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Abstract
This paper outlines the current understanding of solar flares, mainly focused on magnetohydrodynamic (MHD) processes responsible for producing a flare. Observations show that
flares are one of the most explosive phenomena in the atmosphere of the Sun, releasing a huge
amount of energy up to about 1032 erg on the timescale of hours. Flares involve the heating of
plasma, mass ejection, and particle acceleration that generates high-energy particles. The key
physical processes for producing a flare are: the emergence of magnetic field from the solar
interior to the solar atmosphere (flux emergence), local enhancement of electric current in the
corona (formation of a current sheet), and rapid dissipation of electric current (magnetic reconnection) that causes shock heating, mass ejection, and particle acceleration. The evolution
toward the onset of a flare is rather quasi-static when free energy is accumulated in the form
of coronal electric current (field-aligned current, more precisely), while the dissipation of coronal current proceeds rapidly, producing various dynamic events that affect lower atmospheres
such as the chromosphere and photosphere. Flares manifest such rapid dissipation of coronal
current, and their theoretical modeling has been developed in accordance with observations,
in which numerical simulations proved to be a strong tool reproducing the time-dependent,
nonlinear evolution of a flare. We review the models proposed to explain the physical mechanism of flares, giving an comprehensive explanation of the key processes mentioned above.
We start with basic properties of flares, then go into the details of energy build-up, release
and transport in flares where magnetic reconnection works as the central engine to produce a
flare.
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Introduction

Solar flares are explosive phenomena observed in the solar atmosphere filled with magnetized
plasma. The energy released during a flare is about 1028 – 1032 erg, and it takes various forms
such as radiative energy, kinetic bulk energy, thermal and nonthermal energy. Because of their
magnificent behavior, flares have been one of the most attractive scientific targets of the solar
physics since they were first observed in the 19th century. The spatial size of a flare depends on
individual events; in the smallest event the height of a flaring loop is less than 104 km, whereas
it reaches 105 km in the largest event (see Section 2). The size also affects the duration of a flare
(103 – 104 s) and the amount of energy released during a flare mentioned above.
Flares are observed in a wide range of electromagnetic waves such as radio, visible light, Xrays, and gamma rays (see Section 5). Emissions in these wavelengths come from the atmospheric
layers extending from the chromosphere to the corona. In the extreme case, even the photosphere
responds to a big flare, observed as white-light brightenings. Also a flare produces high-energy
particles which travel through the interplanetary space, sometimes having a severe impact on the
environment of the Earth (see Section 7).
Historically, flares were discovered in white light (Carrington, 1859; Hodgson, 1859). Later,
spectroheliographs developed and an H𝛼 filter was invented, flares can be observed in H𝛼. An
H𝛼 monochromatic image of a flare often shows beautiful two ribbons of bright patches, and the
distance between these ribbons increases with time (e.g., Švestka, 1976; Zirin, 1988). For a long
time flares were considered as chromospheric phenomena observed in H𝛼. However, the discovery
of coronal radio and X-ray emissions from a flaring site has revealed that flares are actually coronal
phenomena.
Since the discovery of magnetic field on the Sun (Hale, 1908), the role of magnetic field in
solar activity has been investigated extensively. Skylab mission (1973 – 1974) first made a detailed
survey of the corona from the space using a soft X-ray telescope, revealing that bright regions
in soft X-ray are well correlated with intense magnetic field. It is now widely accepted that the
magnetic field provides a main energy source of the solar activity including flares. Observations
suggest that the total magnetic energy stored in a typical sunspot with the size 𝐿 and the averaged
magnetic field 𝐵 is
)︁3
(︁ 𝐵 )︁2 (︁
𝐿
erg,
(1)
𝐸mag ≃ (𝐵 2 /8𝜋)𝐿3 ≃ 1033
103 G
3 × 109 cm
which is sufficient to produce even the largest flare, although only a small portion of this total
energy can be used, that is, a large amount of energy is unavailable because it is distributed as the
potential field energy.
Following observational results, theoretical studies began to focus on the role of magnetic field in
producing a flare. Giovanelli (1946) first pointed out that a neutral point where the magnetic field
takes an X-type configuration could be the site of energy release during a flare. He proposed that
the electric current may be dissipated at the neutral point. Hoyle (1949) also presented a similar
idea about the mechanism for producing a flare, which is now known as magnetic reconnection.
As Cowling (1953) later pointed out, however, there was difficulty in explaining the time scale of a
flare if we assume that this is given by simple diffusion of magnetic field (no contribution of plasma
flow). This is because the time scale of diffusion is much longer than the typical time scale of a
flare in the corona where both the temperature of plasma (𝑇 ) and the length scale of magnetic
field (𝐿) take a large value. The diffusion time in the corona is given by
𝑡dif ≃ 𝐿2 /𝜂 ≃ 1014 (𝐿/109 cm)2 (𝑇 /106 K)3/2 s,
where
𝜂 ≃ 104

