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Abstract

Coronal mass ejections (CMEs) are the largest-scale eruptive phenomenon in the solar
system, expanding from active region-sized nonpotential magnetic structure to a much larger
size. The bulk of plasma with a mass of ~ 10! —10'3 kg is hauled up all the way out to the
interplanetary space with a typical velocity of several hundred or even more than 1000 km s,
with a chance to impact our Earth, resulting in hazardous space weather conditions. They
involve many other much smaller-sized solar eruptive phenomena, such as X-ray sigmoids,
filament/prominence eruptions, solar flares, plasma heating and radiation, particle accelera-
tion, EIT waves, EUV dimmings, Moreton waves, solar radio bursts, and so on. It is believed
that, by shedding the accumulating magnetic energy and helicity, they complete the last link
in the chain of the cycling of the solar magnetic field. In this review, I try to explicate our
understanding on each stage of the fantastic phenomenon, including their pre-eruption struc-
ture, their triggering mechanisms and the precursors indicating the initiation process, their
acceleration and propagation. Particular attention is paid to clarify some hot debates, e.g.,
whether magnetic reconnection is necessary for the eruption, whether there are two types of
CMEs, how the CME frontal loop is formed, and whether halo CMEs are special.
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1 Introduction

Coronal mass ejections (CMEs) are spectacular eruptions in the solar atmosphere. They originate
from coronal-loop-sized scale (~ 10* km), expand to cover a significant part of the solar surface,
and further extend all the way from the low corona to the interplanetary space, through which they
become the largest-scale eruptive phenomenon in the solar system. Similar phenomenon was also
identified on other stars (Collier Cameron and Robinson, 1989). During their propagation in the
solar system, CMEs may frequently interact with the Earth (and other planets), producing a series
of impacts on the terrestrial environment and the human high-tech activities (see Schwenn, 2006;
Pulkkinen, 2007, and references therein). Although CMEs may have been caught a glimpse during
the occasional total solar eclipses in the past thousands of years, and have been inferred in the early
20th century (see Cliver, 1995; Alexander et al., 2006, for reviews) as an eruptive phenomena, they
were discovered by the coronagraph on board the seventh Orbiting Solar Observatory (OSO-7)
satellite on 1971 December 14 (Tousey, 1973), which was 112 years after the first observation of
solar flares. Such a delay resulted in many controversies in identifying the source of various shock
wave-related phenomena, e.g., type II radio bursts, Moreton waves, and EIT waves' (Vrénak and
Cliver, 2008), as well as the source of the ensuring space weather disturbances (Gosling, 1993).
On the other hand, the understanding of CMEs benefits significantly from the earlier developed
models for solar flares, as well as filament eruptions (see Priest and Forbes, 2002, for a review on
solar flares).

A lot of CME-related models have been developed to describe their pre-eruption structures
(hereafter called progenitors), their initiations, and their eruptions. It is found that from time
to time these models, which describe different phases of the CMEs, were lumped together in the
literature. In this paper, we try to separate them into different subsections in order to distinguish
their applications to different stages of CMEs, which may be biased toward my personal viewpoints
though. For more reviews on CME models, the readers are referred to Klimchuk (2001), Zhang
and Low (2005), Forbes (2000), Forbes et al. (2006), and Vrsnak (2008).

In this paper, we start with the brief description of the observational features of CMEs in
Section 2, and various CME models are reviewed in Section 3, where the subsections are devoted
to the models for their pre-eruption, initiation, and eruption stages. In Section 4, we present several
topics that are under strong controversy or remain elusive, which are followed by a summary in
Section 5.

L EIT waves are a wave-like phenomenon discovered by the EUV Imaging Telescope (EIT) aboard the Solar and
Heliospheric Observatory (SOHO) satellite (see Section 4.3 for details)
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2 Observational Features

According to the original definition, CMEs are an observable change in the coronal structure that
involves the appearance (Hundhausen et al., 1984) and outward motion (Schwenn, 1996) of a new,
discrete, bright, white-light feature in the coronagraph field of view. Further observations indicate
that CMEs can also be observed in other wavelengths, such as soft X-rays (SXR, e.g., Rust, 1983;
Klimchuk et al., 1994; Gopalswamy et al., 1996), extreme ultra-violet (EUV, Dere et al., 1997;
Chen, 2009a), radio (Gopalswamy and Kundu, 1992; Maia et al., 1999), and so on (see Hudson
and Cliver, 2001, for more details). The multiwavelength observations are thought to be crucial
to a complete understanding of CMEs (Hudson and Cliver, 2001). Recently, it was proposed that
Lya line at the ultra-violet (UV) wavelength might be very suitable for the detection of CMEs
(Vial et al., 2007).

The white-light emission of the corona comes from the photospheric radiation Thomson-scattered
by free electrons in the corona, and any enhanced brightness means that the coronal density some-
where along the line of sight is increased. In addition to the density enhancement, the Thomson-
scattered radiation depends on the photospheric radiation incident to the electrons and the angle
between the incidence and the line of sight, which makes CMEs favorably observed near the plane
of the sky. With the continual observations from various ground-based and space-born corona-
graphs, more than ten thousand CME events have been recorded, which enables the statistical
investigation of their properties.

2.1 Morphology and mass

CMEs present many different shapes, and much of the variety is believed simply due to the projec-
tion effects (Schwenn, 2006). However, fundamental difference can be found between narrow CMEs
and others (sometimes called normal CMEs). The narrow CMEs show jet-like motions probably
along open magnetic field, whereas normal CMEs are characterized by a closed frontal loop, as
shown in Figure 1. The typical morphology for normal CMEs is the so-called three-part structure,
i.e., a bright frontal loop, which is immediately followed by a dark cavity with an embedded bright
core (Illing and Hundhausen, 1985). The bright core corresponds to the erupting filament (House
et al., 1981).

The three-part structure is considered to be the standard morphology for CMEs, although
observations indicate that only ~ 30% of CME events possess all the three parts (Webb and
Hundhausen, 1987). Among the events without a bright core, some are due to that the filament
materials drained down to the solar surface along the stretched magnetic field, some are due to that
thermal instability had not started to form a filament in the pre-eruption structure, and others
might not be related to filament or filament-supporting structure at all.

Based on the Thomson-scattering formulae (see Billings, 1966), the mass of a CME can be esti-
mated (Hundhausen, 1993). Without the knowledge of the exact position of the density-enhanced
structure, it is often assumed that the CME is close to the plane of the sky, which would underes-
timate the mass of the CME, especially for halo events.

Typically, the mass of a CME falls in the range of 1 x 10'* —4 x 10! kg, averaged at 3 x 10'% kg
(Jackson, 1985; Gopalswamy and Kundu, 1992; Hudson et al., 1996). About 15% of the CMEs
have a mass less than 101! kg (Vourlidas et al., 2002).

2.2 Angular width

The angular width of CMEs projected in the plane of the sky ranges widely from ~ 2° to 360°
(Yashiro et al., 2004), with a significant fraction in the low end (e.g., < 20°) and a small fraction
in the high end (e.g., > 120°). The CMEs with the angular width less than ~ 10° can be called
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Figure 1: White-light images of two types of typical CMEs (from SOHO/LASCO database). (a) A
narrow CME on 1997 March 11, where the 195 A disk image is overplotted on the occulting disk; (b) a
normal CME on 2000 February 27 with a three-part structure, i.e., a frontal loop, a cavity, and a bright
core, where the white circle marks the solar limb.

narrow CMEs (Wang et al., 1998), and others are sometimes called normal CMEs (Yashiro et al.,
2004, see Figure 1). Note that halo CMEs, with an apparent angular width of or close to 360°, are
simply due to that the CMEs, probably with an angular width of tens of degrees, propagate near
the Sun-Earth line, either toward or away from the Earth.

2.3 Occurrence rate

During the solar cycle 23, the Large Angle and Spectrometric Coronagraph (LASCO) on board
the SOHO satellite provided unprecedented observations of CMEs. The occurrence rate of CMEs
was found to basically track the solar activity cycle, but with a peak delay of 6- 12 months (Ray-
chaudhuri, 2005; Robbrecht et al., 2009). Before the SOHO era, the averaged occurrence rate was
found to increase from 0.2 per day at solar minimum to 3.5 per day at solar maximum (Webb
and Howard, 1994). With the increased sensitivity and wider field of view, the SOHO/LASCO
coronagraph assembly, including C1, C2, and C3 components with different fields of view, detected
CMEs more frequently. The CME catalog? in the NASA CDAW data center, where CMEs are
identified by eye, shows that the CME occurrence rate increases from ~ 0.5 per day near solar
minimum to ~ 6 near solar maximum, summing up to more than 13000 CMEs during the solar
cycle 23 (Gopalswamy et al., 2003; Yashiro et al., 2004). However, for the same observational
period, the automated software, CACTus?, identified much more events, with the occurrence rate
increasing from < 2 per day near solar minimum to ~ 8 per day near solar maximum (Robbrecht
et al., 2009). Figure 2 shows the comparison of the CME daily occurrence rate detected by the
two methods, along with the sunspot number.

2 nttp://cdaw.gsfc.nasa.gov/CME_list
3 http://sidc.oma.be/cactus/scan
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Figure 2: The CME daily occurrence rate detected by the CACTus archive (red) and the CDAW archive
(blue) compared with the daily sunspot number (gray) during solar cycle 23. Thin curves: smoothed per
month, thick curves: smoothed over 13 months (from Robbrecht et al., 2009).

2.4 Velocity and energy

Without special declaration, the CME velocity general means the radial propagation speed of the
top part of a CME frontal loop. However, it should be noted that this velocity measures the
motion of the CME frontal loop projected in the plane of the sky, therefore, it can be called
projected velocity. There are continuous attempts trying to correct the propagation velocity for
the projection effects. The CME projected velocity ranges from ~ 20 km s! to > 2000 km s,
occasionally reaching 3500 km s '. The averaged velocity increases from 300 km s ! near solar
minimum to 500 km s near solar maximum (Yashiro et al., 2004).

Two issues should be emphasized here. First, it is often taken for granted that the observed
CME propagation in the coronagraph images is a mass motion, which was not judged based
on spectroscopic observations. On the contrary, there is accumulating evidence to reveal that
the propagation of the frontal loop in many CME events, especially those fast events, is not a
mass motion. This issue is actually strongly related to the nature of CMEs (see discussions in
Section 4.4). Second, all the plasmas within the CME cavity are also moving outward, not just the
material along the frontal loop, as implied by spectral observations in the dimming region under
the CME (Harra and Sterling, 2001).

It is found that the kinetic and potential energies of a typical CME amount to 1022 -10%° J,
which is similar to that of solar flares (Vourlidas et al., 2002; Emslie et al., 2004).

2.5 Association with flares and filament® eruptions

CMEs are often accompanied by solar flares, and they are thought to be signatures of the same
magnetic “disease” (Harrison, 1995). There might be some CMEs which are not associated with
flares (see discussions in Section 4.2). However, it should be reminded that for some of these
flareless CMEs, the lack of association may be due to: (1) the source region is behind the solar
limb; (2) the associated SXR flaring arcade or disk brightenings below the CME are so weak that

4 A filament is called a prominence when it appears above the limb. Therefore, hereafter, the two nomenclatures
are used reciprocally.
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it is not registered as a flare (Hiei et al., 1993; Wu et al., 2002; Zhou et al., 2003). On the other
side, many flares are not associated with CMEs. For instance, ~ 70% of C-class, ~ 44% of M-class,
and ~ 10% of X-class SXR flares are not associated with CMEs (Yashiro et al., 2005; Wang and
Zhang, 2007).

CMEs and filament/prominence eruptions are also strongly related (Gopalswamy et al., 2003;
Jing et al., 2004, and references therein), and part of the erupting filament becomes the bright
core of the CME, with the remaining part falling down to the solar surface. The association rate
derived from observations depends on the observational sample and the wavelength.

The strong association between CMEs and flare/filament eruptions paved the way to construct
the CMEs models from the heritage of flare and filament researches. It is now believed that,
when they are associated, flares and CMEs are different aspects of one global magnetic eruption
(Harrison, 1995; Forbes, 2000; Zhang et al., 2001a).

Living Reviews in Solar Physics
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3 Theoretical Models

3.1 Basic principles

Constructing CME models is extremely important, not only because CMEs are a spectacular astro-
nomical phenomenon, but also because they are the main driver for the space weather disturbances
that strongly affect our high-tech life. It is emphasized here that any successful model should be
based on the combination of observations and magnetohydrodynamic (MHD) theory.

The same as any other eruptive phenomenon, CMEs, along with solar flares, involve the energy
conversion from one kind to the kinetic, potential, thermal, and nonthermal energies, as well as the
radiative energy in flaring loops. It should be noted that there are secondary conversions between
different energies, e.g., part of the nonthermal energy would be converted into the thermal energy,
which would finally radiate out. They should not be double counted when estimating the CME
and flare energies. With the assumption that a typical CME involves a volume of 1024 m?, the
energy density of a CME ranges from 10210 J m 3. The typical energy density of possible energy
sources is shown in Table 1 (Forbes, 2000). We can see that for energetic CME events, which are
the most interesting in the space weather context, the only possible source is the magnetic energy,
whereas for very weak CME events, thermal and potential energies in the pre-eruption corona may
contribute to the CME explosions. In the case that these two sources are available, thermal energy
is converted to the CME energy by the work of pressure gradient, similar to the acceleration of
solar wind, and the potential energy is converted to the CME energy in the form of buoyancy.

Table 1: Estimates of the coronal energy sources (adapted from Forbes, 2000).

Form of energy Energy density (J m™3) Observed averaged value
Kinetic (3m,nV?) 8 x 1074 n=10%m?3 V=1kms"
Thermal (nkT) 1x 102 T =109 K
Potential (nmygh) 5x 1072 h = 10° km
Magnetic (B?/2pu0) 40 B=102T

In those eruptive cases, the CMEs energy comes from the partial release of the magnetic free
energy, i.e., the excess energy compared to the potential field with the same flux distribution at
the solar photosphere. It is demonstrated that in the case of force-free field that is often applicable
in the low corona (Gary, 2001), the magnetic free energy is of the order of the magnetic energy of
the corresponding potential field (Aly, 1984). For example, Aly (1991) showed that for a simply
connected field the total magnetic energy is less than twice the potential magnetic energy. In the
cases when gravity is important, e.g., when a filament is present, or that the gas pressure is not
negligible, the total magnetic energy can be derived from the virial theorem (Low, 1999):

1 M,
/ B?/(2u0)dV = / {(Bf - By — B}) — p] dS + / (pGO - 3p> av, (1)
r>Rgo r=Ro 2IL’LO r>Ro r

which would lead to a higher magnetic free energy. It should be noted here that due to the strong
line-tying effect of the solar surface, the photospheric vector magnetogram does not transit to a
potential state after the eruption. It remains to be close to a nonlinear force-free field (e.g., Jing
et al., 2009; Thalmann and Wiegelmann, 2008), with a certain amount of magnetic free energy and
magnetic helicity. Since the whole process is constrained by the conservation of magnetic energy
and helicity (Berger, 1984; Aly, 1991), only a part of the free energy, as well as helicity, can be
really released from the corona. As a consequence, SXR sigmoids, which are generally believed to
be the nonpotential pre-CME structure, may form after the onset of some CMEs (Glover et al.,
2001).
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Except some slow CMEs which might be accelerated by the ambient solar wind (see Section 4.2),
it is well established that many CMEs are due to the rapid release of magnetic energy in the corona.
However, the coronal magnetic field can not yet be measured directly. The quantitative study of
the coronal magnetic field generally relies on the magnetic extrapolation based on the photospheric
magnetograms. However, for a given photospheric magnetogram, the extrapolation of the coronal
field is not unique, depending on the methods (DeRosa et al., 2009). More importantly, the
extrapolation technique may have smoothed some singular magnetic topologies which are important
for the eruptions. Besides, the magnetic field in the photosphere is probably not in a force-free
state. Therefore, the understanding of CMEs relies mainly on the multiwavelength imaging and
spectroscopic observations. With the following reasons, the physical processes in CMEs are far
from been fully resolved: (1) white-light coronagraphs, which observe the CMEs directly, always
occult the solar disk and the innermost corona where CMEs originate; (2) coronagraph observations
favor the CMEs propagating near the plane of the sky, whereas the CMEs source region can be
better diagnosed near the solar disk center; (3) the SXR and EUV emissions of the corona are
optically thin, and it is still difficult for the spectrometers to possess both a wide field of view
and a high time cadence simultaneously (see Harrison and Lyons, 2000). Despite these difficulties,
much progress has been made in the past decades, along with many controversies.

3.2 Global picture

Many researchers hope to see a unified model which can explain the diversity of CMEs. The
observations, however, seem to show that it is necessary to divide CMEs into at least two categories,
i.e., narrow CMEs and normal CMEs. The former has an angular width of ~ 10° and the latter
has a larger angular width. Note that there is no dividing line in the angular width between
the two groups. This grouping is apparently based on the angular width. However, the essential
feature that can distinguish them is that narrow CMEs show an elongated jet-like shape, whereas
normal CMEs present a closed (or convex-outward) loop, as shown by Figure 1. It is noticed
that many CMEs look diffuse, and have no a well-defined shape that can be directly fit into the
two-type classification. One possibility is that they are normal CMEs not seen as such due to the
projection effects (e.g., Cremades and Bothmer, 2004). Other possibilities should also be explored.
For example, they might be due to the complex magnetic topology, which may be original (Roussev
et al., 2007; Zhang et al., 2007; Zhukov and Veselovsky, 2007) or due to interchange reconnection
with ambient magnetic structures (Attrill et al., 2006; Gibson and Fan, 2008). Further investigation
is definitely required.

Based on the fact that narrow CMEs are the extension of EUV jets in the low corona, Wang
et al. (1998) proposed that they result from the magnetic reconnection between a small-scale
magnetic bipole, e.g., an emerging magnetic flux or a coronal loop, and the unipolar flux, i.e., the
open magnetic field in the coronal holes, as depicted by the left panel of Figure 3. Note that such a
model is the extension of the reconnection model for SXR jets (Shibata et al., 1992). At the same
time, as the result of magnetic reconnection, a compact solar flare appears near the solar surface.

