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Abstract

This review highlights current theoretical research on eruptive phenomena in the solar atmosphere. We start by looking
back upon the early theories and their development. Any theory and model of solar eruptions must explain two key aspects
of eruption physics. The first aspect concerns the original cause of the eruption and the second pertains to the nature of the
morphological features that form during its evolution. Those features include rapid ejection of large-scale magnetic flux and
plasma into interplanetary space, and the separating of ribbons of Ha emission on the solar disk joined by a rising arcade of
soft X-ray and Ha loops, with hard X-ray emission at their summits and feet. We intercompare relevant theories and models
by discussing their advantages as well as by pointing out important aspects that need improvement.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction Another reason is that the early observations were
limited by scientific tools and techniques (Hale,

ˇAnthropocentrically speaking, the Sun must stand 1931; see also Svestka and Cliver, 1992; Lin, 2001).
as the most important object in the heavens. It With the development of modern technologies, espe-
sustains almost all life on Earth and impacts many cially the platforms of observing the Sun from space,
aspects of our daily activities. As the nearest star, the it has become apparent that a flare is just a secondary
Sun also serves as a unique laboratory to study effect resulting from a general disruption of the
stellar physics in exquisite spatial and temporal coronal magnetic field that causes the eruptions of
resolution. For example, an eruptive solar flare is the prominences and coronal mass ejections (CMEs).
most violent energy release process that occurs in the With increasingly detailed observations, our under-
solar system. A major eruption usually releases more standing of solar flares has progressed: flares, erup-

32 16than 10 ergs of energy and ejects more than 10 g tive prominences, and CMEs are different mani-
of solar plasma into interplanetary and planetary festations of a single physical process involving the
space. Portions of this mass appear in the form of disruption of the coronal magnetic field.
energetic particles with energy in the range of 10 While solar observations accumulate and advance,
keV to 1 GeV, energetic enough to seriously damage theories behind those observations must strengthen.
satellites as well as disrupt ground communications The main challenge for the theory of solar eruptions
and power grids. has been to understand two basic aspects of large

Fig. 1 resorts to an artist’s imagination to catch in flares, eruptive prominences and CMEs, that is the
real time the impact of a solar eruption on the outer cause of the eruption and the nature of the mor-
environment of the Earth, a dynamic phenomenon phological features that form during the dynamical
called Space Weather. Understanding the physics evolution of an eruption. Such features include the
behind solar eruptions is of broad scientific and rapid ejection of magnetic flux and plasma into the
socio-economic significance. interplanetary space, and the separated ribbons of Ha

In the history of research on solar eruptions, the emission joined by a rising arcade of soft X-ray
study of solar flares dominated other topics for a loops, with hard X-ray emission at their summits and
very long time. This is because the first solar at their feet. The panels in Figs. 2, 3a, and 3b
eruptive phenomenon to be recorded was a white- describe various stages and models of these features

1light flare (Carrington, 1859; Hodgson, 1859). on different scales and focuses.
Two major advances in our understanding of the

1 theory of solar eruptions have occurred recently. TheAn even earlier recording of a flaring event may have been
described as a ‘‘flash of lightning’’ near a sunspot by Stephen first is the realization that a catastrophic loss of
Gray on December 27, 1705—coincidentally timed nearing the mechanical equilibrium in a coronal magnetic con-
end of the infamous Maunder Minimum interval of anomalous figuration is the most promising trigger for major
lowering of sunspot activity (Clark and Murdin, 1979). In terms

eruptions. The second is that the catastrophic loss ofof the historical evidence for coronal mass ejection, Eddy (1974)
equilibrium drives magnetic reconnection in thedemonstrated a most convincing early candidate during the total

solar eclipse of July 18, 1860. magnetic field, which is stretched out by the eruption
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Fig. 1. Composite image of the Sun (left in the figure) showing a solar eruption in progress. Bearing right is an artist’s sketch of the
terrestrial magnetosphere being impacted by solar ejecta. Distances are not to scale. (Courtesy of SOHO/[instrument] consortium. SOHO is
a project of international cooperation between ESA and NASA.)

itself. The reconnection accounts for flare ribbons 3, we introduce various early and modern models for
and loops. solar eruptions, including the dynamo model and the

The aim of this review is to summarize the storage model. The major deficiency of the dynamo
development of theories and models of solar erup- model and the important challenge to the storage
tions. We begin with a brief description of models for model by the Aly–Sturrock constraint will be dis-
two-ribbon flares. Thereafter, we will not distinguish cussed in this section. Then four main classes of
flares, eruptive prominences and CMEs from one storage models, including the non-force-free models,
another except for specific purposes. Instead we will the ideal MHD models, the resistive MHD models
apply a unified label for all three: the solar eruption. and the ideal-resistive hydbrids, are reviewed in
Although several authors adopted different terms to Section 4. The role played by magnetic reconnection
distinguish the eruptions according to their mor- in solar eruptions are further detailed in Section 5.
phologies, such as compact (or single) loop flare, Concluding remarks are given in Section 6.
CME with (white light) flare and CME without
(white light) flare, etc., we avoid all these distinc-
tions in this review. We simply believe that it is more 2 . Models of two-ribbon flares
important for us to understand the physical mecha-
nisms of solar eruptions based on what were ob- The most significant characteristic of a major flare
served rather than to create more nomenclatures is the long bright ribbons on the solar disk observed
based purely on morphology of eruptions. In Section in Ha, which usually appear in pairs moving away
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Fig. 2. The basic coronal magnetic field configuration first proposed for eruptive flares by Carmichael (1964) (upper left), later improved by
ˇSturrock (1968) (upper right), Hirayama (1974) (middle), and lastly by Kopp and Pneuman (1976) (bottom). (From Svestka and Cliver

(1992).)
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from one another at a speed that can be initially as
large as 100 km/s, but the speed decreases to less
than 1 km/s over several hours (Dodson, 1949;

ˇDodson and Hedeman, 1960; Svestka, 1962; Malville
and Moreton, 1963). Flares almost always occur in
regions where the surface field is complex (Wald-
meier, 1938; Giovanelli, 1939) and the flare ribbons
are always seen on opposite sides of a magnetic
polarity reversal line (Bumba, 1958; Severny, 1958).

Accompanying the flare ribbons is a system of
flare-loops which initially appears at low altitude and
then moves upward into the corona in consort with
the motion of the ribbons (Moore et al., 1980). A
classical description of flare loops, as seen in Ha

image, was first given by Bruzek (1964a) who noted
that the ribbons essentially lie at the footpoints of the
loop system, which forms an arcade of loop. Many
subsequent observations in Ha, EUV, and soft X-rays
have since confirmed this basic picture (Bruzek,
1964b; Neupert et al., 1974; Kahler et al., 1975;
Cheng and Widing, 1975; Nolte et al., 1979; Martin,
1979; Pallavicini and Vaiana, 1980). Doppler-shift
measurements also show that the apparent motions of
the loops and ribbons are not caused by mass
motions of the plasma, but rather by the continual
propagation or mapping of an energy source onto
new field lines (Schmieder et al., 1987). High
resolution observations have also shown that cooler
loops are nested below hotter ones, with the coolest
loops, seen in Ha, rooted at the inside edges of the
ribbons (Roy, 1972; Rust and Bar, 1973). By
contrast, the hottest loops, seen in X-rays, are rooted
in the outer portions of the ribbons (Moore et al.,
1980).

Another important phenomenon occurring in flare
dynamics that had puzzled solar physicists for a long
time is the continual downflow of material in the
cool Ha loops throughout their lifetimes. Early on, it
was thought that this phenomenon could be ex-
plained as a condensation of the hot coronal plasma
due to a thermal instability. However, Kleczek
(1964) estimated that the total mass delivered to the

16
Fig. 3. (a) Schematic diagram of a two-ribbon flare. Solid lines chromosphere by this downflow is about 10 g,
indicate boundaries between various plasma regions, while dashedwhich is almost the total mass of the whole corona,
lines indicate magnetic field lines. Because of the assumed so it is difficult to account for it by condensation of
symmetry, only the left side of the configuration is shown. (From

coronal material (Jefferies and Orrall, 1963, 1965a,b;Forbes and Acton (1996).) (b) Sketch of key components involved
Kleczek, 1963, 1964). To make matters worse, thosein the solar flare-prominence-CME eruption. (Courtesy of T.G.

