar corona, the magnetic helicity and excess energy must be supplied by
the photospheric or sub-photospheric activity. While theoretical studies of helicity
injection have concentrated on the emergence of twist and/or writhe in confined flux
tubes (e.g. Magara and Longcope, 2001), observationally most of the emphasis has
been on the shearing of the footpoints of coronal structures (Canfield and Pevtsov,
1998; Kusano et al., 2002; Moon et al., 2002) with some effort to determine the
flux emergence component (Nindos and Zhang, 2002; Kusano et al., 2002).

Recent results have been confusing about the role the two components play in
the production of flares and CMEs, through the build-up of helicity in the corona.
On the one hand, DeVore (2000) has argued that a significant quantity of magnetic
helicity is injected by the action of differential rotation over the lifetime of an
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active region; enough to explain the total ejected helicity detected in interplanetary
magnetic clouds, often treated as the interplanetary counterparts of CMEs (Gosling
et al., 1995). This assertion has been contested by Démoulin et al. (2002) and Green
et al. (2002) who argue that the helicity injected by differential rotation is 5 to 50
times smaller than that inferred to be carried away in CMEs, leaving these authors
to conclude that the bulk of the helicity injection is provided by the twist in the sub-
photospheric part of the magnetic flux tubes forming active regions. Proving this
observationally is difficult since the measurement of the helicity injection from flux
emergence not only requires vector magnetic field information but also knowledge
of the vertical velocity component of the emergence (cf. Kusano et al., 2002).

In the debate over the role of differential rotation, the strong local shearing
often observed near the magnetic neutral line(s) of flare-productive active regions
(e.g Harvey and Harvey, 1976) is frequently neglected. Such strong local shear
may contribute significantly to the helicity injection into large but otherwise local
structures associated with the active region. Recent studies by Kusano et al. (2002),
Nindos and Zhang (2002) and Moon et al. (2002) have demonstrated that multiple
flaring is often associated with regions of strongly sheared footpoint motions and
local helicity injection. In the case discussed by Kusano et al. (2002) the shearing
motions can contribute as much, if not more, helicity as the flux emergence.

3.2. PHOTOSPHERIC FLOWS

The evolution of the magnetic field is crucial in driving the solar corona to erupt in
a CME. Unfortunately, routine observations of the 3D magnetic field can only be
performed in the solar photosphere, where the conditions are demonstrably non-
force-free (Metcalf et al., 1995). The desired coronal field is then obtained using
extrapolation techniques with the photospheric observations serving as a boundary
condition and assuming, typically, that the field is force-free (e.g. Démoulin et al.,
1997). More recent approaches, made viable by continuously improving compu-
tational resources, adopt fully 3D MHD modeling of the of the coronal magnetic
field incorporating the observed field and plasma data at the photospheric bound-
ary (Abbett and Fisher, 2003). These data-driven boundary conditions then require
detailed observations of the evolution not only of the magnetic field but also of
the plasma, i.e. in order to fully understand the physical processes governing CME
initiation we need to understand the role played by plasma flows in the photosphere.

The coupling of the photospheric dynamics and the coronal evolution is, at
best, unclear. Evidence of flows associated with eruptive phenomena comes in the
form of divergence of magnetic flux as new flux emerges, shearing motions in
the photosphere, and the collision of opposite magnetic polarities leading to flux
cancellation. Early studies on large flares indicated that shearing motions in the
photosphere provided the mechanism by which energy was stored in the corona
prior to eruption (e.g. Hagyard et al., 1984). However, the relationship between
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sheared field and eruptive phenomena has not been conclusive, with some events
occurring far from sheared neutral line and some eruptive sites exhibiting increased
shear after the event (see review by Wang, 1993). Recently, observations of rotating
sunspots have been instrumental in relating photospheric motions to helicity injec-
tion and subsequent CME initiation (Brown et al., 2003). Numerical simulations
generally incorporate photospheric motions in an ad hoc way, although efforts to
include observations are progressing (see below). CME initiation models have been
developed where the corona is driven to eruption by the emergence of twisted flux
from below the surface (e.g. Fan, 2001), by subjecting the footpoints of coronal field
to vortical motions (e.g. Roussev et al., 2004a), and by including flux cancellation
via converging flows (Amari et al., 2003a).

Ideally, one would need to categorize all three components of the photospheric
velocity. This is very difficult in practice although some progress is being made
with a variety of techniques. An older and commonly used method is that of local
correlation tracking (LCT: November and Simon, 1988) where displacements of
identifiable features observed in the white-light continuum are correlated to deter-
mine the bulk transverse plasma flow. The problems with this approach are evident.
One must not only be able to identify coherent features in the data but these fea-
tures must last sufficiently long to be observed in several images: LCT results on
SOHO/MDI data can require several hours of continuous data (see Berger et al.,
1998). In the source regions of flares and CMEs the field is evolving rapidly, with
emerging and canceling flux limiting the accuracy of the LCT approach. Welsch
et al. (2004) modified the standard LCT approach which incorporates the induc-
tive equation to better determine the transverse velocity components. However, the
LCT velocity may not be consistent with the induction equation and, consequently,
Longcope (2004) has developed a parametric approach to solving the inductive
equation independently from the LCT velocity results.

