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Abstract. Coronal mass ejections and solar 
ares are the most stunningmanifestations
of solar activity. They are of great scienti�c and practical interest because solar erup-
tions and related energetic particle events endanger humanlife in outer space and pose
major hazards for spacecraft in the inner solar system. Coronal mass ejections and 
ares
are presently recognized as two di�erent consequences of a single physical process, which
involve a catastrophic loss of mechanical equilibrium of coronal magnetic �elds. The ac-
tual trigger mechanisms for solar eruptions are, however, not established yet. These mech-
anisms are the subject of active research and debate by both solar theorists and com-
putational modelers. To improve present knowledge on solareruptions, any related phys-
ical model has to account for two basic properties of the eruption process. These are the
fundamental cause of the eruption itself and the nature of morphological features asso-
ciated with it. This paper summarizes the current understanding of the origin and dy-
namics of coronal mass ejections through theory and modeling. A strong emphasis is put
on the research studies being conducted at the Center for Space Environment Model-
ing at the University of Michigan. The future prospects for realistic, data-driven mod-
eling of solar eruptions and related solar energetic particle events are also discussed. Once
perfected, the models should lead to signi�cant improvements in our ability to forecast
those violent solar disturbances that have great impact on the near-Earth environment.

1. INTRODUCTION

Coronal mass ejections (CMEs) are one of the most
astonishing manifestations of solar activity in which vast
amounts of magnetic 
ux ( � 1021� 23 Mx) and solar plasma
(� 1015� 16 g) are ejected from the low corona into inter-
planetary space [Gosling, 1990]. Because of their large scale
and high energetics, CMEs are thought to be important for
recon�guring the large-scale �elds of the solar corona over
the Solar Cycle [Low, 2001]. CMEs also play a major role in
the Sun-Earth connection. For a long time, it was thought
that solar 
ares are the dominant sources of geomagnetic
activities [e.g., Dryer, 1982]. A di�erent paradigm was put
forward by Gosling [1993] in which CMEs, not 
ares, were
regarded as the main drivers of non-recurrent geomagnetic
storms. Today's view is that CMEs and solar 
ares are inter-
related. The two phenomena are recognized to be two di�er-
ent manifestations of a single physical process that involves
a major restructuring of coronal magnetic �elds. Statistic al
studies of CMEs based on SoHO and TRACE observations
indicate that a large fraction of solar 
ares ( � 20%) are as-
sociated with CMEs, and that more than 50% of the CMEs
are represented by erupting prominences [see, e.g.,Gosling,
1990]. At present, the main requirement for CME models
put forth by observations is two-fold. In the �rst place, any
physical model developed to explain solar eruptions has to
account for the fundamental trigger of the eruption. Sec-
ondly, these models must account for the wide variety of
features that form and develop in the eruptive process, such
as bright H � ribbons on the solar disk, rising soft X-ray and
H � loop systems in the corona, and EIT dimmings, among
other phenomena [seePriest and Forbes, 2002]. These fea-
tures, as revealed by space- and ground-based solar obser-
vations, manifest the complex nature of CMEs. The related
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joint observations also indicate that a solar eruption is no t
an isolated transient feature seen by a particular instrume nt,
but a full 
edged solar phenomenon, spawning a rich variety
of other processes on the Sun.

The physical mechanisms of CME initiation are the sub-
ject of active research and debate. To date, there is no CME
model su�ciently well developed to explain the real events
of solar eruptions and related phenomena. Nevertheless, sig-
ni�cant progress has been made in understanding the basic
physical processes that are involved in those events. The
various CME models that currently exist in the literature
di�er by the details in which the eruption is achieved. These
models, however, agree that a CME is the result of a catas-
trophic loss of mechanical equilibrium of solar plasma con-
�ned by the coronal magnetic �eld. The CME models can
be organized into two large groups depending on the state
of the assumed coronal magnetic �eld prior to the eruption.
The �rst class of models [e.g., Chen, 1996; Forbes and Isen-
berg, 1991; Forbes and Priest, 1995; Gibson and Low, 1998;
Titov and D�emoulin, 1999; Roussev et al.,2003a Wu et al.,
1999] assumes that a magnetic 
ux rope exists prior to the
eruption. The rope is suspended in the solar corona by a
balance between magnetic compression, hoop, and tension
forces associated with the magnetic �eld of the rope and the
background �eld. The gravity and pressure gradient forces
are important for the mechanical equilibrium in 
ux-rope
models comprising the prominence material. Both theoreti-
cal and numerical studies of magnetic 
ux ropes suggest that
they may suddenly lose mechanical equilibrium and erupt
due to footpoint motions, injection of magnetic helicity, o r
draining of heavy prominence material. The second group
of models [e.g., Antiochos et al., 1999; Amari et al., 1999,
2000; Linker and Miki�c, 1995; Manchester, 2003; Roussev et
al., 2004] relies on the existence of sheared magnetic arcades,
which become unstable and erupt once some critical state
is reached in the solar corona. Unlike the previous class of
models, here a 
ux rope does not exist prior to the disrup-
tion of the coronal magnetic �eld, but is formed in the course
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of the eruption by magnetic reconnection. As of today, there
is no convincing observational evidence that proves or dis-
proves either class of CME models, and no model is ad-
vanced enough to explain real observations.