For the normal CMEs, most of them can be considered as an erupting flux rope system, pre-
senting the typical three-part structure, i.e., a convex-outward frontal loop which is immediately
followed by a cavity with an embedded core. Note that one or two components might be absent
in the white-light images. For instance, the cavity may be missing due to insufficient instrument
sensitivity or an unfavorable angle. As depicted by the right panel of Figure 3, the eruption of
normal CMEs can be described as follows (see Forbes, 2000, for a review): A flux rope (a twisted
or strongly sheared core magnetic field in a more general sense), which may or may not hold a
filament /prominence, is kept in equilibrium by the overlying envelope magnetic field lines which are
line-tied to the solar surface. The flux rope rises due to some reason, e.g., magnetic rearrangement,
the loss of equilibrium, or some instability. Some of the magnetic field lines straddling over the
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Figure 3: Schematic models to describe the eruption of narrow CMEs (left) and normal CMEs (right).
The right panel is taken from Forbes (2000).

flux rope are stretched up, forming antiparallel magnetic field in the wake of the rising flux rope.
In the three-dimensional (3D) case, the upward and the downward magnetic field lines are not
strictly antiparallel, with a certain component in the direction along the photospheric magnetic
inversion line below the flux rope. As the flux rope rises, the upward and downward magnetic lines
below the flux rope approach each other to form a current sheet. Microscopic instabilities of the
current sheet enable resistive or collisionless magnetic reconnection. Such a fast reconnection leads
to a solar flare, quite often a two-ribbon flare, below the reconnection point. On the other hand,
the magnetic reconnection cuts the line-tied magnetic field lines, which removes the constraint for
the flux rope and facilitates the rapid eruption of the flux rope (the details of such a process is as
follows: the Lorentz force accelerates the reconnection outflows, and the upward outflow pushes
the flux rope to move). Note that the toroidal magnetic flux of the flux rope keeps increasing as the
reconnection goes on. The erupting flux rope pushes the overlying closed magnetic lines to stretch
up, somehow forming a CME frontal loop and a piston-driven shock ahead of it (see Section 4.4
for the discussion on how the frontal loop forms). If fast reconnection is not excited, the flux rope
might also have a chance to erupt due to loss of equilibrium or various ideal MHD instabilities (see
Section 4.1 for the debate on the role of reconnection in CME eruptions). In this case, no flares or
brightenings are visible near the solar surface.

Note that part of the overlying magnetic loops would be stretched up, extending to the inter-
planetary space along with the flux rope (e.g., Linker et al., 2003). The stretched field lines are not
really open field (e.g., Riley, 2007), although they are often called “open field” since the closure
takes place far from the low corona. Other parts of the overlying magnetic loops, especially those
near the two ends of the flux rope, might slip to the two ends of the flux rope that are anchored
to the solar surface (e.g., Low, 1997).

From the above pictures, it is seen that flares and CMEs, when they are associated, can be
considered as different manifestations of the same physical process, namely the conversion of mag-
netic free energy to radiative and kinetic energies, respectively (see Harrison, 1995). Such a model
was originally developed to interpret the various faces of solar flares, including the associated plas-
moid ejections, by Carmichael (1964), Sturrock (1966), Hirayama (1974) and Kopp and Pneuman
(1976) among others (see Svestka and Cliver, 1992, for a review), hence was later called CSHKP
model. The model was dubbed “standard model” for CME/flares (Hudson and Cliver, 2001). Tt
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is stressed that such a standard model is just a phenomenological model based on observations.
It describes the overall evolution of CME/flares, with many details being not included. With new
multiwavelength observations, such a theoretical framework needs to be improved in order to cover
the various phases of the CME eruptions from their birth to their pilgrimage to the interplanetary
space. First, we are still not quite sure what is the progenitor that is ready to be triggered to
erupt as a CME. The rough picture is described as follows: magnetic field, which is generated at
the tachocline layer, emerges throughout the convection zone and the lower atmosphere into the
tenuous corona. In response to the continual flux emergence and photospheric motions, the coronal
field keeps adjusting to form a more and more complex magnetic structure in a quasi-static way
(actually pervasive magnetic reconnection happens, producing a pool of small brightenings). At
a certain stage, the magnetic structure reaches a nonequilibrium state or a metastable state that
has the potential to release part of its magnetic energy. In this picture, it is still an open question
whether the pre-CME structure should always possess a flux rope. Or, the so-called flux rope is ac-
tually an extreme case of the ordinary magnetic flux tube with a certain twist. The second issue is
how the progenitor is triggered to deviate from the equilibrium state. In this aspect, the statistical
investigations of the correlation between CME onsets and other phenomena are of extreme signif-
icance. The third issue is how a CME is accelerated. The related questions involve (1) whether
magnetic reconnection is a necessary condition; (2) how important the interaction between the
ejecta and the solar wind is; (3) the effect of prominence mass drainage, among others. The fourth
issue is how the CME is related to the accompanying phenomena, such as solar flares, type II radio
bursts, Moreton waves, EIT waves and dimmings, transient coronal holes, etc. The fifth issue is
how the CME evolves to an interplanetary CME (ICME) and how the CME properties affect the
geomagnetic activity. In the following subsections, we present the current viewpoints on some of
the above-mentioned issues (see also van Driel-Gesztelyi and Culhane, 2009).

3.3 Progenitor

It is always interesting for researchers to know what kind of structures have the potential to erupt
as a CME.

For narrow CMEs, the progenitor is the open magnetic field, usually the coronal hole. When
new magnetic flux emerges (or a coronal loop moves to) near or inside the coronal hole, it reconnects
with the open field of the coronal hole. The elongated reconnection outflow may appear as a jet-like
narrow CME.

For normal CMEs (hereafter, “CMEs” refer to the normal CMEs except otherwise specified),
the progenitor should be a strongly twisted or sheared magnetic structure, which has stored a lot
of nonpotential energy. On the other hand, the structure should have a potential to erupt while
being kept in a metastable equilibrium or being close to a nonequilibrium state, presumably by
the line-tying effect at the footpoints and the overlying closed magnetic field. In the 2.5D case, a
simple force-free magnetic arcade with only shear but no twist might be too stable to be ready for
eruption (Hood and Priest, 1980). However, in the 3D case, a simply sheared magnetic structure
might be eligible for the CME progenitor. The closed magnetic fields on the Sun typically consist
of active regions and bipolar magnetic field straddling over quiescent filaments, which are often the
source regions for CMEs. Their eruption may take away the overlying large-scale magnetic loops,
e.g., the interconnecting loops or transequatorial loops (Khan and Hudson, 2000).

As mentioned before, it has been known that CMEs are strongly associated with eruptive
filaments. Since some active region filaments and almost all quiescent filaments are of the inverse
polarity type (Leroy et al., 1983; Bommier and Leroy, 1998), which are well described by the flux
rope model (Kuperus and Raadu, 1974), it was frequently assumed that the flux rope system is the
ideal model for the progenitor of CMEs, i.e., a sheared and twisted field embedded in a less-sheared
magnetic system. Considering many CMEs originate from helmet streamers, Low and Hundhausen
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(1995) describe the CME progenitor as a flux rope embedded under a coronal streamer, with a
filament being supported at the bottom, as shown by Figure 4. In such a paradigm, the high-
density streamer, i.e., the shaded area, evolves to the frontal loop of the CMEs, the prominence
corresponds to the bright core of the CME. In between, there exists a low density cavity, which
might be due to stronger magnetic field (Low and Hundhausen, 1995) or the plasma evacuation
related to the prominence condensation. Such a 3-part structure was frequently found in streamers
before eruption (Gibson et al., 2006b).

Prominence
sheet

Figure 4: The flux rope model for the CME progenitor, where the shaded area corresponds to the dome
of a helmet streamer surrounding a cavity in the middle, and a prominence is located at the bottom of
the flux rope. Note that the self-closed flux rope is the projection of a 3D helical flux rope (from Low and
Hundhausen, 1995).

From the theoretical point of view, there are several advantages to have a flux rope in the
CMEs progenitor as depicted in Figure 4:

(1) The simple but fundamental model for twisted field lines, which carry electric current and
therefore magnetic free energy, is a flux rope (Low and Berger, 2003).

(2) The magnetic flux rope system gracefully matches the three-part structure of CMEs, as
mentioned above.

(3) As long as the flux rope rises somehow, e.g., due to magnetic rearrangement or a certain
instability, a current sheet naturally forms near the separator or a hyperbolic flux tube below the
flux rope (Titov et al., 2002). The reconnection in the current sheet leads to the eruption of the
flux rope and the overlying magnetic loops, as well as a solar flare near the solar surface, i.e., it fits
the classical CSHKP model very well. Even without reconnection, the strongly-twisted flux rope
may also erupt due to its intrinsic instabilities (see Section 4.1 for details).

Since the coronal magnetic field cannot be measured directly, the flux rope model can only seek
for indirect evidence from observations. Magnetograms showed that the magnetic field is already
twisted as it emerges out of the photosphere (Kurokawa, 1987; Lites, 2005). Through Yohkoh
satellite observations, Rust and Kumar (1996) found that the geometry of the sigmoidal coronal
loops before eruption is in accord with the flux rope model. Although the sigmoidal structure was
later confirmed to provide evidence for the flux rope model, their idea, i.e., the sigmoid is just
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the flux rope itself, was later criticized (Gibson et al., 2006a). Canfield et al. (1999) further found
that sigmoidal active regions are significantly more likely to be eruptive. Note, however, that some
sigmoidal structures consist of many isolated structures, which appear to be a sigmoid or double
J-shaped loops due to projection or poor resolution (Glover et al., 2002), and many CMEs are
born in active regions without sigmoidal loops. Besides the helical structure, cavity patterns were
also observed in the pre-CME structures in SXR (Hudson et al., 1999). In addition, radio imaging
observations also showed a depressed region overlying an erupting filament, which was explained
as a flux rope by Marqué et al. (2002). However, it should also be kept in mind that a flux rope
might not be the only possibility for the pre-CME cavities. Any plasma dilution process, e.g., a
slowly stretching loop, may produce the emission depletion.

On the other side, the nonlinear force-free magnetic extrapolation based on the photospheric
vector magnetogram on 2000 July 14 shows a strongly twisted flux rope structure embedded in
a simple bipolar magnetic arcade, as seen from Figure 5 (Yan et al., 2001). It is noted that
the number of the twist is sensitive to the treatment of the 180° ambiguity of the horizontal
magnetogram. For example, with the same vector magnetogram as in Yan et al. (2001), He and
Wang (2008) obtained a less-twisted flux rope. With the state-of-the-art extrapolation technique
(Schrijver et al., 2008; Guo et al., 2010) and temperature tomography (Tripathi et al., 2009), the
existence of a flux rope prior to some eruptions was further confirmed. Before these efforts, the
linear force-free extrapolation already showed flux rope structures, with its magnetic dips being
in great accordance with the He filament structures (Aulanier and Demoulin, 1998). Concave-
outward features behind the CME leading loop as found by Illing and Hundhausen (1983) in
some CME events were considered to be consistent with the flux rope model (Chen et al., 1997).
Further statistics by Dere et al. (1999) and St Cyr et al. (2000) indicates that 25% —50% of the
CME:s observed by the SOHO/LASCO coronagraph contain a helical flux rope. It is probable that
many other events also possess similar helical magnetic structures, which did not show up in the
white-light images due to low emissions. Some of these helical flux rope structures may exist before
the eruption as discussed above. However, it was also argued that some of the helical flux ropes
observed by coronagraphs might be formed during the eruption of the CME (Dere et al., 1999;
Gosling, 1999; Amari et al., 2003b).

y (arcsec)

0 100 200 300
X (arcsec)

Figure 5: Nonlinear force-free coronal magnetic field lines (white lines) overplotted on the photospheric
magnetogram (gray) on 2000 July 14. The horizontal and vertical axes are in unit of arcsec. (from Yan
et al., 2001).
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It should be kept in mind that a flux rope is not the only configuration that can carry strong
electric current. Strongly sheared field with weak twist can also contain enough magnetic free
energy (e.g., Antiochos et al., 1994; Amari et al., 1996). Furthermore, it might be misleading for
some literature to illustrate the flux rope model in a two-dimensional (2D) plane. For example, in
all 2D models, the flux rope is described to be detached from the solar surface, which means that
all the field lines in the flux rope extend to infinity in the Cartesian coordinates (when the third
component of the magnetic field is present) or are twisted annules circling the Sun in the spherical
coordinates. It was proposed that such a detached flux rope makes the whole system possess more
magnetic energy that the open field with the same flux distribution in the photosphere (see the
discussion about the Aly—Sturrock constraint in Section 4.1). However, such a detached structure
is certainly contradictory with observations. Considering that an observed CME occupies only
a part of the solar corona, detached magnetic structure in the 3D space can only be an isolated
magnetic island, with magnetic field lines self-closed within a limited volume. It rules out the
possibility to form a prominence through chromospheric injection (Priest et al., 1989). It is also
hard to believe that such a structure exists and is stable in the corona. A possible stable system
might be some detached field lines interwound with other simply connected field lines, although
such an analytical solution has not been obtained.

Therefore, a flux rope structure might be like that an arcade of twisted field lines, coming out
of the positive polarity in the photosphere, wind one or more turns in the corona making magnetic
dips with the inverse polarity, and then go back to the negative polarity in the photosphere (Priest
et al., 1989). What remains unknown is the number of the winding. Through either MHD numerical
simulations or coronal field extrapolations, some colleagues showed a number larger than 2 (Yan
et al., 2001; Roussev et al., 2003), whereas others suggest a number less than 2 (Amari and Luciani,
1999; Aulanier and Demoulin, 1998; Régnier and Amari, 2004; van Ballegooijen, 2004; Su, 2007,
Savcheva and van Ballegooijen, 2009) as illustrated in the left panel of Figure 6. In the latter
case that a filament is present, the dip of each magnetic field line holds a thread of the filament.
More importantly, through MHD simulations, Antiochos et al. (1994) demonstrated that the non-
uniform shearing motion can also inject weak twist into the coronal field, leading to an inverse
polarity configuration with far less than a half turn. Therefore, a flux rope configuration is even
not necessary for the inverse-polarity filaments.

(a) (b)

Figure 6: Schematic sketch of two types of the pre-CME magnetic structures. (a) The core field has an
inverse polarity at its dips; (b) the core field has a normal polarity at its center, where there may or may
not exist dips.
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It is noticed that many active region filaments, which are often of the normal polarity type
(Leroy, 1989), may also erupt to form CMEs. For the normal polarity filaments, the magnetic
structure may or may not contain a flux rope, as modeled by Malherbe and Priest (1983), where
their Figure 4c corresponds to the magnetic configuration with a flux rope, and their Figure 4b to
the configuration without a flux rope. The magnetic configuration in the case with a flux rope has a
potential to erupt and can also be fit into the CSHKP model with slight revisions as schematically
shown by Low and Zhang (2002, see also Figure 37 in this paper). The magnetic configuration in
the case without a flux rope is the classical Kippenhahn and Schliiter (1957) model, which seems
difficult to be fit into the CSHKP model. However, we emphasize here that the difficulty also
results from the misleading 2D plot, which can be resolved in the 3D plot as explained in the next
paragraph. Considering that the magnetic field in a filament is always directed with a small angle
relative to the magnetic inversion line (Leroy et al., 1983), the magnetic configuration of the CME
progenitor with a normal polarity filament (in the case without a flux rope) might be an arcade
of sheared magnetic loops with the normal polarity dips, which are all confined below less-sheared
bipolar loops, as depicted in the right panel of Figure 6.

Therefore, corresponding to two types of filaments, i.e., with inverse and normal polarities,
there might be two types of magnetic configurations for the CME progenitors, one is the twisted
field model, and the other is just an arcade of sheared arcades as illustrated by Figure 6, which is
the 3D extension of the 2D illustration of Figure 3 in Low (1996). It is also possible to have both
inverse and normal polarities in one magnetic configuration (Antiochos et al., 1994; Aulanier et al.,
2002). Tt has already been shown that as the twist increases, a sheared field line would form a dip
with the normal polarity, and the normal polarity can transit to the inverse polarity either due to
further twist or reconnection below the dip (Priest et al., 1989). Note that non-uniform shearing
motions contain a twist component (Antiochos et al., 1994). Therefore, neither the magnetic
dips nor the polarity type is crucial for the progenitor to be ready for eruption. The crucial point,
which is common for both cases shown in Figure 6, is that an arcade of strongly-sheared flux tubes,
which can be called core field, is restrained by the overlying less-sheared bipolar magnetic loops,
which can be called envelope field following the terminology in Moore and LaBonte (1980). Such
a configuration enables the existence of one long bald patch, two bald patches with one separator
(Figure 6a, or see Titov and Démoulin, 1999), a hyperbolic flux tube (e.g., Titov et al., 2002),
which degrades to a magnetic null point in a 2D case, or a quasi-separatrix layer (Figure 6b) in
the core field. The merit for such a configuration to be the CME progenitor is that whenever the
strongly-sheared core field rises due to either magnetic rearrangement or instability, the envelope
field is stretched up, and the magnetic separator would collapse into a current sheet under the
core field, similar to the 2D case where a magnetic null point can collapse to form a current sheet.
The magnetic reconnection of this current sheet gradually removes the magnetic tension force of
the overlying field lines, and facilitates the rapid eruption of the core field into the interplanetary
space.

Regarding the debate whether the flux rope exists before eruption or is formed during eruption,
with the above discussions we come to a conclusion that in some CME /flare events, especially those
associated with quiescent filament eruptions, the flux rope may exist before eruption as shown in
the left panel of Figure 6, however, for some normal-polarity filament eruptions, the flux rope
may be formed during eruption via reconnection, e.g., as the core field lines in the right panel of
Figure 6 (red) reconnect with each other.

Regarding the CME progenitor, i.e., the strongly sheared and/or twisted core field restrained
by the overlying envelop field, two issues are worthy to be clarified by future MHD numerical
simulations:

(1) The helical flux rope in the left panel of Figures 6 was sometimes plotted as twisted field
lines winding many times all the way through the whole spine of the associated filament, which
would be difficult to explain why only a segment of a long filament corridor erupted in many events.
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The probable situation would be, as mentioned above, that the flux rope consists of an arcade of
weakly twisted magnetic field lines as shown in Figure 6, and each bundle of field lines holds an
Ha thread of the filament at the magnetic dip.

(2) The SXR sigmoids could be the SXR signature of the CME progenitor, which may corre-
spond to the upper part of the core field, with the filament threads lying on the dips of the lower
part of the core field. Generally, the entire core field erupts, which is accompanied by the disap-
pearance of both sigmoids and filaments (Canfield et al., 1999). However, the sigmoid occasionally
erupted leaving the filament almost unchanged below the resulting postflare loops (Pevtsov, 2002;
Liu et al., 2007). One possibility is that the thick core field experienced a pinch instability in the
middle between the upper part (i.e., the SXR sigmoid) and the lower part (i.e., the filament), which
led to a current sheet between the sigmoid and the filament. The ensuing reconnection results in
the sigmoid erupting upward and flaring loops overlying the filament (see also Gilbert et al., 2000;
Gibson and Fan, 2006).

3.4 Triggering mechanisms

In the literature, the pre-CME structure, i.e., the CME progenitor, was sometimes called CME
precursors, e.g., SXR sigmoids were called CME precursors by Canfield et al. (1999). To avoid any
confusion, in this paper we define the progenitor as the unstable or metastable coronal structure
that would be the source of a CME, e.g., a sigmoid, and define the precursor as an observable
signature associated with the initiation of the CME, i.e., before its main acceleration, which is
coincident with the impulsive phase of the associated flare (Zhang et al., 2001a).

As a large-scale eruptive phenomenon, CMEs often reveal thermal or nonthermal signatures
during the initiation process just prior to the eruption, i.e., precursors. The CME precursors are
very useful since they can be used to predict the occurrence of a CME, as well as to constrain
or construct the CME triggering mechanisms (see Gopalswamy et al., 2006, for a review). Before
reviewing the triggering mechanisms proposed so far, we have an overview of the possible precursor
phenomena that precede CMEs in observations.