The detailed coupling between the observational data and the theoretical model-
ing is yielding important new results that will allow us to determine which properties
of the field and velocity evolution are critical in driving the corona to eruption.

3.3. EMERGING FLUX

The connection between emerging flux and the CME can be readily established
by comparing magnetograms and filament observations because the filament starts
erupting very close to the site of emerging flux. The current paradigm is that the
emerging flux leads to reconnection with the pre-existing flux. This means that the
orientation of the emerging field lines should be favorable for reconnection. It is well
known that flux emergence rate is an order of magnitude higher in active regions
than in quiet regions (Liggett and Zirin, 1984). Since flux emergence is ubiquitous, it
is not often easy to directly link the flux emergence to filament eruptions. However,
in retrospect, it is generally possible to identify magnetic field changes on either
side of the neutral line (Lara et al., 2000).
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Figure 10 shows a case of well-observed flux emergence on 2000 September 12.
The flux emerged on the positive polarity side of the photospheric neutral line, with
a large overlying filament. The region itself is an extended bipolar region with no
sunspots (AR 9163 located at S17W09). The positive polarity of the emerging flux is
not seen distinctly because it emerges into the existing positive polarity. The negative
polarity region appears as a tiny circular region around 06:23 UT, rapidly spreading
to become an elongated region by 11:15 UT. The filament, visible in the EIT 195 Å
images, showed signs of activation coincident with the flux emergence, displayed
rapid motion along the axis and then lifted off by 11:15 UT. The filament eruption
was followed by an M1.0 flare starting at 11:32 UT. The associated CME first
appeared above the limb at 11:54 UT. The CME had a relatively large acceleration
(58.2 m/s2), typical of CMEs associated with filament eruption. The first break-off
of the filament occurred from the vicinity of the emerging flux. The emerging flux
region appears as a dark spot in the EUV image, because it was hot and hence outside
of the EUV pass band. This is verified from the Yohkoh/SXT images, which show
the same spot as a bright feature. Yohkoh SXT images also show that the overlying
field lines are sheared and hence highly non-potential. After the eruption, the post-
flare X-ray loops appeared potential, roughly perpendicular to the neutral line.
There was also a tiny cusp-shaped feature at the site of flux emergence visible in
the Yohkoh/SXT image, suggesting reconnection between the newly emerging and
preexisting fields. The cadence of the Hα pictures was not sufficiently high to see
the details of the emerging flux manifestation at the chromospheric level, but a clear
arch filament system is evident (See Bruzek, 1967 for details on the arch filament
system).

The case study presented above is considered to be a case of flux emergence
favorable for reconnection. Feynman and Martin (1995a) investigated a large num-
ber of filament eruptions and concluded that two-thirds of all the filament eruptions
they studied occurred after substantial amounts of flux emerged in the vicinity of
the filament. They also found that about 84% of filaments not associated with flux
emergence did not erupt. They further note that the filament invariably erupted when
the emerging flux had an orientation favorable for reconnection with the large-scale
coronal structures overlying the filament. Green et al. (2003) considered the CME
and flare productivity of 4 young active regions during their disk passage and found
that the majority of CMEs occurred during or after the flux emergence. Numerical
simulations by Chen and Shibata (2000) support this interpretation (see Figure 11).

There are exceptions to the scenario presented above. Wang and Sheeley (1999)
found 3 cases of flux emergence associated with filament eruption; they also found
filament eruptions with no evidence for flux emergence. Subramanian and Dere
(2001) studied the solar sources of 32 CMEs observed by SOHO; 41% of the
CMEs originated from active regions with no obvious signs of filament eruption.
Of the remaining CMEs, 45% from active regions and 15% from quiet regions were
associated with filament eruptions. CMEs without filament eruptions originated
from young active regions (lifetime <3 months), while ARs with filament eruptions
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Figure 10. Flux emergence and the associated filament eruption on 2000 September 12. The four

rows from top to bottom show pre- and post-eruption pictures at various wavelengths corresponding

to various layers from the photosphere to the corona. (top) MDI magnetograms showing the flux

emergence to the north of the polarity inversion line as indicated by the arrows. The white and black

colors denote the north and south magnetic polarities, respectively. (middle/top) Hα pictures from

BBSO showing the pre-eruption filament (shown on the previous day) and the two-ribbon structure in

the post eruption stage. The emerging flux region is also indicated showing the arch filament system.

(middle/bottom) SOHO/EIT images showing the pre-eruption and erupting stages of the filament (F).

Changes in the emerging flux region are also seen. (bottom) Yohkoh/SXT images with the superposed

outline of the filament (white contour). The pre-eruption X-ray loops are sheared parallel to the

filament and some overlie the filament. In the post-eruption phase the SXT loops are perpendicular

to the pre-eruption filament axis.
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Figure 11. Results of a 2D MHD simulation showing CME eruption following flux emergence at

[4,0] to the right of the neutral line (perpendicular to the plane of the paper at the location [0,0]). The

solid line represents the magnetic field lines; the arrows indicate the direction and magnitude of flow.

The color represents the temperature. (from Chen and Shibata, 2000).

were older (6–7 months). Reconnection-favoring flux emergence seems to be the
key aspect in this type of eruption. Lack of flux emergence has to be understood in
terms of other types of evolution such as flux cancellation and shearing.

