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Coronal mass ejections (CMEs) are large-scale
expulsions of coronal plasma and magnetic field
propagating through the heliosphere. Because CMEs
are observed by white-light coronagraphs which,
by design, occult the solar disc, supporting disc
observations (e.g. in EUV, soft X-rays, Halpha and
radio) must be employed for the study of their source
regions and early development phases. We review the
key properties of CME sources and highlight a certain
causal sequence of effects that may occur whenever a
strong (flux-massive and sheared) magnetic polarity
inversion line develops in the coronal base of eruptive
active regions (ARs). Storing non-potential magnetic
energy and helicity in a much more efficient way
than ARs lacking strong polarity inversion lines,
eruptive regions engage in an irreversible course,
making eruptions inevitable and triggered when
certain thresholds of free energy and helicity are
crossed. This evolution favours the formation of
pre-eruption magnetic flux ropes. We describe the
steps of this plausible path to sketch a picture of the
pre-eruptive phase of CMEs that may apply to most
events, particularly the ones populating the high end
of the energy/helicity distribution, that also tend to
have the strongest space-weather implications.
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1. Introduction
The solar atmosphere exhibits a wealth of dynamic phenomena. The most powerful of them
are coronal mass ejections (CMEs) and flares. CMEs are large-scale expulsions (1014–1016) gr
of magnetized coronal plasma into the heliosphere. Their speeds range from about 100 km s−1

to more than 3000 km s−1, with an average of approximately 500 km s−1 [1]. CMEs beyond the
solar disc are detected in white-light coronagraphs (see figure 1, for an example) due to Thomson
scattering of the photospheric light by the electrons of the ejected plasma. Flares result in the
impulsive release of energy in the solar atmosphere, with major events occurring exclusively in
active regions (ARs). Plasma is heated and particles are accelerated to relativistic energies on short
timescales. A large flare may require the acceleration of 1035 electrons s−1 to energies higher than
20 keV for timescales of tens of seconds (e.g. [2]).

Solar flares and CMEs have an impact on geospace that can range from benign to severe.
This issue includes several comprehensive reviews (e.g. Daglis et al., Balasis et al. and Vourlidas
et al.) detailing this impact. This said, CME consequences are more persistent. In case an
interplanetary CME transiting through Earth has a strong, persistent, terrestrially southward
magnetic field component, it can resonate with Earth’s radiation belts via electrostatic waves
and/or magnetically reconnect with Earth’s magnetosphere, either way channelling its trapped
solar particles to Earth’s upper atmosphere. Magnetic reconnection also leads to greatly enhanced
geomagnetic fields in a situation known as a geomagnetic storm. It is often deemed important to
physically understand the origin of CMEs to be able to forecast their consequences.

The occurrence rates of both CMEs and flares vary within the solar cycle. For example, on
average one CME is produced per day at solar minimum and five per day at solar maximum
(e.g. [1]). Averaged over a solar cycle, the occurrence rate of CMEs is about 2–3 per day; this
rate is smaller than that of flares (about 5–6 per day, counting also events smaller than GOES C-
class), which indicates that CMEs and flares do not necessarily correlate one-to-one. When they
do, the flare is called eruptive, otherwise it is called confined. The flare-CME association likelihood
increases with flare magnitude; the largest (i.e. of GOES class X2–X3 and above) flares are one-to-
one associated with CMEs [3,4].

Since CMEs are observed by coronagraphs which, by design, occult the solar disc, their
initiation and early stages can be studied only from observations obtained by other instruments
such as EUV and soft X-ray (SXR) images, Hα filtergrams and radio interferometers. These
studies (e.g. see [5–7] for reviews) have revealed that CMEs originate from structures with a
variety of spatial scales that range from X-ray bright points as small as tens of thousands of
km across (see [8]) to polar crown filaments as large as hundreds of thousands of km long. Fast
CMEs, which are the most important in terms of space weather ramifications, typically originate
from ARs and are associated with both flares and eruptive filaments1 which delineate the AR’s
magnetic polarity inversion line (PIL; e.g. [9,10]). Quiet-Sun CMEs are usually slower than the
ones launched from ARs. They typically originate from extended quiet-Sun filaments or polar
crowns (e.g. [11,12]).

The combination of off-limb white-light observations with disc observations has shed much-
needed light on the low-atmosphere counterparts of the various CME structures, as observed
by coronagraphs. CMEs and other coronal ejections come in many shapes, but much of the
observed variety is due to projection effects. Spacecraft-directed CMEs often appear to surround
the occulting disc of the coronagraph and are thus known as halo CMEs. One of the simplest
forms (usually referred to as ‘typical’) is the three-part-structure CME comprising a leading edge,
followed by a dark void (cavity) and a bright core (see figure 1, for a typical example). The leading
edge is compressed CME-overlying material piled together during the initial expansion phase.
The void is assumed to stem from the prominence cavity as a magnetic flux rope seen edge-on.
With the term ‘flux rope’, we mean a twisted flux tube whose field lines wind about a common,
relatively untwisted, axis field line in the interior of the tube. This interpretation is supported by

1Filaments, also known as prominences when observed above the limb, are lanes of cool plasma magnetically threaded in the
upper chromosphere and low corona.
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Figure 1. A 60-min evolution of a CME in the field of view of the SOHO/LASCO C2 coronagraph. In each panel, the LASCO
data are combined with the temporally best-matched SDO/AIA 193 Å data. The CME appears in the top-left quadrant in each
image.

the fact that the tops of several cavities are rounded (figure 1). Vourlidas et al. [13] have found
that at least 40% of CMEs have flux rope structures. The bright core corresponds to the erupting
prominence.

CMEs are purely magnetic phenomena: in the strongly magnetized coronal plasma, where the
plasma β parameter (i.e. the ratio of thermal to magnetic pressures) is much smaller than one,
magnetic field lines act as material lines with plasma ‘frozen in’ along them. Observationally,
CMEs are structures evidently organized by magnetic fields with spatial scales of the order of the
solar radius (R�) near the Sun, maintaining their apparent structural integrity over at least several
solar radii.

CMEs are preceded by a relatively long phase (of the order few days to weeks) in which
the magnetic field is gradually stressed and free (i.e. non-potential, due to electric currents)
magnetic energy and magnetic helicity build up in local, AR or quiet-Sun filament, scales. The
terms and notions of both magnetic free energy and magnetic helicity are discussed in §3. In
most models (e.g. [14] and references therein), the pre-eruptive magnetic configuration features
either a magnetic flux rope or a sheared magnetic arcade. These models argue that CMEs may
result from a catastrophic loss of equilibrium between the magnetic forces acting on a structure
possessing large amounts of free magnetic energy. These forces are the magnetic pressure and
tension. The former is enhanced in structures of strong magnetic field which tend to expand
into regions of weak magnetic field, while the latter is a restraining force keeping the magnetic
structure contained and/or strapped by the overlying coronal field. Magnetic confinement fails,
and a CME is produced, either resistively, due to magnetic reconnection, or due to some ideal
instability that develops when the energy trapped in the stressed structure suffices to drive an
outward expansion against the overlying large-scale coronal field [15]. An effect then observed—
albeit rarely—in the post-eruption structure is an implosion (i.e. contraction) of the coronal loops
to a new stable configuration, following the decrease of magnetic pressure caused by the eruptive
coronal discharge [16,17].
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The purpose of this review is to discuss the fundamental physical phenomena taking place
until the CME initiation, along with the open questions that loom over some of these phenomena.
For example, what, if any, sequence of physical processes makes an eruption inevitable? What is
the configuration of the pre-eruption magnetic field? In addition to free magnetic energy, what
is the role of magnetic helicity build-up in the initiation process? What mechanisms could act as
CME triggers and drivers? Given their space weather importance, we focus on CMEs originating
from ARs. In §2, we discuss the fundamental properties of ARs that produce CMEs and in §3 we
define the relevant, fundamental physical quantities. A potential course toward CMEs, proposed
here for the first time in its entirety, is outlined in §4, while mechanisms related to CME triggering
and driving are discussed in §5. We summarize and conclude this review in §6.

2. Fundamental properties of source active regions

(a) Photospheric properties
There is a vast amount of literature on the properties of solar ARs that produce CMEs (e.g. see the
review by Howard [18] and references therein). Up until relatively recently, it was common sense
that the line-of-sight (normal, close to disc centre) component of the photospheric magnetic field
remained virtually unchanged during solar eruptions (e.g. [19]). However, as was more recently
shown, even the photosphere shows some unambiguously eruption-related changes (e.g. [20,21]).
Regardless, coronal disturbances originated by CMEs have little effect on the photosphere due
to the substantial difference between photospheric and coronal mass densities. The relative
insensitivity of the photospheric footpoints in the eruption, on characteristic timescales of tens of
minutes, has been dubbed ‘inertial line-tying’ of the photospheric magnetic field. Note, however,
that line-tying may not be always very efficient during major flares (e.g. [22,23]).