3.4.1 Observational precursors

The imaging and spectroscopic observations of the CME source region are crucial to find out
precursors and to understand how CMEs are initiated. The precursors for CMEs found in the past
decades can be summarized as follows:

(1) Helmet streamer swelling and/or slow rise of prominences

With the Solar Maximum Mission (SMM) satellite observations, Hundhausen (1993) found that
most CMEs arise from pre-existing helmet streamers, with the streamers being increasing in bright-
ness and size for days before final eruption. Therefore, the streamer swelling can be used to predict
the eruption of CMEs, mainly the limb events. Different from the following precursors, the streamer
swelling is the direct imaging of the CME initiation.

A phenomenon intimately linked to the streamer swelling is the slow rise of prominences (Fil-
ippov and Koutchmy, 2008).

(2) Reconnection-favored emerging flux

Feynman and Martin (1995) analyzed 53 quiescent filaments, and found that 17 out of 22 filaments
that were associated with emerging bipolar magnetic flux erupted and only 5 out of 31 filaments
that were not associated with emerging flux erupted. More importantly, they found that in all
cases when the emerging flux was oriented favorably for magnetic reconnection, the filaments were
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observed to erupt. Two examples of new flux emerging inside and outside the filament channel are
depicted in Figure 7, which shows the photospheric magnetograms for the two events. Generally,
the new flux emergence begins a few days before the filament eruption and typically is still occurring
at the time of eruption. It is noted that new magnetic flux emerges all the time and everywhere,
especially those weak fields. However, the filament eruption-associated emerging bipolar field has
a similar amount of magnetic flux as that of the original filament channel (Feynman and Martin,
1995). Wang and Sheeley Jr (1999) confirmed such a correlation (see also Srivastava et al., 2000;
Nitta and Hudson, 2001; Zhang et al., 2001b). Further statistical studies showed that 68% of the
filament eruptions during 1999 to 2003 (Jing et al., 2004) and 91% of halo CMEs during 1997 to
2005 (Zhang et al., 2008) are associated with magnetic flux emergence. Caution should be taken
that these later statistical studies did not consider the polarity orientation and the total flux of
the emerging field as done by Feynman and Martin (1995).

13 event 1998;"91%}{35 E'\-'Eﬂt
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Figure 7: Two examples showing new magnetic flux emerging inside the filament channel (left, the 1992
February 23 event) and outside the filament channel (right, the 1998 February 23 event) (from Chen and
Shibata, 2000).

(3) SXR brightenings

Roy and Tang (1975) studied six flares and found that SXR bursts often accompany the preflare
expansion of the filaments. Such a phenomenon was studied by several researchers (Pallavicini
et al., 1975; Rust et al., 1975; Webb et al., 1976). As an extension, Simnett and Harrison (1985)
studied the relation between the preflare activity and CMEs, and found that there is usually a weak
SXR enhancement 15— 30 min prior to the linearly extrapolated onset time of the CMEs, which was
called SXR precursors for CMEs. As an example, Figure 8 shows an SXR enhancement ~ 20 min
before the CME-related flare. Caution should be taken that there are many SXR brightenings
over the Sun, and high-cadence SXR imaging observations are needed to distinguish whether any
pre-CME brightening is spatially and physically related to the CME.

(4) Radio noise storms

It was found that the radio noise storm continuum emissions, sometimes called type I radio bursts,
are associated with the SXR brightenings (Raulin and Klein, 1994; Krucker et al., 1995; Crosby
et al., 1996), with the former lasting for a longer time. Evidence was revealed to show that
the radio noise storms are related to the initiation of CMEs in a statistical study (Lantos et al.,
1981). Ramesh and Sundaram (2001) also found that CMEs often erupted after significant metric
noise storm continuum emissions, which are located under the angular span of the associated
CMEs. As shown by Figure 9, Wen et al. (2007) found that the noise storm sources are within
the CME dimming regions. It is believed that the commencement of the radio noise storm is due
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Figure 8: Soft X-ray light curve just prior to a big flare. An SXR enhancement, visible ~ 20 min before
the main flare, is associated with the eruption of a filament (adapted from Simnett and Harrison, 1985).

to the magnetic restructuring during CME initiations. Waves, e.g., Alfvén waves, induced by the
changing magnetic field, slightly accelerate electrons, which then emit radio radiations. On the
other hand, the rapid decay of the pre-existing metric radio storms, e.g., above sunspots, might
also be related to CMEs (Chertok et al., 2001). However, it is noted that the corona is always
in a dynamic state, with radio noise storms happening frequently. Many of them might not be
associated with CME initiations.

EM 11:12:12=09:00:10 "NRH 08:47:57

Figure 9: 164 MHz radio noise storm (contour) overplotted on the EIT base difference map (gray) showing
the dimming region associated with the CME on 2000 July 14 (from Wen et al., 2007).

(5) Type III radio burst group

Combining the radio and white-light coronagraph observations, Jackson et al. (1978) found that
generally 5—10 hours before the first appearance of a CME in the coronagraph field of view
(1.5-6 Ry), type III radio bursts appeared intensively, with the occurrence rate being 2.5 times
higher than normal, as seen from Figure 10. It is also shown that the faster the CME is, the
shorter the interval between the CME appearance and the intense type III radio burst group is.
It was revealed that these type III bursts, which are earlier than the main type III burst in the
flare impulsive phase, are generally located within 20° around the central position angle of the
CMEs. Jackson et al. (1978), as well as Kundu et al. (1987), proposed that the type III radio burst
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Figure 10: The number of type I1I radio bursts per hour (histogram) that were observed around the first
appearance of the CME (double-ended arrow). Note that the occurrence rate is averaged every 5 hours,
and the dashed line marks the average rate of type III bursts over years (from Jackson et al., 1978).

precursor is linked to the CME initiation, resulting from small-scale magnetic reconnection. Klein
et al. (1997) clearly showed that the radio burst group-associated magnetic reconnection precedes
the ensuing eruption of a large-scale structure.

(6) Filament darkening and widening

Martin (1980) pointed out that among many preflare precursors, the most typical one is the filament
darkening and widening, as illustrated by Figure 11. Generally a flare would occur 1 hour after
the appearance of such features (Bruzek, 1951). Since the filament/flare eruptions are the key
ingredients of major CMEs, the filament darkening and widening can also be considered as CME
precursors.

EIT: 09:11-08:54 09:25-08:54 09:47-08:54

Figure 11: EIT base difference images showing the filament darkening and widening before eruption
(from Klassen et al., 2002).

(7) Long-term filament/prominence oscillations

Owing to ubiquitous perturbations in the corona, prominences often oscillate, even in the quiescent
state. Generally, the oscillations last 1—3 times the corresponding period, decaying rapidly. After
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analyzing the spectroscopic data of a prominence eruption event, Chen et al. (2008) found that
before the final eruption, the prominence was oscillating for 4 hours, which was almost 12 times
the corresponding oscillation period, as shown by the alternating red/blue shifts along the dashed
line in the panel (a) of Figure 12. They proposed that this kind of long-term oscillation might
be a precursor for a CME, since any triggering process, as a kind of perturbation, can drive the
prominence to oscillate. For example, panels (b) and (c) of Figure 12 illustrate how the emerging
flux would drive the prominence to oscillate as it triggers the prominence to erupt. They revealed
from one event that the oscillating velocity is ~ 10 km s ', and the spatial displacement is about
2 arcsec, which requires further high-resolution imaging observations to find more events.

() (b)
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Figure 12: Panel (a): evolution of the Dopplergram along the SUMER slit observed at S1ii/Sit 1113 A
showing prominence oscillations before eruption, where the Doppler velocity is in unit of km s™t. Panels
(b-c): new magnetic flux emerges near a filament channel, and reconnects with the pre-existing magnetic
field. The localized reconnection drives the prominence oscillation before final eruption (from Chen et al.,
2008).

(8) Outward-moving blobs near the edge of streamers

With the Heliospheric Imagers on board the Solar TErrestrial RElations Observatory (STEREO)
satellite, Harrison et al. (2009) identified narrow rays comprised of a series of outward-propagating
plasma blobs apparently forming near the edge of the streamer belt prior to many CME eruptions.
They suggest that these blobs result from the interchange reconnection between the streamer and
the neighboring magnetic field, which removes the downward magnetic tension force holding the
streamer static. Therefore, they call this phenomenon as pre-CME fuse.

Among the above-mentioned precursors, only the emerging flux appears well before the onset
of CMEs, whereas others are the signatures associated with the initiation of the CME. It should
be noted that none of the precursors is a necessary or sufficient condition for CME eruptions. For
instance, many CMEs are not triggered by emerging flux (e.g., Démoulin et al., 2002; van Driel-
Gesztelyi et al., 2003). On the other hand, Zhang et al. (2008) pointed out that new magnetic
flux frequently emerged in active regions, during which no any eruption happened. Tappin (1991)
found that it is also often to have SXR brightenings without any ensuing main flare (nor CME).
Therefore, when we try to construct an empirical model for CME forecast, it is important to
combine some or all of the above-mentioned precursors together in order to increase the success
rate. It is noticed that some of the triggers, e.g., the emerging flux, are only the external cause for
the CME eruptions, whereas the magnetic complexity of the CME progenitor is the internal cause.
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3.4.2 Various triggering mechanisms

As the magnetic field, which is generated at the base of the convection zone, emerges into the
corona, it starts a ceaseless journey. On one hand, new magnetic flux continues to emerge from the
subsurface into the corona, colliding with the pre-existing field and producing electric current layers
or even current sheets in the highly conducting coronal plasma. On the other hand, photospheric
motions with various length scales, e.g., the differential rotation, supergranular, mesogranular, and
granular convections, persistently drag the footpoints of all the magnetic field lines to move in
both organized and random ways, building up a highly stressed coronal magnetic field (Forbes,
2000). As a result, Poynting flux is continually injected into the corona, and the magnetic energy
is thus accumulated gradually. It is generally accepted that the required energy for powering a
strong CME comes from the coronal magnetic field, which is in an equilibrium state before it is
initiated to erupt. From the mechanical equilibrium point of view, the CME progenitor sustains
its equilibrium as the downward magnetic tension force balances the upward magnetic pressure
force. Either the decrease of the tension force or the increase of the upward magnetic pressure
force would cause the CME progenitor to seek an equilibrium at a higher altitude, and a CME
might be then initiated.

Probably in the following two cases the accumulated energy could be suddenly released to host
an eruption: (1) the CME progenitor reaches a metastable state (Sturrock et al., 2001); (2) the
CME progenitor reaches a state close to the loss of equilibrium or instability (Forbes, 2000). In the
first case, the CME progenitor is stable to small perturbations, and a proper trigger with significant
observable features is necessary for the eruption, whereas in the second case, any further change
of the instability-related parameter in the magnetic field, e.g., the magnetic twist, would directly
trigger the eruption.

In the past decades, several triggering mechanisms have been proposed either conceptually or
through MHD analysis and/or simulations, as described as follows. However, caveats should be
taken that at the present stage, photospheric motions in models and in reality still do not match,
and only observational data-driven MHD simulations can provide a quantitative understanding of
the eruptive processes involved in CMEs, which is actually under development (Wu et al., 2006).
It will also be seen that some of the following models are almost the same in nature, with their
emphasis on different aspects of the same triggering process.

(1) Tether-cutting or flux cancellation mechanism

Moore and LaBonte (1980) analyzed the filament eruption event on 1973 July 29, and found that:

(a) the magnetic field is strongly sheared near the magnetic neutral line;

(b) the filament eruption and the two-ribbon flare were preceded by precursor activities in the
form of small Ha brightenings and mass motion along the neutral line;

(¢) Ha precursor brightening and the initial brightening of the flare are both located in the
vicinity of the steepest magnetic field gradient.

Piecing these features together, they proposed the tether-cutting mechanism: as depicted by
Figure 13, a filament is supported somehow, e.g., on dips, by magnetic field (not plotted in the
figure) that is nearly aligned with the magnetic inversion line (dashed). Just around the filament,
the magnetic field is still strongly sheared, e.g., the field lines AB and CD, which probably corre-
spond to the associated SXR sigmoid. These strongly-sheared core field is overlaid by less-sheared
envelope magnetic arcade. Before the filament erupts, all the field lines around the filament, except
those holding the filament threads, are almost in a force-free state, i.e., the downward magnetic
tension force is balanced by an outward magnetic pressure force. As the magnetic shear increases,
the negative leg of the field line AB is close to be antiparallel to the positive leg of the field line
CD, forming a strong current sheet in between (left panel of Figure 13). Owing to micro-scale
instability-driven anomalous resistivity or many other non-ideal effects (such as the Hall effect,
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Figure 13: The tether-cutting triggering mechanism for CMEs. Left: strongly sheared core field is
restrained by the overlying less-sheared envelope field; Middle: The reconnection between field lines AB
and CD triggers the core field to rise; Right: The rising core field stretches up the envelope field, forming
a current sheet below the core field (adapted from Moore et al., 2001).

electron inertia, and so on), magnetic reconnection commences. As a result of the reconnection,
the line-tied field lines AB and CD, which are like tethers constraining the filament, are cut from
being tied to the photosphere, forming a long field line AD and a short loop CB (middle panel).
Such a reconnection would also produce the observed Ha brightenings and mass motions along the
magnetic inversion line. Following the reconnection outflow, the long loop AD expands upward,
and the small loop CB shrinks down or even submerges down (Wang, 2006).

This process can be easily understood, since after reconnection, the loop AD is concave-upward
near the reconnection site, which imposes an upward magnetic tension force on the loop, and the
short loop CB is concave-downward, which imposes a downward tension force on the loop. As the
localized reconnection goes on, the core field near AD pulls up the filament to rise, by which all the
overlying envelope magnetic field are stretched up, forming an elongated current sheet above the
magnetic neutral line (right panel of Figure 13). Such a tether-cutting process until now (from the
left to the middle panels of Figure 13) can be regarded as the triggering phase of the whole CME
eruption. Such a process results in the magnetic configuration required in the CSHKP model, and
the magnetic reconnection of the newly-formed current sheet speeds up the filament eruption to
form a CME, and produces a two-ribbon flare near the solar surface at the same time.

A similar mechanism was proposed by van Ballegooijen and Martens (1989), who pointed out
that the magnetic flux cancellation near the neutral line of a sheared magnetic arcade would
produce helical magnetic field lines, i.e., a flux rope, that can support a filament, and that further
cancellation can result in the eruption of the previously-formed filament, as depicted by Figure 14
and numerically simulated by Amari et al. (2003b). The flux cancellation model is the same as
the tether-cutting model in nature. The difference, if any, is that the flux cancellation model
might emphasize a more gradual evolution of magnetic reconnection in the photosphere, while
tether-cutting is a relatively more impulsive process occurring in the low corona. Besides, the flux
cancellation also allows the flux rope to grow and its axis to rise. A current sheet might be formed
as the flux rope rises, creating the required magnetic configuration for the CSHKP model. The
flux cancellation would also increase the twist of the core field, which might also drive an ideal
MHD eruption (see Section 4.1 for the discussions about ideal MHD eruptions).

The tether-cutting model, however, does not tell how the strongly sheared core field is formed.
From the observational point of view, shearing motions may be one effective way to increase the
magnetic shear near the polarity inversion line (PIL). Therefore, in the next item, we describe a
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Figure 14: Flux cancellation in a strongly sheared magnetic arcade leading to the formation and levitation
of a flux rope. Further cancellation leads to the eruption of the flux rope (from van Ballegooijen and
Martens, 1989).

similar model, i.e., the CME initiation by localized shearing motions.

(2) Shearing motions

The shearing motion is indeed one important way for the corona to build up free energy (Low,
1977). A lot of observations also revealed that many CME source regions experienced strong
shearing motions before eruption (e.g., Deng et al., 2001). Therefore, it is not surprising that the
shearing motion was proposed to be a trigger mechanism for CMEs (e.g., Aly, 1990). The shearing
motion localized near the PIL would produce a strongly-sheared core field, which is covered by a
less-sheared envelope field. Thus, this model well explains the required magnetic configuration in
the tether-cutting model. In this sense, these two mechanisms are the same in nature.

As illustrated by Barnes and Sturrock (1972), the coronal arcades inflate as the shearing motion
is imposed at the bottom boundary. It was conjectured by Klimchuk (1990) that the shearing of
simple arcade configurations always results in an inflation of the entire field. The 2.5-dimensional
MHD simulations performed by Miki¢ and Linker (1994) in the spherical coordinates indicate that
subject to the localized shearing motion, the magnetic field expands outward in a process that
stretches the field lines and produces a tangential discontinuity, i.e., a strong current sheet, above
the PIL. Therefore, the shearing motions can be regarded as a triggering mechanism since it paves
the way for the potential eruption of the arcade. Once resistivity is excited in the current sheet,
magnetic reconnection sets in, and leads to an impulsive release of magnetic energy along with the
ejection of a plasmoid. The effects of the shearing profile and background solar wind models on
the triggering were numerically studied by Jacobs et al. (2006) with 2.5D MHD simulations in the
axisymmetric coordinates. It is shown that (1) a faster shearing velocity leads to a faster eruption;
(2) a wider shearing region facilitates the formation of a flux rope; (3) the evolution is dependent
on the chosen solar wind model.

It is important to note that some of the plasma shearing motions in observations might not the
the driver of the magnetic shear, they might be the result of magnetic flux emergence, as found in
MHD simulations (Manchester IV et al., 2004).

Different from the above numerical models where the magnetic shear increases monotonically,
Kusano et al. (2004) found that the injection of the reversal magnetic shear at the bottom boundary
can also trigger the CME eruption, via a series of two different kinds of magnetic reconnection.
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It is noted that, in most numerical simulations the evolution of the photospheric field is too
fast compared to the very gradual accumulation of the magnetic energy in the solar atmosphere.
This is true for the simulations mentioned above, as well as below.

(3) Magnetic breakout model

In order to circumvent the Aly—Sturrock constraint (Aly, 1991; Sturrock, 1991, see discussions in
Section 4.1), Antiochos et al. (1999) proposed the so-called magnetic breakout model, as shown in
Figure 15. The essence is that the initial magnetic configuration consists of a quadrupolar topology,
with a null point being above the central flux system. As the central flux system experiences shear
motions, it expands upward, pressing the X-type null point to form a current layer. If gas pressure
and resistivity are ignored, the current layer collapses to be an infinitely thin current sheet, which
hinders the upward motion of the central flux system; If gas pressure and resistivity are considered,
the current sheet would undergo magnetic reconnection owing to anomalous resistivity or other
non-ideal effects. Such a reconnection process removes the constraint of the higher magnetic loops,
triggering the eruption of the core field (thick lines). They demonstrated that the final state with
the central flux system being fully open possesses a total magnetic energy less than that of the
initial state, suggesting that partial opening of a closed magnetic configuration is energetically
feasible.

(a) (b)

Figure 15: The evolution of the magnetic field in the breakout model, showing the reconnection above
the central flux system removes the constraint over the core field (thick lines), and results in the final
eruption (adapted from Antiochos et al., 1999).

As the central flux system rises, a current sheet forms underneath, whose reconnection leads to
the drastic formation and eruption of a flux rope. The MHD simulation results of such an eruption
process were compared with the CME features in observations (Lynch et al., 2004). Many other
numerical models can be classified to this magnetic breakout model, e.g., Archontis and To6rok
(2008) and MacTaggart and Hood (2009).