In the pioneering numerical studies, heliospheric distur-
bances, such as interplanetary CMEs, were modeled by
the injection of dense plasma through an inner boundary
placed upstream of the critical point of the solar wind (at
R > 20R � ) [e.g., Odstr�cil and Pizzo , 1999]. These models
provide physical insight into how a large solar disturbance
travels and interacts with the large-scale solar wind. How-
ever, these models rely onad hoc inputs to the solar wind
without considering a self-consistent propagation of such a
structure through the corona. Only recently has the propa-
gation of a CME from the inner corona to 1 AU (and beyond)
been numerically modeled in two-dimensional [e.g., Odstr�cil
et al., 2002; Riley et al., 2002; Vandas et al., 1995; Wu et al.,
1999] and three-dimensional [e.g., Groth et al., 2000; Van-
das et al., 2002] geometries. The time-dependent magnetic
structure of over-expanding CMEs and the dynamic forces
acting on them as they propagate through the bimodal solar
wind were also studied in length [e.g., Cargill et al., 2000;
Cargill, 2004; Riley and Gosling, 1998]. Although idealized,
these numerical studies reproduced many generic features of
CMEs seen in observations.

1.1. CME Modeling at CSEM

The principal aim of solar and heliospheric research in
the Center for Space Environment Modeling (CSEM) at the
University of Michigan is the development of numerical mod-
els that account for the initiation [ Manchester et al., 2004a;
Roussev et al.,2003a, 2004] and evolution of solar eruptions
and associated shock waves [Manchester et al., 2004b,c], and
the di�usive acceleration of solar energetic particles (SE Ps)
in the inner corona and interplanetary space by CME-driven
shock waves [Sokolov et al., 2004]. The models developed so
far have succeeded in capturing many of the general charac-
teristics of CMEs, such as properties of pre-event structur es,
interaction of the ejecta with the ambient solar wind, and
shock formation and development in the inner corona. Fu-
ture advanced models of CMEs, based on real observations,
should result in an improved understanding of: (1) how so-
lar eruptions are initiated; (2) how they evolve and interac t
with the structured solar wind; and (3) how solar energetic
particles are produced in these eruptions.

Recently, we have developed a fully three-dimensional
numerical model of a solar eruption that incorporates so-
lar magnetogram data and a loss-of-equilibrium mechanism
[Roussev et al.,2004]. The study was inspired by the CME
event that took place on May 2, 1998, in NOAA AR 8210
and is one of the SHINE Campaign Events. The CME model
has demonstrated that a CME-driven shock wave can de-
velop close to the Sun (� 3 R � ), and is su�ciently strong
enough to account for the prompt appearance of high-energy
solar protons (� 1 GeV) at the Earth. Furthermore, we have
developed a new Field-Line-Advection Model for Particle
Acceleration (FLAMPA) [ Sokolov et al., 2004], which was
successfully coupled with the global MHD model of Roussev
et al. [2004]. The follow-up study was intended to quantify
the di�usive acceleration and transport of solar protons at
the shock wave from the MHD calculations. The coupled
CME-SEP simulation has demonstrated that the theory of
di�usive shock acceleration alone can account for the pro-
duction of GeV protons during solar eruptions.

This paper summarizes the current state of understand-
ing the origin and dynamics of CMEs, through theory and
modeling, at the CSEM and elsewhere. In the next section,
we discuss the physical requirements, which a CME model
should meet. The following two sections describe a few rep-
resentative models of each CME category to illustrate the
basic principles involved: the 
ux-rope models are present ed
in Section 3 and the sheared-arcade models in Section 4. The
present status of modeling gradual SEP events in conjunc-
tion with CME simulations is discussed in Section 5. The
concluding remarks and future prospects for CME and SEP
modeling are outlined in Section 6.

2. PHYSICAL REQUIREMENTS FOR
CME MODELS

A physical model of solar eruptions has to meet the fol-
lowing requirements for it to agree with relevant observa-
tions. In the �rst place, a CME model has to produce: (1)
explosive mass acceleration and result in ejecta speeds rang-
ing from 100 km=s (slow events) to about 2,500 km=s (fast
events); (2) CME mass of about 1015� 16 g; (3) bulk kinetic
energy of � 1031� 32 ergs; and (4) advected away magnetic

ux of the order of 10 21� 23 Mx [see, e.g., Gosling, 1990].
Secondly, any CME model has to account for the opening,
at least partially, of the coronal magnetic �eld all the way
to in�nity, while the magnetic energy of the system should
decrease [seeSturrock et al., 1984]. This requirement, how-
ever, faces the limitations of the Aly-Sturrock theorem [ Aly,
1991; Sturrock, 1991], which states that, as the �eld opens
up in space the magnetic energy of the system must increase.
In order to overcome this constraint of the theorem, which
applies only to simply connected �eld lines, it is necessary
for the erupting �eld con�guration to possess knotted �eld
lines and/or disconnected �eld lines (i.e., not attached to
the Sun), and/or to have a non-ideal MHD process at work,
such as magnetic reconnection. The latter would recon�g-
ure the coronal magnetic �eld in the course of the eruption
process so that the CME becomes energetically possible.

Further, in the requirements for CME models, a boundary
condition should �x the normal component of the magnetic
�eld at the Sun. This condition results from the observa-
tional fact that the photospheric magnetic �eld sources re-
main virtually unchanged in the eruption process. This also
hints that the photospheric sources are unlikely to play a
role in energizing CMEs. Vice versa, any coronal distur-
bance produced by a CME has practically no e�ect on the
massive photosphere because of the enormous di�erence in
mass density (� 109 times) between the photosphere and
the solar corona. Particularly, the photospheric footpoin ts
of coronal magnetic �elds are not a�ected by the eruption
itself on its characteristic time-scale (some tens of minut es).
This physical e�ect is called \inertial line-tying" of the � eld.

Last, but not least, on the list of necessary requirements
is the observational fact that the photospheric magnetic �e ld
is driven quasi-statically during the eruption process. Th e
typical value of photospheric motions is of the order of a few
km=s, which is only 0.1-1% of the Alfv�en speed in the corona.
Therefore, if magnetic stresses are continuously built in t he
corona at this characteristic speed, it would take a few days
to store su�cient energy in the corona to power a large CME
(bulk energy of � 1032 ergs) [seeForbes, 2000].