There is little doubt that CMEs are mainly powered by magnetic energy due to force-
free electric currents, flowing along the coronal magnetic field lines (e.g. see [24,25]). This,
however, should not underestimate the presence and potential role of cross-field currents that
are responsible for Lorentz forces, at least in, and slightly above, the photosphere (see §4) and
in filaments magnetically sustained in the corona. The build-up of electric currents, in general,
stresses the magnetic field, at the same time storing free magnetic energy into the corona. Free
magnetic energy is the only energy budget available for release, that is, conversion into other
forms. Observations show that stresses develop gradually; their build-up may start days or even
weeks prior to the eruption. This is a direct consequence of the small photospheric driving speeds
which peak at around 1 km s−1 and are hence much smaller than the coronal Alfven speed.
This key observation justifies the assumption made by most models (see §5) that, in spite of the
photospheric or low-atmospheric Lorentz forces, the coronal magnetic evolution can be described
by a sequence of quasi-static force-free equilibria.

A telltale signature of the gradual build-up of electric currents in eruptive ARs is the
development of conspicuous, flux-massive, high-gradient magnetic PILs (e.g. see [26]), where
the photospheric magnetic field becomes sheared and aligns to the PIL, contrary to a current-free
field that is typically perpendicular to the PIL. An example is given in figure 2, where we present
photospheric vector magnetograms of NOAA AR 11429 which hosted several major eruptive
events, including three X-class flares. In this AR, the strong PIL and the shear along it had already
formed before the AR’s rotation to the earthward solar hemisphere.

To the best of our knowledge—and we consider this a key feature of AR magnetism—there
has never been a strong PIL without shear, and also there is no paradigm of ARs with intense
PILs that fade away without giving at least one major eruption. By ‘strong’ or ‘intense’ PILs,
we mean sheared PIL configurations along which the intensity of the magnetic field becomes
higher than the local equipartition value (see §3 for more details). Conversely, cases of ARs that
produce multiple eruptive flares but do not contain extended, strong and sheared PILs are rare,
and they seldom, if at all, host flares stronger than GOES X1-class. An intense magnetic flux
emergence scenario could potentially account for these exceptions: a new magnetic flux emerges



5

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A377:20180094

................................................................

Figure 2. Evolution of the photospheric magnetic field prior to a twin major eruption. The grey-scale background and the
arrows show the normal and horizontal components of the field, respectively. The red curve delineates the PIL, while the red
circle and green dashed circles mark sites of flux emergence and shearing motions, respectively. Adapted from Chintzoglou
et al. [27].

in the vicinity of a filament and an eruption occurs as a result of magnetic reconnection between
the new and the pre-existing magnetic flux (e.g. [28–30]).

The low-coronal magnetic configuration above a photospheric PIL that can sustain a filament
or prominence is called a filament channel. There is heated debate as to the physical mechanisms
that could lead to the formation of filament channels, as well as about their topological properties
(e.g. see the reviews by [7,14,31–33]). Observations show that the build-up of currents in
AR filament channels may involve multiple processes: the first stage requires magnetic flux
emergence. The newly emerged field may (e.g. [34,35]) or may not deviate much from the current-
free (potential) state, but typically the amount of electric currents injected in the corona during the
very first stages of flux emergence is small (e.g. [36,37]). In eruptive ARs, significant accumulation
of currents starts as soon as the AR starts shaping its PIL (e.g. [36–39]). Electric currents along PILs
are largely due to PIL-aligned shearing motions. While these peculiar AR motions are responsible
for AR filament channels, the crucial agent in the formation of larger, quiet-Sun filaments is solar
differential rotation. At a later stage, magnetic flux cancellation along the PIL could be observed:
in this process, opposite magnetic polarities converge, collide and disappear (e.g. [40–42]). This
process may also enhance complexity along the PILs, as discussed in §4 below. Note that flux
emergence, shearing motions and flux cancellation may occur independently or in tandem in
ARs that host major eruptive events.

(b) Coronal properties
Models of CME initiation (see §5) presume that the pre-eruptive coronal configuration is either a
magnetic flux rope or a sheared magnetic arcade. In the latter case, the sheared arcade transitions
to a flux rope during the eruption because there is no physical process that can produce a
large-scale outward propagation without involving a flux rope. Motivated by this fact, a large
number of works investigate the pre-eruptive coronal configurations using multi-wavelength
observations. In principle, both sheared arcades and flux ropes can sustain dipped, sheared
filament channels above PILs. However, deciphering the pre-eruptive coronal structure is difficult
because routine magnetic field measurements above the photosphere are not available and
because line-of-sight confusion is inevitable when imaging optically thin plasmas. This said, there
are direct efforts that have aimed to constrain the properties of the coronal magnetic field by using
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radio observations (e.g. see [43] for a review). Indirect ones often exploit the properties of filament
barbs [44] or tornadoes [45].

Indirect evidence for the existence of flux ropes in eruptive ARs located close to the disc
centre is provided by nonlinear force-free field (NLFFF) extrapolations of the photospheric
magnetic field (e.g. [27,36,46–51]). The cadence of the available vector magnetograms is 12 min,
at best,2 providing an upper limit for the cadence of the NLFFF extrapolations. Therefore, such
extrapolations—on top of being static approximations—cannot reproduce the rapidly changing
fields that erupt at timescales well below 10 min. Moreover, using the photospheric boundary
condition for extrapolations during major white-light flares can lead to widespread spurious
results due to contamination. Most importantly, however, the onset of an eruption may well
be associated with a non-negligible Lorentz force that renders the field non-force-free and the
NLFFF extrapolations inadequate. In most cases, the inferred twist of the NLFFF, supposedly
reconstructed flux ropes hardly exceeds one turn (see [53] and references therein), which makes it
difficult to distinguish between them and sheared arcades. Finally, it has been reported that flux
ropes and sheared arcades can coexist in the pre-eruptive configuration of some ARs (e.g. see [49]).

SXR and EUV observations of S-shaped or reverse S-shaped structures may also provide
indirect evidence for the existence of pre-eruptive flux ropes. It has been established (e.g. [54])
that sigmoidal ARs are more likely to erupt, while Rust & Kumar [55] suggested that X-ray
sigmoids represent the projections of helically kinked flux ropes along the line of sight, whose
twist around their axis should be around one turn. However, Titov & Démoulin [56] proposed
that sigmoids represent emission from a current layer in the separatrix formed by field lines
that touch the PIL underneath the flux rope. In this light, Green et al. [57] pointed out that the
association of sigmoidal structures with flux ropes is only valid if (i) they cross the PIL in the
inverse direction of what potential field lines would do, and (ii) the sigmoidal structure survives
an eruption, as only then the interpretation of the sigmoid in terms of a sheared arcade can be
excluded [58]. However, the latter argument could be challenged in cases of major eruptions
in which transient, eruption-related sigmoids erupt and disappear, leaving bright post-eruption
arcades behind them.

In contrast to the formation of sheared arcades, naturally attributed to photospheric motions,
sigmoidal structures, especially those associated with decaying, bipolar ARs, are usually formed
via flux cancellation along the PIL (see [59]). An example, taken from Green et al. [57], is presented
in figure 3. In these cases, both the photospheric and the coronal evolution are consistent with the
model proposed by van Ballegooijen & Martens [40] in which a sheared arcade is transformed to
a flux rope as a result of low-altitude magnetic reconnection. Such sigmoids may remain stable
for several hours before eruption (e.g. [60]).

High-cadence, high-sensitivity EUV data obtained by the atmospheric imaging assembly
(AIA) onboard the solar dynamics observatory (SDO) have revealed the existence of coherent
‘hot channels’ attributed to hot magnetic flux ropes. These structures appear sigmoidal when
seen against the disc [61,62] and as round blobs or ring-like structures when seen above the limb
(e.g. see [63] and references therein). An example presented in figure 4, taken from Patsourakos
et al. [64], shows the formation of a hot, flux-rope-like structure triggered by a confined flare.
Heating of these structures is achieved via magnetic reconnection: according to the standard
model of eruptive flares (see §2c below) the reconnected magnetic flux underneath the CME is
directed towards both the erupting flux rope and the flaring loops. Unlike erupting filaments,
often showing fragmentation in Hα or the EUV, hot channels maintain their structural coherence
throughout the eruption. The statistical study performed by Nindos et al. [63] showed that almost
half of the eruptions associated with major limb flares involved hot, flux-rope-like structures.