Note that the essence of this model is that part of the central flux system reconnects with the
overlying background magnetic field, by which the constraint over the sheared core field is removed
gradually like an onion-peeling process. Such a model can be regarded to be physically the same as
the tether-cutting mechanism, and it can be considered as the external tether cutting. It is expected
to have SXR bright loops on both sides of the sheared core field and reverse type III radio bursts
that are produced by the reconnection-accelerated electrons which, however, might be too weak
to be observed. Many authors compared the observed CME initiations with the breakout model
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(e.g., Sterling and Moore, 2004). The first evidence supporting the breakout model was presented
by Aulanier et al. (2000), who found a null point above the source region in the extrapolated
coronal magnetic field. Another indirect evidence supporting the quadrupolar configuration in the
magnetic breakout model is that many quiescent prominences are located on the magnetic neutral
lines between bipolar regions (Tang, 1987). From statistical point of view, Li and Luhmann (2006)
conducted a statistical study, showing that the CME source regions with quadrupolar background
magnetic field, which is crucial for the breakout model, are 3 times less than those with bipolar
field. Similarly, Ugarte-Urra et al. (2007) found that the initiation of 7 out of 26 CME events in
their study can be interpreted in terms of the breakout model.

(4) Emerging flux triggering mechanism

By checking the variations of the magnetograms before CME eruptions, Feynman and Martin
(1995) found that many CMEs are preceded by emerging flux that possesses polarity orientation
favorable for magnetic reconnection between the emerging flux and the pre-existing coronal field
either inside or outside the filament channel. Motivated by such a correlation, Chen and Shibata
(2000) proposed an emerging flux triggering mechanism for CMEs, as illustrated by Figure 16:
when the reconnection-favorable emerging flux appears inside the filament channel as seen in panel
(a), it cancels the small magnetic loops near the PIL below the flux rope. Thereby, the magnetic
pressure decreases locally. Plasmas on both sides of the PIL, which are initially in equilibrium,
are driven to move convergently along with the frozen-in anti-parallel magnetic field under the
pressure gradient. As a result, a current sheet forms below the flux rope, and the flux rope is
also triggered to move upward slightly. When the reconnection-favorable emerging flux appears
outside the filament channel (say, on the right side, as illustrated by panel b), it reconnects with the
large-scale magnetic loops that cover the flux rope. The right leg of the large-scale magnetic loop,
which is initially rooted very close to the PIL, is re-connected to the right side of the emerging flux,
which becomes further from the PIL. The magnetic tension force from the kinked field line pulls
up the magnetic loop (the larger thick black line) to move upward, with the flux rope following
immediately. As the plasma is evacuated below the flux rope, the X-type null point collapses to
form a current sheet.
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Figure 16: Schematic diagram of the emerging flux triggering mechanism for CMEs. (a) Emerging
flux inside the filament channel cancels the pre-existing loops, which results in the in-situ decrease of
the magnetic pressure. Lateral magnetized plasmas are driven convergently to form a current sheet; (b)
Emerging flux outside the filament channel reconnects with the large coronal loop, which results in the
expansion of the loop. The underlying flux rope then rises and a current sheet forms near the magnetic
null point (from Chen, 2008).

In both cases, the core field, i.e., the flux rope here, is initiated to move up, with a current
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sheet forming below, by which a magnetic configuration required for the CSHKP model is formed.
The later evolution can well fit into the CSHKP model, i.e., on one hand, the reconnection at the
current sheet leads to the formation of a cusp-shaped two-ribbon flare below; on the other hand,
the Lorentz force along the upward reconnection jet accelerates the jet and the flux rope system
above, as seen from Figures 17 and 18, which show the evolutions of the magnetic field (lines),
temperature (color), and velocity (arrows). Note that even though the flux rope in the initial
conditions of their simulations is located slightly above the critical height for the torus instability,
where 01n B/d1Iny = 2.06, the flux rope was found to be ideally stable without the flux emergence.
This implies the difference between MHD evolutions and the circuit analysis of the torus instability.
With the plasma 8 chosen in Chen and Shibata (2000), the flux rope erupts with a velocity of
~ 400 km s!. If the plasma 3 is reduced, the eruption becomes faster.

400 km /s

X

-
=

Figure 17: Still from a movie showing Evolutions of the magnetic field (lines), temperature (color, in
unit of 10° K), and velocity (arrows) in the corona after the flux rope system is triggered to rise when the
new flux emerges inside the filament channel (from Chen and Shibata, 2000). The scale for the velocity is
shown at the upper-right corner. (To watch the movie, please go to the online version of this review article
at http://www.livingreviews.org/lrsp-2011-1.)
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Figure 18: Still from a movie showing Evolutions of the magnetic field (lines), temperature (color, in unit
of 10° K), and velocity (arrows) in the corona after the flux rope system is triggered to rise when the new
flux emerges outside the filament channel (from Chen and Shibata, 2000). (To watch the movie, please go
to the online version of this review article at http://www.livingreviews.org/lrsp-2011-1.)

The scale for the velocity is shown at the upper-right corner.

In this model, the onset of the CME is triggered by the localized reconnection between the
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emerging magnetic flux and the pre-existing coronal field. Such a reconnection, which was orig-
inally proposed by Heyvaerts et al. (1977) to explain impulsive solar flares, would produce SXR
bright points/jets (and Ha surges), which correspond to the SXR precursors well before the main
flare as mentioned by Simnett and Harrison (1985). Recent observations indicate that such a
localized reconnection would also drive the filament and surrounding magnetic loop to oscillate,
which in turn modulates the localized reconnection to be intermittent (Chen et al., 2008). There-
fore, it will be interesting to investigate how the CME precursors (2)—(5), and (7) mentioned in
Section 3.4.1 can be understood along with the emerging flux trigger mechanism. What can be
speculated is as follows: As the reconnection-favorable magnetic flux emerges, it reconnects with
the coronal field. The coronal magnetic field is rearranged, and the filament loses its equilibrium.
The coronal magnetic loops and the filament oscillate due to the kinked field lines, which may
in turn modulate the magnetic reconnection to proceed in a repetitive way (Nakariakov et al.,
2006; McLaughlin et al., 2009). The magnetic rearrangement would induce MHD waves, which
then slightly accelerate electrons to emit radio noise storms. The repetitive localized reconnection
generates SXR brightenings, and accelerates nonthermal electrons, producing a series of type III
radio bursts when the background magnetic field happens to be open. A noticeable feature of
the localized reconnection in the triggering phase of the CME is that the magnetic reconnection
progresses in a repetitive manner, rather than continually.

A similar model was investigated by Archontis and Hood (2008), who simulated the emergence
of two twisted flux tubes. They found that the interaction and reconnection between the magnetic
fields of the two tubes lead to multiple formation and eruption of flux ropes.

As mentioned in Section 3.4.1, many CMEs were found to be associated with emerging flux.
However, it should be kept in mind that some of these CMEs might be triggered by other mecha-
nisms rather than the emerging flux, and the association might be just a coincidence. A parameter
survey of this model was conducted by Xu et al. (2008), who showed that whether a new emerging
flux can trigger a CME depends on several parameters of the emerging flux: its polarity orientation,
its total flux, and its distance to the PIL. Image synthesis was composed by Shiota et al. (2005) in
order to compare with Yohkoh SXR images, which indicates that the Y-shaped ejecting structure
observed in some CME/giant arcade events corresponds to slow and fast shocks associated with
magnetic reconnection. Such a model was also extended from 2D Cartesian coordinates to 3D
spherical coordinates (Dubey et al., 2006).

(5) Flux injection triggering mechanism

Noticing that a curved current loop has a “toroidal force”, Chen (1989) extended the previously
studied stability analysis of a current loop into the nonlinear phase in order to study its dynamic
evolution. As shown in the left panel of Figure 19, the line-tied current-carrying loop, e.g., a
flux rope holding a prominence at its bottom, is characterized by the major radius R, the minor
radius a, a toroidal current I;, and e describing how the flux rope closes below the photosphere.
With some simplifications, Chen (1989) derived the total force exerted on a toroidal section of the
flux rope. According to the Newton’s second law, and the plasma in the section is approximated
as a particle, the motion of the plasma section is then established. It is found that with some
parameters, the flux rope is unstable to radial perturbations, and may expand subsonically for
extended periods of time; with some other parameters, the flux rope can expand and then reach
a new equilibrium. He also found that if the flux rope carries a relatively large current, a fast
eruption can be formed. For example, an initial loop with ~ 20 G expands at ~ 1200 km s,
releasing magnetic energy of the order of 1032 ergs in tens of minutes.

Considering that a prominence is generally stable for weeks before its eruption, Chen (1996)
proposed that an initial stable flux rope, as new poloidal flux is injected somehow, is accelerated
and becomes eruptive. As an example, the right panel of Figure 19 shows the early evolution of
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Figure 19: (a) Schematic drawing of the flux injection triggering mechanism for CMEs, where B, denotes
the poloidal magnetic field of a flux rope; A, B, and C mark the apex, the centroid, and the bottom of the
flux rope, respectively. A prominence is supposed to sit at the bottom of the flux rope; (b) Time evolution
of the velocity of the flux rope apex as a certain amount of poloidal flux is injected into the rope (adapted
from Chen, 1996).

the velocity of the flux rope in one case. It is noted that the energy release in this model mainly
comes from the injected energy. In this sense, this model is different from other storage-and-release
models discussed in this subsection.

Such a flux injecting and triggering processes have not been testified by MHD simulations, which
should be quite different from the approximated particle dynamics. The flux injection triggering
mechanism was sometimes criticized in the sense that the flux injection process would induce too
large surface motions that have not been observed (e.g., Forbes, 2000; Schuck, 2010). However, it is
interesting to see that an instability exists in the flux rope due to the “toroidal force”, as indicated
by the equilibrium analysis of the system (Chen, 1989), which might serve as a trigger mechanism.
This was called “torus instability”, inherited from laboratory plasmas (Kliem and T6rok, 2006, see
Item 6 below).

(6) Instability and catastrophe-related triggering mechanisms

Since the time scale of the coronal magnetic energy accumulation is very long, whereas flare and
filament eruptions commence in a very short time scale, Gold and Hoyle (1960), even early in the
1960s, proposed that the trigger of the energy release should be related to some kind of instability.
Along this line of thought, various instability /catastrophe mechanisms have been developed (see
Forbes, 2000, for a review). The basic idea is: as the coronal magnetic field, subject to the
photospheric motions and flux emergence, keeps evolving in a quasi-statical way (both ideally and
non-ideally), it might reach a critical stage where the equilibrium is unstable (i.e., instability) or no
nearby equilibrium state exists anymore (i.e., loss of equilibrium). The pre-CME structure is then
at an unstable equilibrium and starts to erupt in the corona where perturbations are ubiquitous.

(a) Kink instability: Sakurai (1976) numerically analyzed the development of the kink insta-
bility of a twisted flux tube, as revealed by Figure 20. He pointed out that the kink instability can
explain the observed height-time profile of an erupting filament. Hood and Priest (1979) further
considered the line-tying effect of the photosphere on the kink instability of the twisted flux tubes,
and found that there is a critical twist, above which the flux tube is unstable. In their analysis,
the critical twist ranges from 27 to 67 (see also Miki¢ et al., 1990). However, these authors did
not consider the effect of the external magnetic field overlying the twisted flux tube, which would
stabilize the flux tube. Such an effect was studied in the MHD numerical simulations of T6rok
and Kliem (2005) and Inoue and Kusano (2006). According to Torok and Kliem (2005), if the
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overlying magnetic arcade decays gently with height, the kink instability would be suppressed af-
ter initial development, producing the so-called “failed eruption” found by Ji et al. (2003), and if
the overlying magnetic field decays rapidly, the kink instability would lead to an ejective CME.
According to Inoue and Kusano (2006), the short axis of the flux rope would also suppress the
kink instability. Besides, as pointed by Baty (2001), the classical critical twist for the onset of the
kink instability is applicable only for flux ropes with the radius much larger than the axis pitch
length. For a general case, it is the local pitch angle that determines the instability.

[mﬂ%ﬂ £=9.0 mmm

Top view Side view

Figure 20: The evolution of the kink instability of a twisted flux tube based on an analytical solution
(from Sakurai, 1976).

(b) Torus instability: A current ring is unstable against expansion if the external potential field
decays sufficiently fast, e.g., dln B/0Inr > 3/2 (Bateman, 1978), which was extended to study
the dynamics of the flux rope in CMEs (Chen, 1989), and was called torus instability by Kliem
and Torok (2006), though these early works are based on circuit models, rather than solving full
MHD equations.

With 3D MHD simulations, Fan and Gibson (2007) studied the emergence of a flux rope from
the subsurface into the magnetized corona. As illustrated by Figure 21, when the background
magnetic field declines slowly with height, a strongly-twisted flux tube emerging out of the solar
surface may rupture through the arcade field via kink instability (top panels); whereas when the
background magnetic field declines rapidly with height, a weakly-twisted flux tube, whose twist
is below the threshold for kink instability, still erupts with little writhing like a planary outward
expansion. They interpret the latter case as the “torus instability”.

It is pointed out here that in their simulations the flux rope is transported kinematically into
the simulation box by changing the boundary conditions. Besides, reconnection due to numer-
ical resistivity exists, which would have affected the dynamics of the system, and makes it not
straightforward to distinguish ideal MHD instability from resistive instability. The observational
result that the extrapolated magnetic field for the torus instability eruption events does not show a
systematic rapid decay with height, as presented by Liu (2008), suggests that more factors should
be considered.

It is noted in passing that, in several simulations works (e.g., Amari et al., 2004; Manchester TV
et al., 2004; Fan and Gibson, 2007; Archontis and Hood, 2008), the flux rope erupts soon after it
emerges out of the solar surface. This is slightly different from other “storage-and-release” models,
and might explain the CMEs associated with the emergence of a new active region.

(c¢) Catastrophe: As demonstrated by MHD numerical simulations (e.g., Torok and Kliem,
2005), the often used linear instability analysis has the limitation of saying nothing about the
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Figure 21: Top: the MHD simulation of the kink instability of a strongly-twisted flux tube emerging from

the subsurface to the corona, where the pre-existing magnetic field declines slowly with height. Bottom:

the MHD simulation of the torus instability of a weakly-twisted flux tube emerging into the corona, where
the pre-existing magnetic field declines rapidly with height (adapted from Fan and Gibson, 2007).

nonlinear development (Priest, 2007). One of the earliest efforts was to seek for the possibility of
catastrophe of the magnetic system. Following van Tend and Kuperus (1978), Priest and Forbes
(1990) constructed a model to study the equilibrium of a line current filament in the background
coronal magnetic field. It was found that as the filament current or twist increases to a critical value,
catastrophe takes place. In the ensuing researches on the catastrophic solutions, the measurable
quantities, in place of the electric current in the filament, were adopted as the changing parameter.
These models can further be divided into two branches, depending whether the triggering process
is a resistive or an ideal process, as described separately in the following paragraphs.

As reconnection proceeds below the flux rope in the aforementioned tether-cutting reconnection
or flux cancellation model, the flux rope would definitely rise. However, it does not mean that
an eruption can be triggered. For example, with zero-8 MHD simulations, Aulanier et al. (2010)
stated that the tether-cutting reconnection below the flux rope does not trigger the eruption of
the flux rope, it just pushes the flux rope to rise. It is the torus instability that triggers the onset
of the eruption. Alternatively, the 2D analytical solution by Forbes and Isenberg (1991) indicates
that as flux cancellation continues near the magnetic neutral line, the flux rope embedded in a
bipolar field initially rises smoothly (see Figure 22a-d). However, at a critical point, the flux rope
presents a catastrophic behavior, i.e., the flux rope has the potential to jump from a lower altitude
(panel e) to a higher altitude (panel f) from the energy point of view, with the flux distribution at
the surface unchanged. The energy release in this transition is trivial (the fraction of the magnetic
energy released in the transition depends on the background magnetic field, as shown by Forbes
et al., 1994), so it might be insufficient to power an eruption. However, the higher state contains
a current sheet, whose reconnection would result in the rapid eruption of the filament. Therefore,
the flux cancellation-induced transition works as an efficient triggering mechanism for CMEs. On
the other side, the trivial energy release associated with the catastrophe is based on 2D models.
In the 3D case, more magnetic energy release is expected since the newly-formed current sheet can
be localized in a finite volume.
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Figure 22: Variation of the equilibrium state of a flux rope system as the amount of the cancelling flux
(¢) increases. From panel (e) to panel (f), a catastrophe takes place (from Forbes and Isenberg, 1991).
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It is mentioned here that such a catastrophe behavior, i.e., the transition from a null-point
(at z = y = 0) to a current sheet in Figure 22, reminds us of the X-point instability found by
Dungey (1953). Interestingly, Démoulin and Aulanier (2010) found that the critical conditions for
the catastrophe also satisfy the instability criterion.

The decay of the background magnetic field is another way to trigger the CME progenitor to
deviate from the equilibrium state. The decay of the photospheric magnetic field is often due
to the magnetic diffusion that can lead to the formation, as well as the eruption, of flux ropes
(Mackay and van Ballegooijen, 2006). The inward diffusion toward the PIL has the effect as the
flux cancellation process, and the outward diffusion results in the weakening of the background field.
With analytical solutions, Isenberg et al. (1993) found that before o decreases to 0.8136, where
o describes the strength of the background magnetic field, the flux rope has only one equilibrium
state. However, at 0 = 0.8136, there exist two equilibrium states, i.e., a higher energy state and a
lower-energy state with a current sheet below the flux rope, which means that the flux rope can
transit catastrophically. Lin et al. (1998) extended this work so that the effect of the large-scale
curvature of the flux rope is considered. It is found that unlike previous results, flux ropes with
large radii are more likely to erupt than ones with small radii. The triggering model due to the
decay of the background magnetic field might account for why the peak CME occurrence rate
is delayed by 6—12 months with respect to the peak Sunspot number (see Section 2), since the
background magnetic field becomes weaker and weaker during the declining phase of the solar
cycle.
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Figure 23: The magnetic evolution showing that the flux rope jumps from an initial equilibrium state
(t = 3074) to a higher state (¢t = 18074) when the magnetic shear reaches a critical value (from Hu, 2001).

The increase of the upward magnetic pressure, which can push the CME progenitor to expand,
can be realized by either converging motions or the shearing motions. With MHD simulations,
Inhester et al. (1992) found that in addition to the shearing motions, the convergent motions can
effectively facilitate the formation of a current sheet above the PIL of the magnetic arcade, which
would then become resistive unstable. Analytically, Forbes and Priest (1995) found that even
without flux cancellation, a flux rope system subject to the photospheric converging motion would
also experience a catastrophic behavior. When the half distance A of the dipole decreases from 4
to > 0.97, the flux rope always possesses only one equilibrium state. However, at A = 0.97, the flux
rope has two equilibrium states, i.e., a higher energystate and a lower energy state with a current
sheet below the flux rope. Similar to the background magnetic field decay, such a catastrophe can
serve as a nice trigger mechanism for CMEs. It is noticed in Forbes and Priest (1995) that as the
background magnetic charges get closer, the flux rope decreases in altitude before the catastrophe
appears. However, the 3D MHD numerical simulations by Amari et al. (2003a) indicate that as
the converging motion is imposed at the bottom boundary, the flux rope always goes up. The
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difference is due to the fact that in the analytical study of Forbes and Priest (1995), for any
point along the vertical axis, the background field from the two “magnetic charges” increases first
(and decreases later). In order to realize a force balance, the line current and its image current
should be put closer first (and further away later). One thing has to be kept in mind here: when
deriving equilibrium state series subject to changing parameters in the analytical solutions, the
frozen-in effect in the ideal MHD might be violated. It is also seen from their comparison that the
catastrophe existing in the analytical study is not present in the MHD simulations. It might be
due to that there is a “toroidal force” in the 3D flux rope (not existing in the 2D model), which
excites the “torus instability” (To6rok and Kliem, 2007). It also reminds us of the warning that
the searching for “loss of equilibrium” solution needs to consider global constraints (Klimchuk and
Sturrock, 1989), including the frozen-in effect as mentioned above.