Forbes.) estimates were made on the basis of Ha observations
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alone. Later on, Pneuman (1981) integrated the continually moves upward as more and more mag-
derived density in the flare loop system for the July netic field lines reconnect. This picture automatically
29, 1973 flare using complementary X-ray observa- accounts for the apparent motion of flare ribbons
tions. He obtained a total mass for that event of without the existence of any actual plasma flow in

167.5310 g and concluded that the high mass of the the ribbons. It also explains why the hottest X-ray
flare loop system implied that the higher loops are loops are at the top of the loop system (Kopp and
never seen in Ha because they never cool below Pneuman, 1976; Heyvaerts et al., 1977; Cargill and
coronal temperature (Pneuman and Orrall, 1986). We Priest, 1982; Pneuman, 1981).
will examine this conclusion further later on. We will However, this picture does not explain how it is
find that the reason that Ha loop systems do not possible for mass to flow downward in the loop
occur at higher altitudes is because the closed system during its life time without draining virtually
magnetic field lines, on which the loops are being all the mass in the corona. Forbes and Malherbe

ˇsupported, shrink as they cool (Svestka et al., 1987; (1986a) showed that this could be explained by
Lin et al., 1995; Forbes and Acton, 1996). chromospheric evaporation acting along field lines

Ruling out coronal condensation as the mass mapping into the reconnection region as illustrated in
supply for downflow in Ha loops means that the Fig. 3a. Various numerical simulations confirming
material must somehow be supplied from the this picture have been carried out by Forbes and
chromosphere, and that the hot upflow is invisible in Malherbe (1986a,b), Forbes et al. (1989), Forbes and
Ha. To account for this upflow, the process of Malherbe (1991), and Yokoyama and Shibata (1997,
chromospheric ‘‘evaporation’’ was suggested by 1998).
many authors (Hudson and Ohki, 1972; Sturrock, According to Forbes and Malherbe (1986a,b), the
1973; Hirayama, 1974; Lin and Hudson, 1976; flare loops are created by chromospheric evaporation
Antiochos and Sturrock, 1978; Colgate, 1978; With- (which they prefer to call chromospheric ablation) on
broe, 1978). In this process, chromospheric material field lines mapping to slow-mode shocks in the
is heated either by energetic particles (Sturrock, vicinity of reconnection site. The shocks annihilate
1973; Lin and Hudson, 1976) or by thermal conduc- the magnetic field in the plasma flowing through
tion along field line from an energy source located them, and the thermal energy thus liberated is
above the flare loops (Hirayama, 1974; Antiochos conducted along the field lines to the chromosphere.
and Sturrock, 1978; Colgate, 1978; Withbroe, 1978). This in turn drives an upward flow of dense, heated

Carmichael (1964) was the first to suggest that plasma back toward the shock and compresses the
flare loops and ribbons could be understood as a lower regions of the chromosphere downward.
consequence of the relaxation of magnetic field lines
stretched by the ejection of plasma into interplanet-
ary space. Because the field lines of closed magnetic3 . Theories of solar eruptions
loops are well anchored at their footpoints in the
photosphere, they become highly extended when the We started with flare physics because the study of
plasma at the top of the loop is ejected during an solar flares dominated solar physics research for a
eruption. The field lines stretched in this way are long time. Although flares are still an important
said to be ‘‘open’’, and then they relax to form topic, current research has expanded to cover the
smaller closed loops through a process known as wider varieties of solar eruptions that affect the Earth
magnetic reconnection (see Fig. 2). Models of this and its near space environment. With accumulating
process show that the reconnection process also knowledge on solar eruptions, we now realize that
releases sufficient magnetic energy to account for the the configuration sketched in Fig. 3a for two-ribbon
radiative and kinetic energy observed during an flares does not exist prior to the onset of event. The
eruption (see also Sturrock, 1968, 1972; Kopp and final phase must spring from a closed loop configura-
Pneuman, 1976; Bruzek, 1969; Roy, 1972; tion when the plasma at the top of the loop is ejected
Hirayama, 1974). The rise of the loop system is at the onset of an eruption. That ejection of plasma,
explained by the fact that the reconnection site together with the associated magnetic field, is gener-
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ally known as a CME or eruptive prominence which Pneuman (1980b) and Anzer and Pneuman (1982)
are closely related. Nowadays, the boundaries argued that in two-ribbon flares this driving force can
separating the eruptive prominence, CME, and even originate from the outflow through reconnection
flare phenomena have become increasingly blurred beneath the rising prominence. Other possibilities of
since they are essentially manifestations of the triggering CMEs were also considered based on
ultimate phenomenon of solar eruption. some kind of magnetically driven processes (Liu,

1983; Yeh and Dryer, 1981; Yeh, 1982, 1983; Hu
3 .1. Early models and Tang, 1984; Hu and Jin, 1987). Although certain

observational features of CMEs could be reproduced,
Following the observations of CMEs in the 1970s’ those models were still based on the principle that

satellite-era (Hundhausen, 1972; Tousey, 1973; Mac- the driving forces somehow originated in the flare.
Queen et al., 1974), many authors immediately tried Having ruled out flare as the original driver of the
to construct theoretical reasonings for this important CME, we need to search for a physical cause that
and complex eruptive phenomenon, and to seek fundamentally initiates the eruption. Two kinds of
understanding of its relations to flares and filament mechanisms that trigger the eruption exist. One
eruptions. In early theoretical models, the observed mechanism requires the magnetic energy to be
association between CMEs and flares naturally sug- quickly injected to the coronal magnetic field leading
gests the possibility, valid in the late 1970s, that the latter to expand explosively during the eruption.
CMEs are the dynamical response of the corona to In this mechanism, the explosive energy comes from
the sudden input of energy liberated by a flare at the dynamo processes in the convection zone. Another
base of the corona (Dryer, 1982). Some of these mechanism requires the energy to be slowly stored in
models were almost purely hydrodynamical (Wu et the coronal magnetic field prior to the eruption. In
al., 1975) and were based on numerical simulation of this mechanism, the buildup energy comes from the
the response of a model atmosphere to an ad hoc photospheric motion which displaces the footpoints
pressure or velocity pulse at the base. These models of the magnetic field, or from the new magnetic flux
were later extended to include two-dimensional emerging from the convection zone, builds up the
magnetohydrodynamic (MHD) processes (Nakagawa stress, and stores the energy in the coronal magnetic
et al., 1978, 1981; Wu et al., 1978, 1981; Steinolfson field. The former mechanism is known as the
et al., 1978; Dryer et al., 1979). In these models, dynamo or flux injection models and the latter
magnetic forces had only a passive role as an corresponds to the energy storage models. We dis-
inhibitor of or a guide for the transient material. cuss them one by one while highlighting their
Those modles suffer from the general problems of advantages and disadvantages in the following sec-
requiring unrealistically low mgnetic field strength tions, respectively.
(relative to the gas or ram pressure) or initially open
field topologies, rather than starting from closed 3 .2. Dynamo model and flux injection model
fields as observed.

Realizing that the dynamics of the solar corona is The dynamo model was initially proposed by Sen
dominated by the magnetic force, some researchers and White (1972), Heyvaerts (1974), Kan et al.

´investigated the roles played by the magnetic field in (1983), and Henoux (1986). In these models, the
triggering CMEs. Sakurai (1976), Anzer (1978), and actual energy source of the eruption comes from a
Mouschovias and Poland (1978) proposed models dynamo region hidden in the convection zone, and
whereby a twisted flux tube is driven outward by its an eruption occurs when a field aligned current is
own stored energy. Pneuman (1980a) developed a produced in a loop by the sudden motion of the
model based on the close association between CMEs plasma in the dynamo region (Fig. 4a). So, these
and eruptive prominences. He showed that an in- models are known as the dynamo model. The
crease in the magnetic field strength beneath a increase in the loop current drives the loop outwards
coronal helmet streamer can easily propel the promi- producing eruptive process and CME, and the dissi-
nence and the overlying arcade outward to infinity. pation of the current in the loop heat the corona and
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current is injected to the corona. Although the
photosphere is very weakly ionized, it is still an
excellent conductor, and the magnetic field lines
there are well frozen to the plasma. Thus, any sudden
enhancement of the current flowing from the convec-
tion zone to the corona via the photosphere must
necessarily expel the photospheric plasma as shown
in Fig. 4a. But no such motions were ever observed
in the photosphere. The situation is rather similar to
what happens to a flat plastic pipe: As water is being
pumped in, the pipe has to swell quickly in order to
let the water get through. Melrose and McClymont
(1987) and McClymont and Fisher (1989) have
shown that the concept of a dynamo of this type is
grossly inconsistent with the observed properties of
the photosphere and the way it is coupled to the
regions above and below it.

Similar to the situation of an injection current via
a convection dynamo, a flux injection model has also
been proposed by Chen (1989, 1990, 1996, 2001). In
this model, the poloidal magnetic flux and the power
is impulsively injected to the corona via a flux rope
(Fig. 4b), which is used to model the prominence,
from below the photosphere within a period of a
couple of hours or even tens of minutes. Just like the
dynamo model, the flux injection model also leads to
a rapid increase in the energy of the coronal mag-
netic field, but the model does not address how the
photosphere responds to such a flux injection. But
unlike the dynamo model, the flux injection would
cause both upward and horizontal flows. As we
pointed out earlier that the plasma and the magnetic
field are frozen to one another in the photosphere.
When the flux is pushed upward, the plasma follows.Fig. 4. Photospheric motions caused by: (a) dynamo model, and

(b) flux injection model at the beginning of the eruption. (a) At the photospheric surface, the plasma either sticks
Dynamo model is expected to produce horizontal motion. (From to the magnetic field and continue to flow upward or
Forbes (1993).) (b) Flux injection model is expected to produce

spreads horizontally. Since the photospheric plasmaboth upward and horizontal motions. None of such motions has
is fairly dense, we reasoned that the former situationbeen observed. (Courtesy of T.G. Forbes.)
is neither easy nor likely to occur in the real Sun.