In AIA observations, such structures appear from about 7 h [64] to a few minutes (e.g. [65,66])
prior to eruptions. Cases of formation during the eruption have also been reported (e.g. [67,68]),
while older Yohkoh Soft X-ray Telescope (SXT) observations showed sigmoids persisting for much
longer times without erupting. In most AIA observations, it has been demonstrated that the hot

2But notice the recent release of SDO/HMI higher-cadence vector magnetograms, discussed by Sun et al. [52].
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Figure 3. The three left-most columns show the evolution of the line-of-sight component of themagnetic field in a bipolar AR.
The yellow contour encircles the area in which significant flux cancellation took place. The other columns show C-Poly filter SXR
observations of the same AR. Reproduced with permission from Green et al. [57].
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Figure 4. A confined flare observed in 131 Å. (a,b) The pre-event corona while (c,d) the development of the hot flux rope.
(e,f ) The image of (d) after wavelet enhancement and the corresponding temperature map, respectively. Adapted from
Patsourakos et al. [64].

flux rope is formed by magnetic reconnection. In cases of on-the-fly, eruptive formation of flux
ropes, reconnection could also be invoked for the interpretation of their heating: in the standard
flare model, the reconnected magnetic flux underneath the CME is directed towards both the
erupting flux rope and the flaring loops. In one exceptional case (see [62]) of a hot channel close to
the disc centre, it was found that reconnection was triggered by a combination of flux emergence
and sunspot rotation.
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Figure 5. Sketch of the standard flare model as supported by Yohkoh observations. Adapted from Shibata et al. [76].

(c) Phenomenology of eruptive flares
Simultaneous near-Sun and solar-disc observations have shown that CMEs produced in ARs often
exhibit a three-phase evolution (e.g. [69,70]). First, there is a slow-rise phase that may last from
several minutes to a few hours, in which the filament darkens and slowly ascends, while coronal
loops expand. This is followed by a rapid acceleration phase that occurs over timescales of a few
minutes and corresponds to the progression of the eruption. Finally, there is a propagation phase
in which the erupting structure interacts with the ambient solar wind and starts its transit into the
heliosphere.

The acceleration phase is often described in terms of the so-called standard model of eruptive
flares, which was developed in [71–74] and was refined in the 1990s by incorporating several
observations achieved by the Yohkoh satellite (e.g. [75]). A very much simplified sketch of the
standard flare model, used here only for visualization purposes, is shown in figure 5. Since
its inception, it is being constantly improved, with a fully three-dimensional extension adding
more realism to it developed by Aulanier and colleagues [77–80]. According to this model, the
flux rope (indicated as ‘plasmoid’ in figure 5) that will eventually erupt is initially in a state of
equilibrium, possibly due to the restraining action of the overlying field. Note that if there is no
flux rope initially, magnetic reconnection will create one. As the eruption is triggered resistively by
magnetic reconnection, or ideally, by a flux-rope instability, the flux rope starts rising, stretching
its overlying field and forming an anti-parallel magnetic configuration in its wake. In this course,
the downward and upward field lines below it approach each other and a current sheet is
developed with magnetic reconnection eventually taking place there as well. This reconnection
has two consequences: (i) it dissipates energy, giving rise to a flare below the reconnection region.
The flare shows first at microwaves and hard X-rays, followed by a two-ribbon brightening in
Hα and the EUV; and (ii) it cuts the ‘restraining tethers’ imposed by the overlying field and so
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facilitates the rapid ascension of the flux rope, which gains additional poloidal magnetic flux. Due
to the motion of the flux rope, the overlying closed field lines are pushed and piled up forming
the CME’s leading edge. Moreover, due to the external pressure, there is mass inflow into the
current sheet that further drives reconnection and energy release in the form of emission, heating
and particle acceleration.

The sequence of events suggested above has led several authors (e.g. [81]) to conclude that in
erupting events CMEs and flares are different manifestations of the same physical process that
ultimately converts free magnetic energy into kinetic (thermal and non-thermal) and radiative
energies. This outlook has been strengthened by the temporal coincidence between the CME
acceleration and flare impulsive phases, which is observed in several eruptive events (e.g. [69,82]).

In distinguishing eruptive and confined flares, we note that a full eruption might not be
achieved, either due to an insufficient removal of the overlying field by the reconnection that takes
place below the erupting structure [83], or due to a weakly decreasing magnetic field strength with
height in the overlying corona, presenting a significant, restraining tension force [84].

3. Definition of fundamental physical quantities
By now, it has become clear that solar ARs are relatively isolated, singular, intensely magnetized
configurations in the solar atmosphere. A fundamental quantity characterizing their evolution is
their magnetic flux. The total (i.e. unsigned) magnetic flux Φ is the integrated magnetic intensity
perpendicular to a given area, or boundary, S, of any geometry, planar or curved, namely,

Φ =
∫

S
|B·n̂| dS =

∫
S
|Bn| dS, (3.1)

where B is the magnetic field vector. Here, we have used the convention B · dS = Bn dS by means
of the local, normal to S, unit vector n̂ (dS = dS n̂) and the respective normal field component,
Bn = B n̂.

To comply with the prevailing paradigm in magnetohydrodynamics (MHD) (e.g. [85]),
knowledge of the magnetic field B over a given area should be complemented by the velocity
field vector u of the magnetized plasma in the boundary S. For typical solar AR applications, this
boundary is the photosphere, where magnetic field measurements exist.

Magnetic flux Φ reflects the size of the AR studied: indeed, magnetic flux is an extensive
quantity that does not provide information on the level or degree of complexity in the
AR. Providing the flux of, say, a sunspot complex does not specify the complexity of the
conglomeration (e.g. PILs or other features), but it simply says how flux-massive sunspots and
surrounding plage are. The flux of NOAA AR 11429 (figure 2), for example, classifies it as a ‘large’
AR, but does not give any additional information. To gain knowledge into the complexity of the
magnetic structures involved, one needs specific moments of the field B and its flux Φ that are
intensive in nature, i.e. non-trivially related to the size of the structure. Key among them is the
electric current density J, provided by Ampére’s Law:

J = c
4π

∇ × B. (3.2)

The above equation demonstrates that, provided sufficient spatial resolution, the current density J
relates to the spatial gradients of the magnetic field: discontinuous or perturbed flux distributions
give rise to more intense current densities. Current density essentially relates to a term of the
magnetic energy, as well. The magnetic energy is simply the volume integral of the magnetic
energy density B2/(8π ), namely,

Em =
∫

V

B2

8π
dV (3.3)

in a volume V with lower (photospheric) boundary S. However, to accommodate a non-zero J,
the magnetic field should be different from a vacuum, minimum-energy curl-free configuration.
Hence, as per Chandrasekhar [86,87], the magnetic field vector can always be decomposed
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into a vacuum, curl-free, component Bp (also popularly known as ‘potential’ field) and a
current-dependent, non-potential component Bc, entirely responsible for J. In an elaboration of
equation (3.3), then, it can be shown [88] that by substituting Bc = ∇ × Ac by its generating vector
potential Ac, equation (3.3) can be written as

Em = 1
8π

∫
V

B2
p dV + 1

2c

∫
V

Ac · J dV, (3.4)

where one also uses Ampére’s Law, equation (3.2), for Bc.
As expected, then, the current density impacts the magnetic energy Em: next to an extensive

term, relying entirely on the vacuum magnetic field Bp (the flux itself relies on it via equation (3.1)
and Bp in V is entirely described by Bn in S (e.g. [89])), it adds an intensive term explicitly
related to J and the vector potential for the non-potential field component. Again, large magnetic
gradients, giving rise to large current densities in V, statistically enhance this energy term,
popularly known as ‘free’, or non-potential, magnetic energy. It is the maximum amount of
magnetic energy that can be released, resistively, i.e. via magnetic reconnection, or ideally, i.e. via
expulsion of the current-carrying part of the structure, without any modification of Bn in the lower
boundary S. The latter condition is a special case of a constant magnetic flux Φ on S that ignores
changes in Bn due to velocity flows u on S. The release of the free magnetic energy is essentially a
relaxation, theoretically able to return the magnetic structure to potentiality (e.g. [90]).

While this simple relaxation process could be the main theory underlying solar transients,
such as flares, solid evidence proved it to be oversimplified (figure 5 and related discussion in
§§2c). Indeed, the standard flare model made it clear that a plasmoidal part of the configuration
is destabilized and ejected during the flare. This ejectum is practically the CME progenitor, also
referred to as a flux rope in observational studies (§2). While this might be thought to return the
structure to potentiality, it has become clear that, due to photospheric line-tying, the post-eruption
structure continues to enclose non-zero electric current density (e.g. [25] and references therein).
Therefore, the relaxation towards potentiality is all but imperfect.