It is interesting to see that, for a system with a flux rope embedded in a bipolar magnetic field,
a diversity of changes of the background magnetic field would trigger the catastrophic initiation of
the flux rope eruption. As an example, Figure 23 shows the evolution of the loss of equilibrium of
the flux rope driven by shearing motions. With the zero plasma 3 and inertialess approximation,
Lin et al. (2001) analytically studied the response of the flux rope system to the emerging flux
as numerically solved by Chen and Shibata (2000). They found that there are also catastrophic
behaviors in the triggering process. However, different from the MHD numerical simulations, the
parameter regime in favor of the CME eruptions becomes complicated.

(m) =450 (b) t=490

Figure 24: The evolution of the magnetic field in the 3D MHD numerical simulation of Amari et al.
(2000), which shows the formation and the ensuing eruption of a twisted flux rope as a simple magnetic
arcade experiences shearing motions and the opposite-polarity magnetic emergence (adapted from Amari
et al., 2000).

(7) Hybrid mechanisms

Considering the complexity of the solar atmosphere, such as the unceasing convective motions and
magnetic flux emergence, probably several triggering factors may take effect collaboratively. For
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example, with 3D MHD simulations, Amari et al. (2000) studied the initiation of CMEs associated
with both shearing motions and flux emergence. As shown by Figure 24, after the shearing motion
and the opposite-polarity emerging flux are imposed at the bottom boundary, an initially simple
magnetic arcade (upper-left panel) evolves into a twisted flux rope overlaid by an almost potential
arcade (upper-right panel). If the magnetic flux of the emerging field is small, the flux rope rises
to reach a neighboring equilibrium state. However, if the emerging flux is large enough, the whole
system cannot find any equilibrium state, and begins to erupt (bottom panels).

(8) Other mechanisms

Besides the above-mentioned triggering models, there are some other mechanisms that have not
been investigated extensively and quantitatively.

(a) Mass drainage: 1t is generally assumed that filaments are supported by the Lorentz force
against gravity. If a part of filament material drains down to the chromosphere, the filament would
lose its equilibrium under the excess Lorentz force (or called magnetic buoyancy, see Tandberg-
Hanssen, 1974; Low, 2001). Such a process was studied by Fan and Low (2003) and Wu et al.
(2004), and was identified in some eruption events (e.g., Zhou et al., 2006).

(a) ih)

Figure 25: Schematic sketch showing that the reconnection inflow in one CME eruption induces the loss
of equilibrium of a neighboring filament (from Cheng et al., 2005).

(b) Sympathetic effect: Moreton waves and/or EIT waves generated by some CME events might
trigger the oscillation (Eto et al., 2002; Okamoto et al., 2004) or even the eruption (Ballester,
2006) of a remote filament (such a speculation is worth detailed modelings); The reconnection
inflow below an erupting CME may also induce the loss of equilibrium of a neighboring filament,
as shown by Figure 25 (see Cheng et al., 2005, for details). In addition, the primary CME pushes
aside the background magnetic field, which can also induce the loss of equilibrium of a neighboring
filament (Ding et al., 2006).

(¢) Solar wind: As illustrated by Figure 26, the CME source region with a closed magnetic
configuration is often bounded by open magnetic field, where solar wind is accelerated from being
nearly static to several hundred km s 1. It is possible that the CME source region might be pulled
up by the solar wind with the drag force (Forbes et al., 2006) or the pressure gradient (X. Moussas,
2008, private communication). The latter might be called Bernoulli effect, which claims that along
a streamline, the higher the velocity the lower the pressure. Note that the dragging effect of the
solar wind is significant only when the flux tube extends to a height where the plasma g is around
unity.
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Figure 26: Schematic sketch showing that closed magnetic field is surrounded by an accelerating solar
wind background.

3.4.3 Remarks for the progenitors

After introducing the triggering mechanisms of CMEs, let us come back to the topic on the CME
progenitors. For the slow CMEs that might be accelerated by the solar wind, the energy source
is attributed to the solar wind, and the requirement for the CME progenitor is probably that its
plasma § should be big enough so that the line-tied magnetic field cannot restrain the plasma in the
closed field. For the eruptive events, the energy source is attributed to the magnetic energy stored
in the progenitor beforehand. The most important question is, then, what physical parameters
can well describe the state that the progenitor is ready to be triggered to erupt as a CME.

For the first four triggering processes, such as tether-cutting or flux emergence, the progenitor
is not necessarily close to an unstable state, e.g., it might be at a metastable state (Sturrock
et al., 2001) (a metastable state means that the system is stable against small perturbations, but
it can transit to a lower energy state with a sufficiently large perturbation). During the triggering
process, significant changes can be found in observations, such as brightenings or evolving magnetic
features. The problem is what parameters can characterize the progenitor that has the potential
to erupt.

For the instability and catastrophe-related triggering processes, the progenitor should be close
to but still have not reached the criteria of the instability. Therefore, future research might be
focused on the quantitative determination of the criteria of the related instabilities based on the
real observational data, especially the vector magnetograms and the extrapolated coronal magnetic
field.

Based on multiwavelength observations, especially the photospheric vector magnetograms, re-
searchers tried to find out some empirical measures that can well represent the nonpotentiality
of CME-productive regions. For instance, Falconer et al. (2002) found that three measures are
well correlated with the CME productivity: Lgg, the length of strong-shear, strong-field main
neutral line; Iy, the net electric current arching from one polarity to the other; and oo = pln /o,
a flux-normalized measure of the field twist.

From the theoretical point view, magnetic free energy is a parameter directly related to the
nonpotentiality of the pre-CME metastable state. However, it is not rare to see that the magnetic
free energy is increasing after one CME due to the Poynting flux through the solar surface, without
any ensuing eruptions for hours (e.g., Jing et al., 2009). In this sense, the combinative study on
the internal cause, e.g., the free energy, and the external cause, e.g., a suitable trigger, becomes
crucial. Magnetic helicity, which is an almost conservative quantity even in a resistive process
(Berger, 1984), could be a better parameter. The coronal electric current helicity, as well as
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the magnetic helicity, is cyclic invariant (Sechafer, 1990), therefore, CMEs are the main process
to remove the otherwise accumulating helicity in active regions (Rust, 1994; Low, 1996). (The
interchange reconnection between the closed and the open fields is another way.) Zhang et al.
(2006) conjectured that for a given boundary condition, there may exist an upper bound on the
magnetic helicity, which changes with the boundary conditions (Zhang and Flyer, 2008). According
to the conjecture, any further pumping of magnetic helicity (or evolving boundary conditions) into
the magnetic system at the threshold would lead to the eruption of a CME. As a support from
observations, Nindos and Andrews (2004) found that in a statistical sense the preflare value of «
(the force-free factor) and coronal helicity of the active regions producing big flares that do not
have associated CMEs are smaller than those producing CME-associated big flares. On the other
hand, Phillips et al. (2005) argued that CME eruptions occur at a fixed amount of free energy in
the corona, no matter the magnetic helicity is large or zero. Also a little surprisingly, the CME
eruption may be triggered by a process along with the injection of magnetic helicity that has an
opposite sign to the source active region, as demonstrated by Kusano et al. (2002) and Wang et al.
(2004). Therefore, the role of magnetic helicity in triggering CMEs remains a controversial problem
(see Démoulin, 2007, for a review).
Anyway, we are far from being able to predict where and when a CME is going to erupt.

3.5 Acceleration and propagation

From above it is seen that, as the closed magnetic structure is initiated to rise, a current sheet is
newly formed above the magnetic neutral line. The current sheet exerts a resisting force over the
CME progenitor. If magnetic reconnection is then excited in the current sheet, the reconnection
leads to the rapid energy release from magnetic energy to thermal, kinetic, and nonthermal energies,
which is just the picture of the CSHKP model: the downward reconnection outflow collides with
the flaring loops which are line-tied to the solar surface, whereas the upward reconnection outflow
pushes the core field of the CME source region, which is then accelerated to move up. The up-
moving core field, e.g., a flux rope, further stretches up the overlying magnetic field lines, leading
to the large-scale magnetic restructuring along with the mass ejection. Such a resistive MHD
paradigm is probably applicable to a majority of CME events, especially those energetic ones, as
evidenced by the strong relationship between CMEs and flares. If magnetic reconnection is not
excited in the newly formed current sheet, from a theoretical point of view, the CME progenitor,
after being triggered, may also erupt via an ideal MHD process, e.g., the ideal MHD instabilities
in the low plasma beta case or the dragging force from the solar wind, if the outward force can
overtake the resisting force from the current sheet. Such an ideal MHD paradigm is particularly
discussed in Section 4.1.

The CME propagation was mainly observed by imaging telescopes. However, in imaging obser-
vations, it is always a problem to distinguish mass motions from waves and apparent motions (for
instance, the ribbon separation in solar flares is a kind of apparent motion). Regarding the CMEs,
we describe the acceleration and propagation of their components separately, i.e., the bright core,
the cavity, and the frontal loop. The rising of the bright core, i.e., the filament, is definitely a
mass motion. The CME frontal loop, however, might be much more complicated (see discussions
in Section 4.4).

3.5.1 Bright core

Kahler et al. (1988) traced four CME/filament eruption events, and found that the Ha filaments
in all cases were moving upward slowly before the flare onset, indicating that the CMEs have
already been triggered before the flare. Moreover, they found that two of the filaments showed
strong acceleration during the impulsive phase of the flares, indicating that the main magnetic

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2011-1



Coronal Mass Ejections: Models and Their Observational Basis 39

reconnection plays an important role in accelerating the filaments (by “main reconnection” here
we distinguish it from the localized reconnection in the triggering process).

EIT 304 A images can trace the erupting filament further out, and it was found that the
filament rises with an almost constant velocity after the impulsive acceleration phase (e.g., Joshi
and Srivastava, 2007).

The upward reconnection outflow would hit the bottom of the flux rope, forming SXR plasmoids
just below the filament (Ohyama and Shibata, 2008). Therefore, it is not surprising that the SXR
plasmoid, which traces the filament, would also show a strong acceleration during the flare impulsive
phase, as revealed by Ohyama and Shibata (1997). It is also expected that the SXR plasmoid also
becomes a part of the CME bright core. In this case, the plasmoid motion, moving along with the
filament, is different from the upward reconnection outflow, with the latter being much faster.

The erupting filament, so as the bright CME core, may have inverse or normal polarities. While
little attention was paid to the dynamics of the eruption of normal-polarity filaments, a lot of efforts
have been made to investigate the dynamics of the filaments with the flux rope configuration. Note
that, in the case of the flux rope configuration, it is believed that the filament is located near the
bottom of the flux rope (Kuperus and Raadu, 1974). The modeling of the flux rope dynamics
includes analytical formulations and MHD simulations.

Similar to Anzer (1978), the dynamics of the flux rope in the flux injection model of Chen

(1996) is determined by Newton’s second law for simplicity, i.e., M‘f:TZZ = Fgr , where M is the
total mass per unit length of the flux rope, Z is the apex height of the flux rope axis, Fr is the
integrated force including the drag term related to the solar wind, and ¢ is time. The solution
reproduces the impulsive acceleration of CME bright core, which is followed by an almost uniform
propagation as revealed by the right panel of Figure 19.

With the assumption that the plasmoid (or flux rope) is accelerated solely by the momentum of
the reconnection outflow, Shibata and Tanuma (2001) derived an analytical solution to the motion
of the plasmoid, i.e.,

v, = V4 exp(wt) 7 @)
exp(wt) — 1+ Va/Vo

where V,, is the plasmoid velocity, V4 is the Alfvén speed of the ambient corona, Vj is the initial
velocity of the plasmoid before reconnection, w = pVa/(ppLyp), p is the density of the ambient
corona, p, the density of the plasmoid, L, the vertical length of the plasmoid, and ¢ the time.
As seen in Figure 27, the simple model, for the case of V5 = 0.01Vy, can also reproduce the
typical observational features, i.e., the CME core, or erupting prominence, is strongly accelerated
in the impulsive phase of the flare, and then moves up with an almost constant velocity. Such a
model is rather simple, where the restraining force from the coronal loops overlying the flux rope
is neglected.

A more sophisticated approach is the circuit model by Martens and Kuin (1989), which is
equivalent to the modeling of inertialess MHD equations. Their model can be regarded as the
quantitative version of the CSHKP model. It turned out to well explain the impulsive acceleration
of the flux rope, while fail to explain the later propagation phase. This model was improved by Lin
and Forbes (2000), as shown in Figure 28. Their analytical solution reproduced the three-phase
feature for the CME core very well, i.e., a slow rise in the preflare phase, a strong acceleration
in the flare impulsive phase, and the final eruption with a nearly constant velocity in the gradual
phase.

Numerical simulations of the full set of the MHD equations provide the CME dynamics that
can be better compared with observations. The 2D simulations by Chen and Shibata (2000)
showed that, as the flux rope loses its equilibrium due to the emerging flux (see Section 3.4.2),
a current sheet forms near the null point below the flux rope. As anomalous resistivity sets in,
magnetic reconnection proceeds in the current sheet. On one hand, it forms a cusp-shaped flare
below the reconnection site as described by the standard flare model. On the other hand, with
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Figure 27: Temporal variations of the plasmoid velocity (Vplasmoid, dotted line), its height (solid line),
and inflow velocity (Vinfow, dashed line) in the analytical model of Shibata and Tanuma (2001).

reconnection, the constraint of the closed field lines overlying the flux rope is removed, and the
flux rope is accelerated, as depicted by Figures 17 and 18. The time evolution of the flux rope
height is compared with that of the reconnection rate in Figure 29. It is seen that the flux rope is
intensively accelerated near the peak of the reconnection rate, i.e., the flare impulsive phase, after
which the flux rope rises with an almost invariable velocity, a typical feature found in the erupting
filament observations (KKahler et al., 1988; Sterling and Moore, 2005).

The consistency of the above models with observations of many CMEs implies that magnetic
reconnection is the key to linking the violent CME and flare eruptions as a unity. However,
as we will see in Section 4.1, some factors other than reconnection may also contribute to the
acceleration of CMEs, e.g., ideal MHD instabilities (Amari et al., 2004; Fan and Gibson, 2007),
which is the reason why some events present continual acceleration before and after the impulsive
phase (e.g., Kahler et al., 1988). They are these factors that might accelerate some CMEs without
the involvement of magnetic reconnection, e.g., via ideal MHD instabilities such as those discussed
in Section 3.4.2. In MHD simulations, numerical resistivity is generally unavoidable, therefore,
it is still premature to see the ideal MHD models of CME eruptions. Instead, the corresponding
dynamics of CMEs is often studied by solving the motion equation of the flux rope under the
integrated force, especially the toroidal force. As demonstrated by Chen (1989, see Figure 19) and
Kliem and Torok (2006), the flux rope can indeed be accelerated and then approach an almost
constant velocity. It is pointed out here that one thing is missing in these works, i.e., the existence
of a newly-formed current sheet below the flux rope, which resists the flux rope from further
erupting.

It is noted in passing that the circular flux rope in the low corona may evolve into a pancake
structure in the interplanetary space (Riley et al., 2003; Manchester IV et al., 2004).

3.5.2 Cavity

An expanding cavity often immediately follows the CME frontal loop, with the bright core being
embedded in (Illing and Hundhausen, 1985). The white-light deficit means that the density in
the cavity is relatively low. The density depleted cavity would also be weak in EUV wavelength,
as illustrated by Chen et al. (2000) and Chen (2009a). The mass outflow in the dimming region
was measured by spectroscopic observations (Harrison and Lyons, 2000; Harra and Sterling, 2001),
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Figure 28: Diagram of the magnetic configuration including an erupting flux rope and a current sheet
between the flux rope and the reconnected flare loop used for the setup of the analytical solution by Lin
and Forbes (2000).

which was interpreted as the result of magnetic field line stretching pushed by the erupting flux
rope (Chen et al., 2002, 2005¢).

The CME cavity, which is observed above the solar limb, should have disk counterpart. The-
oretically, Chen and Fang (2005) proposed that whereas the CME frontal loop corresponds to
the EIT wave front on the solar disk, the CME cavity corresponds to the extended dimmings,
which follow the EIT wave fronts. With the gap of the fields of view between the SOHO/LASCO
coronagraph and SOHO/EIT, Thompson et al. (2000) speculated that the angular span of EUV
extended dimmings is roughly the same as the corresponding CME. With the overlapping fields of
view of Mauna Loa Solar Observatory (MLSO)/MK4 coronagraph and SOHO/EIT, Chen (2009a)
verified that EIT wave front, which borders the extended dimmings, is the EUV counterpart of
the CME frontal loop, while EUV extended dimmings are the disk counterpart of the CME cavity.
Such a result is understandable since both EIT wave fronts and CME frontal loops are charac-
terized by density enhancement, whereas both EUV extended dimmings and the CME cavity are
characterized by density depletion.

It is noted that, even before CME eruption, a coronal cavity may be visible surrounding the
torpid prominence (e.g., Vaiana et al., 1973; Hudson et al., 1999), as a part of the helmet streamer
(Illing and Hundhausen, 1986). Consensus has not been achieved regarding the relationship be-
tween the pre-eruption streamer cavity and the CME cavity. While it was claimed that the streamer
cavity simply swells and erupts to become the CME cavity (Illing and Hundhausen, 1986; Gibson
et al., 2006b), an alternative explanation is that the CME cavity results from successive stretching
of the closed magnetic field lines from the inner field to the outside (Delannée and Aulanier, 1999;
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Figure 29: Temporal evolutions of the flux rope height (k) and the magnetic reconnection rate (R) in
the numerical simulation of Chen and Shibata (2000), which shows that the strong acceleration of the flux
rope is coincident with the peak reconnection rate.

Chen et al., 2002, 2005¢). I tend to believe that the streamer cavity is a steady structure, which
is believed to correspond to the filament channel (Engvold, 1989) and is, therefore, related to the
filament formation. However, the CME cavity is a dynamic structure, with its footprints expanding
laterally as more and more field lines are stretched up, i.e., the streamer cavity is only the initial
part of the CME cavity, and more and more overlying field lines are involved into the cavity during
the CME eruption.

Two issues were often ignored about the CME cavity. The kinetic energy of the cavity is often
neglected (Vourlidas et al., 2000), probably because the plasma density of the CME cavity (or the
extended dimmings) is small. However, the cavity volume is very large, where outflows with a high
velocity are often induced (Harra and Sterling, 2001), therefore, to which extent it may contribute
to the total kinetic energy should be clarified. On the other side, as the gas pressure in the cavity
decreases during the CME eruption, the pressure gradient is expected to drive outflow from the
transition region and even chromosphere (Jiang et al., 2003; Jin et al., 2009). This process, in
addition to the interchange reconnection between the stretched magnetic field and small coronal
loops (Attrill et al., 2008), refills the depleted corona, making the coronal dimming recover to
normal in tens of hours.