3.4. HELICITY EVOLUTION

In recent years the role of helicity injection, or helicity-charging (Rust and Kumar,
1994a,b), has been a focal point in the discussion of eruptive events. In particular,
it has been argued that CMEs are the means by which the solar corona expels
magnetic helicity accumulated over hours and days by the combination of local
shearing motions, differential rotation and the emergence of twisted flux systems
(Low, 1996; DeVore, 2000; Démoulin et al., 2002). The attractiveness of magnetic
helicity for such studies lies in the fact that it is a globally conserved quantity in ideal
MHD and can also be considered to be conserved in resistive MHD on time scales
shorter than the global diffusion time scale (Berger, 1984). This property opens up
a wide array of possibilities for exploring the CME process both theoretically and
observationally (see articles in Brown et al., 1999). An observational manifestation
of the connection between helicity and CME production is the soft X-ray sigmoid
discussed earlier in this chapter.

Since the solar corona is an open volume with the photosphere as a boundary
with normal flux, the magnetic helicity can be transported across the boundary by
velocity fields in the photosphere. The Poynting theorem for magnetic helicity, H ,
in an open volume is given by Berger and Field (1984) as

d H

dt
= 2

∮
(B · Ap)vzd S −

∮
(v · Ap) Bzd S

where B is the vector magnetic field and v is the velocity vector field (the subscript
denoting the vertical component of each of these quantities), Ap is the unique
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vector potential of the potential field satisfying the conditions: ∇ × Ap · z = Bz ,
∇×Ap = 0; Ap ·z = 0. With this definition, H is then the “relative helicity” (Berger
and Field, 1984). Thus, the magnetic helicity in an open volume can change either
by the passage of field lines through the surface (first term on RHS) or by the
horizontal motions of the field lines (second term on RHS).

It is important to consider all potential contributions to the helicity injected into
the sigmoid volume. Several studies point to the importance of intrinsic twist in the
structures emerging from below the photosphere. Leka et al. (1996) showed that
most field emerges twisted in a detailed active region study. Moreover, CME studies
imply that helicity injection by differential rotation is 2–3 orders of magnitude
lower than that required to explain helicity seen in magnetic clouds (Green et al.,
2002) and theoretical flux-rope models imply twisting of buoyant flux tubes by
convective motions prior to emergence (Fan, 2001). On the other hand, measurement
of helicity carried away by CMEs relies on uncertain magnetic cloud measurements
and conclusions differ (DeVore, 2000). Strong localized photospheric motions can
inject sufficient helicity to drive large flares (Moon et al., 2002).

The emerging flux tube simulations of Magara and Longcope (2001), for exam-
ple, suggest that neutral-line shear and sigmoidal field arise as a natural by-product
of flux emergence with the observed sigmoidal field being the consequence of
the emerging inner toroidal field lines of the flux tube. One would also expect a
separation and rotation of the opposing polarity regions toward a more axial field
orientation. In those cases where flux emergence is found to be important we would
need to derive, or estimate, the vertical component of the photospheric flows. This
cannot be done directly from observations. However, Kusano et al. (2002) have
developed an approach which extracts an estimate of the vertical velocity from an
inversion of the induction equation, utilizing the observed vector field components
and transverse velocity field. Future helicity studies will require detailed measure-
ments of the vector magnetic field and photospheric flow patterns before, during
and after significant eruptions. Various approaches to this problem are currently
underway at a number of institutions.

3.5. FLUX CANCELLATION

As described previously, the emergence of new magnetic flux, especially in the
vicinity of pre-existing magnetic fields, is connected with solar eruptions (e.g.,
Gaizauskas et al., Zwaan, Feynman and Martin, 1983, 1985, 1995b). Flux cancel-
lation is another mechanism that can trigger CMEs, as discussed by Mikić and Lee
(2006, this volume) and by Forbes et al. (2006, this volume). The process of flux
cancellation has been defined observationally as the mutual disappearance of mag-
netic fields of opposite polarity at the neutral line separating them (Martin et al.,
1985). Flux cancellation has also been identified as a key element in the formation
of prominences and filaments (Gaizauskas et al., 1997; Martin, 1998b; Litvinenko
and Martin, 1999; van Ballegooijen et al., 2000; Martens and Zwaan, 2001).
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Because of the close relationship between flux cancellation and solar eruptions,
the role of flux cancellation in prominence formation, eruption, and CME initiation
has been studied extensively using numerical models (Linker et al., 2001, 2003a,b;
Roussev et al., 2004b; Amari et al., 1999, 2000, 2003b,c; Lionello et al., 2002;
Welsch et al., 2005). These models show that a magnetic configuration subject to
flux cancellation can initially exhibit stable behavior with a magnetic field topol-
ogy that can support prominence material. If flux cancellation is continued beyond
a critical value, the configuration erupts. When the configuration is close to the
critical state, even a small amount of flux cancellation can trigger a violent erup-
tion. Hence, the triggering event may appear to be unremarkable in photospheric
magnetograms.