For a typical eruption that releases the magnetic
32 3the chromosphere producing the flare. The existing energy of 10 ergs during 10 s, if the area of the

20 2form of the current dynamo model does not address relevant region is 10 cm and the magnetic field is
the cause of the sudden motions of the plasma in the 100 G, then such a photospheric flow caused by the
convection zone, and thus it really fails to explain flux injection during the eruption would occur at a
the eruptive mechanism. What makes the situation velocity of 12.5 km/s (Forbes, 2001). Yet the largest
even worse is that a large scale horizontal motion speed of the photospheric flow ever observed during
should occur at the photosphere during the impulsive a major eruption is around 2 km/s lasting only 7 min
phase of the eruption when the field aligned electric (Anwar et al., 1993). This eruption occurred on
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November 15, 1991 causing a white-light flare which models). The continual emergence of new flux from
was also classified as X1.5 in X-rays (Canfield et al., the convection zone and the movement of the
1992). The peak emission in white-light exceeds that footpoints of closed coronal field lines causes stres-
of the neighboring photosphere by 38% (Hudson et ses to build up in the coronal field. Eventually, these
al., 1992). Therefore, the photospheric flow required stresses exceed a threshold beyond which a stable
by the flux injection model is too fast to be realistic. equilibrium can no longer be maintained, so the
One way to decrease the flow speed produced by flux coronal field erupts. The models are based on the
injection is to increase the timescale of the flux mechanism of accumulating energy in the coronal
injection. magnetic field, so they are thought of as the storage

Chen et al. (2000) tried to inject the flux within model (Priest and Forbes, 2000).
2.5 h while Krall et al. (2000) investigated the In the storage model, energy accumulation gener-
eruption with the total flux injected within 6 h. The ally takes tens of hours or even a couple of days.
corresponding speeds of the photospheric flows During this process, the coronal magnetic field
decreases to 1.38 km/s and 0.58 km/s, respectively evolves from a potential field to a non-potential field
for both studies. These speeds are around the same and hence the magnetic free energy, the difference of
order of typical photospheric flow. However, such the energy between non-potential field and potential
velocities would cause a displacement of the photo- field, gradually increases. Obviously, the evolution

4spheric material up to 1.25310 km during the does not have to start from a potential field, hence
injection of flux. With current techniques, any sys- starting from a non-potential configuration is also a

3tematic displacement of plasma larger than 1.3310 realistic possibility. Eventually, the configuration
km in the photosphere, corresponding to a horizontal may become unstable or reach the point where no
velocity as small as 0.06 km/s lasting for 6 h, is equilibrium is possible, leading to a ‘‘loss of equilib-
easily detectable by ground-based instruments. It is rium’’, and to the release of the free energy. In this
important to notice that the appearance of this process, most of the stored energy is released via
displacement does not necessarily require any change magnetic reconnection, and the global magnetic
in the magnetic field. It is the electric field, induced helicity in the system is generally conserved during
by the motion of magnetic field, that leads to large- reconnection.
scale flows in the photosphere. However, no such An important constraint for eruption models has
displacement has ever been observed on the photo- been accumulating from many observations, namely,
sphere. So, this predicted but yet unseen displace- that the normal component of the photospheric
ment could be a major problem for both the dynamo magnetic field remains virtually unchanged during
and flux injection models. The initial theory can the event. The slow movement of sunspots and other
perhaps be modified to reconcile this apparent con- magnetic features in the photosphere are unaffected
tradiction, but it is not quite clear how this might be by the eruptions because the plasma in the photo-

9done at the moment. sphere is almost 10 times denser than the plasma in
the corona where eruptions originate and take place.
This enormous difference in density, and thus in

3 .3. Storage models inertia, means that it is very difficult for disturbances
in the tenuous corona to have any effect on the

The most commonly accepted solar eruption extremely massive photosphere. Field lines mapping
models now assume that the energy released during from the corona to the photosphere are said to be
eruptions is stored in the coronal magnetic field prior ‘‘inertially-tied’’ or ‘‘line-tied’’, which means that
to the eruption, and that a loss of stability or the footpoints of coronal field lines are essentially
equilibrium of the coronal magnetic field leads to the stationary over the time scale of the eruption.
energy release and eruption. Therefore, the component of the coronal field due to

These models transfer energy from the convection photospheric sources remains constant during an
zone over a long time scale (i.e., much longer than eruption and cannot contribute to the fast energy
those required in the dynamo and flux injection release.
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3 .4. Energetics cylindrically symmetric boundary condition that
confined the magnetic field in a cylinder whose

Forbes (2000) estimated that the energy density boundary behaved as a rigid conducting surface on
32required to drive a moderately large eruption of 10 which an induced current was produced as the

ergs (i.e., a flare associated with a CME) must be of system evolved. After removing this unreasonable
3order 100 ergs/cm . Comparisons of kinetic, ther- boundary condition, Aly found that the open state

mal, gravitational and magnetic energy sources in the now contained more magnetic energy than the closed
corona show that only the magnetic energy density one, so the transition was no longer favored. Later,
exceeds this amount. The magnetic energy must be both Aly (1991) and Sturrock (1991) established that
accumulated in the components of the magnetic field for a simply connected field, the fully opened field
generated by coronal currents that are built up either configuration always has a greater magnetic energy
through the observed photospheric motions or trans- than the corresponding force-free field. Here, ‘‘sim-
ported into the coronal by flux emergence. The ply connected’’ means that the two ends of all field
relatively short time interval between large events lines are anchored in the photosphere. Aly (1991)
implies that much of the current is transported from also showed that for a simply connected force-free
below (McClymont and Fisher, 1989). Because there magnetic field the ratio of the total magnetic energy
is no way to observe the coronal magnetic field to the potential magnetic energy is necessarily less
directly, the exact form of the coronal currents than 2. For example, the maximum ratio for the
remains unknown. It is usually assumed that the field configuration with a Sun-centered dipole is about

´is in the form of magnetic arcades or magnetic flux 1.66 (Low and Smith, 1993; Mikic and Linker,
ropes, with current flowing parallel to the field, 1994). So, opening field lines means increasing the
known as a force-free configuration conditioned by magnetic energy in the system, but the storage model
J3B50 (van Ballegooijen and Martens, 1989; of CMEs requires magnetic energy to decrease
Ridgway and Priest, 1993; van Ballegooijen, 1999). (Sturrock et al., 1984). This apparent contradiction is

Thus, an important question in CME energetics is: referred to as theAly–Sturrock paradox or Aly–
‘‘How much energy is required to drive a CME?’’ Sturrock constraint.
Another one is ‘‘Can the magnetic configuration The Aly–Sturrock constraint has confounded
store enough energy before eruption?’’ Low and many proponents of the storage model because it
Smith (1993) pointed out that the amount of avail- implies that the storage model is energetically im-
able energy should be sufficient to do three things: possible. However, there are several ways to avoid
(1) completely open the closed magnetic field, (2) this paradox. First, the magnetic field may not be
lift the mass against gravity, and (3) drive the ejected simply connected and may contain knotted field
plasma material at the observed speed. lines. Second, the coronal magnetic field topology

may contain field lines that are completely dis-
3 .5. Aly–Sturrock paradox connected from the photosphere. Third, an ideal

MHD eruption can still extend field lines from the
Barnes and Sturrock (1972) numerically studied a photosphere provided it does not open them all the

process during which a closed force-free arcade way to infinity. Fourth, an ideal MHD eruption may
system underwent a sudden, dynamic transition to a be possible if it only opens a portion of the closed
completely open field configuration. This kind of field lines. Fifth, deviations from a perfectly force-
transition, or something close to it, is needed for a free initial state might make a difference. Sixth, a
realistic modeling of CMEs. They concluded that a non-ideal MHD process, especially magnetic recon-
completely closed field could contain more magnetic nection, might be important. Finally, the solar mag-
energy than a completely open field, and therefore, netic field which supports the real solar eruption may
that the transition from closed to open was ener- not be completely closed at all, especially in the
getically favorable. However, Aly (1984) re-investi- helmet streamer configurations which are the leading
gated Barnes and Sturrock (1972)’s model and contenders for CME eruptions. Numerical simula-
cautioned that Barnes and Sturrock had adopted a tions by Hu (2001), Hu and Jiang (2001), and Hu et
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al. (2001) indicate that it is easier for an eruption to (boundary conditions), its energy can grow without
take place in a partly opened magnetic field configu- bound when subject to ever increasing stress that
ration. Sturrock et al. (2001) found that in a three- compresses the field against the walls. Low and
dimensional configuration which includes a flux rope Smith (1993) suggested that although there is no
with two ends anchored in the photosphere, the flux such rigid wall in the solar atmosphere, the weight of
rope may rupture the overlying magnetic arcade and plasma in a non-force-free magnetic field acts like a
then expand into the interplanetary space leaving rigid wall to confine the magnetic field. Low (1999)
significant portion of magnetic field lines that remain suggested that the weight of quiescent prominence
closed. serves to hold the magnetic field (which he supposes

is in the form of a flux rope) in place, much like a
weight on top of a spring (Klimchuk, 2001). Forbes

4 . Four classes of eruption models (2000) estimated that gravitational energy could
allow the stored magnetic energy to exceed its