In cases of confined flares (§§2c), there is energy released resistively due to magnetic
reconnection in the corona, but there is also a topological invariant of the magnetic structure
for the coronal magnetic field of the AR. This is the magnetic helicity Hm, defined as [91]

Hm =
∫

V
A · B dV, (3.5)

where A is the generating vector potential for B. This simplified formula applies to closed
volumes, where the entire magnetic field structure is known. For solar and stellar applications,
however, where magnetic structures permeate a photospheric boundary and are unknown under
it, equation (3.5) bears no physical meaning. For this reason, Berger & Field [92] introduced a
relative magnetic helicity in which one subtracts from the overall helicity of equation (3.5) the
helicity of the vacuum magnetic field Bp. This gives rise to a relative helicity Hm(rel) given by

Hm(rel) =
∫

V
(A + Ap) · (B − Bp) dV, (3.6)

where Ap is the generating vector potential for Bp. Equation (3.5) ensures that |Hm(rel) | → 0 for
B → Bp. In addition, it has been shown analytically [93] and numerically [94] that the relative
magnetic helicity is also a topological invariant for highly conductive magnetized plasmas,
namely, plasmas with a high magnetic Reynolds number and a low-β parameter, such as the
solar corona.

The non-conservation of magnetic energy vis-á-vis the conservation of the (relative) magnetic
helicity in solar eruptions generates an immediate constraint: a given magnetic structure (say, a
solar AR) cannot return to potentiality unless it finds a way to expel its magnetic helicity. Only a
zero current density implies a zero relative helicity, which cannot be the case in an already helical
(dextral [Hm(rel) > 0] or sinistral [Hm(rel) < 0]) confined magnetic structure (figure 4). A relevant
question in this situation is how much free magnetic energy at a minimum can a magnetic structure
with a given relative magnetic helicity carry. This theoretical question has been answered by Taylor
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[95,96] for laboratory plasmas, but without loss of generality: the linear force-free approximation
J = αBc with constant-α (∇α = 0 in V) is this minimum-energy field. One may linearly relate
Em due to Bc and Hm(rel) for linear force-free fields (e.g. [97]) and take this Em as the minimum
possible for a given |Hm(rel) |. Whether this minimum is tenable for the solar corona, however, is a
longstanding matter of debate [98–100].

The above theoretical construction has led to pioneering works about the root cause of CMEs:
these large-scale solar eruptions are a necessity for the Sun to relax from the excess magnetic
helicity it accumulates in its atmosphere [101–104]. When decayed ARs fade away from the
photosphere back to the solar interior, they should carry little or no helicity, as returning to
below the photosphere with substantial amounts of helicity (and hence currents) violates entropy
arguments. Therefore, over the billions of years of solar magnetic activity, an infinite amount
of helicity would have been accumulated in the solar atmosphere, where free magnetic energy
is constantly released to power the observed dynamics and to keep the corona hot. A counter-
argument to bodily expulsion of magnetic helicity is helicity annihilation, apparently at work in
some numerical models (e.g. [105]), that relies on the fact that helicity is a signed quantity, so it
can be left- or right-handed. A magnetic reconnection of oppositely helical magnetic structures
can lead to helicity cancellation or annihilation. While this notion is mathematically possible, it
is challenged by the observed prevalence of opposite magnetic helicity signs in the northern and
southern solar hemispheres [102] that is irrespective of the solar cycle [106], hence the reversal
of solar magnetic poles, and is found to be due to the (equally unaffected by solar cycles) solar
differential rotation [107]. If helicity annihilation is not the principal way for the Sun to relieve
itself from its excess helicity, then expulsion of helical magnetic structures in the form of CMEs
is the only known (and viable) way, not only for the Sun but, generally, for magnetically active,
flaring stars [108].

So far, we have dealt almost exclusively with magnetic helicity. However, helicity, in general,
is a topological property that quantifies the twist and the writhe of any divergence-free (i.e.
closing on itself) vector field b, viewed as the volume integral of the density a · ∇ × a of its
generating vector potential, a. As such, there is current helicity, with density B · ∇ × B, as well
as kinetic helicity, with density u · ∇ × u. In the former case, the magnetic field is viewed as the
generator of the electric current density ∇ × B, while in the latter case the velocity field is viewed
as the generator of the vorticity ∇ × u. Both have found applications to the Sun, for example,
via [102,109,110] for the current helicity and via [111,112] for the kinetic helicity. However, all
these helicity realizations invariably suffer from the lack of knowledge of the volume helicity
density in actual solar observations. The likely exception is the kinetic helicity in the solar interior
that is inferred via helioseismology observations at multiple depths in the convection zone.
Therefore, without simplifying assumptions it is untenable to correlate between the different
helicity expressions or even to evaluate each of them separately. For significant efforts on this
objective, see [113,114].

Two notable exceptions to these severe limitations are, first, that the relative magnetic helicity,
along with the magnetic energy, can be consistently inferred by the Poynting theorem in the
photospheric boundary and, second, that magnetic and current helicity, along with the magnetic
energy can, at least, be correlated in Fourier space.

The Poynting theorem for the magnetic energy (e.g. [115]) evaluates the energy rate crossing
the photospheric boundary S by means of the photospheric flow field, namely

dEm

dt
= 1

4π

∫
S

B × (u × B) · n̂ dS. (3.7)

The above equation can be practically split into two terms, as follows:

dEm

dt
= − 1

4π

∫
S

ut · BtBn dS + 1
4π

∫
S

B2
t un dS, (3.8)

where Bt, ut are the tangential components of B and u, respectively, in the photosphere and un

is the normal component of u. The first term relates loosely to tangential, proper or peculiar—in
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case of ARs—motions, while the second term correlates with the emergence of magnetic flux and
the overall energy it carries.

The Poynting theorem can be extended to magnetic helicity, as well (e.g. [115,116]), yielding

dHm

dt
= 2

∫
S

Ap × (u × B) · n̂ dS, (3.9)

and can be practically split into two terms, namely

dHm

dt
= −2

∫
S

ut · ApBn dS + 2
∫

S
Ap · Btun dS. (3.10)

A geometrical argument by Démoulin & Berger [117] identified a redundancy in equation (3.10),
yielding a magnetic helicity rate

dHm

dt
= −2

∫
S

u′ · ApBn dS, (3.11)

where the velocity field u′ = ut − (un/Bn)Bt on this case can be approximated by the local
correlation tracking (LCT) velocity (for detailed information on this and other photospheric
velocity realizations, see [118] and references therein).

Application of the Poynting theorem, therefore, requires the full photospheric B and u vectors
or, in case of equation (3.11), Bn and the LCT velocity u′. Practical ways to infer the vacuum vector
potential Ap on S have been published and applied successfully [119].

While the rates of magnetic energy and helicity (assumed to be the relative helicity in this case)
via equations (3.8) and (3.10)–(3.11) can be inferred and correlated over certain time intervals, one
lacks the information on the actual energy and helicity budgets. Indeed, the above rates have a
starting point arbitrarily set to zero; previously existing energy and helicity are not taken into
account. Integrating these rates over time will provide indicative budgets of both quantities,
lacking a reference point unless the calculation starts from the very initial stages of the AR
emergence.

As to investigations in Fourier space, Zhang and colleagues [120–122] used mean fields to
elaborate theoretically on the spectra of magnetic energy, Em(k, t), magnetic helicity, Hm(k, t), and
current helicity, Hc(k, t). They found these spectra to be power laws with indices −5/3, −8/3 and
−5/3, respectively. They managed to apply the theoretical calculations to observed timeseries
of AR vector magnetograms, evaluating the time variations of these spectra. Most importantly,
though, they validated the theoretical realizability condition of [123] that constrains Em(k, t) and
Hm(k, t) as follows:

Em(k, t) ≥ k
2
|Hm(k, t)|. (3.12)

One may, then, define a lengthscale �m by integrating Em(k, t) over the wavenumber space to
find that, at any given time t, the mean coronal energy and helicity density, em(t) and hm(t),
respectively, are correlated as

em(t) ≥ 1
2�m

|hm(t)|. (3.13)

Since it corresponds to mean densities, equation (3.13) may not be extremely revealing. It is
important, however, because it ensures consistency by providing a lower limit for the magnetic
energy for a given magnetic helicity. This limit is that of the linear force-free approximation, posed
by Taylor [95,96]. The equation stemming from (3.13) may appear linear; it is not, however. This
is because the lengthscale �m relates to the instantaneous energy spectrum Em(k, t), so it is itself a
function of time. A linear correlation between magnetic energy and magnetic helicity (densities
or budgets) exists only in the linear force-free approximation (e.g. [97]).

Other attempts to calculate the relative magnetic helicity in an open volume permeated by a
boundary include field-line helicity [124] or twist helicity [125]. For a review of relative helicity
calculation methods, see [126].