(︁

𝑇 )︁−3/2
cm2 s−1
106 K

(2)

(3)
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Figure 1: Two ribbons of a flare observed in H𝛼 (I – V) and EUV (VI – X). H𝛼 data are taken at Kwasan
Observatory of Kyoto University, and EUV data are taken with EUV telescope aboard TRACE (from Asai
et al., 2003).
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is the magnetic diffusivity derived from the Spitzer resistivity (Spitzer, 1962). In order to overcome
this big gap of these two time scales, the spatial scale of a diffusion region where electric current
is dissipated must be as small as 𝐿 ∼ 103 cm, although the total energy released during a flare
cannot be explained by such a small diffusion region. Later, a model of magnetic reconnection that
takes plasma flow into account was proposed by Sweet (1958) and Parker (1957). However, this
reconnection model, which is now known as the Sweet–Parker reconnection, still cannot explain
the time scale of a flare (Parker, 1963). This problem was partially solved by Petschek (1964)’s
remarkable idea in which slow magnetohydrodynamic (MHD) standing shock waves are introduced
to the reconnection dynamics (Petschek model, see Section 4). Since then, the magnetic reconnection has been considered to be one of the promising mechanisms for producing a flare, although a
complete understanding of the relevant physics is still on the way.

a)

b)

c)
d)

Figure 2: Phenomenological models for flares based on magnetic reconnection. Lines with arrows on them
indicate magnetic field lines. (a) Carmichael (1964), (b) Sturrock (1966), (c) Hirayama (1974), (d) Kopp
and Pneuman (1976).
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Several classic models based on magnetic reconnection have been proposed to explain the
phenomenological aspect of flares: Carmichael (1964), Sturrock (1966), Hirayama (1974), and Kopp
and Pneuman (1976) (see Figure 2). These models assume more or less a similar configuration of
magnetic field and its dynamic process, so these models are called with a single name, CSHKP
model (Švestka and Cliver, 1992; Sturrock, 1992; Shibata, 1999). The CSHKP model has been a
standard model of flares, and the basic features of this model are explained in Figure 3. We also
show a recent observational image obtained by Yohkoh in this figure.
Here we show a brief history about the naming of “CSHKP”. In the 1980s, this model was called
the “Kopp–Pneuman model” in the United States. Shibata (1991) proposed to change the name
from Kopp–Pneuman model to “SHKP model”, by respecting the pioneering works by Sturrock
and Hirayama. Soon after, Sturrock himself proposed to add “C” in front of “SHKP” in his 1992
proceedings (Sturrock, 1992), noting another pioneering work by Carmichael. Švestka and Cliver
(1992) also use the term “CSHKP model” in the same proceedings book.
The CSHKP model has been improved significantly since Kopp and Pneuman (1976), especially
because the theory of magnetic reconnection has been developed, which is summarized in a nice
review paper by Priest and Forbes (2002). Kopp and Pneuman (1976) considered that open field
lines reconnect to form a closed loop, then the upflows of the solar wind along the reconnected field
lines collide each other to generate a shock inside the closed loop, thereby heating coronal plasma
up to the typical temperature of a flare. However, Cargill and Priest (1982) later pointed out that
it is important to consider the slow MHD shocks suggested by Petschek (1964). Forbes and Priest
(1984) noted that a fast MHD shock (termination shock) is also formed above the reconnected loop
when a reconnection jet collides with this loop. Furthermore, Forbes and Malherbe (1986) showed
that the slow MHD shock could be dissociated to an isothermal slow shock and a conduction
front in the case of flares. Those features mentioned above have been reproduced by recent MHD
simulations (Yokoyama and Shibata, 1997, 1998, 2001), which are discussed in Section 5.
As we mentioned, the theory of magnetic reconnection is not completed yet, not only in solar
plasma but also in laboratory and magnetospheric plasma. This is why many anti-reconnection
models of a flare have been proposed (e.g., Alfvén and Carlqvist, 1967; Akasofu, 1984; Melrose,
1997; Uchida and Shibata, 1988, etc.). However, recent space missions such as Yohkoh (1991 –
2001), SOHO (SOlar Heliospheric Observatory; 1995 –), TRACE (Transition Region and Coronal
Explorer; 1998 –), RHESSI (Ramaty High Energy Solar Spectroscopic Imager; 2002 –), and Hinode (2006 –) have provided a huge amount of observational results suggesting that the magnetic
reconnection occurs during a flare (e.g., Shibata, 1999). These observational results supporting the
reconnection model of a flare are summarized in Section 3.
The magnetic field providing the energy source of a flare originally comes below the solar
surface (Zwaan, 1985), after traveling across the convection zone. While it travels across this
region, the magnetic field is surrounded by a high-pressure plasma doing convective motions (e.g.,
Parker, 1979), so the magnetic field may take the form of a thin flux tube with some twist (Fan,
2009). When such a flux tube emerges into the surface, the background gas pressure decreases
abruptly, so the magnetic field expand rapidly. The emerging magnetic field eventually fills a large
volume up in the solar atmosphere and forms a magnetic structure there. The magnetic field
loses the magnetic energy originally stored in the flux tube through this process, although part
of magnetic energy remains in the magnetic structure as field-aligned electric current which does
not produce the Lorentz force. The field-aligned current is therefore stored as free energy unless
it is dissipated. The field-aligned current also introduces distortion into the magnetic structure
(Sakurai, 1979), which is observed as a sheared arcade and/or twisted flux rope. The formation of
distorted magnetic structure is important for understanding the state that leads to the onset of a
flare, and we discuss this topic in Section 3.
It has been known that there are events preceding the onset of a flare. These are called
‘precursors’, and one of the prominent precursors is a newly emerging bipolar region at the surface,
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100,000 km