When constructing a specific model, all or some of maximum force-free value by as much as 10%.
the previously mentioned possibilities are generally Some of the cool plasma in an erupting promi-
considered simultaneously. According to Forbes nence is often seen to fall back to the surface, which
(2000), one can distinguish among four different suggests that a CME might be triggered if the
classes of eruption models. First is a class of non- magnetic field slowly evolves to a critical point
force-free models which supposes that gravity and where it can no longer support the prominence (Low,
gas pressure may play an important role in the 1996, 1997, 1999). In other words, the weight of the
storage of enough energy and the initiation of an prominence could act as a (rigid) lid that allows the
eruption. Second is a class of force-free models that magnetic energy to increase above the open limit,
attempts to explain the eruption solely in terms of an and when the lid is suddenly removed, the field
ideal MHD process. Third is a class of models that springs outward. However, many CMEs do not
invokes resistive MHD processes such as magnetic appear to contain any prominence material, so it
reconnection to trigger the eruption. Finally, a fourth seems unlikely that such a mechanism could explain
class of hybrid models initiate the eruption by a all CMEs. If both gas pressure and gravity are
purely ideal MHD process but require the non-ideal included (Low and Smith, 1993; Wolfson and
MHD process of magnetic reconnection in order to Dlamini, 1997; Wolfson and Saran, 1998), gas
sustain the eruption. pressure reduces the magnetic energy that can be

stored in the corona (Low, 1999; Forbes, 2000). But
4 .1. Non-force-free models unlike gravity, gas pressure itself can propel material

outward given a sufficiently large gradient. So far, all
For the first class of eruption models, a two-step- models which invoke gas pressure, even if only as a

process is usually considered (Low, 1990, 1997; trigger, chronically run into the problem that the
Hundhausen, 1999). First, an initially closed coronal plasmab (the ratio of gas pressure to magnetic
magnetic field is opened and the mass previously compression) in the actual low corona is too small

24 23trapped in the closed field is ejected. Next, the (10 to 10 ) for gas pressure to play a significant
opened field lines are closed again by means of role in reality.
magnetic reconnection, and a flare results (see
Hirayama, 1974; Kopp and Pneuman, 1976). The
first process is an ideal MHD one, but the second 4 .2. Ideal MHD models
process is a non-ideal MHD one that produces the
intense heating characteristic of the flare (Hiei et al., The second class of solar eruption models is based
1994, 1997; Low, 1994). on the purely ideal MHD. This class deals with

In this scenario, gravity is used to bypass the processes during which no dissipation or diffusion of
Aly–Sturrock constraint. If a force-free field is the magnetic field occurs. Although magnetic re-
confined in a fixed volume of space by rigid ‘‘walls’’ connection can occur, it is assumed to play no
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fundamental role in the triggering initiation or long and the whole system maintains equilibrium. Finn
term evolution of the system. This class of models is and Chen (1990) showed that shearing a simply
severely restricted by the Aly–Sturrock constraint. connected magnetic arcade cannot yield the eruptive
One way to escape the constraint is to assume that behavior of flares and CMEs.
only a portion of the total field is opened by the One way to trigger an eruption in the above shear
eruption (Wolfson, 1993). Wolfson and Low (1992) arcade system is to introduce a dissipation mecha-
found a partly open field that has a lower magnetic nism, via anomalous resistivity, at a specific time.
energy than a fully closed field with the same For example, we might assume that once the current
photospheric boundary condition. However, their sheet is thin enough, it is subject to the tearing mode
method of solution does not allow them to determine instability (Furth et al., 1963). Alternatively, a
whether a closed field state may transit into an open microinstability (i.e., a phase space instability) may
state without invoking reconnection. So, it is still not occur when the current density in the sheet exceeds
clear that whether a partly open magnetic field set-up some threshold value (Galeev and Zelenyi, 1975;
can be achieved solely through a loss of ideal MHD Heyvaerts and Priest, 1976). Once a microinstability
equilibrium (Forbes, 2000). occurs, the resistivity suddenly increases, which

causes the magnetic field lines to reconnect in the
4 .3. Resistive MHD models current sheet, which, in turn, leads to the formation

of an island, as shown in Fig. 5a (panel with the
Compared with that in the ideal-MHD models, the resistivityh± 0). So in this model the reconnection

eruptive process in the resistive MHD models is rate must be much slower than the rate at which the
allowed to have an ideal-MHD initiation. But it must photospheric motions stress the field prior to the
then resort to the electric resistivity that prevailed eruption, but once eruption occurs, the reconnection
somehow inside the current sheet (refer to Fig. 3a) to rate must be fast enough so that energy can be
dissipate the magnetic field so that the eruption can released rapidly (Forbes, 2000).
sustain throughout its development and evolution.
Invoking resistivity immediately gives rise to intense 4 .3.2. Break-out model
heating that accounts for the associated flares. So Antiochos et al. (1999) proposed another sheared
models in this category can provide a more realistic arcade model that also requires magnetic reconnec-
description of the eruption physics. We now discuss tion to trigger the eruption. In this model the
them one by one. magnetic field configuration has a spherically

symmetric quadrupolar geometry, rather than a dipo-
4 .3.1. Sheared arcade model lar geometry. The model has three polarity inversion

In simply-connected force-free magnetic arcades, lines on the photosphere and four distinct flux
the free energy continually increases as the foot- systems, as shown in Fig. 6. There is a central arcade
points of the arcade are sheared. A stable equilibrium straddling the equator, two arcades associated with
persists even as the photospheric field is sheared so the neutral lines at6458 latitude, and a dipolar flux

´that sudden dynamical processes and reactions never system overlying the three arcades. Unlike Mikic and
´occur. Several existing numerical simulations (Mikic Linker (1994), Antiochos et al. (1999) chose to shear

´ ´et al., 1988; Linker and Mikic, 1994; Mikic and only the central arcade. As a result, a rising central
Linker, 1994; Amari et al., 1996a) and analytic arcade compresses the X-line above it to produce a
investigation (Priest and Forbes, 1990a) suggest that curved, horizontal current layer atop the sheared
simply-connected magnetic arcades on a spherical or arcades (Fig. 6). In the absence of gas pressure or
plane surface do not erupt, but instead expand resistivity this layer is an infinitely thin sheet, and it
outward smoothly as the shear of the footpoints confines the central arcade so that the latter cannot
increases, until a fully open field is formed when the open without reconnection occurring in the current
shear exceeds a critical value. As the field expands, a sheet. Antiochos et al. (1999) noticed that when gas
current sheet develops and separates regions of pressure and reconnection are included, the recon-
opposite magnetic polarities, but no eruption occurs nection at the X-line undergoes a sudden transition
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Fig. 5. (a) Quasi-static evolution of an axially symmetric arcade that is sheared by hypothetically rotating the northern and southern
hemispheres of the Sun in opposite directions. The initial field att 50 is a Sun-centered dipole that evolves into the force-free field shown at
t 5 540t . After a rotation of 1268, the field becomes fully opened att 5900t , as long as the magnetic resistivity,h, remains zero.A A

However, an eruption occurs att 5563t if h is suddenly increased. (b) The corresponding evolution of total energy divided by the potentialA

energy. (From Forbes (2000).)

from slow to fast. The current sheet maintains a The main difference between the break-out model
´finite thickness because of the gas pressure but as the and the sheared arcade model of Mikic and Linker

underlying sheared arcade presses against the sheet, (1994) is the fact that the break-out model requires
it thins. In the numerical simulations this thinning magnetic reconnection to occur on top of the sheared
process appears to accelerate the reconnection con- arcade. Although the trigger mechanism in the
siderably, although it is difficult to confirm this breakout model remains problematic, the model does
action fully since the current sheet is no longer clearly demonstrate rigorously that a transition from
numerically resolved at the moment when accelera- a closed magnetic field to a partly open one is
tion occurs. energetically favorable.
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Fig. 6. Magnetic field configurations in the model of Antiochos et al. (1999) at (a) early and (b) late times. Because the field is symmetric
about the axis of rotation only one side is shown. A force-free current is created by shearing the arcade field (thick lines) at the equator, but
a toroidal current layer is also created as the sheared region bulges outwards. Reconnection of the field lines in this layer allows the sheared
field lines to open outward to infinity. (From Forbes (2000) and figure templates courtesy of S. Antiochos.)

4 .3.3. Twisting flux rope models which is about 10 or even 20 times higher than that
A series of fully three-dimensional simulations observed. By invoking magnetic reconnection be-

have recently been conducted by T. Amari and co- tween a twisted flux rope and the overlying arcade
workers (Amari et al., 1996b; Amari and Luciani, system, Amari and Luciani (1999) noticed that the
1999; and Amari et al., 2000). They generally started topology of the flux rope suffers from a sudden
with a potential magnetic configuration that is pro- change and the initial single flux rope is split into
duced by a magnetic bipole in the photosphere. The two. But the corresponding dynamic evolution is
system then evolves in response to the parallel quite local and the overlying magnetic arcade re-
rotations of the footpoints at each side of the mains closed globally. Amari and Luciani (1999)
magnetic neutral line on the boundary surface. suggested that this process may be able to account
Consequently, the initial potential arcades become for the compact (single) loop flare phenomena as
twisted, an S-shape structure appears, and the mag- observed.
netic configuration shows a fast expansion, which To replicate the eruption of a magnetic structure
implies a sharp transition from quasi-static evolution including a twisted flux rope, Amari et al. (2000)
to a dynamic one. In these models, the rotation is simulated the formation of the flux rope via re-
confined to the regions around the footpoints, it also connecting the footpoints of a sheared magnetic
causes shears in these locally confined regions. But arcade system (Fig. 7a and 7b). Such a process has
compared to that in the sheared arcade and the already been suggested by van Ballegooijen and
break-out models, the shear invoked in these twisting Martens (1989) more than a decade ago and later
flux-rope models is more local in spatial extension. conducted in two dimensions by Inhester et al.