The halo CME observed on May 12, 1997 illustrates the role of flux cancellation
in triggering CMEs. This event occurred during solar minimum when the Sun had
a very simple structure. The CME originated from an isolated active region near
disk center (AR 8038 at N21W08). The CME was accompanied by a C1.3 flare at
04:42UT. Observations of this event have been analyzed in detail (Plunkett et al.,
1998; Thompson et al., 1998; Webb et al., 2000; Gopalswamy and Kaiser, 2002).
It has been selected as a SHINE Campaign Event for detailed theoretical study
(Gopalswamy, 2005). MDI magnetograms preceding the CME indicate that there
is a substantial amount of flux cancellation near the main neutral line in the active
region, as shown in Figure 12. Whether this triggered the eruption is a question that
is presently being investigated.

Figure 12. A sequence of MDI magnetograms preceding the halo CME on May 12, 1997. A C1.3

flare occurred at 04:42UT. (a) A full-disk MDI magnetogram showing AR 8038; (b)–(e) detailed

magnetograms of the active region approximately 36 hours, 24 hours, and 12 hours prior to eruption,

and at the time of eruption. The green arrow indicates an area with substantial convergence of opposite

polarity flux at the neutral line, which may have triggered the eruption.
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3.6. SUCCESSIVE ERUPTIONS

Some active regions show rapid succession of flares and CMEs over a time scale
of minutes to hours. This time scale is too small compared to the typical time scale
for energy build-up in active regions. The rapid succession of flares and CMEs
therefore represents a fragmented energy release. i.e., all the free energy available
in an active region is not released in a single eruption. Many of the SEP-producing
active regions are CME-prolific (Gopalswamy et al., 2004b). It becomes difficult
to distinguish between successive eruptions and a precursor-CME combination.
This raises the question whether a preceding eruption makes it easier for the next
eruption.

Examination of the angular difference distribution of successive CME pairs
indicates an overabundance of these pairs (relative to background levels) when
the position angle difference is within 10 ◦; such position-angle coincidence is
indicative of successive CMEs from the same source region (Moon et al., 2003).
Figure 13 shows the heliographic locations of eruptions from AR 9236 and the
distribution of flare and CME recurrence times (Gopalswamy et al., 2005). Only
flares of C-class and above were considered. The average CME recurrence time was
4.6 h with 17 CMEs occurring over a five-day period. Over the same period, there
were 33 C, M, and X-class flares with an average recurrence time of 3.6 h. Note
that the smallest bins in the CME and flare recurrence distributions contain most of
the events. For the CMEs in this bin, it is difficult to identify precursors. The time
separation between the two big CMEs was about 10 h. But whether the preceding
CMEs have any role in creating the conditions for a subsequent eruption is an
open question. For instance, the occurrence of a preceding event might contribute
to further destabilization of the source region leading to further eruptions. The
active region in Figure 13 was also undergoing dynamic restructuring due to flux
emergence in the core of the active region (Nitta and Hudson, 2001), so this region
presents one of the best examples to study CME-rich active regions. On the other
hand occurrence of a preceding event might contribute to further destabilization of
the whole region.

3.7. STREAMER DISTENSION

Evolution of coronal streamers as a precursor to CMEs has been considered in the
past. Slow addition of mass to the closed field regions of the streamer may result
in its subsequent eruption (Wolfson et al., 1987) seen as “bugles” (Howard et al.,
1985; Hundhausen, 1993). Another aspect of this configuration is that the mass
in the streamer restrains the cavity, and hence allows for the build-up of sufficient
energy to produce eruptions (Wolfson and Saran, 1998). There is also a strong corre-
lation between the direction of propagation of CMEs and the location of streamers,
often regardless of the location of the associated eruptive activity at the Sun. As
such, streamers may hold clues to understanding the initiation and progression of
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Figure 13. (left) Heliographic coordinates of flares from AR 9236 (November 22–27 2000). The

locations and onset times of two halo CMEs on November 24 are also indicated. The size of the

circles indicate the flare size (small: C-class, medium: M-class and large: X-class flares). (right)

Distributions of time intervals between successive CME (upper) and flares (lower). The average

recurrence times are 4.5 h (CMEs) and 3.6 h (flares). A SEP associated halo CME (Primary) at 15:30

UT, was preceded within 10 h by another halo at 05:30 UT on November 25.

CMEs low in the corona. In another kind of streamer evolution, the eruption of the
associated prominence is partial and results in some noticeable streamer changes.
Gopalswamy et al. (2003b) found that about 21% of the slow prominence erup-
tions were associated with changes in the overlying white-light streamers, instead
of CMEs. In these “transverse” prominence eruptions, the prominence material did
not reach heights beyond about 0.16R� above the surface. An interesting result
was that the majority of these streamers erupted in the next 4 to 42 hours as CMEs
(Gopalswamy et al., 2004a).

Very slow evolution of streamers in brightness and size has been linked to
changes in photospheric magnetic flux. In particular, increase in brightness is known
to be correlated with decrease in photospheric flux, which was interpreted as open-
ing of flux tubes under the streamer (Poland and MacQueen, 1981). In this sense,
we think that the small-scale prominence eruptions produce a similar effect of open-
ing some field lines. Unfortunately, we cannot verify this because it is difficult to
observe the photospheric magnetic field changes for limb events. Prolonged coro-
nal dimming associated with some eruptions may also correspond to these field
openings (Gopalswamy, 1999). We need a reverse study to look at a large number
of streamers as they evolve to arrive at a firm conclusion regarding the connection
between the small-scale prominence eruptions and activations on the one hand and
the stability of the streamers on the other.