As another partial remedy to multiple limitations, we briefly recount the analysis of Georgoulis
et al. [127]. This was a nonlinear force-free generalization of the linear analysis of Georgoulis et al.



13

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A377:20180094

................................................................

0.2

0.1

0

a 
(M

m
–1

)

–0.1

–0.2

(b)(a)

Figure 6. Indicative analysis steps followed to enable the evaluation of equations (3.14), (3.15). (a) Mean α-values of the
partitioned photospheric flux map of the magnetogram shown on the right. (b) Photospheric projections of coronal magnetic
connectivities on the magnetogram. The different segment colours indicate different connected fluxes for each flux tube. Only
flux tubes closing within the field-of-view are represented. Magnetic field values in the right are saturated at±1 kG. Tick mark
separation is 20". Solar north is up; west is on the right. Reproduced with permission from Georgoulis et al. [127].

[97]. In particular, Georgoulis et al. [127] used and extended the analysis of Démoulin et al. [128],
in which a given magnetic structure can be thought of as a collection of N coronal magnetic
flux tubes, each of them force-free but with different force-free parameters αi and magnetic
fluxes φi, i ≡ {1, . . . , N}. Then a topological parsing or segmentation of the otherwise continuous
photospheric flux distribution gave rise to T flux partitions, such as the example of figure 6. Over
each partition, one knows both the magnetic flux and the mean α-value (figure 6a). Finally, a
simulated annealing process aiming to connect opposite magnetic polarities and to minimize
connection lengths, thus highlighting PILs, gave rise to a magnetic connectivity matrix ϕpq

(p, q ≡ {1, . . . , T}, p �= q), calculated over the partitioned photospheric flux, that provides the flux
devoted to each connection between partitions (figure 6b). Each of these flux elements can be then
considered as a coronal flux tube with flux φi = ϕpq and force-free parameter αi, averaged between
αp and αq and rooted in the flux-weighted centroids of the connected flux partitions p and q.

Assuming slender flux tubes, the problem of finding the relative magnetic helicity and free
energy of the collection becomes then a discrete, geometrical one. In [127], the free magnetic
energy budget Ec for a given photospheric magnetogram at a given time is

Ec = Ad2
N∑

l=1

α2
l φ2λ

l + 1
8π

N∑
l=1

N∑
m=1,l�=m

αlLarch
lm φlφm, (3.14)

while the instantaneous, simultaneous relative magnetic helicity Hm(rel) is

Hm(rel) = 8πAd2
N∑

l=1

αlφ
2λ
l +

N∑
l=1

N∑
m=1,l�=m

Larch
lm φlφm. (3.15)

In equations (3.14), (3.15), A and λ are known scaling constants, while d is the length element,
substituted by the pixel size in case of observed photospheric magnetograms. The geometrical
parameter Larch

lm is determined by the relative position of the flux-tube footpoints, needed to
calculate the mutual terms of energy and helicity. The first terms of the rhs of equations (3.14),
(3.15) correspond to the self terms of energy and helicity, respectively, that are due to the
(force-free) electric current density estimated along the flux tubes.

Equations (3.14), (3.15) partially alleviate the lack of knowledge of the coronal magnetic
field, providing consistent expressions for the instantaneous free magnetic energy and relative
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magnetic helicity. For timeseries of magnetograms, one obtains pseudo-timeseries of free-energy
and relative-helicity budgets, with values closely spaced in time but independent from each other.
These equations further ignore additional helicity and energy terms due to braiding between flux
tubes, which cannot be known unless the coronal magnetic configuration is known precisely, as
well as some induction-related terms in the free energy, due to the interaction between current-
carrying flux tubes [128]. Equations (3.14), (3.15), in view also of the previous discussion, will be
useful in describing the evolutionary course of ARs towards eruptions in the following.

4. The course toward coronal mass ejections
We mentioned in §3 that most ARs seem to have a prevalent sense of magnetic (and current)
helicity, either left- or right-handed, that was theoretically asserted by Seehafer [109] and was first
shown observationally by Pevtsov et al. [102]. Further observational analyses [129–132] aligned
to this finding for eruptive ARs. Later on, using equations (3.14), (3.15), Tziotziou et al. [133]
produced an ‘energy-helicity’ diagram correlating the nonlinear force-free magnetic energy and
relative magnetic helicity of numerous ARs, each studied at multiple times (figure 7).

The plot of figure 7 implies a nearly monotonic dependence of free energy and relative helicity
magnitude, with eruptive ARs statistically occupying its higher end–some exceptions are seen
and discussed in [133]. The robustness of this diagram, even using quiet-Sun magnetograms and
MHD simulations that did not rely on equations (3.14), (3.15), was demonstrated by Tziotziou
and colleagues [37,134,135]. A case study of this was also the investigation of Patsourakos et al.
[136], where it was found that the exceptionally eruptive NOAA AR 11429 (figure 2) had equally
exceptionally large values of free energy and relative helicity of a given (left-handed) sense.

The relevant question to address, therefore, is how eruptive ARs manage to accumulate
large amounts of free energy and relative helicity to power eruptions. An interpretation has
been offered by Georgoulis et al. [137]. In this work, that is further discussed extensively by
Georgoulis [25], it was found that non-neutralized (i.e. net) electric currents in ARs appear
exclusively along intense PILs. The effect also leads to a prevalent, coherent sign of these currents
per magnetic polarity that gives rise to a prevalent sign for the relative helicity. In this sense,
ARs with strong, sheared PILs tend to have a consistent velocity shear orientation leading to
a consistent non-neutralized current sign and a resulting prevalent relative helicity sense. In
[137], an extensive analysis over the existence of non-neutralized currents in solar ARs, strongly
debated in longstanding works by Parker [85] and Melrose [138], resulted in arguably the first
unambiguous detection of net currents in the solar photosphere, along with the finding that these
currents can only exist along intense PILs.

Injection of net electric currents in the corona greatly enhances the free magnetic energy
associated with strong PILs, sufficient to power major eruptions. It comes at no surprise, then,
that eruptive ARs in figure 7 almost invariably exhibit conspicuous PILs. Another key aspect of
figure 7 is the empirical finding of certain free-energy and relative-helicity limits that eruptive
ARs exceed. For relative helicity, this limit is approximately 2 × 1042 Mx2, which is believed to be
a typical CME helicity content [107,139]. Albeit from a different perspective, this finding aligns
with that of [140] regarding an upper pre-eruption helicity bound for a given boundary condition.
For free energy, this limit is approximately 4 × 1031 erg that is a typical energy content of a flare of
GOES class M and above ([133] treated as ‘eruptions’ eruptive flares of class M and above, which
is consistent with the shown free-energy limit in figure 7).

If the efficient accumulation of magnetic free energy and helicity of a certain sign above PILs
is facilitated by non-neutralized electric currents, then it becomes relevant to interpret this effect
physically. In [137], this was attributed to the Lorentz force. Indeed, the azimuthal component
of the Lorentz force along the PIL in cylindrical geometry (r, ϕ, n) with the (r, ϕ)-plane on the
photosphere is

Fϕ 	 Bn

4π

(
−1

r
∂Bn

∂ϕ
+ ∂Bϕ

∂n

)
. (4.1)



15

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A377:20180094

................................................................

(a) (b)

(d) (c)

|H
m

| (
in

 M
x2 )

Ec (in erg)

AR10930

AR10930

AR10030
AR10960

AR10930

1033103210311030
1040

1041

1042

1043

1044

Figure 7. Scatter plot of the relative helicity magnitude
∣∣Hm(rel)

∣∣ as a function of the free magnetic energy Ec for 162 vector
magnetograms of several solar ARs at different evolutionary stages. Red symbols indicate eruptive ARs, while blue symbols
indicate non-eruptive ones. Dashed horizontal and vertical lines show empirically inferred limits of free energy and relative
helicity for ARs to be eruptive, while the dotted and dash-dotted lines show the least-squares best-fit curves using two different
regression approximations. Reproduced with permission from Tziotziou et al. [133].

The above equation represents a purely tension force approximated for the edges of the
photospheric flux footprints, where sheath currents separate strong magnetic-flux patches by
the surrounding quiet Sun, as per [137] and references therein. In case a strong PIL is lacking,
undisturbed, isolated polarities may exhibit an azimuthal symmetry (∂/∂ϕ ∼ 0). Moreover, the
vanishing Bn at the edges of flux patches in this case gives rise to an insignificant tension, Fϕ ∼ 0.
However, in case of strong PILs, the sheath current pattern is disrupted along the PILs; therefore,
azimuthal symmetry is lost. Moreover, except precisely on the PIL where Bn = 0 (see, e.g. figure 2),
|Bn| � 0 and of opposite sign in the two sides of the PIL. This gives rise to a strong, oppositely
oriented Fϕ in the two sides of the PIL, as shown schematically in figure 9 of [137].