3.5.3 Frontal loop

The kinematics of the frontal loop, sometime called leading edge, was extensively studied. Combin-
ing the Mark ITT (MK3) K coronameter at Mauna Loa Solar Observatory and the SMM space-borne
coronagraph, St Cyr et al. (1999) found that among the 141 CME events, the frontal loop in 87%
of the sample showed a positive acceleration, which is averaged at 0.264 km s!. The strong
acceleration happens generally below 2 Rg, beyond which CMEs move with an almost constant
velocity. With the unprecedented high-resolution and wide-view observations by SOHO/LASCO
coronagraph, Zhang et al. (2001a) investigated four CME events covered down to 1.1 R and found

that the CME frontal loop propagation can be described in a three-phase scenario, as illustrated
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by Figure 30:

(1) The initiation phase, when the frontal loop rises slowly with a velocity of ~ 80 km s ! for
tens of minutes before the main flare. During this phase, the CME is being triggered.

(2) The impulsive acceleration phase, when the frontal loop is accelerated rapidly. This phase
lasts several to tens of minutes, which is coincident with the impulsive phase of the main flare.

(3) The propagation phase, when the frontal loop moves with an almost constant velocity.
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Figure 30: Temporal evolutions of the SXR flux of the flare (solid line) and the propagation velocity of
the CME frontal loop (dotted line), showing a three-phase pattern (from Zhang et al., 2001a).

Of course, the CME frontal loop also shows smaller acceleration or deceleration in the prop-
agation phase. Statistical study by Zhang and Dere (2006) indicates that the main acceleration
in the impulsive phase widely ranges from 2.8 x 102 to 4.464 km s 2, with an averaged value at
0.331 km s 2; the corresponding main acceleration duration widely ranges from 6 to 1200 min, with
an averaged value at 180 min. On the other hand, the residual acceleration in the propagation
phase ranges from —131 to 52 m s 2, with an averaged value at 0.9 m s 2, much smaller than
the main acceleration. They also found a scaling law between the main acceleration (a) and its
duration (T, i.e., a = 10*T~! (m s72), where 7 is in unit of min.

As the CMEs propagate in the interplanetary space, it is found that fast CMEs decelerate
and slow CMEs accelerate, so that the ICME velocity tends to approach the ambient solar wind
speed. Gopalswamy et al. (2000) derived an empirical formula for the CME propagation from the
coronagraph field of view to 1 AU:

am s7? = 1.41 — 0.0035u[km s~ '], (3)

where a is the mean acceleration in the interplanetary space and u is the CME propagation velocity
measured in the coronagraph field of view. The asymptotic solution of the above formula, as a
approaches 0 and u becomes constant, is u = 1.41/0.0035 = 403 km s .
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In contrast to the bright core and the cavity, the CME frontal loop is actually much less
understood. It is generally taken for granted that the CME frontal loop propagation is regarded
as a mass motion, and in most modelings, the CME frontal loop was generally considered as the
apex of the flux rope (see Forbes et al., 2006, for details). However, the propagation of the CME
frontal loop might not be a mass motion (see Section 4.4 for a completely different explanation).
For instance, as described in Forbes (2000), the CME frontal loop may be a plasma pileup region
rather than the flux rope. Therefore, we do not explicate the modeling of the CME frontal loop
here, leaving the topic to be discussed in Section 4.4.

3.5.4 Lateral expansion

The CME propagation features mentioned in the previous two subsections are focused on the radial
direction. In this subsection, we briefly talk about the lateral expansion of CMEs.

Lacking the observations in the low corona, CME evolutions above 2 Ry gave an impression
that CMEs generally have a fixed angular width. For instance, Figure 25 of Schwenn (2006)
shows that the 60° cone angle and the general shape of the 2000 February 27 CME event are
maintained during the whole 12 hour passage through the LASCO field of view. This maintained
“self-similarity” is characteristic for most CMEs (Low, 2001), and is also the foundation for the
cone model that describes the CME geometry (Howard et al., 1982; Fisher and Munro, 1984).
However, low corona observations indicated that CMEs experience significant lateral expansion in
the early stage. For example, St Cyr et al. (1999) found that the average width of CMEs in the
lower field of view of the MK3 coronagraph is 12° smaller than that measured in SMM. It is just
due to such an expansion, which is often asymmetric on the two sides, that a CME becomes much
wider than the accompanying flare, and the flare is often near one footpoint of the CME, rather
than being centered under the CME (Harrison, 1986). Such an expansion of the CME and its
asymmetry to the solar flare can be understood as follows: as the CME frontal loop was suggested
to be formed due to successive stretching of magnetic field lines (Chen, 2009a), it is expected that,
if the background magnetic field is asymmetric, a larger area of magnetic field is involved to form
the CME on the side with weaker magnetic field, and we are ready to see the expanding CME
covers a larger span on this weak field side as depicted by Figure 31. Therefore, an asymmetric
ambient magnetic configuration naturally results in a CME asymmetric to the underlying flare.

flare loop flare loop

Figure 31: Schematic sketch showing how a CME frontal loop expands to be asymmetric to the underlying
flare in the early stage. The black solid lines correspond to the initial magnetic field, the black dashed
lines to the deformed magnetic field, and the green dashed lines to the CME frontal loop formed by the
successive stretching of magnetic field lines. The arrows indicate that the flux rope is erupting.

It is interesting to note that in most CME/flare modelings, only a central bipolar magnetic
structure erupts as a CME. Even in the magnetic breakout model where a quadrupolar configu-
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ration is present (Antiochos et al., 1999), the ejected magnetic structure is still the bipolar field
near the central neutral line. However, there often exist interconnecting loops above the source
region of the CME eruption, and the erupting bipolar structure would interact with the overlying
interconnecting loops. If the overlying loops have roughly the same magnetic orientation as the
erupting bipolar structure (maybe with a small angle), the latter would pull up the overlying loops,
leading to a global CME (Zhukov and Veselovsky, 2007) as illustrated in Figure 32 (Delannée and
Aulanier, 1999; Delannée et al., 2007) and numerically modeled by Roussev et al. (2007). If the
overlying or even lateral loops have roughly opposite magnetic orientation as the erupting bipo-
lar structure, interchange reconnection could happen between them, leading to a CME with a
re-organized morphology (Attrill et al., 2006; Gibson and Fan, 2008).

All these three situations, i.e., the asymmetric expansion of the source active region, its merging
with the overlying interconnecting loops, and the reconnection with the ambient or overlying field,
could happen in combination (Cohen et al., 2009). They may explain why many flares are located
near one footpoint of the corresponding CMEs.

small loops above
the flare site
Figure 32: Schematic sketch showing how a CME expands to a global scale as it pushes up the over-
lying interconnecting loops. The gray lines corresponds to small-scale magnetic field, black lines to the
interconnecting lines (adapted from Delannée and Aulanier, 1999).

3.5.5 CME-associated shocks

Similar to the launch of a rocket, the eruption of a CME would also drive a piston-driven shock
wave ahead of it. The shock, which can locally accelerate electrons to ~ 10 keV and hence excite
in situ plasma emissions, was observed as type II radio bursts (Wild and McCready, 1950). Such a
piston-driven shock was identified in the interplanetary type II radio bursts at ~ 290 kHz (Malitson
et al., 1973), as well as the decametric coronal type II radio bursts at ~ 2.5 MHz (Reiner et al.,
2000). It is still on debate whether such a piston-driven shock may show up at metric wavelengths
(Vrsnak and Cliver, 2008).

The white-light imaging signature of this piston-driven shock should be the so-called “CME
forerunner” found by Jackson and Hildner (1978), which was later inferred based on the streamer
deflections (Sheeley Jr et al., 2000) and clearly detected by Vourlidas et al. (2003) and Eselevich
and Eselevich (2008), as shown by Figure 33. The spectroscopic properties of the CME-driven
shock are well documented by Raymond et al. (2000), Mancuso et al. (2002), and Ciaravella et al.
(2006). Such a piston-driven shock extends down to the solar surface, especially in the early stage.
Generally speaking, the strength of such a bow shock would be the strongest at the top since
the driver, the erupting flux rope, is moving upward. Gopalswamy et al. (2001) proposed that,
however, in a non-uniform corona, the shock strength at one flank may also be strong enough to
form a second type II radio burst, e.g., at metric wavelengths.
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Figure 33: The LASCO/C2 white-light images showing a faint bow shock straddling over the 1999 April
2 CME. The solar disk is revealed by the EIT 195 A images (adapted from Vourlidas et al., 2003).

The footpoint of the shock sweeping the chromosphere was proposed to generate Ha Moreton
waves (Chen et al., 2002, 2005c), which were originally explained due to the flare-induced blast
waves (Uchida, 1968). It is expected that the shock strength at the footpoint decays drastically as
the piston, i.e., the erupting flux rope, moves higher and higher. This may explain why Moreton
waves are visible for a relatively short distance.

According to the standard CME/flare model, it is expected to see another two fast-mode
termination shocks associated with the CME/flare eruption, i.e., the upward reconnection outflow
collides with the flux rope, forming a reverse fast-mode shock, and the downward reconnection
outflow collides with the flaring loops, forming another fast-mode shock, as illustrated in Figure 34.
The termination shock below the flux rope apparently propagates up along with the erupting CME
core. This shock may also excite type II radio bursts, and Magara et al. (2000) applied it to
interpret the metric type II burst below the faster-moving decametric burst, which was found by
Reiner et al. (2000). Similarly, the termination shock at the flare loop top might be observed
as high-frequency slowly drifting radio structures found by Karlicky et al. (2004), though they
interpreted it as accelerated electrons trapped in the erupting plasmoids.

Another open question is whether the pressure pulse of the flaring loop can generate a blast
wave which produces metric type II bursts. According to the standard CME/flare model shown in
Figure 34, heat and nonthermal particles are transferred down from the reconnection site to the
solar surface, the resulting high pressure drives chromospheric evaporation, with hot and dense
plasma filling the flare loop. It was suggested that the high pressure would excite a blast shock
wave, which accounts for the metric type II radio burst and Moreton waves (Uchida, 1974; Wagner
and MacQueen, 1983; Vrsnak and Luli¢, 2000). Some authors have a different view (e.g., Cliver
et al. 1999; Chen et al. 2002, 2005¢; see Vrsnak and Cliver 2008 for a review), and numerical
simulations of magnetic reconnection (e.g., Chen et al., 1999) did not show a blast wave from the
flaring loop, even when chromospheric evaporation is reproduced (Yokoyama and Shibata, 2001).
This question definitely deserves further clarification.

Finally, we would like to comment on the formation of the piston-driven shock straddling over
the CME. It was often mentioned that the shock forms when the velocity of the ejecta becomes
larger than the local Alfvén wave or fast-mode wave speed. We want to emphasize that this is
not necessary since a compressible simple wave may steepen and form a shock wave nonlinearly
(Vrsnak and Cliver, 2008), especially for a simple wave with a short wavelength, e.g., in the case
when a CME is suddenly accelerated.
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piston-driven
hock

Figure 34: Schematic sketch showing the possible shocks associated with CMEs in the standard model.
Besides the piston-driven shocks, another two fast-mode termination shocks, which are formed as recon-
nection outflows (long blue arrows) collide with the flux rope and the flare loop, are indicated by red bars.
Black solid lines correspond to the magnetic field, dashed lines to the slow-mode shock fronts.
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4 Debates

In this section, we discuss some key topics that are still under hot debate.

4.1 Is magnetic reconnection necessary?

CMEs are believed to be due to that closed magnetic field lines are stretched up to the inter-
planetary space, as confirmed by the counterstreaming electron flux (Gosling et al., 1987). Tt is
misleading that the field lines are widely called to be open in the early phase of the CME eruption
in the literature. Actually, the field lines are being stretched up all the way from the corona to the
interplanetary space, unless they occasionally reconnect with ambient open magnetic field (Attrill
et al., 2006). Along with the usage of the word “open”, it was often assumed that before the mag-
netic reconnection, which accounts for the solar flare, the closed field lines were already opened
(Barnes and Sturrock, 1972; Pneuman, 1981; Low, 1994), i.e., owing to loss of equilibrium or some
kind of instability, the closed magnetic field lines erupt to infinity, forming an open magnetic con-
figuration with a current sheet standing above the magnetic neutral line. As the second step, the
ensuing magnetic reconnection of the current sheet leads to the solar flare. Regarding this process,
Aly (1991) and Sturrock (1991) conjectured that, if all the magnetic field lines are simply linked to
the solar surface, the total energy of any force-free magnetic field cannot exceed that of the open
field having the same flux distribution on the solar surface. This was later called “Aly—Sturrock”
constraint, which means that the first step in the above models may not be feasible in the ideal
MHD framework.

The observational fact that solar flares generally occur tens of minutes after the CME is initiated
implies that magnetic reconnection often takes place soon after the CME progenitor is stretched
up in the low corona (well before it is stretched up to be open field), and the “Aly-Sturrock” con-
straint is not applicable to these resistive MHD processes. Actually most resistive MHD numerical
simulations have been performed to reproduce CMEs like this, without the necessity to consider
the constraint.

Even in the ideal MHD framework, there are still several ways to circumvent the Aly—Sturrock
constraint, allowing the initial magnetic field to have the energy higher than that of the open field,
which means that the transition from the initial closed field to the open field is feasible from the
energy point of view, and an eruption driven by ideal MHD processes is feasible:

(1) The initial magnetic field is not simply linked to the solar surface, e.g., it contains detached
magnetic field lines (e.g., Aly, 1991; Hu et al., 2003). However, it is reminded here that whereas it
is hard to construct a 3D force-free field with detached field lines interwound with simply connected
field lines, the detached field in most analytical solutions is a self-closed flux rope in 2D. In the 3D
reality, a twisted flux rope should be anchored to the solar surface, and the twisted field lines are
simply connected again. It keeps an open question whether a really detached magnetic island in
3D, as that in the time-dependent MHD solutions of Gibson and Low (1998), is stable even if an
analytical solution is available.

(2) The initial magnetic field is not force-free, i.e., the Lorenz force is balanced with gravity and
pressure gradient. For example, it is estimated that the initial total energy would be increased by
10% if gravity is considered (Forbes, 2000), and the magnetic field with cross-field electric current
may contain magnetic energy in excess of that in an open field (Low and Smith, 1993; Wolfson
and Dlamini, 1997).

(3) Only a part of the initial magnetic field becomes open. Wolfson and Low (1992) demon-
strated that the closed magnetic field in 2D may contain more energy than a partially open field
with the same flux distribution at the solar surface, meaning that partial opening of the closed
field through an ideal MHD process is allowable energetically, although the authors did not show
how this proceeds. It was further pointed out by Low (1997) that the situation in 3D becomes
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much easier since an anchored flux rope in 3D can erupt by simply pushing its way amidst neigh-
boring magnetic fields which can remain closed. As illustrated by Figure 35, Sturrock et al. (2001)
quantified such a process by demonstrating that the initial magnetic energy of the closed field
is larger than that of a partially open field, where only a part of the line-tied twisted field lines
ruptures to the infinity. This indicates that such a rupture process is at least permissible from the
energy point of view. With MHD numerical simulations, Fan (2005) reproduced such a rupture
process in the early phase, while numerical resistivity led to magnetic reconnection in the current
sheet formed below the erupting flux rope later. In a similar simulation, Inoue and Kusano (2006)
inhibited magnetic reconnection by forcing the plasma velocity to be zero on and around the cur-
rent sheet, and found that the flux rope can still erupt. With the zero-beta MHD simulations,
Torok and Kliem (2007) also claims that only torus instability enables the final eruption. More
recently, Rachmeler et al. (2009) used a quasi-Lagrangian simulation technique to simulate the end
state of the coronal field with different twists. Without magnetic reconnection in their simulations,
they demonstrated that a twist flux rope, which is anchored to the solar surface at two ends, can
rupture into a CME through an ideal MHD process. The key point is that some parts of the
overlying arcade are pushed aside, leaving space for the erupting flux rope. It is noted that their
current simulations are not based on a full MHD code, where mass and plasma dynamics are not
included. Future efforts on MHD simulations without numerical resistivity are strongly encouraged
to demonstrate that CMEs can erupt via ideal MHD processes.

Figure 35: Schematic sketch showing that in the 3D space a twisted flux rope can rupture the overlying
magnetic arcade and erupt alone by pushing the magnetic arcade aside (from Sturrock et al., 2001).

The significance of the above discussions is that the ideal MHD process is possible to release
magnetic energy powering CMEs from a theoretical point of view. The observations, on the other
hand, indicate that the majority of CMEs, especially those fast events, are strongly associated
with solar flares, which result from magnetic reconnection (McAllister and Martin, 2000, see also
Section 2 of this paper). In a unified model, Shibata (2003) emphasized that magnetic reconnection
plays a crucial role in eruptions from small-scale jets to large-scale CMEs. Magnetic reconnection
is also a key ingredient in the standard model for CME /flares, i.e., the so-called CSHKP model.
The analytical modeling of this model in 2D indicates that the reconnection rate should be larger
than a threshold in order for the flux rope to erupt into infinity, although the threshold is as small
as 5 x 1073 (Lin and Forbes, 2000; Lin, 2002). This conclusion is different from that in Rachmeler
et al. (2009), and the possible reason is that in the 2D case, all the overlying field lines above
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the flux rope would be stretched up as the flux rope erupts, which imposes stronger and stronger
magnetic tension force hindering the flux rope from further eruption; whereas in the 3D case, some
of the overlying magnetic loops can slip away from the erupting flux rope, as seen from Figure 35.

It is worth pointing out that although the resistivity of the coronal plasma is extremely low, it is
not zero anyway, i.e., ideal MHD is just a theoretical model. As the closed structure erupts due to
loss of equilibrium or instabilities via ideal MHD processes, current sheet formation is inevitable,
where microscopic instabilities may excite anomalous resistivity or other non-ideal terms, and
further launch magnetic reconnection. Therefore, the essence of the debate on the necessity of
magnetic reconnection is to clarify whether reconnection plays a crucial role or a minor role in
CME eruptions. It might be safe to say that magnetic reconnection plays an important role in
most CMEs, especially the fast events which are of interest to space weather research. This is why
the CME acceleration was found to be temporally correlated with the magnetic reconnection rate
(Qiu et al., 2004). On the other hand, some other effects can also facilitate the eruption of the
CMEs, e.g., ideal MHD instabilities, mass drainage, gas pressure, solar wind, etc. Especially, the
higher corona, say, at 10° km above the surface, is often not force-free (Gary, 2001), making these
factors more effective. This explains why there is only a weak correlation between CME velocities
and the peak SXR flux of the associated flare (Hundhausen et al., 1994; Yashiro et al., 2002; Vrgnak
et al., 2005; Yeh et al., 2005). As indirect evidence, there are some CMEs with proton flares, which
were associated with a relatively weak impulsive phase of the flare (Cliver et al., 1983), and the
filament eruption on 1981 December 5 generated an intense solar energetic particle (SEP) event
and interplanetary type II radio bursts, but lacking an impulsive microwave burst (KKahler et al.,
1986). All these indicate that some CMEs may be mainly accelerated by processes other than
magnetic reconnection, which requires further confirmation.