In the work of Amari et al. (1996b), speed of (1992). After the flux rope was formed, Amari et al.
rotation at the footpoints increases with time and the (2000) discontinued the shearing motion and let the
dynamical transition mentioned above occurs soon system evolve through a viscous relaxation to access
after the rotation reaches its maximum, which is a stable equilibrium. Then, a part of the magnetic

´about one-hundredth Alfven speed in the corona. The flux in the background field submerges somehow (or
3´typical value of the Alfven speed in the corona is 10 a source of opposite polarities emerges in their

km/s, and one-hundredth this value is 10 km/s, terms). This may decrease the total energy stored in
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Fig. 7. Magnetic configurations at four stages of a modeled CME evolution: (a) initial potential structure, (b) a twisted flux rope has been
formed by reconnecting the footpoints of the configuration, (c) the flux rope starts to expand as some of the background magnetic flux

´submerges, (d) the configuration undergoes an eruption. Timet is in units of the Alfven timescalet . (From Amari et al. (2000).)A

the corresponding fully opened field, and thus de- weakening of the background field, the closed mag-
crease the threshold imposed by the Aly–Sturrock netic field did undergo a quick eruption-like expan-
constraint on the closed magnetic field. With the sion with a vertical current sheet appearing below the
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flux rope (Fig. 7c and 7d). However, it is not at all ≠Bn
]clear if such a transition constitutes a true catas- 5 2=?B ,t≠n

trophe, because the photospheric boundary condition
where B is the magnetic field,n and t denote thein the simulation is changed at a rate that is too rapid
normal and tangential components on the boundaryto be considered quasi-static. From Fig. 5 of Amari
surface, respectively. This equation is nothing but theet al. (2000) in which the time-profiles of both the
divergence-free condition on the magnetic field, andboundary change and the system response are given,
it was only guaranteed to be satisfied on the bound-one may notice that the change in the boundary
ary in their simulations. Tokman and Bellan (2002)condition is significantly much faster than the re-
seemed to assume that the divergence-free conditionsponses of the system.
on the boundary guarantees extension elsewhere.More recently, Tokman and Bellan (2002) investi-
This is not true. Suppose we have a ‘‘magnetic field’’gated numerically the evolution in a three-dimen-

2such that B5 (x, y, z ). The divergence of thissional MHD system on the basis of of the works by
‘‘magnetic field’’, =?B5 21 2z, vanishes on theAmari and Luciani (1999) and Amari et al. (2000).
surfacez 5 2 1 and remains finite elsewhere. Obvi-They tried to reproduce some features characterizing
ously, this is not a correct description for theCMEs and pre-eruptive stages, such as the sigmoid
magnetic field. We note that the magnetic configura-and the three-component structure of CMEs. But it is
tions show many peculiar features in Tokman andnot clear at which stages did those features appear in
Bellan’s simulation. It is very likely that they resultthe simulation. Their discussion and conclusions are
from the failure to assure the divergence-free con-quite confusing because the sigmoid and three-com-
dition of the magnetic field elsewhere.ponent structure of a CME seem to appear simul-

taneously in their simulation.
4 .4. Ideal-resistive hybrids: catastrophic modelsRoughly speaking, the sigmoid is a precursor

structure of CME disruption and it is often observed
To our knowledge, the concept of the catastrophicfor several days before the occurrence of an eruption

loss of equilibrium in a magnetic system as a(Canfield et al., 1999, 2000). The existence of
possible mechanism of solar flares was initiallysigmoidal structure prior to an eruption is because
proposed by Sturrock (1966). He pointed out that asthe relevant magnetic field is highly non-potential
a system evolves in response to the slow change of aand is twisted. Therefore, the sigmoidal structure
control parameter,m, the system may undergo agenerally disappears with the initiation and develop-
series stable equilibrium states quasi-statically beforement of the eruption. On the other hand, the three-
m approaches a critical value,m , ‘‘once m hascomponent structure is the characteristic of a specific c

passed the valuem , there will be a drastic change ofgroup of CMEs in the eruptive process (Illing and c

the magnetic state so that the onset of instability mayHundhausen, 1983; Hundhausen, 1988, 1997). So
be termed ‘explosive’.’’ An alternative term ‘‘catas-far, to our knowledge, no observations show that a
trophic change’’ was also used. Sturrock (1966)magnetic structure prior to the eruption possesses the
suggested that the solar flares as well as ‘‘otherthree components. So, it may not be appropriate to
catastrophic physical phenomena’’ ‘‘are examples ofsimulate a CME process by yielding the sigmoidal
explosive onsets of instability’’. This pioneeringand the three-component features of a CME simul-
work contains a general qualitative discussion on thetaneously.
concept of the catastrophe, but has not been appliedIn addition to this current confusion, one might
to the quantitative investigation on any specificpose a critical question concerning this work:
magnetic system. The quantitative studies of thewhether Tokman and Bellan (2002) monitored the
catastrophe and the loss of equilibrium in a coronaldivergence of the magnetic field, and how they
magnetic configuration were started in the lateassured the divergence-free condition on the mag-
1970s.netic field. It seems to us that this condition was not

satisfied in their simulations. Our claim can be
indirectly confirmed by their equation (8) that reads 4 .4.1. Early catastrophic models
as Almost at the same time, two groups of authors
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independently initiated their investigations on the al. (1978) by considering the evolution of the system
catastrophe in different ways. One group considered in response to the displacement or the shear at the
the evolution of a sheared magnetic arcade by the footpoints, which was described by parameterl .s

means of the generating function method (Low, Unfortunately, Zwingmann (1987) did not realize
1977; Birn et al., 1978; Priest and Milne, 1980). In that the magnetic configuration of their system
this approach, the magnetic field evolves in response consists of a set of simply-connected magnetic
to the change in a control parameter,l, through a arcades, and simply shearing the footpoints of this
quasi-static sequence of configurations in MHD kind of structures is not able to cause the system to

´equilibrium. On the other hand, another group con- erupt. This fact was later noticed by Mikic et al.
sidered the equilibrium of a current-carrying wire (1988) and was further confirmed by Finn and Chen
embedded in the corona, which was used to model (1990). In order to produce a catastrophe-like be-
the prominence (Van Tend and Kuperus, 1978; Van havior, Zwingmann (1987) applied a method similar
Tend, 1979). In this approach, the equilibrium to the generating function method to the analyses. In
evolves as the current inside the wire changes. This his work, parameterl explicitly represents the
approach has now been developed to the flux-rope plasma gas pressure in the corona, and varyingl

(catastrophe) models. suggests the catastrophe asl is within a certains

To our knowledge, the generating function method value range. Since the system is controlled by two
was used by B.C. Low for the first time to investi- parameters,l and l , the evolution manifests thes

gate the sequence of magnetic field in quasi-static behavior of the cusp-catastrophe according to the
evolution and to pursue the critical situation at which standard catastrophe theory (Thom, 1972; Poston
the eruptive process commences (Low, 1977). A and Stewart, 1978; also see discussions of Forbes
similar work by Birn et al. (1978) started around the and Isenberg, 1991; Lin et al., 2001). However,
same time. Their studies suggest that the quasi-static Zwingmann’s catastrophe still does not have physical
evolution of the magnetic field (either force-free consequence because, again,l is not the parameter
(Low, 1977) or non force-free with plasma gas for the photospheric boundary condition. Platt and
pressure included (Birn et al., 1978)) is no longer Neukirch (1994) further pointed out that
possible as the parameterl is located outside a Zwingmann’s results were also significantly affected
specific parameter space, and the subsequent evolu- by the boundary conditions used for the left, right
tion must proceed dynamically or explosively. But and top sides of the numerical simulation domain.
the question of whether the catastrophe-like behavior Unlike the generating-function models, the flux-
which occurs in these models represents a physical rope model that was initially proposed by Van Tend
process constitutes the main deficiency of the and Kuperus (1978) and Van Tend (1979) suggested
generating function models because parameterl that a coronal flux rope (represented in Van Tend and
does not describe any property of the photospheric Kuperus’s early model by an infinitely thin line
boundary conditions. Klimchuk and Sturrock (1989) current) could lose equilibrium when its current
re-examined Low’s (1977) force-free configuration exceeds a critical value (Fig. 8). In their model the
by imposing the appropriate photospheric boundary flux rope floats in the corona under a balance
condition. They found that the system just managed between the magnetic compression produced by the
to evolve smoothly as the boundary condition magnetic field lines below the flux rope, and the
changed slowly and the explosive behavior suggested magnetic tension produced by the magnetic field
by Low (1977) never appeared. Therefore, the lines overlying the flux-rope. In most circumstances,
catastrophe-like behavior occurring in Low’s (1977) this balancing act is stable (Fig. 8a). If the flux-rope
configuration was an artifact of the generating func- is perturbed, the rope will simply oscillate up and
tion method. Because Birn et al. (1978) used the down around its equilibrium location. As the current
same approach to study the catastrophe, their model within the flux-rope increases and exceeds a thres-
suffers from the same deficiency even if the mag- hold, Van Tend (1979) showed that this equilibrium
netic configuration adopted in their model is not would become unstable. The loss of equilibrium
force-free. leads to catastrophic jump of the flux rope upward

Zwingmann (1987) improved the work of Birn et (Fig. 8b). Strictly speaking, the catastrophe that Van
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Fig. 8. Schematic diagrams showing the behavior of the magnetic field configurations in models of the Van Tend and Kuperus type. The
shaded circle designates the flux rope, and solid arrows indicate flux rope motion. Hollow arrows show the photospheric convection which
increases the current inside flux rope by reconnecting field lines in the photosphere. (From Forbes and Isenberg (1991).)