For strong PILs, the magnetic field strength is well above the photospheric equipartition value
of approximately 1 kG, so β < 1 already in the photosphere. This is our quantification of a ‘strong’,
or ‘intense’, photospheric PIL. It means that the plasma is magnetized and can be forced to
motion by the Lorentz force even at photospheric levels. In [137], the velocity shear observed
invariably along PILs is attributed to the tension force Fϕ of equation (4.1), for the MHD equation
of motion to be fulfilled. For reasons detailed in that work, a coherent sign for the cross-field non-
neutralized currents will give a consistent orientation of Fϕ , that will further give a consistent
shear orientation, as observed. This effect, similar to the effect of sunspot rotation (e.g. [141]), will
give a prevalent magnetic helicity sign to the AR. The persistent shearing along strong PILs, often
lasting several days, will generate immense amounts of free magnetic energy and helicity with a
preferred sign, hence the large amounts of helicity for eruptive ARs, as per figure 7. Furthermore,
when certain thresholds are crossed, the structure cannot remain contained any longer, giving
rise to an eruption, possibly via multiple triggers (§5). Since the AR will not return to potentiality
with just one eruption (typically even the largest flares tend to release up to approximately 10%
of the available free energy in the host regions (e.g. [142]), while CMEs up to approximately half
of the available helicity (e.g. [116,143])), an eruptive AR will host a series of CMEs until complete
relaxation happens. Repeated eruptions are also a trait of intensely eruptive ARs.
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It is important to emphasize that the above process is fuelled by flux emergence, which
enhances the magnetic pressure and hence the well-known converging motions toward PILs, in
an effort of the emerging structure to expand further.

It should be further noted that attribution of shearing motions to the Lorentz force was also a
conclusion of Manchester and colleagues [144–147]. In addition, the exclusive appearance of non-
neutralized currents along PIL was also a key result of Török et al. [148], using three-dimensional
MHD models, although these authors stopped short of attributing this effect to the Lorentz force.

But if the Lorentz tension force starts acting as soon as a strong (β < 1) photospheric PIL is
formed, and will not cease until there is no flux emergence, so no more strong PIL(s) and net
currents (as is the case in ARs well into their decay phase), then the big physical picture points to
an irreversible evolution in this minority class of intensely eruptive ARs: a strong PIL formation in
the initial AR stages of evolution can only relate to the sub-surface structure of the buoying flux-
tube progenitor (e.g. [35,149]). In these uncommon cases, compared to the thousands of ‘flareless’
ARs that appear, evolve and disappear within a typical solar cycle, the course toward eruptions
seems sealed even before these ARs emerge. It starts developing soon (within hours or tens of
hours) after they emerge, mainly in the course of flux-emergence phase but also beyond that, as
the PIL weakens gradually, so that the AR can release the PIL-associated remnants of free energy
and shed away the magnetic helicity that sustains this energy.

This irreversibility remains to be conclusively shown by observed data analyses. A conclusive
result would be the visualization of the Lorentz force along the PILs in eruptive ARs. If the Lorentz
force orientation is in acute-angle relation with the observed shear, this would be supporting
evidence to the theoretical picture described above. If not, then shear should be counteracting the
Lorentz force. We argue that the latter would complicate the interpretation of the MHD equation
of motion. The task of calculating the Lorentz force properly is severely hampered by the lack of
magnetic field information at different heights in and above the photosphere, which inhibits the
complete calculation of the electric current density J – and hence of the Lorentz force F ∼ J × B –
in the photosphere. These limitations have so far resulted in only partial or dimensional Lorentz
force calculations, in view of simplifying assumptions (e.g. [150,151]), that by no means reach
such level of detail as to infer the orientation of the photospheric Lorentz force vector. It suffices
saying, however, that efforts to bring this pursuit to a closure are underway.

A further significant ramification of the above picture of forced PIL evolution is a pattern
of helicity noted when an eruptive AR is observed from its initial evolutionary stages: in [37],
intensely eruptive NOAA AR 11158 was observed by SDO/HMI for a period of several days.
Evaluating equations (3.14), (3.15) allowed the correlation of the mutual and self-energy and
helicity terms as the AR evolved (figure 8). One notes a close correspondence, albeit via a
hysteresis, of the self over the mutual term of magnetic helicity, with mutual helicity preceding
self-helicity by up to approximately 12 h for the first approximately 48 h of AR evolution. The
respective free energy terms show a much more loose and less consistent correlation. This
was interpreted by means of the fundamental conservation property of magnetic helicity, as
opposed to the non-conservation of magnetic energy: helicity efficiently converts from mutual
to self, giving rise to a progressively more self-helical (i.e. twisted and/or writhed) pattern of
the AR magnetic structure. On the contrary, significant free energy is lost in the course of this
conversion, although the overall budgets of energy and helicity in the AR are increasing due
to the intense emergence of non-potential flux. This points to a resistive process, happening
mostly along PILs, meaning that the substantial mutual helicity of the emerging AR is translated
to self-helicity via numerous magnetic reconnection episodes. It is, of course, well known that
small-scale magnetic reconnection is routinely at work along strong PILs even in non-flaring
intervals. Besides releasing energy, Tziotziou et al. [37] made clear that this process leads also to
progressively more self-helical structures. These results have been confirmed in other cases of ARs
observed since initial emergence by SDO/HMI, with the relevant presentation efforts underway.

The assessed progressive self-helical structure formation above PILs, however, is in direct
agreement with (i) the formation of filament channels (§2), and (ii) the remarkable, well-observed
pre-eruption flux-rope formation triggered by confined flaring, first reported by Patsourakos et al.
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Figure 8. Evolution of the normalized mutual and self-terms of (a) relative magnetic helicity and (b) free magnetic energy in
NOAA AR 11158 for a five-day period in February 2011. The triangles indicate the onset times of flares triggered in the AR, with
GOES C-, M- and X-class events denoted by blue, green and red, respectively. From Tziotziou et al. [37].

[64] (figure 4) and further corroborated by Chintzoglou et al. [27] and Nindos et al. [63]. This may
eventually provide valuable clues toward a more robust interpretation of CME triggering (see §5,
below): sheared arcades may lead to eruptions without the requirement of a pre-eruption flux
rope if there is at least one null point in the overlying corona—if not, however, a pre-eruption flux
rope may need to be formed first. These seemingly competing eruption mechanisms by no means
invalidate our proposed physical picture of a vital role of the free energy and the relative helicity:
sheared arcades are structures with substantial mutual helicity that may, or may not, manage to
convert to significant self-helicity prior to eruptions, depending on the existence of an overlying
coronal null. If this exists, the expanding, increasingly sheared arcade will be destabilized by
means of a so-called breakout reconnection (see §5 below); otherwise, the arcade will be allowed
to evolve into a pre-eruption flux rope.

5. Coronal mass ejections triggering and driving mechanisms
The mechanisms involved in the course toward eruptions are often dubbed triggers and drivers
of eruptions (see [7]). Triggers are mechanisms that can initiate the eruption but cannot by
themselves produce a CME, while drivers are mechanisms responsible for the acceleration and
expansion of the erupting magnetized plasma. Both have been the subject of extensive research.
A common approach involves the development of CME initiation models, either analytical or—
more often—numerical, that treat both the trigger and the driver. Instead of an exhaustive
discussion of available models, we will highlight the most important trends and schools of
thought in the subject, along with some notable alternatives. The reader is referred to the several
excellent reviews of, e.g. [7,14,24,32,33,152,153], for more details.

Virtually all models are formulated as initial boundary-value problems, involving a system of
differential equations that correspond to a single-fluid MHD, a set of boundary conditions that
are well constrained by observations (see §2) and an initial state. All models have limitations
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because (i) the use of the MHD approximation does not allow treatment of kinetic phenomena,
(ii) the coronal magnetic field is not known and therefore the initial state is determined on an
ad hoc basis, and (iii) there are computer power limitations that inhibit the complete coverage of
the relevant spatial dynamical range, from reconnection scales in the low solar atmosphere to
heliospheric scales of CME propagation. Despite these shortcomings, the available models are
still our most valuable tool towards testing candidate eruption mechanisms.

Most models fall under the ‘storage and release’ category, i.e. they assume that the free
magnetic energy required for the eruption is quasi-statically accumulated in the corona and then
rapidly released as the eruption takes place (but see the review by Klimchuk [24] for a discussion
of alternative paradigms). In these models, the pre-eruptive, core magnetic configuration is
current-carrying and could be either a flux rope or a sheared magnetic arcade, with a potential
ambient field surrounding the core. However, in all models the erupting structure is a flux rope;
if it is not included in the pre-eruption configuration, it is formed by magnetic reconnection in the
course of the eruption.