When judging whether magnetic reconnection is involved in CME eruptions, the mostly used
evidence is the SXR or EUV brightenings, especially solar flares, in the low corona. A ray-like
structure under the some CMEs was also considered to be the direct evidence of a current sheet
(Ciaravella et al., 2002, and followers). The width of such an assumed current sheet was estimated
to be ~ 10* km, and the corresponding resistivity was estimated to be 7 orders of magnitude larger
than the anomalous resistivity (or 12 orders larger than the classical one) (Lin et al., 2007). It
still awaits to be assured whether such a ray-like structure under some CMEs is really the current
sheet where magnetic reconnection happens or it is actually the outward reconnection jet.

4.2 Should fast and slow CMEs be attributed to different models?

As mentioned in Section 2, CMEs are often associated with solar flares and/or filament eruptions.
By studying 11 flares-associated CME events and 16 prominence-associated events observed by
the white-light coronagraph on Skylab satellite, Gosling et al. (1976) found that these events are
concentrated in two regimes, i.e., fast and slow CMEs as shown in Figure 36. Their analysis
indicates that the faster events were almost always associated with flares and type II or IV metric
radio bursts, whereas the slow events were associated with eruptive prominences. Such a result
provoked a theoretical question on what determines the CME velocity.

Several years later, MacQueen and Fisher (1983) analyzed the speed-height plots of 12 loop-
like CMEs over the range 1.2—-2.4 R, observed by the MK3 coronagraph at the Mauna Loa Solar
Observatory, and proposed the concept of two types of CMEs, i.e., flare-associated events that
exhibit higher speeds (and show little acceleration with height) and filament eruption-associated
events that exhibit slower speeds (and show large accelerations up to 50 m s2). Sheeley Jr
et al. (1999) used a new method to construct height-time maps of CMEs that were observed by
SOHO/LASCO coronagraph. Similarly they classified CMEs into two types:

(1) Gradual CMEs: which are apparently formed when prominences and their cavities rise

up from below coronal streamers, with speeds in the range 400—600 km s!. They are often
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Figure 36: Velocity distributions along the height for some CMEs observed by Skylab satellite (Gosling
et al., 1976).

accelerating in the field of view of the coronagraphs;

(2) Impulsive CMEs: which are often associated with flares and Moreton waves on the visible
disk, with speeds typically in excess of 750 km s !. They are often decelerating in the field of view
of the coronagraphs.

Although Cane et al. (1986) had already pointed out that quiescent filament eruptions are not
necessarily associated with slow CMEs, the concept of two types of CMEs in association with flares
or filaments was widely recognized (St Cyr et al., 1999; Andrews and Howard, 2001). For instance,
Moon et al. (2002) performed a statistical study of 3217 CMEs observed by SOHO/LASCO during
1996 — 2000, and found that the fraction of flare-associated CMEs has a tendency to increase with
the CME speed, whereas the fraction of eruptive-filament-associated CMEs tends to decrease with
the CME speed. They claim that such a result supports the classification of the two types of
CMEs, although the accelerations of the two types of CMEs are both concentrated near 0.

In order to explain the different kinematics, Low and Zhang (2002) phenomenologically pro-
posed an idea for the two types of CMEs, i.e., the normal polarity flux rope eruptions correspond
to the fast CMEs, whereas the inverse polarity flux rope eruptions correspond to the slow CMEs,
as shown by Figure 37. On the other hand, it was found that, even for the inverse type only, the
CME speed can be high or low (Chen and Krall, 2003; Wu et al., 2004). Whether the CMEs of the
inverse polarity type would be statistically slower than the other type requires further observational
and simulational support.

However, recently, Vrsnak et al. (2005) presented a statistical analysis of 545 flare-associated
CMEs and 104 non-flare CMEs in the heliocentric distance range of 2—30 Rn. They found that
there is no distinct difference between filament-associated CMEs and flare-associated CMEs. A sim-
ilar conclusion was drawn by Chen et al. (2005a). With a sample of 4315 CME events, Yurchyshyn
et al. (2005) also found that there was no evidence to support the claim on two distinct types of
CMEs. More and more evidence seems to indicate that the physics in the two types of CMEs is
the same, with only the evolution time scale changing for individual events (Cliver and Hudson,
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Figure 37: Phenomenological models for the slow CMEs (top panels) and the fast CMEs (bottom panels),
where the filament is supported in an inverse polarity flux rope and a normal polarity flux rope, respectively
(from Low and Zhang, 2002).

2002), i.e., for the faster CMEs, their characteristic time scales, e.g., the Alfvén transit time, are
shorter, so the CMEs reach a high speed more rapidly.

The validation of the traditional classification of CMEs was further questioned by Feynman
and Ruzmaikin (2004), who presented a CME associated with both a solar flare and an erupting
filament. The analysis of this event and others led them to suggest that the apparent differences
separating the two types of CMEs may be an observational effect, and all CMEs can be described
by a single process as presented in Zhang et al. (2001a); see also Kahler et al. (1988) and Chen
and Shibata (2000). Moreover, Chen et al. (2006a) pointed out that the traditional two-type
classification, flare or filament associated, is logically incomplete since quite a lot of filament
eruptions are accompanied by two-ribbon flares (e.g., Munro et al. 1979; see Zhang et al. 2001b
for a typical event), which actually is the observational basis of the classical CSHKP model for
CME/flares. Therefore, a complete classification should include the intermediate type of CMEs
that are associated with both filament eruptions and flares. Therefore, they divide the events
into three types in order to re-examine the CME velocity distributions: (1) CMEs associated with
filament eruptions solely; (2) CMEs associated with flares solely; and (3) CMEs associated with
both filament eruptions and solar flares. It was found that the average speeds of the three types
of CMEs are 526 km s !, 564 km s !, and 738 km s !, respectively. The Kolmogorov—Smirnov test
indicates that the P-value for the likelihood between the velocity distributions of these three types
is very high, suggesting that there is no significant difference between these types of CMEs.

Several factors contributed to reaching the conclusion of the existence of flare-associated and
filament-associated CMEs by early researches. The first, as pointed out by Vrsnak et al. (2005),
is that the samples used by them were too small to be statistically reliable. The second factor
is that some prominences are rooted behind the solar limb. For these events, the low-lying flares
can not be observed. Another factor is that some CMEs are associated with SXR giant arcades
(Hiei et al., 1993), which are physically the same as solar flares but can not be detected by GOES
satellites (Shibata, 1996). Hence, the giant arcade-associated events are often categorized into the
non-flare CMEs. For instance, the 1997 January 6 CME event, which was widely claimed to be
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not associated with any flare, was shown to correspond to a tiny flare with the GOES classification
slightly below A-class (Wu et al., 2002).

Even though, CMEs do show diverse velocities, which still provokes an important question:
what factors determine the CME velocity? By analyzing 13 events, Qiu and Yurchyshyn (2005)
found that the CME velocity is proportional to the total reconnection flux, whereas Chen et al.
(2006a) found that the CME velocity is better correlated to the average strength of the magnetic
field in the filament channel. These results are roughly consistent with the classical CSHKP model,
where magnetic reconnection is supposed to occur below a filament or flux rope. The Lorentz force
of the reconnected field lines accelerates the reconnection outflow to the Alfvén speed at the inflow
region. The upward reconnection outflow pushes the filament or flux rope to erupt. The erupting
velocity of the flux rope might be proportional to the reconnection outflow speed. Since the
Alfvén speed is proportional to the magnetic field strength, it is not surprising that the CME
velocity is roughly linearly proportional to the magnetic field strength. While, in both papers, the
strong correlation is based on small samples, where reconnection probably plays the main role in
accelerating these CMEs.

If the CME dynamics is mainly determined by magnetic reconnection, we might see a remarkable
correlation between CME velocity and the intensity of the flare, and the CME velocity is mainly
determined by the magnetic field strength of the source region. However, Hundhausen (1997),
Yashiro et al. (2002), and Vrsnak et al. (2005) revealed that there is only a weak correlation between
the CME apparent velocity and the peak flux of the associated flares. The situation becomes even
worse if the CME velocities are corrected for the projection effects (Yeh et al., 2005). This implies
that some factors, in addition to reconnection, may affect the CME velocity. One factor is the
filament and its material drainage. As the evidence for this, if filament-associated CME events
are excluded, the relation between the CME speed and the flare intensity is significantly increased
(Chen and Zong, 2009). Another major factor might be the restraining force of the background
field overlying the CME, as proposed by Torok and Kliem (2007), who found that a steep decay
of the background field with height leads to a fast CME and a gentle decay leads to a slow CME.

4.3 Nature and the driving source of “EIT waves”

EIT waves were originally discovered by the EIT telescope on board the SOHO satellite as propa-
gating wave-like fronts, with an emission enhancement ranging from 25% to less than 14%, which
is followed immediately by expanding EIT dimmings (Moses et al., 1997; Thompson et al., 1998).
as depicted in the base-difference images of Figure 38. They can be observed simultaneously at
various EUV wavelengths, such as 171 A (formation temperature 1 MK), 195 A (formation tem-
perature 1.4 MK), and 284 A (formation temperature 1.9 MK) (Wills-Davey and Thompson, 1999;
Zhukov and Auchere, 2004; Long et al., 2008), suggesting that the brightening is mainly due to
density enhancement. Their propagation velocity ranges typically from 170 to 350 km s ! in the
events observed by the SOHO/EIT telescope (Klassen et al., 2000; Thompson and Myers, 2009).
With higher time cadence, the Extreme Ultra Violet Imager (EUVI) on board the STEREO satel-
lite showed that the EIT wave velocity can be as small as ~ 10 km s and as high as 475 km s !
(Long et al., 2008; Zhukov et al., 2009). When the large-scale magnetic configuration is simple, for
instance, with only one active region on the visible disk, the EIT wave fronts are almost circular
(Thompson et al., 1998). However, when there are other active regions surrounding the source re-
gion of the eruption, the EIT waves appear in patches, managing their ways outward while avoiding
active regions (Thompson et al., 1999). It is found that they stop near the boundary of coronal
holes (Thompson et al., 1999).

The discovery of such an unexpected and spectacular wave sparked a lot of interests as well as
debates among the community (see Chen, 2008; Wills-Davey and Attrill, 2009; Warmuth, 2010;
Gallagher and Long, 2010, for reviews). The modelings of EIT waves are important in the sense
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Figure 38: EIT 195 A base difference images showing the evolution of the most famous EIT wave event
on 1997 May 12 (from the SOHO/EIT data archive).

that: (1) they may provide crucial clues for the understanding of CMEs (Chen, 2009a); (2) they
may be used to diagnose the coronal magnetic topology (Attrill et al., 2006; Zhang et al., 2007);
and (3) they can be used in coronal seismology to diagnose the magnetic field (Warmuth and Mann,
2005; Ballai, 2007; Chen, 2009b). Several models have been proposed so far, and the debates are
mainly focused on two issues: (1) What drives the EIT waves: flare or CME? (2) What is the
nature of EIT waves? While there is a converging consensus that EIT waves are physically linked
to CMEs rather than flares (Biesecker et al., 2002; Cliver et al., 2005; Chen, 2006), the nature of
EIT waves is still under hot debate. Here we briefly introduce several models, and more details
can be found in the reviews by Wills-Davey and Attrill (2009) and Gallagher and Long (2010).

4.3.1 Fast-mode MHD wave model

Since “EIT waves” propagate across the magnetic field lines, with a velocity sometimes larger than
the sound speed in the corona, and are associated with density enhancement, they are unlikely to
be slow-mode MHD waves or Alfvén waves. Therefore, they were immediately considered to be
fast-mode magnetoacoustic waves in the corona (e.g., Wang, 2000; Wu et al., 2001; Vrsnak et al.,
2002; Warmuth et al., 2004; Grechnev et al., 2008; Pomoell et al., 2008; Temmer et al., 2009;
Schmidt and Ofman, 2010), being regarded as the coronal counterpart of the Ho Moreton waves
(Moreton and Ramsey, 1960; Uchida, 1968). Figure 39 shows the observation of the EIT wave
event on 1997 May 12 (upper panels) and the MHD simulation result of the fast-mode wave (lower
panels), which are claimed to match very well (Wu et al., 2001). Several groups came to the same
conclusion from the observational point of view (e.g., Veronig et al., 2008; Patsourakos et al., 2009;
Kienreich et al., 2009; Veronig et al., 2010).

However, it is difficult fot the fast-mode wave model to explain the following features of “EIT
waves” (e.g., see Wills-Davey et al., 2007; Chen, 2008, for details): (1) the “EIT wave” velocity is
significantly smaller than those of Moreton waves. The latter are generally believed to be due to
fast-mode waves in the corona (Uchida, 1968; Eto et al., 2002); (2) The velocities of “EIT wave”
have no any correlation with those of type II radio bursts (Klassen et al., 2000). The latter are also
well established to be due to fast-mode shock waves in the corona; (3) The “EIT wave” fronts may
stop when they meet with magnetic separatrices (Delannée and Aulanier, 1999; Delannée et al.,
2007; Delannée, 2009); (4) The “EIT wave” velocity may be below 100 km s ! (e.g., the Figure 3 of
Long et al., 2008; Zhukov et al., 2009), which is even smaller than the sound speed in the corona.
Some of these strange features provoked Delannée and Aulanier (1999) and Delannée (2000) to
question the fast-mode wave model for the first time.
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Figure 39: Comparison between the observation of the 1997 May 12 EIT wave event and the 3D MHD
simulation of fast-mode waves in the low corona (adapted from Wu et al., 2001).

4.3.2 Magnetic fieldline successive stretching model

In 2D MHD numerical simulations, Chen et al. (2002; 2005b; 2005¢; 2006b) identified the “EIT
wave” to be the density-enhanced boundary of the dimming region (the dimming is indicated by
the blue region in the upper panels of Figure 40), which is located well behind the fast-mode
piston-driven shock waves (the red front in the upper panels of Figure 40) during CME eruptions.
They proposed that “EIT waves” are apparently-moving density enhancements, which are actually
produced by successive stretching of the closed field lines overlying the erupting flux rope, rather
than being real waves. The model is illustrated in the bottom panels of Figure 40: as the flux rope
erupts, the overlying field lines will be pushed to stretch up successively by the erupting flux rope,
and for each field line, the stretching starts from the top, and is then transferred to the footpoints,
where the stretched field line compresses the plasma to form a bright front. That is to say, the
stretching starts from point A and then propagates to point C with the local fast-mode wave speed.
At the same time, the stretching propagates from point A to point B and then to point D with the
local fast-mode wave speed. Therefore, the apparent speed for the EIT wave to propagate from
point C to point D is vgrr = CD/At, with At = ff 1/vfds—|—fBD l/vAds—fAC 1/vads, where vy is
the Alfvén speed, and vy is the fast-mode wave speed perpendicular to the field line, and the last two
integrals are along the field line shown in Figure 40 (see Chen et al., 2002, 2005¢, for details). If the
field lines are semi-circles, vgrr is found to be about one-third of the fast-mode wave speed. When
the EIT wave encounters another active region (to the right of point D in Figure 40) or an open
field (in both cases there is a magnetic separatrix), no stretching can be transferred into the closed
region or the open field, and the EIT wave stops near the magnetic separatrix, as demonstrated by
Chen et al. (2005¢). The model can account for the main characteristics of “EIT waves”, such as
their low velocity, their diffuse fronts, and the stationarity near magnetic separatrices. The model
also predicts that there should be two EUV waves, one is the coronal counterpart of Moreton wave,
which has a sharp front, and the other is the diffuse “EIT wave”. The model found support in
observations (e.g., Harra and Sterling, 2003) and in 3D MHD simulations (Downs et al., 2011).

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2011-1



56 P. F. Chen

300 kmy's

‘ \.j I |||. @ | ,

Figure 40: Upper panels: The evolutions of the density (color, in unit of 1.67 x 1012 kg m’3), magnetic
field (lines), and velocity field (arrows) as a flux rope is ejected upward. The scale for the velocity is shown

at the upper-right corner. Lower panels: the schematic sketch of the fieldline successive stretching model
for EIT waves (adapted from Chen et al., 2002).

4.3.3 Successive reconnection model

Noticing that the EIT wave fronts rotate apparently in the same direction as the erupting filament,
Attrill et al. (2007) also claimed that EIT waves should be related to the magnetic rearrangement.
As shown in Figure 41, they proposed a successive reconnection model, i.e., EIT wave fronts are
the footprint of the CME frontal loop, which is formed due to successive magnetic reconnection
between the expanding core field lines and the small-scale opposite polarity loops.

Figure 41: The schematic sketch of the successive magnetic reconnection model for EIT waves (from
Attrill et al., 2007).

The successive reconnection model was criticized by Delannée (2009), who demonstrated that
the extrapolated potential field for the famous EIT wave event on 1997 May 12 does not fix into the
model illustrated in Figure 41. The discrepancy can be reconciled if we accept that reconnection can
happen occasionally during the CME expansion, but not always. This is consistent with the recent
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3D MHD simulations by Cohen et al. (2009). They proposed that along with the CME eruption the
“EIT wave” front consists of two wave components. The bright non-wave component is produced
by the CME expansion (or called field line stretching in Chen et al., 2002), which is facilitated by
magnetic reconnection (Attrill et al., 2007). The weak wave component is initially attached to the
bright component, and then becomes detached after the CME ceases lateral expansion.

4.3.4 Current shell model

Through 3D MHD simulations, Delannée et al. (2008) found that as a flux tube erupts, an electric
current shell is formed by the return currents of the system, which separate the twisted flux tube
from the surrounding fields, as shown in Figure 42. Slightly different from their early idea of mag-
netic rearrangement (Delannée and Aulanier, 1999), they claim that this current shell corresponds
to the “EIT waves”. They also revealed that the current shell rotates, similar to the apparent rota-
tion of the EIT wave fronts found by Podladchikova and Berghmans (2005). They also emphasized
the role of Joule heating in the current shell in explaining the EIT wave brightening, which was
criticized by Wills-Davey and Attrill (2009).

0 TE =5 0 TK =66

Figure 42: The evolutions of the magnetic field (lines) and J-B/B? (isosurfaces) in the MHD simulations
of Delannée et al. (2008). The isosurface of J - B/B? indicates a current shell just outside the erupting
flux tube (adapted from Delannée et al., 2008).

4.3.5 Slow-mode wave or soliton wave model

Noticing that EIT waves generally keep single-pulse fronts and that the EIT wave velocity is
sometime smaller than the sound speed in the corona, Wills-Davey et al. (2007) speculated that
the EIT waves might be best explained as a soliton-like phenomenon, say, a slow-mode solitary
wave. They stated that a solitary wave model can also explain other properties of the EIT waves,
such as their stable morphology, the nonlinearity of their density perturbations, the lack of a single
representative velocity, and their independence of Moreton waves. There is no modeling of such
an idea.

Wang et al. (2009) performed 2D MHD numerical simulations of a flux rope eruption, where
they found that behind the piston-driven shock appear velocity vortices and slow-mode shock
waves. They interpret the vortices and the slow-mode shock wave as the EIT waves, which are
40% as fast as the Moreton waves.
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4.4 What is the nature of CMEs?

We are coming back to the most fundamental question: What is the CME? This question may
come up as a surprise to many colleagues since it is often taken for granted that CMEs are coronal
mass ejected into the interplanetary space, without thinking too much about what the CMEs really
are.