Because the solar corona is magnetically dominated (� �
1), the electric currents producing the excess magnetic en-
ergy from the potential limit must be either force-free, i.e .,
�eld-aligned (except in prominences, to be explained below),
or con�ned to thin current sheets (where � � 1). The lat-
ter are thought to be important in providing the energy
release during small compact 
ares on the Sun, as argued
by Forbes [2000], and particle acceleration during impulsive
SEP events [seeReames,2002], but they cannot explain the
ejections of mass and magnetic 
ux observed during CMEs.
This implies that the energy for CMEs is most likely stored
in the non-potential magnetic �elds generated by volumet-
ric, �eld-aligned coronal currents. It should be noted here
that in solar prominences not all volumetric currents are
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force-free. This is because some �nite Lorentz forces (due
to cross-�eld currents) are required to o�set the pressure
gradient and gravity forces associated with the presence of
cold and dense prominence material. The presence of cross-
�eld electric currents, however, is not essential for power ing
a CME, but could be important for triggering the erup-
tion if, for example, most prominence material has been
drained by some buoyant instability mechanism [see Gib-
son and Low, 1998]. In any case, the cross-�eld currents
increase the magnetic energy available for a CME by not
more than 10% above the corresponding force-free portion
[seeForbes, 2000].

It is evident from this discussion that the energy needed
to power an eruption is most likely stored in the non-
potential magnetic �elds of volumetric coronal currents. I n
the study of Can�eld et al. [1980], it was demonstrated
quantitatively that only the coronal magnetic �eld has suf-
�cient energy density ( � 100 ergs/cm3 ), among the other
forms of energy in the corona, to explain the observed CME
energetics. For example, if one imagines a cube of coronal
volume with a size of 2 � 105 km (typical length-scale of
a CME source region) and assumes that the average pre-
eruption value of the magnetic �eld is 30 G, then a decrease
in the �eld strength by 20% (i.e., change by 6 G) is su�-
cient to energize a fast CME with a bulk kinetic energy of
1032 ergs.

The discussion so far favors the so-called \storage mod-
els" of solar eruptions [see Forbes, 2000]. Other types of
models, for instance the \
ux injection" model of Chen
[1989], will not be addressed here. The basic philosophy
in the \storage models" is that magnetic stresses (i.e., vol u-
metric electric currents) are continuously built in the cor onal
volume by the omnipresence of 
ux emergence and shu�ing
of footpoints of coronal loops, among other processes. The
energy buildup proceeds up to a point when the mechan-
ical equilibrium of the coronal magnetic �eld is no longer
attainable and, as a result, a CME occurs. The eruption
process releases some (not all) magnetic energy stored in
the non-potential �eld and associated with volumetric coro -
nal currents.

3. FLUX-ROPE MODELS

The basic magnetic topology in the 
ux-rope models is a
twisted 
ux rope suspended in the solar corona by a balance

between magnetic compression, hoop, and tension forces as-
sociated with the magnetic �eld of the rope and the back-
ground �eld. However, some models argue that the rope
has emerged from below the convection zone as a coherent
magnetic feature [see review byForbes, 2000]. The majority
of these models do not discuss the means by which the 
ux
rope is formed in the corona prior to the eruption. Rather,
they concentrate on exploring its stability properties in t he
context of CME production. Recent numerical simulations
by Gibson et al. [2004] and Manchester et al. [2004a] have
demonstrated the emergence of a twisted magnetic 
ux tube
from below the photosphere into a pre-existing coronal mag-
netic �eld. These studies have predicted solar features and
dynamics that are consistent with observations.

Assuming the background coronal �eld to be a superpo-
sition of a dipole �eld plus the �eld of a line-current, Titov
and D�emoulin [1999] have shown that the equilibrium of an
axially symmetric 
ux rope with total electric current I has
two possible equilibrium positions, provided that the curr ent
is not too large. This con�guration is shown in the left panel
of Plate 1. The equilibrium loop location closest to the Sun
is stable, but the one farthest from the Sun is unstable. As
the current in the 
ux rope is increased, the two equilib-
rium states approach one another, and they meet when the
current reaches a critical value. There are no equilibria fo r
ropes with current above this value [ Titov and D�emoulin,
1999]. The di�erence in the stability properties of the two
equilibria comes from the fact that one sits in a magnetic
energy valley, while the other one sits on a hill. In other
words, for the unstable equilibria, a small outward displac e-
ment of the 
ux rope leads to an outward force, which acts
to further increase the displacement. Alternatively, the m e-
chanical balance of a 
ux rope with the surrounding �eld can
be disrupted if the photospheric sources of the background
�eld are either reduced below a critical point [e.g., Lin and
Forbes, 2000], or are moved closer to one another without
reduction of the photospheric �eld [e.g., Forbes and Priest,
1995]. The loss of equilibrium could also occur due to the
emergence of new magnetic 
ux on the Sun.

When the system comprising the 
ux rope is brought up
to a critical point where a stable equilibrium no longer ex-
ists, the growth of MHD perturbations leads to an ideal

I0

B-field from
line-current I0

Plate 1. Basic magnetic �eld topology in the model of Titov and D�emoulin [1999] (left panel) and in the
numerical study by Roussev et al. [2003a] (right panel). Left Panel: Sources of the coronal magnetic �eld
are: a force-free circular 
ux tube (shown as the shaded toru s) with total current I ; a pair of magnetic
charges � q; and an in�nite line-current I 0 . The central axis of the torus, the line-current, and the two
point charges are buried at a depth d below the solar surface. This con�guration has no physical m eaning
below the photospheric plane. Right panel: Three-dimensional view of the 
ux rope con�guration with
the line-current removed. The solid lines are magnetic �eld lines and the false color code visualizes the
strength of the magnetic �eld in Tesla.
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Plate 2. Basic elements of the magnetic �eld topology and dynamics in the model by Antiochos et
al. [1999]. The initial state is shown in the left panel. As the pu rple �eld lines are sheared along the
solar equator (middle panel), �eld-aligned volumetric cur rents are created and the 
ux system begins to
expand. As a result of the outward expansion of the sheared region, a curved, horizontal current sheet is
formed between the red and the purple �eld lines. The sheared �eld lines begin to open up (erupt) once
the unsheared �eld lines from above begin to reconnect in the sheet (right panel). The 
ux rope formed
during the \breakout" is visualized as the thick black lines (plate templates courtesy of B. Lynch).