a)

b)

Figure 3: (a) Soft X-ray image of a long-durational-event (LDE) flare (see Section 2) observed by Yohkoh.
(b) Schematic picture of a modified version of the CSHKP model, incorporating the new features discovered
by Yohkoh (from Shibata et al., 1995).

which may interact with preexisting magnetic field in the corona and produce a flare (Rust, 1968;
Martres et al., 1968; Zirin, 1974; Heyvaerts et al., 1977; Martin et al., 1982; Feynman and Martin,
1995). Another well-known precursor is the activation, or eruption of a filament. A filament
is composed of a relatively cool plasma with 𝑇 ∼ 104 K, floated in the corona that is occupied
by a much hotter plasma with 𝑇 ≥ 106 K. The activation of a filament suggests that some
destabilization proceeds in a magnetic structure containing a filament. Since a filament is formed
in a low-beta coronal region (magnetic pressure is dominant compared to gas pressure), the main
forces causing such destabilization are the gradient force of magnetic pressure, magnetic tension
force, and gravitational force. It is therefore important to know how these three forces keep balance
during the pre-eruptive phase of a filament, and under what condition the balance is lost to cause
the eruption of a filament. This issue is related to the onset of a flare and discussed in (Section 3).
Since the corona is filled with a highly conductive medium, dissipating electric current there is
usually inefficient. This, on the other hand, indicates that the magnetic energy tends to be stored
in the corona without any easy, continuous dissipation of electric current. An important question
then arises regarding how to release the magnetic energy in the corona (otherwise tremendous
amount of magnetic energy would be accumulated in the corona). One of the possible scenarios
is that the magnetic energy is released via the dissipation of electric current in a thin, sheet-like
region where the current density is enhanced, which is called current sheet. This is accompanied
by the reconnection of magnetic field that converts the magnetic energy to not only thermal but
also kinetic energy of plasma jets (high-energy particles are produced as well; selected particles
are accelerated by electromagnetic force). The magnetic reconnection changes the configuration of
magnetic field (field line topology) in a magnetic structure, destroying force balance to drive a global
evolution of the structure. It has been suggested that a number of current sheets are spontaneously
formed in the corona (Parker, 1994; Longcope, 2005; Low, 2006). Magnetic reconnection is a
process of converting energies and changing topologies, so the coronal field can relax via successive
reconnections to a lower energy state, avoiding a monotonous increase of the magnetic energy in the
corona. We discuss the formation of a current sheet followed by rapid energy release by magnetic
reconnection in Section 4.
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The energy released by magnetic reconnection is immediately transported from the site of reconnection via radiation, thermal conduction, high-energy particles, and plasma blobs (Priest and
Forbes, 2002). The configuration of magnetic field significantly influences this energy transport.
Part of the released energy is transported downward along magnetic field lines via thermal conduction and high-energy particles, heating chromospheric plasma. This produces not only H𝛼 ribbons
shown in Figure 1, but also hard X-ray (HXR) kernels in some energetic flares. The gas pressure
of the heated chromospheric plasma increases, which drives the upflow of a plasma into the corona
against gravitational force (chromospheric evaporation), filling a magnetic loop with hot plasma.
This loop is observed in soft X-ray, so it is called a soft X-ray (SXR) loop. Another part of the
released energy is transported upward as an ejecting plasma blob called plasmoid. During this
phase selected particles are accelerated to become nonthermal energetic particles (Ramaty and
Murphy, 1987). Those processes mentioned above are highly dynamic and complex, so numerical
simulations are quite useful and indispensable for a better modeling of time-dependent, nonlinear
energy transporting processes. In Section 5, we show the result obtained from such numerical
simulations and explain key issues of energy transport during a flare.
A flare is often associated with other dynamic phenomena on the Sun. As we mentioned, the
activation of a filament is one of those flare-associated phenomena. Sometimes a flare is part of a
large-scale eruption known as a coronal mass ejection (CME), which carries a tremendous amount
of plasma (up to 1016 g) to the interplanetary space. In a typical CME, a large magnetic loop with
the size of the solar radius moves away from the Sun at 30 – 2500 km s–1 (Yashiro et al., 2004),
which forms a shock wave at the front of the erupting loop. Regarding the modeling of CME, there
are several concise and comprehensive reviews (Forbes, 2000; Klimchuk, 2001; Gibson et al., 2006;
Mikić and Lee, 2006; Forbes et al., 2006; Chen, 2011). The physical relationship between a flare
and CME has intensively been investigated (Gosling, 1997).
It should be noted that this paper is mainly focused on the MHD aspects of a flare. Hence,
for readers who are interested in other aspects of a flare such as nonthermal processes of particles
we introduce the following papers and books: Švestka (1976), Priest (1981), Dulk (1985), Dennis
(1985), Sakai and Ohsawa (1987), Tandberg-Hanssen and Emslie (1988), Haisch et al. (1991),
Kahler (1992), Hudson and Ryan (1995), Sakai and de Jager (1996), Low (1996), Low (2001),
Shibata (1997), Shibata (1999), Miller (1997), Bastian et al. (1998), Hundhausen (1999), Forbes
(2000), Charbonneau et al. (2001), Aschwanden (2002), Priest and Forbes (2002), Zhang and Low
(2003), Lin et al. (2003). The readers can also find a well-described explanation of solar flares
in the following books: Parker (1979), Parker (1994), Melrose (1980), Priest (1982), Zirin (1988),
Stix (2004), Benz (1993), Tajima and Shibata (1997), Golub and Pasachoff (1997), Somov (2000),
Priest and Forbes (2000), Aschwanden (2004). Let us show the organization of this paper. In
Section 2, we summarize observational features of a flare and flare-like phenomena, and show their
phenomenological models. Section 3 describes energy build-up via flux emergence which plays the
central role in forming a sheared magnetic structure with the free energy stored inside it. In this
section we discuss the dynamics of an emerging flux tube to derive the basic feature of a magnetic
structure evolving into the onset of a flare such as a filament and sigmoid. In this respect, force-free
modeling and magnetic helicity are also discussed. Section 4 is focused on magnetic reconnection,
the central engine that converts free energy to produce various dynamic processes. We start with
the basic concept of magnetic reconnection and then demonstrate its application in the physics of
flares. In Section 5, we show various processes associated with energy transport in a flare, such as
radiation, mass ejection, shock heating, wave propagation, and particle acceleration. In Section 6,
stellar flares are briefly explained. Finally, we make some concluding remarks on the physical
processes responsible for producing a flare. The contents of the paper are listed below.
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Observational Features and Phenomenological Models
Long-durational-event (LDE) flares