THE PRE-CME SUN 325

4. Pre-Eruption Energetic Signatures

The energetic signatures preceding the launch of CMEs are transient in nature, un-
like the evolutionary signatures discussed in the previous section. The pre-eruption
signatures can be thermal or non-thermal. Thermal signatures typically appear as a
weak enhancement in the soft X-ray light curve. Imaging observations are essential
for checking if these weak enhancements originate from the same source region
as the main CME and its associated flare. Non-thermal signatures are primarily
observed at radio wavelengths. The radio emission is produced by non-thermal
electrons accelerated in the eruption region. The thermal and non-thermal signa-
tures may not be independent because both heating and particle acceleration can
occur in the same process such as reconnection. Hard X-ray emission may also
result from the non-thermal electrons if they are stopped by dense plasma in the
vicinity of the acceleration region. As we noted before, it is sometimes difficult to
determine whether the precursor is a separate event or a true precursor, especially
when non-thermal emission is involved.

4.1. THERMAL SIGNATURES

In addition to the soft X-ray sigmoid signatures discussed above, the pre-eruptive
atmosphere shows signatures of an impending eruption in a number of different
wavelengths. We have already discussed one example in Section 3.3. Gopalswamy
(1999) discussed another filament eruption event associated with a weak halo CME
on 1998 January 21. The magnetic field underlying the quiescent filament was
very weak. The CME first appeared in the LASCO/C2 field of view at 06:57 UT.
Figure 14 shows a set of X-ray structures (marked X) that brightened near the
initial location of the filament that subsequently erupted (marked F). There was
also a compact brightening in X-rays (not shown) located at the apex of a triangular
X-ray structure, which was not observed in EUV images, suggesting that it was
indeed a hot structure (Gopalswamy, 2003). The filament completely disappeared
about 3 hours after the X-ray brightening. The CME appeared above the southern
limb after the filament disappearance.

Recently, Sterling and Moore (2001a) identified EUV structures in the SOHO/
EIT data, dubbed EIT crinkles. These structures take the form of small-scale tran-
sient sources of emission at a significant distance from the main flaring core. These
structures first propagated away from and then faded in towards the central core
region. Concurrent with this EUV signature, the soft X-ray emission exhibited faint
transient brightening features connecting the main flare core with the location of
the EIT crinkles. This indicated that the EUV emission delineates the low tempera-
ture foot points of newly heated coronal loops. Based on this evidence Sterling and
Moore (2001b) argued that a model akin to the breakout model of Antiochos (1998)
and Antiochos et al. (1999) best describes the eruptive process in these events.
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Figure 14. Composite picture of the filament eruption associated with a halo CME on 1998 January

21. The erupting filament (F), observed by the Nobeyama Radioheliograph is shown in white con-

tours. The dark contours (X) define the outline of the initial soft X-ray brightening as observed by

Yohkoh/SXT. The elongated neutral line (E) inferred from the MDI magnetogram is also shown.

(Adapted from Gopalswamy, 1999).

4.2. NON-THERMAL SIGNATURES

Jackson and Sheridan (1979) found a broad maximum in the number of isolated
metric-wave Type III bursts about 5 h prior to large Hα solar flares. The maximum
was more pronounced if only the type III bursts co-located with the flare are con-
sidered. A similar result was obtained when they considered type III bursts prior
to CME onsets (Jackson et al., 1978). From these works, they concluded that the
Type III burst activity was a good indicator of coronal energy input and storage
near the time of a major eruption. Type III bursts are caused by mildly relativistic
electrons, so they are non-thermal in nature and might represent small-scale energy
releases. Kundu et al. (1987) used a single event with radio imaging to show that
precursor type III bursts occur at the same location as the main flare and suggest
that small-scale reconnection occurred continuously starting about 1 h before the
flare.

It is possible to investigate the behavior of filaments and their cavities using weak
non-thermal radio bursts which precede filament eruptions. Figure 15 presents an
event observed on 1999 September 2 where a small filament in the vicinity of an
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Figure 15. Nançay Radioheliograph observations at 327 MHz showing the slow evolution of a fila-

ment cavity, indicated by an arrow on the 11:46 UT image, linked with changes seen in white light

streamers. The onset of the changes seen in the radio cavity (slow distension and fading) coincide

with bright non-thermal bursts, indicated by an arrow on the 11:48 UT image, seen in the vicinity

of the filament cavity, starting at about 11:48 UT and lasting roughly 10 min at 327 MHz. (Adapted

fom Marqué, 2004.)

active region erupted (Marqué, 2004). The earliest signatures of the event were faint
non-thermal bursts occurring on the side of the cavity and lasting for about 10 min.
Following the radio bursts the cavity distended and slowly faded away, implying a
slow eruption.