(kink-like) instability [see Kliem et al., 2004; T•or•ok et al.,
2004], or a lack of equilibrium and a vertical current sheet
forms [e.g., Lin et al., 1998b; Roussev et al., 2003a]. The
electric current in the vertical sheet is of the same sign as
the 
ux rope current, so that the sheet attracts the cur-
rent loop. Therefore, the erupting 
ux rope cannot escape
unless a non-ideal process, such as magnetic reconnection,
dissipates the current sheet fast enough; the reconnection
process manifests a solar 
are. If the current does not dis-
sipate fast enough [seeRoussev et al.,2003a], then the 
ux
rope is doomed to fail and no CME occurs, only a 
are.
There are numerous examples of failed eruptions on the Sun
to support this scenario, for instance the event observed by
TRACE on May 27, 2002, in association with a M2-class

are [ Ji et al., 2003].

Below we discuss in detail the analytical 
ux-rope model
of Titov and D�emoulin [1999] (T&D), which has been pro-
posed to explain 
ares and CMEs. The T&D model uses a
fully three-dimensional magnetic �eld geometry, which loo ks
remarkably realistic when compared with observations. In-
spired by this model, Roussev et al. [2003a], Kliem et al.
[2004], and T•or•ok et al. [2004] have carried out numeri-
cal studies to test the T&D model in the context of CME
initiation. Previous two-dimensional 
ux-rope models [e. g.,
Forbes and Priest, 1995] suggest than a CME will occur pro-
vided that the anchoring of the ends of the rope to the Sun
does not prevent it, as argued by Antiochos et al. [1999].

The T&D model consists of a circular 
ux rope with total
current I and major radius R, which is embedded in a line-
tying surface, as shown in Plate 1 (left panel). The hoop
force of the rope (Fhoop � I 2=R) [Shafranov, 1966] is coun-
terbalanced by the Amp�ere force acting on the rope current
by the outer dipole �eld from two point magnetic charges
� q buried at a depth d below the surface and located at
x = � L (FAmp � IqL= (L 2 + R2)3=2). In addition to the ex-
ternal �eld generated by the point charges, the model allows
a contribution from an in�nitely long line-current, I 0 , which
coincides with the x-axis and also lies below the photosphere
at a depth d. The purpose of the toroidal �eld produced by
the imaginary line-current below the surface is to reduce
the number of turns of the �eld lines within and outside
the 
ux rope. Without the line-current, the �eld lines at
the surface of the 
ux rope are purely poloidal, and they

have an in�nite number of turns in a �nite length (see right
panel of Plate 1). However, some observations [e.g.,Leroy et
al., 1983] imply that the maximum number of turns is less
than two, but these observations do not include the cavity
region which may comprise most of the 
ux rope. Incorpo-
rating the line-current eliminates this problem by creatin g
a toroidal �eld, which ensures that no �eld lines are highly
twisted. By adjusting the strength of the line-current, one
can achieve a reasonable amount of twist everywhere.

Titov and D�emoulin [1999] have also considered the sta-
bility of their con�guration and found that it may be un-
stable if the large radius, R; of the 
ux rope exceeds

p
2L .

This is, however, only a necessary condition for instabilit y
because their analysis does not include the e�ects of the line-
tying of the poloidal �eld circulating around the 
ux rope.
Indeed, the numerical study by Roussev et al. [2003a] has
demonstrated that this condition is not a su�cient one, and
that larger values of R in excess of 5L are required to achieve
an eruption. They have also found that even when the initial
equilibrium is unstable, the 
ux rope cannot escape, unless
the static arcade �eld associated with I 0 is removed. Thus,
although the T&D model can produce a CME-like eruption,
it cannot do so without requiring a highly twisted �eld at
the surface of the 
ux rope, as shown in the right panel of
Plate 1. It may be possible in the future to mitigate this by
using a con�guration in which the in�nitely long line-curre nt
is replaced by a current source whose magnetic �eld falls o�
more rapidly (i.e., quadratically) with height.

If the line-current I 0 is present in the magnetic con�gura-
tion, as in the numerical studies by Kliem et al. [2004] and
T•or•ok et al. [2004], the T&D 
ux rope is found to be unsta-
ble with respect to the ideal kink mode. (This suggests the
kink instability as a mechanism for the initiation of 
ares. )
The two studies have found that the threshold for instabilit y
increases as the major radius of the rope (also aspect ratio
of the rope) becomes larger. The growth of kink perturba-
tions is eventually slowed down by the surrounding potentia l
�eld produced by the line-current. In agreement with the re-
sults of Roussev et al. [2003a], a global CME-like eruption
is not plausible unless I 0 is removed. Once the eruption
starts and the 
ux rope begins to lift o�, a vertical current
sheet forms beneath the rope, which acts to decelerate it.
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Shearing Motions Converging Motions Flux Rope Erupts

Plate 3. Formation of a three-dimensional 
ux rope by 
ux cancellati on and subsequent eruption [after
Amari et al., 1999, 2000]. Left Panel: The rotation of two magnetic spots shears the �eld lines alon g
the PIL and builds �eld-aligned currents in the corona; the i nitially potential magnetic �eld evolves to a
non-potential, force-free �eld. This is the \storage" phas e in which free energy is monotonically built in
the solar corona needed to power a CME. Middle Panel: The application of converging motions towards
the PIL triggers magnetic 
ux cancellation near the solar su rface. The sheared �eld lines on either side
of the PIL begin to reconnect and a 
ux rope forms. Right Panel: The weakening of the overlying �eld
due to 
ux cancellation, while the 
ux rope increases in size and strength (twist), leads to the point of
loss of con�nement. As a result of this run-away process the rope erupts, manifesting a CME.