One of the biggest discoveries by the soft X-ray telescope (SXT) aboard Yohkoh is the cusp-shaped
loop structure of long-durational-event (LDE) flares. Figure 4 shows a beautiful example of an
LDE flare, which was observed on Feb. 21, 1992 at the west limb of the Sun (Tsuneta et al.,
1992a; Tsuneta, 1996; Forbes and Acton, 1996). This flare is accompanied by a large-scale coronal
ejection (possibly coronal mass ejection). The ejection created a helmet streamer-like configuration,
suggesting that a current sheet (Section 4.1) is formed. The apparent height of the cusp-shaped
loop and the distance between the footpoints of the loop increased gradually at a few km s–1 . This
supports the idea that magnetic reconnection (Section 4.1) successively occurred above the loop.

Figure 4: A soft X-ray image of an LDE flare with cusp shaped-loop structure, observed on Feb. 21, 1992
(Tsuneta et al., 1992a; Tsuneta, 1996). Shown in reversed contrast.

Tsuneta et al. (1992a) derived the following features of this LDE flare. These are now recognized
as the common properties of LDE flares: The temperature distribution is somewhat chaotic in the
early phase when the flare started, while in the late phase the temperature is systematically higher
near the edge of the cusp-shaped loop (Veronig et al., 2006, and references therein). This can be
explained by the radiative cooling efficiently working at inner central part of the loop (Forbes and
Malherbe, 1991; Vršnak et al., 2006).
Yohkoh observations of the same flare as in Figure 4 (Hudson, 1994) showed that a small
island-like feature (plasmoid) with the size of a few 104 km in soft X-ray is ejected at about a
few 100 km s–1 during the precursor phase (see Figure 3a, Figure 43) of the flare. A soft X-ray
movie of this flare suggests that the ejection of the plasmoid triggers the flare. It also shows that
a filamentary structure existed before the onset of the flare and after it was ejected, the flare
occurred. The filamentary structure seems to be located inside a current sheet which is formed
during the preflare phase of this flare. It is expected that the structure formed inside a current
sheet tends to inhibit strong inflows from entering a current sheet, and after this structure is ejected
from the current sheet, strong inflows can drag magnetic flux into the current sheet and the rapid
energy release starts (Section 4.1.6). A similar ejection phenomenon is also found in another flare
(see Figure 5).
The cusp-shaped loop is also observed in many other flares (e.g., Tsuneta, 1997), even in
somewhat indistinct observations done during the pre-Yohkoh era (MacCombie and Rust, 1979;
Hanaoka et al., 1986).
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Figure 5: Soft X-ray images of plasmoid ejection associated with the flare on Oct. 5, 1992 (from Ohyama
and Shibata, 1998). Shown in reversed contrast.
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Giant-arcade formation associated with filament eruption (or coronal mass ejection)