Repeated acceleration of electrons at multiple locations underlying a coronal
streamer was reported by Klein et al. (1997), as inferred from type III bursts. A few
hours after the start of these type III bursts, the streamer erupted. The type III bursts
(reverse and normal drift) were also coincident with soft X-ray brightenings. These
authors suggest that the type III bursts are indicative of pre-eruption instabilities in
the large-scale structure that eventually erupts. See Pick et al. (2006, this volume)
for a discussion of radio signatures occurring in the eruptive phase of CMEs.
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Non-thermal signatures in hard X-rays and decimetric spikes preceding the main
eruption by about 2 h was reported during the September 24, 2001 CME (Fárnı́k
et al., 2003). There were also accompanying thermal signatures in the form of
GOES soft X-ray enhancements. About 1 h before the main eruption, an unusual
drifting radio continuum was observed together with two radio sources (at 327 and
164 MHz) in positions corresponding to expanding loops seen in Yohkoh/SXT and
SOHO/EIT images, accompanied by a filament disappearance during the same pe-
riod. Expanding loops and filament disappearance are characteristics of a preceding
CME, but it is unlikely that such a preceding CME would be observed in white light
because of the disk center location of the eruption and a major CME from the same
region within an hour. Events like this demonstrate the complexity in understanding
the precursors, because one might have to consider smaller preceding CMEs as part
of the pre-event evolution.

4.3. SUBMILLIMETER PULSATIONS

Rapid (subsecond) pulsating bursts at submillimeter wavelengths have been found
to be closely associated with CME launch times (Kaufmann et al., 2003). Figure 16
shows an example of a submillimeter pulsating burst on 2001 December 13. The
wavelet decomposition scalogram at 212 GHz shows the submillimeter activity
preceding the CME launch by several minutes.

The submillimeter pulsating bursts may or may not have an associated impulsive
bulk emission. A sample of 20 such pulsating events were analyzed in more detail,
and all of them exhibited similar onset of the pulsating bursts before CME launch
times. It is not possible to establish accurate statistics because the definition of the
pulse onset times depends on the telescope sensitivity, which is highly variable due
to atmospheric transmission conditions for different observations. However, there
is no doubt that the onset times of the submillimeter pulsating bursts precede the
CME launch times by a few to tens of minutes. The origin of these rapid pulses
is unknown. Their association with the pre-CME conditions is significant, which
needs to be further investigated by more observations covering a wider range of
frequencies, and by theoretical interpretation on the possible physical mechanisms
involved.

4.4. PROLONGED TRANSEQUATORIAL DIMMING

During 1998 April 27–May 9, a series of transequatorial eruptions occurred
involving a major active region in the southern hemisphere (AR 8210) and a
smaller region in the northern hemisphere. The first major eruption was a fast
(1385 km/s) CME on 1998 April 27 appearing at 08:56 UT in the SOHO/LASCO
FOV (Gopalswamy et al., 1999). From the height-time plot, the CME onset was
estimated to occur within 08:45–08:55 UT. About 2 h before the CME onset, the
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Figure 16. GOES soft ray light curve (top), millisecond pulsations observed at 212 GHz (middle) and

the height-time plots of two associated CMEs labeled A (observed by LASCO C2) and B (observed by

LASCO C3). The CME onsets coincided with small GOES soft X-ray spike and associated millisecond

pulsations.

transequatorial region started showing weak dimming for about an hour (06:42 to
08:06 UT) followed by a deeper dimming (see Figure 17) that reached a maximum
at about 08:45 UT, coinciding with the projected onset of the CME.

Figure 18 shows the EUV intensity in the active region (AR) and the transequa-
torial region (D), compared with the GOES soft X-ray light curve (G). The flare
itself started only at 08:55 UT (see the curves AR and G). The CME was already at
a height of 2.6R� at 08:56 UT, just one minute after the flare onset. The CME must
have traveled a distance of 1.6 Ro in 15 min before the start of the flare, which gives
an average speed of 1237 km/s, consistent with that obtained from the height-time
plot. Another interesting aspect of this event is that there was a long wavelength
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Figure 17. (left) SOHO/LASCO CME on 1998 April 27, which appeared first above the occulting

disk at 08:56 UT. The angular extent of the CME can be seen to be consistent with the extent of

the transequatorial dimming observed by SOHO/EIT. (right) The CME in the next frame with the

associated flare in AR 8210. The projected onset of the CME is estimated to occur within 08:45–08:51

UT from the height-time plots. Note the widespread disturbance in the transequatorial region in the

EIT difference image at 09:21 UT.

Figure 18. SOHO/EIT 195 Å light curve showing the EUV intensity in the active region (AR) and

the transequatorial dimming region (D) compared with the GOES soft X-ray light curve (G) on 1998

April 27. The flare emission starts only at 08:45 UT in AR 8210, whereas the dimming had started

two hours earlier. The CME onset was about 40 min before the flare onset.

(<14 MHz) type III burst when the weak dimming started, and a series of type III
bursts at the start of the deep dimming, leading up to the intense complex type III
bursts at the time of the flare. The dimming and the weak type III bursts may be
indicative of the subsequent eruption. However, Khan and Hudson (2000) came to



THE PRE-CME SUN 331

the opposite conclusion for three eruptions that occurred when AR 8210 was on
the western hemisphere. They suggested that flares from AR 8210 produced blast
waves whose impact caused the eruption of the transequatorial structure.