In other words, the symbiosis between the 
ux rope current
and the sheet current may inhibit a successful CME. Then,
magnetic reconnection plays a crucial role in dissipating t he
current sheet, thus helping the 
ux rope to escape. The dis-
sipation of the current sheet manifests a two-ribbon 
are. I t
is also important to mention that in the three-dimensional
case, the torsional Alfv�en waves play an important role in
the eruption process since they transport helicity from the
footpoints to the top of the 
ux rope. This process acts to
sustain the eruption. The e�ects of the line-tying at the end s
of the rope, however, act to decelerate it. In future investi ga-
tions of the T&D model, or similar models, a more realistic
treatment of the reconnection process in the current sheet
and the incorporation of a spherical geometry may greatly
reduce the deceleration that is observed in the simulations
of Roussev et al. [2003a]. At least, this study has demon-
strated that, in principle, a three-dimensional, line-tie d 
ux
rope can lose equilibrium, and that the anchoring of the 
ux
rope does not automatically prevent an eruption.

3.1. Flux-Rope Models Including Prominence Mass

In the 
ux-rope models that include the presence of
prominence material, i.e., the non-force-free-�eld model s,
an eruption can be triggered via some buoyant instability
mechanism in which most of the prominence mass has been
drained through the footpoints of the 
ux rope. An example
is the analytical model by Gibson and Low [1998] (G&L),
which has a complex magnetic topology of a spheromak-
type 
ux rope distorted into a three-dimensional teardrop
shape. In the model, the Lorentz forces associated with the
cross-�eld currents of the 
ux rope support the weight of
a prominence. The rope itself possess su�cient free energy
needed for an eruption. In a series of numerical studies,
Manchester et al. [2004b,c] have investigated the dynam-
ics of the eruption predicted from the analytical model. In
these studies, the G&L 
ux rope was superimposed onto
a global MHD solution of the solar corona, with bi-modal
solar wind, and it was embedded in a helmet steamer at
the equatorial region of the Sun. The MHD simulations
have shown that by removing 20% of the prominence mass,
the resulting eruption yields the observed values for ejected
mass (� 1:0 � 1015 g) and kinetic energy ( � 4:0 � 1031 ergs)

during typical CME events. The fast ejecta (with speed in
excess of� 1; 000 km=s near the Sun) drives a shock wave
and interacts with a structured, bi-modal solar wind. The
modeled CME is found to propagate faster in the fast back-
ground wind than in the region occupied by the slow wind.
As a result, a \dimple" is formed at the leading edge of the
ejecta. Manchester et al. [2004c] have reported on the pres-
ence of post-shock compression due to the de
ection of mag-
netic �eld lines. There is also a magnetic �eld enhancement
on the back side of the CME, creating a region of reverse
shock compression. The authors have argued that these two
e�ects have important implications for the di�usive accele r-
ation of solar particles by the interplanetary ejecta. In th ese
simulations, the CME was propagated out to 1 AU, and it
was shown that the interplanetary transient arrives at the
Earth with geoe�ective properties. Thus, the authors have
demonstrated how an analytical 
ux-rope model can be in-
corporated within the framework of a global MHD model of
the solar wind to investigate the dynamics of CMEs in in-
terplanetary space, the consequences for the production of
SEPs, and the impact of the ejecta on geospace.

4. SHEARED-ARCADE MODELS

The basic topology in this class of models is a sheared
magnetic arcade containing free energy in the form of volu-
metric electric currents. These models invoke a non-ideal
MHD process, i.e., magnetic reconnection, to achieve an
abrupt loss of equilibrium of the coronal magnetic �eld and
a subsequent eruption. Unlike the previous group of mod-
els, here magnetic reconnection isnot a consequence of the
eruption process, but the fundamental trigger of the erup-
tion (i.e., responsible for its onset and growth in time). An -
other main di�erence is that in the sheared-arcade models a

ux rope is formed in the course of the eruption, not before.
Depending on the height at which the reconnection process
occurs in these models, there are three sub-classes namely,

ux-cancellation, tether-cutting, and breakout models.

In the 
ux-cancellation models [e.g., Amari et al., 1999,
2000; Linker et al., 2001; Roussev et al.,2004], magnetic re-
connection takes place at the photosphere or near the base of
the solar corona. Here a 
ux rope is formed by reconnecting
the opposite polarity feet of a shared magnetic arcade. The
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dynamics of the eruption proceed in much the same manner
as in the 
ux-rope models discussed above. To achieve an
eruption here, however, the \photospheric" boundary con-
dition is usually changed at a rate that is too high to be
considered quasi-static.

In the tether-cutting models [e.g., Sturrock, 1989; Moore
et al., 2001], a CME is triggered by reconnection inside a
coronal �lament in the low corona { a process referred to as
\runaway tether-cutting". The �lament here is comprised
of a number of magnetic strands and the reconnection pro-
cess occurs between the threads of opposite polarity that
contact each other. The internal reconnection starts at the
very beginning of the �lament eruption and grows in time
as the eruption advances. In this process, all connections
(tethers) of the �lament with the photosphere are broken
(cut), except for those at the ends of the erupting 
ux rope.