It has been found that a cusp-shaped loop or arcade is formed in the events that have much larger
spatial scale than LDE flares (Tsuneta et al., 1992b; McAllister et al., 1992; Watanabe et al.,
1992; Hanaoka et al., 1994; Shiota et al., 2005). These are called giant arcades, which are usually
associated with the disappearance of a dark filament. Tsuneta et al. (1992b) analyzed a giant
arcade associated with the disappearance of a polar-crown filament observed on Nov. 12, 1991.
The arcade has gradually evolved for more than 20 hours and formed a structure with the size
of more than solar radius. A similar event was also observed on Apr. 14, 1994 (McAllister et al.,
1996; Figure 6).

Figure 6: A giant arcade observed in soft X-ray on April 14, 1994 (from McAllister et al., 1996). Shown
in reversed contrast.

A large helmet streamer is usually observed after the eruption of a filament or CME, and
this probably shows the side view of a giant arcade. An example of this is presented in Figure 7
(Hiei et al., 1993). It is interesting to note that the temperature is higher near the edge of the
cusp-shaped loop of giant arcades, which is similar to LDE flares. Note also that the soft X-ray
intensity in a giant arcade is usually very low, and this is why giant arcades had belonged to a
different category than flares. However, Yohkoh/SXT has revealed that giant arcades have a lot
of similarities to LDE flares except for their spatial scale and magnetic field strength. These two
factors actually affect the time scale, amount of released energy, and emission measure of individual
events.
Outside the cusp-shaped structure the soft X-ray intensity often decreases with time, which is
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Figure 7: Helmet streamer observed in soft X-ray on January 24, 1992 (modified from Hiei et al., 1993).

called dimming (Tsuneta, 1996; Sterling and Hudson, 1997; Harra and Sterling, 2001). Tsuneta
(1996) attributed dimming to the inflow driven by reconnection that carries a large amount of
plasma surrounding a current sheet into the sheet, thereby decreasing the gas density outside the
current sheet (see also Shiota et al., 2005). Although usual dimmings associated with CMEs are
attributed to stretching /opening of field lines by eruption (e.g., Sterling and Hudson, 1997; Harra
and Sterling, 2001), there is a possibility that some of them are caused by the evacuation via the
inflow into reconnection region like above (e.g., Shiota et al., 2005).

2.3

Impulsive flares

Those flares called impulsive flares show simple loop structure in soft X-ray, and they do not have
a cusp-shaped structure, as found by Skylab before Yohkoh. Because of their apparent shape, impulsive flares are also called compact flares or confined flares (Pallavicini et al., 1977). Historically,
it was considered that these flares were produced via energy release inside the loop observed in
soft X-ray (Alfvén and Carlqvist, 1967; Spicer, 1977; Uchida and Shibata, 1988). Obviously, this is
different from the energy release outside the loop, suggested by the CSHKP model for LDE flares,
in which the energy release site is a current sheet formed above the soft X-ray (SXR) loop (see
Figure 42).
Using the hard X-ray telescope (HXT) aboard Yohkoh, Masuda et al. (1994, 1996) discovered
a hard X-ray loop-top source above a soft X-ray loop in several impulsive flares. This suggests
that the energy source producing the hard X-ray loop-top source is not located inside the soft
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Figure 8: Hard X-ray loop-top source (contours) of an impulsive flare observed on January 13, 1992 (from
Masuda, 1994). Colors represent soft X-ray intensity.

X-ray loop but above (outside) the loop. Figure 8 shows an example of hard X-ray loop-top and
footpoint sources, observed at the limb of the Sun. The temporal behavior of the loop-top source
is similar to the footpoint sources (Masuda, 1994). This suggests that at least part of impulsive
flares are produced through the same process as LDE flares. A more detailed explanation is given
in Section 4 (see also Figure 37).
Later, Shibata et al. (1995) show an evidence that magnetic reconnection occurs outside a soft
X-ray loop in several impulsive flares, where they also found plasmoid ejection (see Figure 5).
Shibata et al. (1995) derived the following features of plasmoid ejection observed in impulsive
flares:
1. The velocity is 50 – 400 km s–1 .
2. The size is 4 – 10 Ö 104 km.
3. The soft X-ray intensity is 10–4 – 10–2 of the peak intensity of a soft X-ray loop.
4. The ejection of a plasmoid starts almost simultaneously at the beginning of the impulsive
phase during which hard X-ray intensity takes a peak value. This relation also holds true in
the case of multiple ejection where multiple impulsive phases exist (e.g., Oct. 4, 1992 flare).
5. A small soft X-ray bright point appears during the impulsive phase of a flare (Shibata et al.,
1995), about a few 104 km away from a soft X-ray loop. It is suggested that this bright
point corresponds to one of the footpoints of an erupting flux rope forming a plasmoid in
three-dimensonal space.
Recently, Shimizu et al. (2008) made an analysis of fifteen impulsive flares to examine the
correlation among the rise velocity of a soft X-ray loop and the ejection velocity of a plasmoid.
The main conclusion is that there is a positive correlation between these two velocities (the ejection
velocity is an order larger than the rise velocity), suggesting that the CSHKP model can be applied
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even for these impulsive flares. This further suggests that the plasmoid-induced-reconnection may
play a key role in flares (see Section 4.1.6).