Tend and Kuperus suggested did not fully represent a current sheet (cf. Lin and Forbes, 2000) and the
physical process occurring in the coronal magnetic current intensity in the sheet is always much weaker
field, either. We will discuss this issue shortly. than that in the flux rope.

Subsequent studies by Kaastra (1985), Moloden- Following the work of Kaastra (1985) and Mar-
skii and Filippov (1987), and Martens and Kuin tens and Kuin (1989), Priest and Forbes (1990b)
(1989) generalized the model of Van Tend and found an exact solution for the configuration with a
Kuperus within the framework of circuit theory. current sheet of arbitrary length (Fig. 9). However,
(Despite the fact that they refer to their model as a this configuration has a background field (the po-
‘‘circuit model’’, Martens and Kuin’s model is more tential field produced by the photospheric sources)
like an MHD model except for their treatment of the with a two-dimensional dipole located on the sur-
dissipation processes associated with reconnection face, and the location of the source on the boundary
and shock waves.) In the circuit theory, the flux rope means there is an unphysical singularity in the field
(or current filament) is simply treated as a wire at this location. As later pointed out by Isenberg et
immersed in a vacuum, and the magnetic field is not al. (1993), another disadvantage of this work is that
frozen to the plasma as it would be in the nearly the current inside the flux rope does not represent
ideal MHD environment of the corona. Consequent- any fundamental factor that governs the system. Its
ly, reconnection occurs freely at the neutral point (or value cannot be set independently, but must be
X-line) in their models. Note that in a realistic determined from the boundary conditions. Thus, in
coronal plasma environment, reconnection does not spite of the fact that the current inside the flux rope
occur easily because of the high electric conductivity can be easily related to the parameters for boundary
of the plasma. Thus, any attempt to quickly change a properties (such as the length-scale and the strength
configuration with an X-point in it leads to the of the background magnetic field, and varying the
formation of a current sheet at the X-point. Kaastra current is therefore equivalent to varying indirectly
(1985) and Martens and Kuin (1989) addressed this the boundary conditions) under the equilibrium con-
problem by incorporating current sheets within the dition, simply showing that there is a nose point in
circuit framework. But the approximations they used the equilibrium curve when the flux rope height is
restricted their analysis to an unrealistically short plotted as a function of its current is not sufficient to
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prior to the onset of the eruption. The frozen-flux
condition at the flux-rope surface is used to de-
termine the current flowing within the rope as a
function of the boundary conditions at the photo-
sphere. Such refinement makes the boundary con-
ditions on the photosphere the unique driver of the
system’s evolution.

The evolution of this system generally takes two
stages: the first stores energy, while the second
releases it. During the storage phase, the convective
motion of photospheric material builds up stress in
the coronal field and leads to the storage of magnetic
energy. The evolution is so slow (with a time-scale
of photospheric motions) that it can be regarded as
quasi-static. During the second, or eruptive phase,
mechanical equilibrium is lost, the system evolves

´rapidly within an Alfven timescale. It is during this
second phase that the flux rope is ejected upward and
the magnetic energy stored in the system is released.
Since the evolution during the ejection is much faster
than the rate at which the energy is transferred from
the photosphere to the corona, the transfer of energy
from the photosphere to the corona is completely
negligible during the eruptive process. It is thisFig. 9. Magnetic configuration of an analytical MHD model with

a two-dimensional dipole located on the surface. The flux rope and transition from the slow evolution to the fast evolu-
the upper and lower tips of the current sheet are located ath, q, tion that constitutes the catastrophe.
and p, respectively. (From Priest and Forbes (1990b).) In this model, the background field is the same as

that produced by a line dipole embedded in the
prove the existence of a catastrophe. This missing photosphere. The mass flow in the photosphere
insight has been a source for much confusion in the brings the magnetic field from a distance to the
past, although the real critical point is not very far origin (Fig. 10), forces the magnetic field lines in
from that turning point in the height versus current opposite directions to be reconnected at the origin.
curve. With the reconnection occurring at the origin, mag-

netic flux as well as magnetic energy is successively
transported into the coronal field and the system

4 .4.2. Flux rope catastrophe models evolves along the equilibrium curve given in the
Building on the above pioneering explorations, lower most panel of Fig. 10.

Forbes and Isenberg (1991) developed a two-dimen- The magnetic reconnection that is driven by the
sional ideal-MHD force-free flux rope model for photospheric mass flow is usually known as mag-
eruptions. With aid from the development of the netic cancellation by observers, and the magnetic
standard catastrophe theory (Thom, 1972) and the flux transfer by this process is physically plausible
improvement of the related mathematical descrip- (Martin et al., 1985; Wang and Shi, 1993). Recent
tions (Poston and Stewart, 1978), Forbes and Isen- observations also indicate that the motion and the
berg (1991) replaced the circuit wire used by Van cancellation of the magnetic cells on the photosphere
Tend and Kuperus with a current-carrying flux rope plays a crucial role in pushing a magnetic structure
of finite cross section. The corona is now treated as to give rise to a major eruption (Liu and Zhang,
an ideal-MHD medium in which magnetic reconnec- 2001; Zhang and Wang, 2002).
tion is prohibited so that a current sheet can form One might have already noticed an apparent
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Fig. 10. Magnetic configurations at various stages of the analytical solution of Forbes and Isenberg (1991). A catastrophic loss of
equilibrium occurs when the evolution reaches the critical configuration of panel 3. The bottom panel shows the equilibrium filament height
as a function of the stored magnetic energy. The dashed line is the expected flux rope trajectory when the system reaches the critical point.
(From Forbes (1991).)

contradiction in the models that use the photospheric berg, 1991; Lin and van Ballegooijen, 2002). In
flow to drive evolution in the system (refer to van these models, the driving boundary-flow is slow, but
Ballegooijen and Martens, 1989; Forbes and Isen- at and close to photospheric reconnection point,
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which is usually chosen as the origin of the coordi- must show that the system can actually be driven
nates, the flow velocity diverges as 1/x. So, the flow beyond this point by the evolution of the boundary
near and at the origin is not quasi-static. In fact, this conditions. Because the results in Fig. 10 are a
peudo-divergence is caused by the ideal-MHD ap- function of the magnetic energy transported to the
proach. In those models, ideal MHD environment is corona (i.e., an independent variable and embodies
assumed everywhere to simplify the mathematics in the changes occurring at the photosphere), the
order to derive the analytic descriptions. In this case, equilibrium curve truly describes the evolution of the
to maintain the finite electric fieldE at the reconnec- system in response to the change of the boundary
tion site according to the ideal-MHD Ohm’s Law: conditions. Thus, the turning point noted in Fig. 10 is
E5 2 (V3B) /c will always lead to a divergingV a physically meaningful one at which the system
at a null point, no matter where the null point is undergoes an abrupt transition from the lower
located. This unphysical behavior of the velocity equilibrium (panel 3) to the upper equilibrium (panel
actually indicates the breakdown of ideal-MHD 4), namely the occurrence of catastrophe.
Ohm’s Law at the null point, and implies that the Although such an abrupt transition (between con-
resistive Ohm’s Law:E5 2 (V3B) /c 1hj, where figurations in panel 3 and 4) is quite suggestive of a
h is the resistivity, must be used. In the vicinity of CME-like eruption, the existence of a stable equilib-
the null point, 2 (V3B) /c becomes dominated by rium at position 4 implies that the magnetic tension
hj becauseV is finite andB almost vanishes, and so force associated with the development of a current
E is able to remain finite. Therefore, whenhj is sheet attached to the boundary surface (panel 4) can
included, the flow into the null point is no longer become strong enough to bring the system’s evolu-
infinite but it remains small, and thus, quasi-static. tion to a halt. Therefore an ideal-MHD jump can
On the other hand, because the region where the hardly develop into a physically realistic eruption.
ideal-MHD Ohm’s Law breaks down is quite local Numerical experiment made earlier by Forbes (1990)
under the realistic condition of the photosphere, the confirms this conclusion. To make matters worse, the
deviation from the ideal-MHD environment in that ideal-MHD jump from positions 3 to 4 can only
highly confined region does not invalidate the global release less than 1% of the total energy stored in the
solution (which was usually derived). Hence the system, and the evolution does not show any catas-
apparent contradiction mentioned above can be trophic feature unless the flux rope is unreasonably

23 2reconciled. thin (, 10 times of the length scale). After
Fig. 10 shows four different stages in an improvement was made by replacing the dipolar

evolutionary sequence. Panels 1 through 3 in the boundary condition with a quadrupolar one, the
upper part of Fig. 10 show the quasi-static evolution catastrophe occurred more readily (Isenberg et al.,
along the equilibrium curve from a nearly potential 1993). However, without magnetic reconnection,
configuration up to the catastrophe-point configura- only a small fraction of the total stored magnetic
tion. Because the reconnection in the corona is energy is released during the ideal-MHD jump. The
forbidden in this model, a short current sheet at- maxima of the fraction of energy released for the
tached to the base develops after an X-point appears boundary conditions of quadrupole, hexapole, and
prior to the loss of equilibrium. two-point sources are 5.8%, 8.3%, and 8.6%, respec-