There is a general consensus about the CME core, which can be easily identified to be the
erupting filament/prominence based on their kinematics from near the solar limb to high corona
(e.g., House et al., 1981; Low, 1990; Gilbert et al., 2000). The only possible correction might be
that the upward reconnection outflow, as shown in Figure 34, would keep refilling the CME core
in the form of hot plasmas (e.g., Ohyama and Shibata, 2008). However, as for the CME frontal
loop, the understanding is rather illusive.

The CME frontal loop, or leading edge, was initially regarded as a wave phenomenon (Nakagawa
et al., 1975; Steinolfson and Nakagawa, 1977), i.e., they are fast-mode MHD waves excited by
the pressure pulse from the underlying solar flare. This theory was later discarded since many
observations, e.g., Howard et al. (1982); Fisher and Munro (1984); and St Cyr et al. (2000),
indicate that at several solar radii, the two legs of the CME frontal loop do not expand laterally.
An improved model was proposed by Wu et al. (1983), where the MHD waves were produced by
moving mass as suggested by the SXR observations.

The second popular model is that the CME frontal loop is a bundle of the background coronal
magnetic field lines filled with plasmas (e.g., Poland and Munro, 1976). In particular, it was
proposed that the three-part structure of the CME, i.e., the frontal loop, the cavity, and the core,
can be identified as the dome, the cavity, and the prominence of a helmet streamer that transits
drastically into a mass motion (Low, 1984, 1990; Hundhausen et al., 1984). For example, Gibson
et al. (2006b) reported a pre-existing structure (consisting of a cavity and a bright loop outside of
it) erupts, producing a typical three-part CME. Similarly, it was proposed that the CME frontal
loop could be a shell-like layer draped over the flux rope (e.g., Chen, 1996; Krall et al., 2001;
Thernisien et al., 2009), which is roughly perpendicular to the flux rope. In particular, Chen et al.
(2000) and Krall and Chen (2005) suggested that the CME bright rim is ahead of the flux rope
axis by 2a, where a is the minor radius of the flux rope.

Figure 43: The flux rope model for the CME frontal loop (from Mouschovias and Poland, 1978).
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The third model is that the CME frontal loop is a twisted flux rope expanding and broadening
in the background coronal plasma and magnetic field (Mouschovias and Poland, 1978), as shown
in Figure 43.

One common feature implied by the above-mentioned two models is that the two legs of the
CME frontal loop, whose plasma is frozen in the line-tied magnetic field lines, should be fixed near
the solar surface. This might be in contradiction with the observational fact that CMEs expand
laterally in the low corona (e.g., St Cyr et al., 1999). Another common feature implied by these two
models is that the top part of the CME frontal loop moves radially as a mass motion. However, the
spectroscopic observations with the Ultraviolet Coronagraph Spectrometer (UVCS) on board the
SOHO satellite revealed that the Doppler velocity of the CME frontal loop is significantly smaller
than its apparent propagation velocity, indicating that the frontal loop propagation is not a mass
motion, at least for halo CMEs, as discussed in Ciaravella et al. (2006). They suggested that CME
frontal loop may correspond to dense coronal plasmas swept up by a shock or compression wave.
In the review paper of Forbes (2000), the CME frontal loop is considered to be plasma pile-up,
while the detailed physical process of the piling-up needs to be clarified.

In the research aimed to investigate the relationship between CMEs and “EIT waves”, Chen
(2009a) proposed another idea on the formation of the CME frontal loop. He compared the white-
light coronagraph observation of the 1997 September 9 CME event and the EIT base-difference
images, and found that the white-light CME frontal loop is cospatial with the EIT wave front. The
cospatiality of “EIT waves” and CME leading loops, as confirmed by Dai et al. (2010), led Chen
(2009a) to extend the magnetic fieldline stretching model for EIT waves (Chen et al., 2002, 2005¢)
to explain the formation of the CME frontal loop, which is described as follows. As illustrated
by Figure 44, as the core structure, e.g., a magnetic flux rope, erupts, the resulting perturbation
propagates outward in every direction, with a probability of forming a piston-driven shock as
indicated by the pink lines. However, different from a pressure pulse, the erupting flux rope
continues to push the overlying magnetic field lines to expand, so that the field lines are stretched
outward one by one. For each field line, the stretching starts from the top, e.g., point A for the first
magnetic line, and then is transferred down to the leg (point D) with the Alfvén speed, by which
the first field line is stretched entirely. The deformation at point A is also transferred upward
to point B of the second magnetic field line with the fast-mode wave speed. Such a deformation
would also be transferred down to its leg (point E) with the local Alfvén speed, by which the entire
second magnetic field line is stretched up. The stretching of the magnetic field lines compresses
the coronal plasma on the outer side of the field line, producing density enhancements. All the
newly formed density enhancements at a given time form a pattern (green), which is observed as
the CME frontal loop. Similar to “EIT wave” fronts, the legs of the CME leading loop separate
initially, and may stop when they meet with magnetic separatrices such as the boundary of coronal
holes. This is why CMEs generally maintain a fixed angular span in their later stages. At the same
time, as the field lines are stretched outward, the enveloped volume increases, resulting in coronal
dimmings (or the dark cavity) behind the CME leading loop.

According to the above fieldline stretching mechanism (Chen et al., 2002, 2005¢), both CME
frontal loop and the EIT wave front are a dome-like structure, and the propagation of the CME
frontal loop is an apparent motion, rather than a mass motion at this stage (the plasma is moving
outward, but with a smaller velocity). It is due to the successive stretching of closed magnetic
field. Near the footpoint, the lateral expansion speed is the same as that of EIT wave; Near the
top part of the CME frontal loop, its radial propagation velocity is the local fast-mode wave speed,
significantly larger than the mass motion velocity. Only when the CME propagates to a certain
height where the local fast-mode wave speed decreases to the mass motion velocity of the plasma in
the frontal loop, the radial expansion of the CME becomes a real mass motion. This model explains
why some CMEs were observed to be very fast even in the very low corona (e.g., MacQueen and
Fisher, 1983) and why these fast CMEs would decelerate during their propagation, i.e., the local
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Figure 44: A schematic sketch of the formation mechanism of CME leading loops, where the CME
leading loop (green) are apparently-moving density enhanced structure that is generated by the successive
stretching of magnetic field lines as the erupting core structure, e.g., a flux rope, continues to push the
overlying field lines to expand outward successively. The piston-driven shock is shown as pink lines (from
Chen, 2009a).

fast-mode wave speed decreases with height.

However, Zhang et al. (2001a) did show a bright loop expands very slowly in the LASCO/C1
field of view, and then accelerates rapidly. Our conjecture is that the slowly-moving bright loop
is actually a coronal loop straddling over a flux rope, rather than the CME frontal loop. As
magnetic reconnection is excited below the flux rope, the flux rope is accelerated. The erupting
flux rope stretches up the coronal loop as well as the overlying magnetic field lines successively,
forming a new density-enhanced shell, i.e., the CME frontal loop, with the mechanism illustrated
in Figure 44.

On the other hand, the SOHO/LASCO coronagraph also showed some slow CMEs which are
accelerating gradually during their passage over several solar radii. For example, the 2002 May
16 CME event accelerates from a velocity of ~ 20 km s at a height of 4 Rs to 279 km s ! at
18 Rg. CME events like this are strongly reminiscent of the expansion of coronal loops, especially
the interconnecting loops, being dragged out by the ambient solar wind.

Here, I tentatively propose a unified paradigm for CME eruptions: as the CME progenitor is
triggered to rise, it may erupt in one of the two ways:

(1) If there is weak or even no magnetic reconnection that can cut some of the line-tied magnetic
field lines from the solar surface, the CME is accelerated slowly, probably due to ideal MHD
instabilities or by the ambient solar wind. In this case, the CME frontal loop propagation is a
mass motion, with the final velocity approaching that of the solar wind;

(2) If there is significant magnetic reconnection that can cut some of the line-tied magnetic
field lines from the solar surface, the CME progenitor, e.g., a flux rope, is accelerated rapidly,
stretching up the overlying field lines successively. Such a successive stretching compresses the
coronal plasma, forming a new density-enhanced pattern, i.e., the CME frontal loop (see Bao
et al., 20006, for the observation of the possible formation of a CME frontal loop). In this case, the
propagation of the frontal loop is not a mass motion, and its top part moves outward at the local
fast-mode wave speed.
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4.5 Are halo CMEs special?

Halo CMEs appear as an annulus surrounding the solar disk propagates outward. It is widely
accepted that they are nothing but CMEs propagating near the Sun-Earth direction, either toward
or away from the Earth (Howard et al., 1982). However, statistical investigations indicate that
the average velocity of halo CMEs, ~ 957 km s !, is twice as large as that of normal CMEs (e.g.,
Yashiro et al., 2004), which seems to make halo CMEs special.

Plane
of F
the sky

c =3  Observer

w)

Figure 45: A sketch showing how a dome-like CME would be observed as a limb event (green lines) and
as a halo event (blue lines). The pink line ahead of the CME is the fast-mode piston-driven shock wave. «
is the inclined angle between the radial direction of point F' and the plane of the sky, whereas 3 is the angle
between the CME leg and the plane of the sky. It is seen that the far wing, say, near point F, propagates
in a direction closer to the plane of the sky than the CME does (since a < 3).

It may be natural to think that the nearly circular front of halo CMEs is just the face-on
view of the dome-like CME frontal loop. For simplicity, we assume that the CME frontal loop is
represented as the shell of a cone-shaped dome as illustrated by Figure 45. When it is observed
edge-on as a limb event, it would appear as a loop structure, i.e., the green lines linking points
A, B, C, D, and E, since the optical thickness is much larger here. When the CME is observed
face-on as a halo event, however, the optical thickness is large only near the torus linking points B
and D, i.e., the blue lines in Figure 45, which surrounds the solar disk to the observer. If so, the
nature of halo CMEs would be the same as the normal CMEs. For example, Krall et al. (2006)
extended the flux rope model, which was demonstrated to be applicable to limb CMEs (Chen,
1996; Krall et al., 2001), to halo CMEs, and found that the model can reproduce both quantitative
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near-Sun properties of the 2003 October 28 CME and the timing, strength, and orientation of the
fields measured in situ near the Earth orbit. Of course, the nature of CME frontal loops is still
under debate, and there are other possibilities, such as that the CME frontal loop is due to the
compression of magnetic field lines which are stretched successively, as discussed in Section 4.4.

If the nature of halo CME fronts is the same as normal CMEs, there is a serious problem: why
halo CMEs are on average twice faster than normal CMEs? Noticing that the Thomson scattering
is significantly reduced for halo CMEs, Andrews (2002) proposed that many dim and slow halo
CMEs are missed by coronagraphs so that the average velocity of the observed halo CMEs is
high. Following this line of thought, Zhang et al. (2010) performed Monte Carlo simulations to
investigate how the white-light brightness of CMEs with an average velocity of 523 km s ! is reduced
when they are observed as halo events. They found that the brightness of many narrow and slow
CMEs, when they are observed as full halo CMEs, is reduced to a level comparable to the solar
wind fluctuations, and therefore, these events would be missed to be identified in the coronagraph
images. The remaining observable halo CMEs have an average velocity of ~ 922 km s !, quite
similar to the value in observations.

An alternative view is that the halo CME fronts are completely different from the frontal loops
of limb CMEs in physics. For example, Lara et al. (2006) proposed that the halo CME fronts
might be the combination of the CME-driven shock wave and the CME material itself. Based on
MHD numerical simulations, Manchester IV et al. (2008) synthesized the white-light images of a
halo CME event, and found that the halo CME front can be identified as the CME-driven shock
wave.

Since the fast-mode wave in the corona is of the order of 1000 km s !, it easily explains why
the average velocity of halo CMEs is as high as 957 km s '. One may argue that the piston-driven
shock wave is much weaker in white light than the CME frontal loop, and therefore can be barely
visible in the coronal images. This is true for the limb events (e.g., Vourlidas et al., 2003). However,
for halo CMEs, as illustrated by Figure 45, the situation may change. If we consider the Thomson
scattering, which remarkably favors the plasma moving in a direction closer to the plane of the
sky, the scattered white-light emission of the shock wave front at point F in Figure 45 could be
stronger than that of the CME frontal loop near point B when both points are observed at the
same projected heliocentric distance in the plane of the sky, although the plasma density is higher
at point B than point F. Such a possibility needs to be studied quantitatively. Another question in
this theoretical framework is how to interpret a couple of slow halo CME events, whose velocities
are ~ 100-200 km s 1. Maybe weak magnetic field?
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5 Summary

Since the discovery of CMEs in the early 1970s, the spectacular phenomenon has attracted wide
interest, and has been extensively investigated through observations, theoretical analysis, and
numerical simulations. The related research keeps being a hot topic in solar physics, not only
because CMEs are associated with many other solar eruptive phenomena of different scales, but
also because they are the major driving source of the hazardous space weather environments near
the Earth. With the improving ground-based and space-borne observations along with the more
and more sophisticated modelings, much progress has been obtained in the understanding of CMEs,
yet with controversies in every aspect, including the progenitors, the triggering mechanisms, their
propagation, the interaction between CMEs with the background solar wind, and in particular,
how CMEs are related to other phenomena. The improving knowledge on these aspects directly
determines how well we can predict the commencement of CMEs and their impact on the space
weather environment. Here we summarize the key issues described in this review paper, with the
hope that readers can grasp the general consensuses and controversies about the CME models,
which might unavoidably be biased on the author’s personal viewpoints. Detailed reviews on each
issue are distributed in the main text.

Morphologically, CMEs can be distinguished as narrow and normal CMEs. The essential dif-
ference between them is not the angular width, since some normal CMEs also have a small angular
width, e.g., ~ 10°. The meaningful difference might be that “narrow CMEs” are jet-like, whereas
normal CMEs are loop-like. The physics of narrow CMEs is quite clear, i.e., they correspond to
the outflow as emerging flux or a coronal loop reconnects with the open magnetic field. Therefore,
the contents hereafter refer to the normal CMEs.

(1) Classification: Kinematically, the apparent CME velocity covers a wide range from tens to
more than 3000 km s !. Some are very fast, whereas some are very slow. It was once proposed
that they can be divided into impulsive CMEs that are associated with solar flares and gradual
CMEs that are associated with erupting prominences. Later observations tend to discard such
a classification in the sense that there is no a dividing line between the velocity distributions of
these two types of CMEs and many CMEs are associated with both solar flares and prominence
eruptions.

(2) Progenitors: The pre-CME structure might be strongly sheared or weakly twisted magnetic
field (i.e., core field) that is restrained by less-sheared envelope field, and a flux rope is not neces-
sarily required in the progenitor. Filaments and sigmoids might correspond to the inner and outer
parts of the core field, respectively. Whether a closed magnetic structure can erupt to form a CME
depends not only on how sheared the core field is, but also on how fast the envelope field decreases
with height. These two factors need to be combined and investigated quantitatively in the future.

(3) Triggering mechanisms: The triggering process is the most important part of CME models,
giving the observational fact that the characteristic time of the gradual free energy accumulation is
much longer than that of its impulsive release. About 7 mechanisms have been proposed, and many
of them are physically the same, e.g., the flux cancellation, the tether-cutting, and the breakout
models (the breakout model is a kind of external tether cutting). Some triggering mechanisms
involve resistive MHD processes (e.g., reconnection), and others involve only ideal MHD process.
It is generally believed that magnetic free energy has been stored in the CME progenitors, and the
triggering process, which can be ideal or resistive, does not supply much energy to the eruptions.

(4) Eruption: After the CME progenitor is triggered to rise, the core field moves up, which
is characterized by the slowly ascending filament and/or overlying coronal loop. The ensuing
evolution may bifurcate into two cases: (a) If a current sheet is formed below the core field
and magnetic reconnection is excited in the current sheet, the evolution becomes eruptive, with
flaring loops being formed below the reconnection site and the core field being ejected above the
reconnection site. The ejection of the core field and the magnetic reconnection are experiencing a
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positive feedback interaction, leading to the impulsive phase of the flare and the strong acceleration
of the core field. The fast ejection of the core field would stretch up the overlying magnetic
field successively, forming the CME frontal loop above. As depicted by the standard CSHKP
model, magnetic reconnection plays a crucial role in these, fast generally, events. In the case when
the triggering of the CME is also due to reconnection, the whole process can be called two-step
reconnection, as proposed for solar flares (Wang and Shi, 1993); (b) If magnetic reconnection is
not sufficiently excited below the core field, the magnetic loop may stop or may have a chance to
expand, either by ideal MHD instabilities (Chen, 1989; Torok and Kliem, 2007; Rachmeler et al.,
2009) or being slowly accelerated by the drag force of the ambient solar wind. In this case, the low
corona would not show significant brightenings.

(5) Nature of the CME frontal loop: It was proposed that the CME frontal loop is a fast-mode
shock wave front in the early time, which was later discarded, and replaced with the idea that they
are erupting bright coronal loop or flux rope and the plasma pile-up immediately ahead. However,
the very rare spectroscopic observations indicate that the CME frontal loop presents a mass velocity
several times smaller than the apparent moving velocity, suggesting that the CME frontal loops
might be plasma pile-up swept by waves, rather than being an erupting structure. A new idea
was recently proposed based on the observational fact that CME frontal loops are cospatial with
EIT waves. The new mechanism claims that the frontal loop of fast CMEs might neither be an
expanding magnetic loop nor material swept by waves. It might be the density-enhanced pattern
caused by the successive stretching of the field lines (see Section 4.4). If this is confirmed, the top
part of the frontal loop in the early stage actually propagates outward with the local fast-mode
wave speed, which is not a bulk velocity. Detailed modelings are strongly in need.

(6) Is magnetic reconnection necessary? Theoretically, no in the 3D situations. Practically, in
many events, especially those that are interesting in the space weather context, reconnection is
the crucial mechanism that enables the fast CME eruption and the associated solar flare. Note
that there might be also some CME events in which magnetic reconnection plays a trivial role,
compared to other effects like the solar wind and the intrinsic ideal MHD instability.

After finishing this review paper, I have one caution for the readers when scrutinizing the
CME modelings in the past decades. When deriving the analytical solutions for CME eruptions,
some details are missing, e.g., the reconnection outflow, and the frozen-in effect might be violated;
When doing MHD numerical simulations, two factors are tricky and might significantly affect
the conclusions: one is the numerical resistivity, and the other is the boundary conditions. The
numerical resistivity makes it difficult to distinguish ideal MHD processes from resistive MHD
processes, and the different treating of the boundary conditions, especially at the top boundary,
may lead to completely different results in terms of whether an eruption can occur or not.

Finally, I have some comments for the future research:

(1) In order to understand and predict the CME initiation, the internal cause, e.g., the magnetic
nonpotentiality, and the external cause, e.g., the emerging flux, should be considered together.

(2) Little attention was paid to the nature of the CME frontal loop, which is not fully understood
yet. The improper fitting of a CME evolution to a flux rope model might be misleading in many
cases in the literature. With the archived imaging and spectroscopic data and the soon-coming
Solar Dynamics Observatory (SDO) observations with high spatio-temporal resolutions, we are
close to disclosing the veil of the spectacular phenomenon, CMEs.

(3) It might be of great importance to predict how much energy and magnetic helicity can be
released from a source region if it erupts as a CME.
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