2.4

Transient brightenings and X-ray jets

Yohkoh/SXT has revealed that the corona is full of transient brightenings (Shimizu et al., 1992)
and X-ray jets (Shibata et al., 1992a). Shimizu et al. (1994) investigates the structure of transient
brightenings in active regions, and they found that these transient brightenings usually have single
or multiple loop structure with the length of 0.5 – 4 Ö 104 km. The total thermal energy estimated
in a single transient brightening is 1025 – 1029 erg and the time scale is 1 – 10 min. They further
showed that the transient brightenings correlate with GOES C-class or sub-C class flares, suggesting
that these brightenings are the spatially resolved soft X-ray counterpart of hard X-ray microflares
(Lin et al., 1984). Later, Watanabe (1994) shows that the maximum temperature of sub-C class
flares is the order of 107 K. The multiple loop structure of transient brightenings might be the
evidence of magnetic reconnection via loop-loop interactions (Gold and Hoyle, 1960; Tajima et al.,
1987; Sakai and Koide, 1992). Shimizu (1995) shows a simple scaling law between the number 𝑁
and total thermal energy 𝑊 of transient brightenings as follows:
𝑑𝑁/𝑑𝑊 ∝ 𝑊 −1.5∼−1.6 ,

(4)

where 𝑊 ranges from 1027 to 1029 erg. Since this result is essentially the same as large flares and
hard X-ray microflares (Hudson, 1991), it is likely that the same physical mechanism works for
transient brightenings and flares.
X-ray jets are defined as soft X-ray brightenings with the shape of a collimated plasma outflow
(Shibata et al., 1992a; see Figure 9). They are accompanied by small flares and X-ray bright
points. The occurrence rate of X-ray jets is more than 20 per month between November 1991
and May 1992. Shimojo et al. (1996) shows that their average length and apparent velocity are
1.7 Ö 105 km and 200 km s–1 , respectively. Shibata et al. (1992a) pointed out that an X-ray jet
is often observed in an emerging flux region where emerging field might interact with preexisting
field. Until now two types of X-ray jets have been identified (Figure 10):
(1) Two sided-loop jet: When emerging field interacts with the preexisting field that extends
horizontally, jets are produced in the horizontal direction toward both sides of an emerging flux
region.
(2) Anemone-type jet: When a newly emerging flux region appears in a unipolar region such as
coronal holes, vertical jets are generated via the interaction of emerging field and the preexisting
field that extends vertically. This forms an anemone-like loop structure in three-dimensional space
(see the bottom panel of Figure 31).
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X-Ray Jet
Yohkoh SXT Image
12-Nov-91 11:30UT

Kitt-Peak Magnetogram
12-Nov-91 16:07UT
(contour Yohkoh SXT)

Figure 9: (Left) X-ray jet observed in soft X-rays (from Shibata et al., 1992a). Shown in reversed
contrast. (Right) Longitudinal magnetic field distribution in the same field of view as in the left panel.
The contour shows the soft X-ray intensity, revealing that the footpoint of the X-ray jet correspond to the
mixed polarity region (from Shibata, 1999).
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Figure 10: Two types of X-ray jets. (a) Two sided-loop jet. (b) Anemone-type jet. (c) Typical configuration for the two sided-loop jet at left panel and anemone-type jet at right panel (modified from Yokoyama
and Shibata, 1996).
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Unified model for flares, microflares, and jets

Figure 11 illustrates a unified model that can explain large-scale flares, small-scale flares, flare-like
phenomena accompanied by plasmoid ejection on the basis of magnetic reconnection (Shibata,
1999). In the case of large-scale flares, a plasmoid is located in a vertical current sheet formed
inside a magnetic arcade, while in the case of small-scale flares, a plasmoid sits in a current sheet
formed at the interface between emerging and preexisting fields. In both cases, the ejection of a
plasmoid from a current sheet triggers fast magnetic reconnection, producing a flare and flare-like
phenomenon (Section 4.1.6). Tables 1 – 4 summarize the feature of flares and flare-like phenomena
(Shimojo et al., 2007).

Figure 11: Unified model for solar eruptions (Shibata et al., 1995; Shibata, 1999). Top: Pre-eruption (left)
and post-eruption (right) states of a large-scale eruption. Bottom: Pre-eruption (left) and post-eruption
(right) states of a small-scale eruption.