Several processes have been used for the formation of the eruptive magnetic structure and the
supply of its free magnetic energy. The use of shearing (e.g. [154–156]) or twisting (e.g. [157–159])
motions is a natural choice for models employing a sheared magnetic arcade. In case of flux ropes,
flux cancellation after emergence (e.g. [40,160–162]) or emergence of the flux rope itself from the
convection zone to the corona (e.g. [163–166]) is invoked.

Usually, CME drivers, i.e. models of CME initiation, are categorized as either ideal or resistive.
This classification is equivalent to the classification of models with respect to their pre-eruptive
magnetic configuration. In ideal models, reconnection is not the driver of the eruption, but it may
facilitate it by removing the overlying field (e.g. see [167,168]). It is also possible that reconnection
is invoked to create the initial state that will be destabilized and erupt ideally at a later stage. In
resistive models, reconnection is the fundamental driver of the eruption, responsible for its onset
and growth in time, as well as for the formation of the flux rope during the eruption.

In ideal models, the coronal magnetic field reaches a critical point where a loss of equilibrium
(also known as a ‘catastrophe’) or a loss of stability occurs, leading to the eruption. Loss-of-
equilibrium models (e.g. see [169–172]) show that as a result of various triggering processes
(controlled by the properties of either the flux rope or the overlying field or even by flux
emergence) there is a critical point where a jump in the quasi-static evolution curve of the flux
rope height may appear. The jump yields the formation of a vertical current sheet underneath the
flux rope. If reconnection is invoked in the current sheet, the flux rope may not be able to achieve
equilibrium and will rise in the corona as a CME.

The main contenders of ideal loss-of-equilibrium models are the torus and the kink instabilities
(see [173] and references therein). The torus instability, the catastrophe model’s equivalent MHD
description [174], arises in a plasma ring with toroidal current and stability maintained by an
external magnetic field perpendicular to the axis of the torus. This gives rise to a downward
force that balances both upward Lorentz self-force and the pressure gradient force of the ring.
This equilibrium is unstable against expansion if the external field decreases fast enough in the
direction of the major axis of the torus. Usually, the rate at which the field decreases with height
is quantified by a so-called decay index n = −(z/B)(∂B/∂z), where B is the magnetic field strength
and z the height above the photosphere. It has been found that a flux rope may erupt if the
parameter n associated with the ambient overlying field exceeds a critical threshold ranging
between 1.1 and 2 [174–176]. A key property of the torus instability is that its threshold is
independent of the current stored into the core field. Furthermore, unlike the kink instability
(see below) it never saturates completely; therefore, it may operate at any height in the corona.
Simulations of eruptions driven by the torus instability [177] have shown that the acceleration
profiles of the resulting CMEs depend on the values of n; large (small) values associated with a
quadrupolar (bipolar) magnetic configurations yield fast (slow) CMEs, which is consistent with
observations (§1).

The kink instability is a current-driven, ideal MHD instability associated with the m = 1 kink
mode. It may occur in a flux rope if the twist of the field lines exceeds a critical value (e.g.
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[173]). The instability reduces the bending of the field lines which results in the decrease of the
magnetic energy of the flux rope as well as in the conversion of some of its twist to writhe via
rapid untwisting motions. Such helical deformations are often observed in erupting prominences
(e.g. [104]) which makes the kink instability an attractive CME driver in case the low-coronal
progenitors show a helical shape. However, it has also been found (see [178]) that the kink
instability saturates quickly, which could make it more appropriate for the interpretation of failed
eruptions (e.g. [84]). But the kink instability may facilitate some eruptions by lifting the flux rope
into a height range where the torus instability can take over.

Depending on the height at which reconnection occurs, there are two sub-classes of resistive
drivers, namely the tether-cutting model and the breakout model. The former (e.g. [83]) employs
a bipolar magnetic configuration; reconnection occurs below the sheared core of the magnetic
configuration and transforms much of the overlying flux into twisted field lines that surround
the initial core configuration. Therefore, the reconnection reduces the restraining tension force
exerted by the overlying field. This mechanism is explosive because as reconnection progresses
the tension force weakens, facilitating an impulsive rise of the erupting structure. Tether-cutting
has been a successful eruption driver in axisymmetric [154,179] and 2D/2.5D [157] MHD
simulations, but it has been argued (see [153] and references therein) that it cannot be the main
driver of eruptions in full 3D geometries. However, several authors (see [33] and references
therein) interpret observed eruptions in terms of tether-cutting. These observations include flare
brightenings as well as weak precursor transients occurring prior to the eruption at the AR core.

The breakout model [180] requires a quadrupolar magnetic configuration with a coronal null
point that lies between the central sheared magnetic field lines and the overlying field. The flux
rope that will eventually erupt forms due to reconnection below the sheared arcade. Unlike tether-
cutting, reconnection also occurs at the null point above the core field, which leads to the removal
of the overlying magnetic field and to an explosive outward expansion. As in the tether-cutting
mechanism, breakout can establish a ‘feedback loop’ leading to an eruption. The model has been
successfully extended to 2.5D [181–183] and 3D simulations [184]. Observational evidence in
favour of the breakout model includes eruptions occurring in multipolar ARs with active coronal
nulls (e.g. [185,186]), as well as the detection of small-scale UV brightenings taking place away
from the AR core (e.g. see [187] and references therein).

A notable alternative to the storage-and-release models has been developed by Chen and
colleagues [188–192]. The initial configuration of this model is a flux rope whose footpoints
extend below the photosphere. The flux rope is driven away from equilibrium by the injection
of poloidal magnetic flux that enhances the so-called hoop force acting on it as a consequence of
the self fields. The energy release stems from the energy deposited by the injected field in shorter
timescales than the storage-and-release would require. The most attractive feature of this model is
its ability to reproduce the observed trajectories of some CMEs by suitably adjusting the amount
of poloidal flux injection (see [191,193]). However, the model has been criticized on the grounds
that it requires upflows well in excess of those observed in the photosphere to account for nominal
helicity and energy budgets of the flux rope [194].

6. Conclusion
In this review, we aimed to describe the fundamental causes, consequences, drivers and triggers
of AR solar eruptions, from the appearance of ARs to the initial stages of CMEs. The review
discusses the main findings of influential works in these topics. In addition, it aims to complement
the fundamental, undeniable role of free magnetic energy in powering solar eruptions with an
equally important and fundamental physical parameter: the magnetic helicity, specifically the
element of it pertaining to electric currents (relative helicity). In a loose analogy, if the source of
CMEs is the free magnetic energy, the engine of CMEs is the magnetic helicity, as per the reasoning
followed throughout the review.

CMEs would hardly exist without magnetic helicity, as has been conjectured theoretically,
shown analytically and demonstrated numerically by the resulting helical flux-rope morphology
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of virtually all CMEs at their initial stages of evolution. Had magnetic helicity not played this role,
facilitated by its fundamental conservation property for highly conductive plasmas, dissipation
of the Sun’s electric currents and eventual relaxation of the solar magnetized atmosphere would
have most likely been achieved by a self-similar spectrum of flares of all energies ([195] and
references therein), from possible nanoflares [196] to the largest observable events. Dissipation of
energy in the Sun’s corona is quasi-steady, to the extent that if the corona’s energy provision was
switched off, the hot, million-Kelvin solar atmosphere would disappear within tens of minutes.
The free energy of the corona cannot be dissipated altogether, however, due to the presence of
the conserved helicity. A continuous increase of helicity without hope for complete dissipation, or
annihilation, would seemingly lead to a paradoxical infinity of helicity and free energy in the solar
corona, imposed by the well-known hemispheric helicity preference. Avoiding this unphysical
situation is what makes CMEs necessary, from ARs to the quiet Sun. We discuss a likely path or
procedure in this review that, however, focuses on ARs, given that major eruptions are triggered
exclusively in them.

Major solar eruptions, i.e. eruptions composed of major flares and fast CMEs, are hosted
by a slim minority of solar ARs. The single distinguishing feature of this class of ARs is their
intense magnetic PILs, observed in the photospheric interface and assumed to topologically
extend upward to the corona. This review uses the convention β < 1 in photospheric PILs (that is,
magnetic fields higher than the local equipartition value) to distinguish ‘intense’ or ‘strong’ PILs
from much weaker, unsheared PILs forming invariably in all ARs. Strong PILs constitute a very
efficient means of accumulating free energy and corresponding relative helicity. It appears that
the crossing of certain thresholds for free energy and relative helicity paves the way for at least
one, but typically a series, of eruptions in these ARs. Remarkably, the threshold for CMEs is the
typical CME helicity of a few times 1042 Mx2 (figure 7), as has been independently inferred, both
numerically [139] and observationally [107]. This could lead to the conclusion that an AR may
give a CME relatively shortly after it has accumulated the helicity for it, although in reality the
magnetic helicity of eruptive ARs is often well above this limit, which can account for series of
CMEs these ARs can host.