In the force-free configuration, the current sheet in tively (Isenberg et al., 1993; Forbes et al., 1994).
Fig. 10 is infinitesimally thin, so the flux reconnected Forbes et al. (1994) also considered the maximum
at the photosphere immediately appears at the top of energy which can be released for a more complex
the current sheet. For a sufficiently small flux rope background field and found that the energy which
radius (less than one-thousandth of the scale length),
the equilibrium curve becomes multi-valued with a
turning or nose point as shown in the bottom panel.
As mentioned before, a multi-valued equilibrium 2Recently, Lin and van Ballegooijen (2002) found that if the
curve with a turning point does not necessarily reconnection in the corona is not totally forbidden, then the
indicate the occurrence of catastrophe since one also constraint of the unrealistically thin flux rope can be removed.
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could be released can, in principle, be as large as the catastrophic loss of equilibrium could continue.
20.8% of the total free energy. With magnetic reconnection invoked, the current

sheet is no longer attached to the boundary surface,
but becomes detached, as shown in Fig. 12. The

5 . Effects of magnetic reconnection on eruptive force-free environment leads to an infinitely thin
process current sheet and the formation of two Y-type neutral

points at each tip of the current sheet. The full
The studies on ideal-MHD processes indicate that mathematical description of this configuration is

in order for a catastrophic loss of equilibrium in a fairly complex and involves complete and incom-
given magnetic configuration to develop to a plaus- plete elliptic integrals. Interested readers can consult
ible CME-like eruption, magnetic reconnection must Lin and Forbes (2000).
be invoked. Fortunately, although it has a high
electric conductivity, the coronal plasma is not a 5 .1. Magnetic reconnection inside the fast
perfect conductor. To see how an eruption becomes developing current sheet
more plausible when magnetic dissipation is in-
cluded, note first that the current sheet structure (see While magnetic reconnection occurs, the magnetic
Fig. 10), especially for a sheet formed during the configuration shown in Fig. 12 is generally not in
dynamical evolution of the system (cf. Forbes and equilibrium. Kinematic behavior of the system, as
Priest, 1995), may become unstable when its length described by the height and velocity of flux rope,h

~exceeds 2p times its thickness. Combined with the andh respectively, the parameters of current sheet,p
tearing mode instability (Furth et al., 1963) and/or andq, as well as the output power,P, are usually
anomalous resistivity (Galeev and Zelenyi, 1975; functions of the electric fieldE . The parameterEz z

Heyvaerts and Priest, 1976) inside the current sheet, commonly indicates the absolute reconnection rate
´magnetic field lines are then able to reconnect inside the current sheet, while the Alfven Mach

through the current sheet, and thus convert stored numberM measures the speed of reconnectionA

magnetic energy into kinetic and thermal energies inflow near the current sheet (in units of the local
´which account simultaneously for both the mass Alfven speed) and is known as the relative reconnec-

ejection and intense heating. tion rate. BothE and M are in turn dependent onz A

Lin and Forbes (2000) investigated how the other parameters of the flux-rope–current-sheet sys-
magnetic reconnection affects the acceleration of tem.
CMEs and how the acceleration in turn affects the Priest and Forbes (2000) gave a thorough discus-
reconnection process. They started with the work of sion of the MHD theories of reconnection that have
Forbes and Priest (1995) who studied the ideal-MHD been developed since more than a half century ago,
evolution of a magnetic configuration in response to and their applications to various areas, including
the convergence motion of two magnetic point solar physics. But none of them can be directly
source regions of opposite polarities on the photo- applied to the situation described here for two main
spheric surface. The equilibrium curve and magnetic reasons. First, there is no generally accepted theory
configurations at different evolutionary stages are for how fast the reconnection can occur when it is
shown in Fig. 11, wherel is the distance between driven by a loss of equilibrium, namely, how large
each source region and the origin,h is the equilib- M should be. Second, and also the more importantA

rium height of the flux rope, andr is the initial issue, all the above theories and applications are for00

radius of the flux rope. A catastrophe occurs as the the static or quasi-static reconnection (cf. Forbes and
flux rope reaches the critical height. But without Priest, 1987), or for the dynamic reconnection with a
dissipation or magnetic reconnection, the ideal-MHD pre-existing current sheet (cf. Pudovkin and
jump of the flux rope is finally terminated at the Semenov, 1985), or even for the reconnection occur-
upper equilibrium position. ring at an X-type neutral point (no current sheet

Because the eruption may drive reconnection in develops) (cf. Priest and Forbes, 2000). In general, to
the current sheet, the dynamic evolution following calculateM self-consistently from governing equa-A



J. Lin et al. / New Astronomy Reviews 47 (2003) 53–84 75

Fig. 11. (a) Flux-rope height,h, as a function of the separation half-distance,l, between the photospheric sources. The dotted section of the
curve indicates the region which is bypassed because of the jump at the critical point. Panels (b), (c), and (d) show magnetic configurations
in the x–y plane at the three locations indicated in (a). (From Forbes and Priest (1995).)

tions, it is necessary to solve the time-dependent If the evolution of the current sheet is sufficiently
diffusive MHD equations in the vicinity of the slow, a steady-state theory like Sweet–Parker or
current sheet. The key parameter that such a solution Petschek can be used to expressl as a function ofMA

must provide is the thickness of the current sheet andh. Here ‘‘sufficiently slow’’ means that the time
since the convective velocity of the plasma flowing it takes for the current sheet to grow is long

´into the current sheet must be equal to the rate at compared to the time it takes for an Alfven wave to
which field lines diffuse through the current sheet. travel along it. As indicated in Fig. 12, the speed of
That is, M ¯h /(lV ), where h is the magnetic evolution of the current sheet is determined by d(q 2A A

~ ~diffusivity and l is the thickness of the current sheet. p) /dt 5 q 2 p. Within 2 or 3 h after the onset of
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Fig. 12. Diagram of the magnetic configuration for the two-point source model. Labels indicate the mathematical notation used in the text.
(From Lin and Forbes (2000).)

~ ~eruption, the relationq 4 p generally holds (Lin shorter current sheet with two pairs of slow-mode
and Forbes, 2000; Lin, 2002). Thus a quasi-steady shocks extending outward top andq from each of its

~treatment requires thatq <V . However, as we ends. For values ofM in the range 0.01 to 0.1, theA A

know from the results of Forbes and Lin (2000), Lin angle of separation between the shocks is only a few
and Forbes (2000), and Lin (2001, 2002), this degrees, so the fact that the current sheet is now
condition is not satisfied until 2 to 3 h after the onset bifurcated at its ends has little effect on the global
of the eruption, so a quasi-steady treatment cannot be field at large distances, except through the value of
used until relatively late times. M (Forbes and Malherbe, 1991). Since Petschek’sA

Even when a quasi-steady treatment can be jus- reconnection rate depends only on lnh, the result is
tified, there is still the problem of which quasi-steady almost the same as assuming thatM 5 constant.A

theory to use. If we assume that the Sweet–Parker Another possibility, which is also likely to give a
2theory is appropriate, then we haveM 5h / nearly constant value ofM , is that the reconnectionA A

´[(V (q 2 p)], where V is now the average Alfven process is turbulent (Matthaeus and Lamkin, 1985,A A

speed along the sheet. Alternatively, to apply 1986) and therefore completely independent ofh

Petschek’s theory, we assume that the current sheet (Ichimaru, 1975). In the latter case the internal
stretching fromp to q actually consists of a much structure of the current sheet is quite complex and
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consists of many small current sheets and islands, Sittler and Guhathakurta (1999), Lin (2002) recently
but again, there is no direct effect of reconnection on found that the two critical values ofM above areA

the global field at large distances, except through the modified to 0.013 and 0.034, respectively.
value of M .A

5 .3. Dynamic behavior of eruptions
5 .2. Minimum M required for a plausibleA

eruption Fig. 14 shows trajectories of the flux rope and the
upper and lower tips of the current sheet as a

As discussed previously, the ideal-MHD jump function of time forM 50.1. The flux rope risesA

(M 5 0) shown in Fig. 11 is not capable of develop- slowly at first but achieves a speed of about 1500A

ing to a full-fledged eruption in a physically realistic km/s within 20 min, and the maximum acceleration
2sense. In the absence of reconnection and assuming reaches up to 4000 m/s . Within this period, the flux

no energy dissipation, the flux rope oscillates (like a rope is ejected over a distance of 3 solar radii.
yo-yo) around an upper equilibrium following the Because Lin and Forbes (2000) assumed that all the
catastrophic loss of the lower equilibrium (Fig. 13a). magnetic energy released was converted to the
In the case of Forbes and Priest (1995), this upper kinetic energy of the flux rope, the above values of
equilibrium is located ath 5 8.9, and the highest velocity and acceleration should be considered as
location reached by flux rope ish 5 45.1 (i.e., the upper limits of realistic values. This is so because in

~height whereh 50 and the flux rope is being pulled reality a significant amount (perhaps as much as
back). half) of the energy released would be converted into

On the other hand, if magnetic reconnection its gravitational form, dissipated through heating
´proceeds with no constraints, the inflow Alfven and/or transformed into wave energy associated with

Mach numberM of the plasma flowing into the the generation of a fast-mode shock in front of theA

current sheet is infinite and thus no current sheet can flux rope.
form. Instead an X-type neutral point appears in Theq versus t curve in Fig. 14 shows that the
place of the current sheet. Then the upward motion upper tip of the current sheet initially rises at a speed
and the escape of flux rope will be unrestrained (Fig. which is only a factor of two smaller than the speed
13b). of the flux rope, but after about an hour it slows and