2.6

Avalanche model and non-reconnection models

Observations revealed several interesting statistical properties of flares. First, the occurrence rate
of flares decreases with the total energy from microflares to largest flares, following a power law
(e.g., Lin et al., 1984; Dennis, 1985; Shimizu, 1995), as presented in Equation (4). The fact that
the index of power-law is less than 2 suggests that microflares alone are insufficient to support the
energy for coronal heating (Hudson, 1991), though the exact value of the power-law index is still
controversial, especially for small events such as nanoflares (e.g., see Aschwanden, 2004). Even
so, an universal power law seems to hold true for flares of various sizes suggests that there is a
common physical mechanism operating in these different-scale flares.
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It is well known that the occurrence rate of earthquakes and the avalanches of a sandhill against
their magnitude also show power law-like distributions, and these phenomena can now be understood in terms of self-organized criticality (Bak et al., 1987). Lu and Hamilton (1991) proposed
that the coronal magnetic field is in a self-organized critical state, and solar flare represents the
avalanche of many small reconnection events, which is analogous to the avalanche in the sandpile
model. They successfully explained the observed power-law distribution of the occurrence rate of
flares. Although there is a big gap between the avalanche model for a group of events and the
magnetohydrodynamic model focused on an individual event, the avalanche model is still useful for
understanding the process of energy release in the system of the solar atmosphere. If you want to
know the recent development of the avalanche model, see the review by Charbonneau et al. (2001).
There have also been proposed several models for flares where magnetic reconnection is not
assumed. One of them is found at the Alfvén’s current disruption model (Alfvén and Carlqvist,
1967). The other models are proposed by Akasofu (1984), Uchida and Shibata (1988), Melrose
(1997), and so on. Many of these models assume energy release inside a flaring loop, thus they are
not consistent with those observations provided by Yohkoh, such as loop-top hard X-ray source
and plasmoid ejection above a soft X-ray loop.

Table 1: Characteristics of flares and flare-like phenomena.

LDE flares
cusp configuration
hot cusp loop
slow shock
HXR loop-top source
reconnection jet
plasmoid ejection
downflow
inflow

1

yes
yes1
(yes?)2
no
no
yes3
yes4
yes5

impulsive flares

microflares

no
?
?
yes6
no?
yes8
yes9
?

?
?
?
?
yes7
yes?
?
?

1

Tsuneta et al. (1992a), Tsuneta (1996), Forbes and Acton (1996).
Tsuneta (1996).
3 Hudson (1994), Yokoyama et al. (2001), Kim et al. (2005).
4 McKenzie and Hudson (1999), McKenzie (2000), Innes et al. (2003), Sui and Holman (2003).
5 Lin et al. (2005), Hara et al. (2006), Narukage and Shibata (2006).
6 Masuda (1994).
7 Wang et al. (2007).
8 Shibata et al. (1995), Tsuneta (1997), Ohyama and Shibata (1997, 1998), Kim et al. (2005).
9 Asai et al. (2004), Linton and Longcope (2006), TanDokoro and Fujimoto (2005).
2
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Table 2: Comparison of scales and associated mass ejection.

size (L)
(104 km)

time scale (t)
(s)

energy
(erg)

associated ejection

microflares
(ARTBs)
impulsive flares

0.5 – 4

60 – 600

1026 – 1029

jet/surge

1 – 10

60 – 3 Ö 103

1029 – 1032

LDE flares

10 – 40

3 Ö 103 – 105

1030 – 1032

large scale
arcade formation

30 – 100

104 – 2 Ö 105

1029 – 1032

X-ray/H𝛼
filament eruption
X-ray/H𝛼
filament eruption
X-ray/H𝛼
filament eruption

Table 3: Comparison of physical quantities.

microflares
impulsive flares
LDE flares
large scale
arcade formation

𝐵
(G)

𝑛𝑒
(cm–3 )

𝑉𝐴
(km s–1 )

𝑡𝐴 = 𝐿/𝑉𝐴
(s)

𝑡/𝑡𝐴

100
100
30
10

1010
1010
2 Ö 109
3 Ö 108

3000
3000
2000
1500

5
10
90
400

12 – 120
6 – 300
30 – 103
25 – 500

Table 4: Unified view of flares and flare-like phenomena.

mass ejections
(cool)

mass ejections
(hot)

giant arcades

H𝛼 filament
eruptions

CMEs

LDE flares

H𝛼 filament
eruptions

X-ray plasmoid
ejections/CMEs

impulsive flares

H𝛼 sprays

X-ray plasmoid
ejections

transient brightenings (microflares)

H𝛼 surges

X-ray jets

EUV microflares

surges/spicules

EUV jets

facular points
(nanoflares?)

spicules

(Alfvén waves)
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Energy Build-up

The evolution of a flare basically starts with the emergence of magnetic field into the surface
(flux emergence), which carries magnetic energy from the interior to the atmosphere. Part of this
magnetic energy is immediately released when emerging magnetic field expands to form a magnetic
structure on the Sun. The electric current crossing the magnetic field (cross-field current) generate
the Lorentz force, so it drives expansion. The electric current flowing along magnetic field (fieldaligned current), on the other hand, does not generate the Lorentz force, so the field-aligned current
is not used during an expanding process. In addition to that, the field-aligned current is not easy
to dissipate in a highly conductive medium such as the solar corona, so it is stored there as free
energy that becomes the energy source of flares and flare-associated phenomena.