The accumulation of magnetic helicity above intense PILs contributes, along with flux
emergence, to the expansion of the magnetic structure characterized by the PIL. Most importantly,
it dictates the resistive progression toward a pre-eruption flux rope, demonstrated conclusively
in a number of works. The most plausible initial configuration associated with a strong PIL
is, indeed, a sheared magnetic arcade that could also account for the invariable formation
of filament channels aligned with the PILs. Sheared arcades may not have significant self-
helicity (twist and writhe), but they have substantial mutual helicity due to the interaction of
numerous emerging current-carrying flux tubes [128]. This helicity is continuously transformed
to self-helicity via small-scale magnetic reconnection that is a common occurrence along PILs.
The resulting feature is an increasingly self-helical, expanding—due to its increasing magnetic
pressure—configuration, facilitated by flux emergence. The instability has multiple candidate
drivers and can be triggered before the formation of an observable flux rope or after it, but
it will occur, nonetheless. The notable, intriguing counterexample of NOAA AR 12192 that
hosted a large number of confined flares (e.g. [197]), possibly due to properties of the overlying
magnetic field, eventually gave way to a single CME [198] before rotating to the far side.
Substantial discussion has been already devoted to this exceptional target that warrants further
investigation.

Intense PILs being a feature inherited to some ARs from their ascension through the convection
zone, the facilitator of the eruption triggers (namely, frequent small-scale magnetic reconnection
and mutual-to-self-helicity conversion) is the velocity and magnetic shear, invariably acting along
intense PILs. While this remains to be shown conclusively, this report highlights an argument put
forth by some previous works that the observed shear is due to the action of the Lorentz tension
force acting along these exceptional PILs, at least as long as flux emergence lasts. Tension force can
move the plasma as the magnetic field strength exceeds the equipartition value in the photosphere
and may account for the velocity shear. Shear flows further modulate the current-density pattern
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along PILs leading to magnetic shear, that is, increased stress and subsequent enhancements of
electric current density and free energy.

However, if the formation of a strong, shear-ridden photospheric (and atmospheric, by
extension) PIL is mainly a matter of sub-photospheric characteristics of some ARs, then one sees
a certain irreversibility in this physical course: ARs that are destined to carry much of the solar
helicity generated in the tachocline, at the base of the convection zone, are also destined to shed
this helicity into the heliosphere before fading away. Eruptions become inevitable as soon as their
photospheric PILs acquire field strengths above the equipartition value.

The realism of the above interpretation of CMEs relies on the currently unknown orientation
of the Lorentz force in the photosphere. The photospheric Lorentz force vector, however, cannot
be inferred by single-height, photospheric observations alone. If no assumptions or modelling
is involved, one would need multi-height magnetic field observations to achieve knowledge
of the 3D magnetic structure above the photosphere, which would ideally allow the complete
calculation of both the electric current density and the Lorentz force vectors. Obtaining the
3D magnetic field by observations is highly non-trivial, however, as discussed by multiple
authors (e.g. [199,200] and references therein). This said, the Daniel K. Innue Solar Telescope
(DKIST) in the US and the European Solar Telescope (EST) in Europe, among other, smaller
ground-based facilities, promise to provide this currently untenable knowledge, in local solar
scales. If modelling and/or simplifying assumptions are employed to infer the photospheric
Lorentz force vector from observed photospheric vector magnetograms, on the other hand, these
approximations cannot be force-free. Yet we feel that a definitive answer to this open question
will stem from future solar magnetographic efforts.

Concluding, we caution that, to fully understand the intrinsic details of solar eruption
triggering and driving, one ideally needs three-dimensional, full-vector magnetographic
observations with at least the present photosphreric accuracy at the actual lower boundary of
solar eruptions, namely, a few Mm above the photosphere. The formation height of DKIST and
EST magnetically sensitive spectral lines may be insufficient for this purpose and it is unclear
whether this task will be feasible in the foreseeable future. As a result, we are restricted to
using the photosphere as a proxy lower boundary for solar eruptions, in hopes that conclusions
reached using science-grade photospheric (or future low-chromospheric) vector magnetograms
have the validity and generality we need to understand, and ultimately predict, Earth-affecting
solar transients.
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137. Georgoulis MK, Titov VS, Mikić Z. 2012 Non-neutralized electric current patterns in
solar active regions: origin of the shear-generating lorentz force. Astrophys. J. 761, 61.
(doi:10.1088/0004-637X/761/1/61)

138. Melrose DB. 1995 Current paths in the corona and energy release in solar flares. Astrophys. J.
451, 391. (doi:10.1086/176228)

139. DeVore CR. 2000 Magnetic helicity generation by solar differential rotation. Astrophys. J. 539,
944–953. (doi:10.1086/309274)

140. Zhang M, Flyer N. 2008 The dependence of the helicity bound of force-free magnetic fields
on boundary conditions. Astrophys. J. 683, 1160–1167. (doi:10.1086/589993)

141. Su Y et al. 2007 Evolution of the sheared magnetic fields of two X-class flares observed by
hinode/XRT. Publ. Astron. Soc. Jpn. 59, S785–S791. (doi:10.1093/pasj/59.sp3.S785)

142. Thalmann JK, Su Y, Temmer M, Veronig AM. 2015 The confined X-class flares of solar active
region 2192. Astrophys. J. Lett. 801, L23. (doi:10.1088/2041-8205/801/2/L23)

143. Green LM, López fuentes MC, Mandrini CH, Démoulin P, Van Driel-Gesztelyi L, CulhaneJL
JL. 2002 The magnetic helicity budget of a CME-prolific active region. Solar Phys. 208, 43–68.
(doi:10.1023/A:1019658520033)

http://dx.doi.org/doi:10.1088/2041-8205/784/2/L45
http://dx.doi.org/doi:10.3847/0004-637X/819/2/146
http://dx.doi.org/doi:10.3847/2041-8213/aad337
http://dx.doi.org/doi:10.1017/S0022112069000991
http://dx.doi.org/doi:10.1051/0004-6361/201629122
http://dx.doi.org/doi:10.3847/1538-4357/aa6aa8
http://dx.doi.org/doi:10.3847/1538-4357/aa6aa8
http://dx.doi.org/doi:10.1007/s11214-016-0299-3
http://dx.doi.org/doi:10.1088/0004-637X/759/1/1
http://dx.doi.org/doi:10.1007/s11207-006-0010-z
http://dx.doi.org/doi:10.1086/426861
http://dx.doi.org/doi:10.1086/522682
http://dx.doi.org/doi:10.1051/aas:1999396
http://dx.doi.org/doi:10.1007/s11207-012-0061-2
http://dx.doi.org/doi:10.1088/2041-8205/759/1/L4
http://dx.doi.org/doi:10.1051/0004-6361/201424864
http://dx.doi.org/doi:10.1051/0004-6361/201526389
http://dx.doi.org/doi:10.1051/0004-6361/201526389
http://dx.doi.org/doi:10.3847/0004-637X/817/1/14
http://dx.doi.org/doi:10.3847/0004-637X/817/1/14
http://dx.doi.org/doi:10.1088/0004-637X/761/1/61
http://dx.doi.org/doi:10.1086/176228
http://dx.doi.org/doi:10.1086/309274
http://dx.doi.org/doi:10.1086/589993
http://dx.doi.org/doi:10.1093/pasj/59.sp3.S785
http://dx.doi.org/doi:10.1088/2041-8205/801/2/L23
http://dx.doi.org/doi:10.1023/A:1019658520033


28

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A377:20180094

................................................................

144. Manchester W, Low BC. 2000 Magnetostatic atmospheres possessing identical invariants of
ideal magnetohydrodynamics. Phys. Plasmas 7, 1263–1279. (doi:10.1063/1.873937)

145. Manchester IV W. 2001 The role of nonlinear Alfvén waves in shear formation during solar
magnetic flux emergence. Astrophys. J. 547, 503–519. (doi:10.1086/318342)

146. Manchester IV W, Gombosi T, DeZeeuw D, Fan Y. 2004 Eruption of a buoyantly emerging
magnetic flux rope. Astrophys. J. 610, 588–596. (doi:10.1086/421516)

147. Manchester IV W. 2007 Solar atmospheric dynamic coupling due to shear motions driven by
the lorentz force. Astrophys. J. 666, 532–540. (doi:10.1086/520493)

148. Török T, Leake JE, Titov VS, Archontis V, Mikić Z, Linton MG, Dalmasse K, Aulanier G,
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