5. Global Issues

In this section, we discuss two related issues regarding the nature of the pre-eruption
configurations of the source regions: (i) the prominence configuration (normal and
inverse polarity) that might lead to possible two types of CMEs, and (ii) the high-
latitude CMEs associated with polar crown prominences. The high-latitude CMEs
are clearly prominence related, while the low-latitude ones can be either flare related
or prominence related. While the distinction between the two types may not be
significant as far as the initiation mechanism is concerned, it may be important
in the context of the solar polarity reversal. The high-latitude CMEs are purely
prominence related, whereas the low-latitude CMEs are mostly active-region (and
hence flare) related. The high-latitude CMEs are related to solar polarity reversal.

5.1. NORMAL AND INVERSE POLARITY CMES

MacQueen and Fisher (1983) had suggested that different acceleration mecha-
nisms may be operating in CMEs associated with prominence eruptions and flares.
The flare-related CMEs are characterized by higher constant speed, while the
prominence-related CMEs are slower and accelerating (see also St. Cyr et al., 1999).
(Tappin and Simnett, 1997) used 149 LASCO CMEs and found that the constant
speed CMEs were generally faster. Examples of height-time profiles showing con-
stant speed and accelerating CMEs were also reported by others (Sheeley et al.,
1999; Andrews and Howard, 2001; Gopalswamy et al., 2001). Moon et al. (2002)
also found a clear difference in speeds of flare-related (759 km/s) and prominence-
related (513 km/s) CMEs. The flare-related CMEs also showed a tendency for
deceleration, but this probably reflects the fact that they are faster (Gopalswamy
et al., 2001). The question is whether the speed difference represents a qualitative
distinction between the two types of CMEs. Studying the acceleration of CMEs,
Chen and Krall (2003) concluded that one mechanism is sufficient to explain flare-
and prominence-related CMEs. Furthermore, the distinction between the two is
somewhat ambiguous because flares often involve prominence eruptions and qui-
escent prominence eruptions result in two-ribbon flares. The primary distinction
may be the strength of the magnetic fields and the inverse and normal polarity con-
figurations in the pre-eruption stage. In fact, two different pre-eruption prominence
configurations have been suggested as the basic reason for the two types of CMEs,
accelerating and constant-speed (Low and Zhang, 2002). These authors assume
that the flux rope is a basic ingredient in both configurations. They propose that
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loss of equilibrium of the flux ropes is the mechanism that initiates CMEs (Low,
1996). In the pre-eruptive state, the flux rope is held down by the prominence mass
and the magnetic tension of the overlying fields. A CME is produced when the
confinement of the flux rope breaks down for a variety of reasons, such as loss
of prominence mass (Low and Zhang, 2002). The interaction between the current
in the flux rope and the current sheets in the overall configuration determines the
nature of the eruption and the dynamics of the flux rope. (Low and Zhang, 2002)
claim that the differences in this interaction can account for the predominance of
accelerating CMEs from inverse polarity configurations and constant speed CMEs
from normal polarity configurations.

5.2. HIGH-LATITUDE CMES AND POLARITY REVERSAL

As we discussed before, the presence of a closed field structure on the Sun is a basic
requirement for CMEs. The number of closed field regions on the Sun depends
on the phase of the solar cycle. During solar minimum, most of the closed field
regions are confined to the equatorial streamer belt. As the solar cycle progresses,
closed field regions spread to all latitudes. This is often reflected in the tilt angle
of the heliospheric current sheet. The sunspot number is often used as a measure
of solar activity, but it is not a good indicator of CMEs especially during solar
maximum. This is reflected in the less-than-perfect correlation between the CME
rate and sunspot number. The main reason is that solar activity defined by sunspots
is confined to lower latitudes (<45◦). There is another source of CMEs, especially
during the rising and maximum phases of the solar cycle: the polar crown filaments
(PCFs). It is well known that the PCFs begin appearing at the poles in the rising
phase and disappear somewhere during the maximum of activity (see Cliver et al.,
1994). No sunspots are associated with the PCFs, so the PCF-related CMEs (or high-
latitude CMEs) are not expected to be correlated with sunspot activity. The rate of
high-latitude CMEs is clearly related to the migration of closed field structures
to the poles. A close temporal relationship between the cessation of high-latitude
CMEs and the polarity reversal at the solar poles has been demonstrated for solar
cycles 21 and 23 (Gopalswamy et al., 2003a). Typically, the high-latitude CME rate
falls to the background value just before the reversal in each pole. High-latitude
CMEs provide a natural explanation for the disappearance of PCFs, which need to be
removed before the poles can develop an open field structure of the opposite polarity.

6. Discussion, Summary and Future Perspectives

So far we have discussed observations and interpretations of the three basic
aspects of the pre-CME Sun: pre-eruption structure, evolution, and energetic
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signatures. In this section, we briefly discuss how these observations are being
used in numerical modeling of CME initiation. Then we shall present a summary
and future perspectives.

6.1. OBSERVATIONAL INPUT TO CME INITIATION MODELS

The main observational inputs for modeling CME initiation have been photospheric
magnetic field measurements, especially from vector magnetograms. Particularly
useful are sequences of magnetic measurements that can be used to model the
storage of energy, the build-up of twist, and possibly the crossing of a stability
threshold.