In reality, assuming a plasma environment with no becomes almost stationary for the next several hours.
dissipation is incorrect, but the assumption of a By comparison, the lower tip, orp, of the current
dissipation that is infinitely strong (M →`) is not sheet rises very slowly at the beginning, but starts toA

reasonable either. This is because fast mode shocks speed up about an hour after onset. After about 10 h,
can appear near the neutral point or current sheet as the lower tip has nearly reached the altitude of the
M . 1. Therefore, the most likely values of the upper tipq, so the current sheet has become con-A

reconnection rate are 0,M ,1 (Fig. 13c) no siderably shorter. The further connection ofp versusA

matter which kind of reconnection occurs in the t curve to observations has been discussed by Lin
actual CME process. The important question that and Forbes (2000) and Forbes and Lin (2000), with a
needs to be addressed next is how much less than more detailed investigation most recently by Lin
unity can M be, such that the flux rope will still (2002).A

escape smoothly and the ejecta can move to infinity The evolution of the current sheet described above
without reversal of direction. characterizes the long timescale of the magnetic

Lin and Forbes (2000) found that if the coronal reconnection process. Fig. 11a indicates that the
density decreases exponentially with height, then any current sheet forms during the ideal-MHD jump. The
value of M .0.005 will give a smooth escape. If reconnection begins, in principle, as soon as theA

0.005,M ,0.041, then the flux rope undergoes current sheet starts to form. Because of its longA

some deceleration before escaping, and ifM . timescale, the impact of the reconnection on theA

0.041, then the escape does not suffer deceleration at evolution is not apparent initially, and the evolution
all. In a more realistic coronal environment given by is controlled by the process of catastrophic loss of
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Fig. 13. Three possibilities for the formation of a current sheet in the wake of a CME. In (a) there is no reconnection at all (M 5 0), and theA

current sheet remains attached to the surface of the Sun. In (b) the reconnection is impossibly fast, and no current sheet forms because
M →`. In (c) the reconnection rate is reasonable as long asM ,1. (From Forbes and Lin (2000).)A A

´ ´equilibrium which operates on the Alfven timescale long. After a couple of Alfven timescales, magnetic
that is short compared with the reconnection time- reconnection takes over, and the current sheet thus
scale. So the ideal-MHD evolution dominates the begins to erode while heating becomes significant.
initial stage of the eruption physics, dissipation and Such a plausible theoretical scenario explains why
heating are not significant and the current sheet is major flares generally lag behind the onset of mass
able to develop quickly. But this stage does not last eruptions, as observed.
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~Fig. 14. Variations ofh, h, p, andq versust for reconnection in the isothermal atmosphere model withM 5 0.1. (From Lin and ForbesA

(2000).)

The corresponding power outputP and the electric point does not appear until the impulsive phase is
field E in the current sheet in the above process is well underway, so when the X-point finally appearsz

shown in Fig. 15a and 15b, respectively. TheP (see insert in Fig. 15a), strong flows already exist
versus t curve in Fig. 15a (as well as the inset) that act to drive the reconnection rapidly. Conse-
indicates that the pre-flare phase is about 10 min, quently, the electric fieldE reaches a maximumz

while the phase of highest power output lasts less value about 4 V/cm (Fig. 15b) within a few minutes
´than 15 min. Both of these phases are then followed which is less than the Alfven wave transit time of a

by an extended gradual (or late) phase lasting several characteristic scale length. The secondary peak in the
hours during which the extended current sheet that electric field at about 70 min after onset is caused by

´developed earlier starts to erode. The difference the fact the coronal Alfven speed starts to increase
between the rates of rise and decline in the energy with height at sufficiently large altitudes due to the
release rate reflects the timescales of different phys- rapid fall-off of density with height. The timing of
ical processes. From the discussion above, it seems the secondary peak inE coincides with the time inz

that the initial evolution is mainly driven by an Fig. 14 when the length of the current sheet starts to
ideal-MHD process, namely, the catastrophic loss of decrease with time. In other words, this is the time

´equilibrium that is governed by the Alfven timescale. when the reconnection process starts to disperse the
However, this process leads to the development of a current sheet faster than the flux rope motion can
current sheet that halts further dynamical evolution create it.
unless reconnection sets in. So the timescale of the E is essential not only for driving magneticz

second phase of evolution is determined by the rate reconnection and energy conversion but also for
of reconnection. Since the reconnection time scale is producing energetic particles. The combination of a

´long compared to the Alfven timescale, a long and high peak field followed by a sustained low level
slow decline is observed. Thus, the difference be- field is suggestive of the production of energetic
tween the rise time and decline time reflects the particles as inferred from observations in X-rays and

´fundamental difference between the Alfven timescale g-rays of large, two-ribbon flares associated with
and the reconnection timescale. CMEs. These eruptions produce a high output of

For an eruption occurring with the particular energetic particles during their impulsive phase,
magnetic configuration in Figs. 11 and 12, the X- which often account for strong hard X-ray emissions
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Fig. 15. (a) Output powerP and (b) electric field inside the current sheetE versus timet for an isothermal atmosphere and forM 5 0.1.z A

The insert in (a) shows the same result, but it has an expanded time scale to better show the initial evolution. (From Lin and Forbes (2000).)

and Type III radio bursts, followed by a low-level that the early impulsive acceleration phase of CMEs
output that is sustained for many hours during the coincides very well with the rise of the associated
gradual phase of relaxation (Kanbach et al., 1993). X-ray flares, and the increase of CME speeds always

The correlation between flares and CMEs was first corresponds to the increase of the soft X-ray flux.
discussed by MacQueen and Fisher (1983) based on The most energetic CME that they observed reached
the K-coronameter observations, and more recently its maximum velocity of 2000 km/s within less than

2by Dere et al. (1999), Neupert et al. (2001) and 40 min with an acceleration exceeding 7000 m/s .
Zhang et al. (2001) based on LASCO, and by The CME was accompanied by a flare of importance
Alexander et al. (2002) based on both LASCO and X9.4 in X-rays and B2 in Ha, respectively.
Yohkoh observations. Zhang et al. (2001) showed In addition to working on the LASCO data,
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Alexander et al. (2002) also analyzed the data from critical points are reached. Because analytic solutions
Yohkoh, which helps them to investigate the struc- allow the evolution process to be followed over
ture of the CME in soft X-rays and the early stage of extended time periods, the calculation of the long-
the eruptive process. The observations in soft X-rays term behavior of the eruption can be and has been
show that the ejecta was accelerated up to 800–1100 made for a particular model (Lin and Forbes, 2000;
km/s within about 500 s, and the associated X1.2 Lin, 2002). Specifically, those calculations deter-
flare reached its maximum around 25 min after the mined the position of the flux rope, the magnetic
onset. Applying different fitting profiles to the ob- output power, the length of current sheet and the
servational data set, they found that the acceleration electric field at the reconnecting current sheet as

2 2is either 1756 m/s or 4685 m/s . functions of time.
However, several important issues remain to be

investigated especially for the analytic solutions
6 . Summary deduced from the flux rope models.

First, the flux rope in all cited models is detached
In this review, we cover the development of from the boundary, so the effect of anchoring the

theories and related models of solar eruptions, in- ends of the flux rope in the photosphere is unknown.
cluding the early work on flares. We avoided lengthy Although anchoring the ends might make an eruption
discussion on observations. Interested readers may more difficult, it seems unlikely that it would prevent
refer to a recent review by Priest and Forbes (2002) a loss of equilibrium from occurring. A relevant
who discussed several solar eruption events and investigation has been recently initiated (Lin et al.,
compared them with related theories. We pointed out 2002).
in the present work that the main tasks of the theory Second, there is an important question on how the
for solar eruptions are to understand the original equilibria are affected by the kink instability. Such
cause of eruption itself and the nature of the mor- instabilities are inherently three-dimensional and can
phological features that form both before and during occur, even when the ends of flux rope are anchored
the eruption. to the solar surface as long as the flux rope is

We introduced and discussed theories and the sufficiently twisted (Hood, 1990). Titov and
´related models aiming to fulfill the two main tasks. Demoulin (1999) analyzed the special case of a

The three most successful theoretical eruption circular flux rope which is embedded in a line-tying
models are: sheared arcade model, break-out model surface. They considered the stability and argued that
and flux-rope catastrophic model. The former two this configuration would become unstable if the
are constructed mainly by means of numerical major radius of the circular flux rope were large
simulations, while the latter is constructed via enough. Although they did not rigorously prove the
analytic solution. The numerical techniques allow feasibility of that configuration, they could establish
solution of the whole set of MHD equations that that the configuration had equilibrium properties
govern the evolution of a magnetized plasma system similar to those cases in Lin et al. (1998) and Lin et
and to investigate various parameters that are used to al. (2002).
describe the evolution in detail. In contrast, the Third, there should be a smooth continuum of
analytical method cannot incorporate too many de- solutions between flux rope and arcade models,
tails, and considers only a few essential parameters because an arcade is equivalent to a flux rope, except
that fundamentally govern the system in order to find its toroidal axis lies below the surface of the Sun.
the solutions in closed form. Advantageously, the Current observations suggested that if flux ropes do
analytic models allow a thorough investigation of the exist prior to the eruption of CMEs, they are nested
response of the system to variation of basic parame- with an extensive arcade system from which they are
ters that specify the background field. The analytic not easily distinguished (Koutchmy, 1997). Recent
models also provide precise information, such as the numerical experiments have confirmed that if the
locations of critical points, and yield a prescription toroidal axis of a flux rope lies beneath the photo-
on how to evolve the boundary condition so the spheric surface, then the part of the rope visible in
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