In the breakout model of Antiochos et al. [1999], the erup-
tion is again triggered by magnetic reconnection, but here
this process occurs in a curved, horizontal current sheet sit-
uated above the magnetic arcade being sheared. A sketch
of the magnetic topology involved in the model, which has
a spherical symmetry with respect to the Sun's rotation
axis, is shown in Plate 2. The basic concept in this two-
dimensional model is as follows. As the central arcade above
the equator (shown in purple) is sheared, it begins to ex-
pand outward in the coronal volume. During the expansion,
the sheared �eld lines push against the X-line from below.
As a result, a curved, horizontal current sheet forms be-
tween the purple and the red �eld lines. This sheet acts
to con�ne the sheared arcade underneath so that it can-
not open in the volume above the sheet. The only way for
the sheared arcade to open up is by dissipating the current
sheet. Once the reconnection process starts, the �eld lines
above the sheet are moved out of the way of the expanding
arcade and the newly formed �eld lines join the two 
ux
systems on the side (shown in green). However, rapid re-
connection in the sheet does not occur at �rst. Rather, as
the shear increases in the central arcade, the di�use current
transforms into a thin sheet, which then experiences fast re-
connection. The rate of reconnection accelerates as the dis-
sipating current sheet is pushed further away from the Sun.
The nature of the transition from slow to fast reconnection
in this model remains to be investigated. This requires the
development of a more comprehensive theory of magnetic
reconnection in three-dimensions, which also addresses the
nature of micro-instabilities in current sheets leading to en-
hanced, or anomalous, resistivity. Future investigations are
required to determine whether the breakout model of Anti-
ochos et al. [1999] can produce an eruption in a realistic,
fully three-dimensional geometry.

Recalling the 
ux-cancellation models, there is a series
of fully three-dimensional numerical studies by Amari et
al. [1999, 2000, 2003], and most recently byRoussev et al.
[2004], which demonstrate how a 
ux rope can be formed by
reconnecting the opposite polarity footpoints of a sheared
magnetic arcade. This mechanism was originally proposed
by van Ballegooijen and Martens [1989], and was �rst simu-
lated in two-dimensional geometry by Inhester et al. [1992].
(Note that the three-dimensional 
ux-cancellation models
are closely related to the T&D model discussed above since
both cases involve line-tied 
ux ropes.) In these models,
continued reconnection of the feet of the arcade weakens
the ability of the overlying, unreconnected �eld lines to ho ld
the line-tied 
ux rope next to the surface and, eventually,
the rope erupts. In a numerical simulation with continually
evolving boundary conditions, however, some care needs to
be taken to determine whether the subsequent evolution is
actually due to a loss of equilibrium or simply a consequence
of driving by the boundary conditions.

The CME studies by Amari et al. [1999, 2000, 2003] out-
lined a practical numerical recipe of how to create a line-ti ed

ux rope in an arbitrary, three-dimensional geometry. This

Plate 4. Three-dimensional view of the modeled CME
from May 2, 1998, at 1:1 hrs after the initiation [from
Roussev et al., 2004]. The solid lines are magnetic �eld
lines and the false color shows the magnitude of the cur-
rent density in units of � A=m2 (see color legend at top
right). The magnitude of 
ow velocity, in units of km =s,
is shown on a translucent plane (see color legend to the
left). Values in excess of 1,000 km=s are blanked and
shown in light grey. The grid-structure on this plane is
also shown as the black frame. The inner sphere corre-
sponds to R = R � . The color shows the distribution of
radial magnetic �eld in units of Gauss (see color legend at
bottom right). Regions with �eld strength greater than
3 G are blanked and appear in grey.

recipe is illustrated in Plate 3. As a �rst step, let us apply
shear-type horizontal motions along the polarity inversio n
line (PIL) separating two magnetic spots (left panel). Thes e
motions can resemble, for example, the apparent rotation (i n
the same direction) of the two spots of a magnetic dipole.
There are many examples from observations to support the
sunspot-rotation scenario [e.g., Zhao and Kosovichev,2003].
As the spots rotate and introduce shear along the PIL, the
initially potential �eld evolves through a sequence of stat es
close to equilibrium to a non-potential, force-free �eld. I n
this \storage" phase, a free energy is built in the coronal
magnetic �eld in the form of �eld-aligned currents. This
is the energy that will eventually power a solar eruption.
At some later stage, the process of 
ux cancellation may
occur if, for instance, new magnetic 
ux of opposite polar-
ity begins to emerge in the vicinity of the PIL. This can be
modeled by applying converging-type horizontal motions to -
wards the PIL (see middle panel of Plate 3). As illustrated,
a 
ux rope forms as a result of continuing reconnection be-
tween the sheared �eld lines on either side of the PIL. While
during the \storage" phase the distribution of the normal
component of the magnetic �eld is preserved, in this second
phase the normal component changes, i.e., it decreases by
absolute value. In essence, this leads to the weakening of the
�eld surrounding the newly formed 
ux rope. This is a run-
away process in which the rope at one point can no longer
be held in equilibrium with the surrounding �eld. As a re-
sult, the rope erupts, manifesting a CME (see right panel).
It should be noted that not all the energy built during the
\storage" phase is released in the eruption process, but only
some 8% to 17% depending on the global magnetic geome-
try. The released energy is converted into heat and kinetic
energy of plasma bulk motions. Some energy is also carried
out by the accelerated solar particles during the eruption.

Roussev et al. [2004] have utilized the above numerical
recipe to model a real event, namely the CME from May



ROUSSEV AND SOKOLOV: MODELS OF SOLAR ERUPTIONS X - 7

2, 1998, which occurred in active region (AR) 8210. This
is a fully three-dimensional, compressible MHD calculatio n,
which uses the global, data-driven model of the solar corona
developed by Roussev et al. [2003b]. The CME model in-
corporates real magnetogram data from the Wilcox Solar
Observatory (WSO), and it adopts the loss-of-equilibrium
scenario described above to initiate the eruption. The CME
is achieved by slowly evolving the boundary condition for
the horizontal magnetic �eld at the Sun to account for the
rotation of the main sunspot of AR 8210 { the energy \stor-
age" phase { followed by an episode of 
ux cancellation.
Although Roussev et al. [2004] did not model the actual
photospheric motions inferred from the high-resolution ve c-
tor magnetograms [seeWelsch et al., 2004], their model is
generally consistent with the observed �eld dynamics, whil e
allowing the CME initiation in a physically plausible man-
ner. That is, one that extracts magnetic energy stored in the
corona by evolving the low-resolution �eld from the WSO
magnetic data up to a point when a loss of con�nement oc-
curs and the eruption starts.