The development of CME initiation models hinges principally on our under-
standing of the detailed structure and evolution of the coronal magnetic field in the
pre-eruptive state (e.g., Mikić and Lee, 2006, this volume; Forbes et al., 2006, this
volume). Unfortunately, it is difficult to measure coronal magnetic fields in detail,
so we have to rely on photospheric measurements, extrapolated into the corona
using model fields. Moreover, at present we routinely only measure these magnetic
fields using (longitudinal) magnetographs, which only supply one component of the
magnetic field (the normal component at disk center). The energization of coronal
fields can only be determined from vector magnetic field measurements, and this
information has been scant.

We have had to rely on inferences of magnetic structure, principally from
X-ray and EUV emission. The high-resolution EUV images from the TRACE
mission have been especially useful in this regard, since they tend to emphasize
what appear to be traces of individual magnetic field lines. At times, white-light
coronagraph images, and especially movies, can help us infer the pre- and post-
eruptive structure of CMEs. The twist of embedded filaments is sometimes clearly
visible in coronagraph movies of streamer eruptions. Radio emission measurements
may be used to infer the strength, and to a more limited extent the direction, of the
coronal magnetic field. Of course, these qualitative morphological indications of
the magnetic field geometry are not suitable for detailed modeling purposes. Our
poor knowledge of CME initiation is largely a consequence of our limited ability
to measure the coronal magnetic field.

Fortunately, two upcoming missions will greatly help in this regard. STEREO
will image the corona in EUV and white light from two different vantage points,
which, in combination with observations from SOHO, TRACE, and the ground,
will help to deconvolve projection effects and help us to understand the three-
dimensional nature of coronal features. Solar B will for the first time measure vector
magnetic fields at high resolution from space, as well as X-ray emission at high
resolution. These observations are expected to greatly advance our understanding
of CME initiation.
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6.2. SUMMARY AND FUTURE PERSPECTIVES

Appearance of a large-scale closed magnetic field structure on the Sun can be
considered as the lowest form of pre-CME evolution necessary for a CME. Thus,
the ability of the Sun to emerge closed field structure from below the photosphere
into the atmosphere is a basic requirement for a CME. Active regions and filament
channels are the basic units of closed field structures, which often occur together
and in clusters. During solar maximum, a large number of these structures are
present on the Sun with a correspondingly higher CME rate. Also the latitudinal
distribution of the magnetic regions, governing the locations of eruptions on the
Sun, are different between solar maximum and minimum. For example, polar crown
eruptions occur starting a couple of years before the solar polarity reversal and then
practically disappear after that. Next, the magnetic source region has to build-up
free energy. Identification of the signatures of this energy build-up is a crucial step
in deciding whether and when a CME will occur. Flux emergence and cancellation,
shear and converging flows are some of the photospheric signatures that indicate
energy build-up. During the build-up phase, minor energetic events occur, which
are denoted as precursors or pre-eruption energy release. Both thermal (soft X-rays,
EUV, Hα) and non-thermal (radio, hard X-rays) precursors have been observed.
Sometimes it is difficult to decide whether a pre-eruption energy release is a true
precursor or a separate eruption. Even a prior smaller eruption may lead to a bigger
subsequent eruption by destabilizing the larger structures in the eruption region.
While this simplified picture provides insight, the reality is more complex and we
are far from predicting whether an active region is likely to erupt by looking at its
evolution prior to eruption. Progress needs to be made in answering a number of
open questions regarding the role of flux ropes in CMEs: When are they formed,
before or during eruption? If flux ropes form before eruption, do they formed in the
atmosphere or do they form in the subsurface layers and then subsequently emerge?
Do all CMEs involve flux ropes? An answer in the affirmative would simplify the
modeling of CMEs. Unfortunately, there is an observational difficulty. While the
filament or coronal cavity overlying quiescent prominences is often thought to be
a flux rope, it is hard to observe cavities overlying active region filaments. It is
important to know whether active-region filaments have cavities or not. Cavities
are well observed only in CMEs associated with filament eruptions. In disk CMEs,
however, we often observe only two parts: the frontal structure and the bright
core. Is this difficulty in observing cavities a projection effects or because they
do not exist? For example, radio observations often show the eruption of cavities
from the solar disk, suggesting that they are coherent structures. Is the filament
a flux rope as some modelers assume? Why are some CMEs not associated with
filaments/filament eruptions? Other questions pertaining to the evolution of the pre-
eruptive structures towards eruption also required detailed study: What is the role
of flux emergence/cancellation/shear in flux-rope formation and CME initiation?
What are the observed characteristics of the source of fast CMEs and how do they
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differ from those of slow CMEs? What is the location of reconnection with respect
to the filament?

We have made enormous progress in understanding the gross properties of
CMEs, thanks to the continuous and uniform observations of high quality from the
SOHO mission. Yet, the observational coverage of the early life of CMEs is limited,
mainly due to the poor cadence of observations. For example, the CME watch in
EUV (195 Å) has a cadence of 12 min over a very limited field of view, preventing
us from having a close look at CME initiation and early evolution. High cadence im-
ages are needed to systematically identify pre-eruption signatures, which is crucial
in developing tools to predict the impending onset of CMEs. We still lack quantita-
tive understanding in connecting magnetic complexity in a source region to CME
productivity. Since vector magnetograms provide most of the information on the
free energy available in active regions, they should be integrated with MHD mod-
els. Finally, a better understanding of the helioseismic subsurface imaging of active
regions might provide important clues to the build-up of energy in active regions.
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