In the model, the excess magnetic energy that is built
in the sheared coronal �eld prior to the eruption is 4 :1 �
1031 ergs, which is in close agreement with the EIT data for
the dimming. The eruption itself takes place in a multi-pola r
type magnetic �eld con�guration, which explains why a sig-
ni�cant fraction (nearly 16%) of the energy stored prior to
the CME is converted at the time of the eruption into ther-
mal and kinetic energy of the ejecta. A view of the CME at
1.1 hrs after the initiation is shown in Plate 4. The modeled
ejecta achieves a maximum speed in excess of 1,000 km=s,
which is in close agreement with the LASCO observations
for the event. The CME drives a shock wave and inter-
acts with a highly structured solar wind. The shock wave
reaches a fast-mode Mach number in excess of four and a
compression ratio of nearly three at a distance of 4R � from
the Sun. The fact that a strong shock wave can develop so
close to the Sun is very important from the perspective of
solar particle acceleration by a Fermi process, as discussed
in the next Section. To summarize, the numerical model of
Roussev et al. [2004] has succeeded in capturing many of
the observed properties of the May 2, 1998 event and also
general characteristics of CMEs (i.e., properties of pre-event
structures, interaction of the ejecta with the ambient sola r
wind, and shock formation and development in the inner
corona).

5. SOLAR ERUPTIONS, ENERGETIC
PARTICLES AND SPACE WEATHER

From the perspective of space weather, CMEs and the
solar energetic particle (SEP) events associated with them
are of particular importance since they endanger human life
in outer space and pose major hazards for spacecraft in the
inner solar system. High-energy solar protons (> 100 MeV)
can be accelerated within a short period of time ( � 1 hr)
after the initiation of CMEs, which makes them di�cult to
predict and poses a serious concern for the design and op-
eration of both manned and unmanned space missions. Re-
cent theories [e.g., Lee, 1997; Ng et al., 1999, 2003; Zank
et al., 2000] and related observations [e.g., Cliver et al.,
2004; Kahler, 1994; Tylka et al., 1999, 2005], suggest that
these high-energy particles are the result of Fermi acceler-
ation processes at a shock wave driven by a solar eruption,
so called di�usive shock acceleration (DSA), in the Sun's
proximity (distances of 2-15 R � ). These theories are being
debated within the community [e.g., Reames, 1999, 2002;
Tylka, 2001], since very little is known from observations
about the dynamical properties of CME-driven shock waves
in the inner corona soon after the onset of the eruption. The

Plate 5. Snapshot of the di�erential proton intensity
as a function of radial distance from the Sun and par-
ticle energy at 1:6 hrs from the shock formation time.
The shock wave is located at 12:2 R � at this time [from
Sokolov et al., 2004].

main argument against the shock origin is that near the Sun
the ambient Alfv�en speed is so large, due to the strong mag-
netic �elds there, that a strong shock wave is di�cult to
anticipate [ Gopalswamy et al., 2001]. How soon after the
onset of a CME the shock wave forms, and how it evolves
in time depends largely on how this shock wave is driven by
the erupting coronal magnetic �eld. As recently proposed by
Tylka et al. [2005], the shock geometry plays a signi�cant
role in the spectral and compositional variability of SEPs
above � 30 MeV/nuc. Therefore, in order to explain the ob-
served signatures of gradual SEP events, the global models
of solar eruptions are required to explain the time-dependent
changes in the strength and geometry (quasi-parallel versus
quasi-perpendicular) of shocks during these events.

To address the issue of shock origin during CMEs requires
that real magnetic data are incorporated into global MHD
models of the solar corona, as inRoussev et al. [2004]. Re-
cently, Sokolov et al. [2004] have carried out a numerical
investigation in which they have studied the di�usive accel -
eration of solar particles at a realistically driven shock w ave
by a solar eruption. For this purpose, they have used the
data-driven CME model of Roussev et al. [2004]. Note here
that for the CME being studied (i.e., May 2, 1998), there
was a prompt SEP event associated with it and observed by
the NOAA GOES-8 satellite. A ground-level event was also
detected by the CLIMAX neutron monitor.

The SEP study of Sokolov et al. [2004] has demonstrated
that the theory of DSA alone can account for the produc-
tion of GeV protons during solar eruptions, provided that
a su�ciently strong shock wave forms near the Sun, as in
the CME study. This was the �rst numerical calculation
in which a realistic coupling of a global CME model with
a SEP model was accomplished. Previous studies of parti-
cle acceleration at CME-driven shocks employed either an
idealized, spherically symmetric shock wave [e.g., Li et al.,
2003; Zank et al., 2000], or one taken from a snapshot of the
compressible MHD simulation of a CME event [e.g., Heras
et al., 1995], and extended in time assuming self-similarity
of the 
ow. Sokolov et al. [2004] have taken a di�erent
approach, following the time-dependent, three-dimensional
evolution of a shock wave as the distribution of solar pro-
tons (subject to DSA) is advanced in time. For this purpose,
they have performed frequent dynamical coupling between
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a MHD code, BATS-R-US, and a kinetic code, FLAMPA,
to capture time-scales and spatial gradients of dynamical
importance for the DSA of solar protons.

Plate 5 demonstrates key features predicted from the the-
ory of DSA, namely: existence of an exponential tail of parti -
cles upstream of the shock wave (length of the tail � D=Ush ,
where D is the scalar di�usion coe�cient and Ush is the
shock speed); elevated proton intensities at high energiesbe-
hind the shock wave; and escape of high-energy (> 10 MeV)
particles upstream of the shock wave. The latter is due to
the fact that D / E (where E is the kinetic energy of parti-
cles), meaning that once the particles are accelerated to high
energies, their upstream tail becomes very large. These par-
ticles are of particular importance for space weather and are
the ones considered as precursors of disruptive events in the
near-Earth environment.

The results of the coupled CME-SEP simulation by
Sokolov et al. [2004] clearly demonstrate the capability to
provide a high-performance simulation of the acceleration
and transport of solar protons observed early during grad-
ual SEP events. There are, however, some discrepancies
between the observed proton 
uxes by GOES-8 on May 2,
1998, and those obtained from the model. Also, the onset
of the observed SEP event happens� 30-60 mins. after
the onset of the 
are, while in the simulation this occurs
� 30 mins. after the shock wave forms (or � 60 mins. after
the onset of the eruption). This implies that it is impor-
tant to derive from a CME model when, or if, a shock wave
forms on the magnetic �eld line connecting the Sun with
the Earth. This also shows that a coupled model is very
informative and allows one to use real SEP data to verify it.

The kinetic code used by Sokolov et al. [2004] is a rel-
atively new tool that incorporates many essential features
of the theory of shock acceleration and transport of solar
particles. Further extensions of this code, however, are re-
quired to address the wide range of SEP variability, which is
a key issue for developing a predictive capability for SEPs.
One example of such extensions is the role of self-generated
Alfv�en waves, which have been demonstrated to have impor-
tant consequences for SEP elemental abundance variations
[see Ng et al., 1999; Tylka et al., 1999] and the evolution
of SEP anisotropies [Reames et al., 2001]. Another exam-
ple is the possible role of the shock geometry in controlling
the spectral shapes of the highest energy SEPs [Tylka et al.,
2005] and the injection threshold [ Jokipii, 1987; Webb et
al., 1995]. Extensions such as these are very important for
understanding the observed variability during gradual SEP
events and should be present in the relevant particle codes.

6. CONCLUSIONS AND FUTURE PROS-
PECTS FOR CME MODELS

To date, the majority of proposed CME models agree in
describing the general properties of solar eruptions. Still,
very few of them are su�ciently developed to explain the
real events. The existing models imply that at least some
eruptions, perhaps all, occur because coronal magnetic �elds
su�er a sudden loss of mechanical balance or stability. The
source of energy for CMEs most likely comes from the free
energy stored in volumetric electric currents in the corona .

At present, the two classes of competing CME models are
the 
ux-rope and the sheared-arcade models. These groups
di�er on two major points. First, in the 
ux-rope models, it
is assumed that a 
ux tube comprising a region in the corona
of strong concentration of volumetric electric currents ex ists
prior to the eruption. In the sheared-arcade models, it is
assumed that a 
ux rope forms during the eruption. Sec-
ond, while both classes of models invoke a non-ideal MHD
process to explain CMEs, in the 
ux-rope models magnetic

reconnection is a consequenceof the eruption, while in the
other group reconnection is the fundamental trigger of the
ejection. To date, there is no convincing observational evi -
dence that proves or disproves either class of CME models.
The existence of 
ux ropes prior to CMEs is still unclear. To
determine this, one needs precise measurements of the coro-
nal magnetic �eld, but this data collection has just started
[e.g., Lin et al., 1998a]. Regarding the shear-arcade models,
the origin of shear is still a mystery, even though the rota-
tion of magnetic sunspots evident from observations is one
way to introduce shear along PILs required in the models.

In the sheared-arcade models, the fundamental trigger
of the CME, magnetic reconnection, somehow disrupts the
force balance of coronal magnetic �eld, thus starting the
eruption. However, a delay in the turn-on of reconnection is
required to store energy in the corona needed for powering
the CME. This naturally raises the question of the nature
of micro-instabilities in current sheets leading to enhanc ed,
or anomalous, resistivity. The nature of this resistivity i s
poorly understood, and to improve the present understand-
ing of this process requires the development of a comprehen-
sive theory of magnetic reconnection in three-dimensions.

Improved understanding of CMEs also requires develop-
ing more realistic coronal magnetic �eld models in which
photospheric �eld measurements (e.g., high quality MDI
data) are used as a boundary condition for the magnetic
�eld at the Sun, and the �eld is reconstructed in the coro-
nal using one of the standard extrapolation techniques (e.g.,
potential �eld source surface model). Apart from this, the
plasma properties at the photosphere and in the solar corona
are also needed to drive the models. However, presently, this
is far from being realistic. Future improved solar observa-
tions (e.g., those from STEREO and SDO) are expected
to provide a more complete and realistic set of initial and
boundary conditions to drive these computational models of
CMEs, so that reliable tools for space weather predictions
become available to the community.

Nonetheless, the future prospects for CME modeling
are more optimistic, primarily because the forthcoming
STEREO mission will provide an ideal opportunity for CME
theorists and modelers to answers some of the outstanding
issues raised here. The multi-dimensional solar observations
by STEREO will help determine the magnetic �eld geome-
tries that exist prior to solar eruptions, because once CMEs
take o� STEREO will observe the erupting �laments and
coronal structures from multiple viewpoints. These observ a-
tions will follow the propagation of solar and interplaneta ry
transients all the way from the Sun to the Earth. This is
important for testing and validating the numerical models
of CME propagation. This mission will also enable modelers
to couple photospheric with coronal magnetic �eld measure-
ments and it will provide direct tests for the SEP models.
Overall, the STEREO mission will provide a new, multi-
dimensional level of coupling between numerical models and
observations of solar eruptions. The realistic data-drive n
modeling of CMEs and related SEP events is just about to
become a reality { a reality that will ultimately lead solar
scientists to an improved understanding of this magni�cent
and complex solar phenomenon.
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