3.1

Emergence of magnetic field (flux emergence)

In this section we start with the morphology of flux emergence, then explain the dynamic nature
of flux emergence and the characteristics of magnetic structures formed via flux emergence.
3.1.1

Morphology

Morphologically speaking, the field-aligned current introduces distortion to a magnetic structure
where magnetic field lines tend to be aligned with the so-called polarity inversion line defined as
the boundary between positive and negative polarity regions on the surface. When there is no
field-aligned current, and when the inversion line is nearly straight, field lines overlie the inversion
line transversely, forming a potential field without any free energy. The configuration of magnetic
field therefore indicates whether field-aligned current (or free energy) exist or not in a magnetic
structure (it is not generally true that field lines overlie the inversion line transversely in a potential
field; for example, if the inversion line is bent, the angle between field lines and the inversion line
deviates significantly from 90°, while there are cases with field lines locally almost parallel to the
inversion line in quadrupolar configurations).
The morphology of flux emergence has been studied by observing emerging flux regions (EFRs)
on the Sun (Kurokawa, 1987; Tanaka, 1991; Leka et al., 1996; Strous et al., 1996; Ishii et al.,
1998; Otsuji et al., 2007). Observations show that an arch filament system (AFS) appears in the
early phase of flux emergence (Figure 12a). The top of an AFS rises at about 10 km s–1 in a
chromospheric level (Bruzek, 1969; Chou and Zirin, 1988), while slower rising motions (about 0.1 –
1 km s–1 ) have been observed in the photosphere (Tarbell et al., 1988). In the late phase of flux
emergence, a dark filament is sometimes observed above the polarity inversion line, suggesting that
a sheared magnetic structure is formed (see Section 3.2.1). Figure 12 shows the evolution of an
active region observed in white light and H𝛼. An important result from those observations is that
the emerging magnetic field is less sheared in the early phase of flux emergence, while a sheared
structure develops in the late phase.
The evolution of EFRs observed on the Sun provides the key information on the subsurface
structure of emerging magnetic field. As we mentioned in the introduction, it has been suggested
that the magnetic field is confined to form thin flux tubes in the convection zone. The swirling
motions of convective plasma in helical turbulence might add some twist to these flux tubes (Longcope et al., 1998), and the twisted field lines naturally generate the field-aligned current. Also
flux tubes might be twisted enough to keep their coherence when they rise through the convection
zone (Emonet and Moreno-Insertis, 1998; Cheung et al., 2006; Fan, 2008). An idealized model of
such a twisted flux tube is the so-called Gold–Hoyle flux tube (Gold and Hoyle, 1960), in which
field lines are uniformly twisted while the current density takes the highest value at the axis of the
flux tube and decreases toward the boundary of the flux tube. Assuming that such a twisted flux
tube emerges into the surface, part of the flux tube with less field-aligned current first appears and
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Figure 12: Evolution of an active region, showing the development of magnetic shear. The left panels
are H𝛼 images and the right panels are white-light images (from Kurokawa, 1989).
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forms a potential field-like structure, which is reminiscent of an AFS observed on the surface. As
emergence proceeds, inner central part of the flux tube that contains strong field-aligned current
appears, forming a sheared arcade. This thought experiment presents a scenario of forming a
sheared magnetic structure with free energy in the corona. The dynamic process suggested by this
scenario will be discussed in the succeeding sections.
3.1.2

Dynamics

Recently, much efforts have been made to clarify the dynamic nature of flux emergence using numerical simulations. These simulations had first been performed in two dimension (see Figure 13).
Shibata et al. (1989a) performed simulations in a flux-sheet configuration to reproduce several
key features of emerging magnetic field and associated flow. They derived a self-similar solution
expressing the expansion of emerging magnetic field (Shibata et al., 1989b, 1990b; Tajima and
Shibata, 1997), which is driven by the Parker (i.e., buoyancy) instability (Parker, 1955). The solution shows how the rise velocity (𝑣𝑧 ) and gas density (𝜌) of plasma, and the strength of horizontal
magnetic field (𝐵ℎ ) depend on height, given by
𝑣𝑧 ∼ 𝜔𝑛 𝑧, 𝜌 ∝ 𝑧 − 4 , 𝐵ℎ ∝ 𝑧 −1 .

(5)

Here, 𝑧 is the height and 𝜔𝑛 represents the growth rate in the nonlinear phase of the Parker
instability, given by
1
−1/2 𝑐𝑠
,
(6)
𝜔𝑛 ∼ 𝜔𝑙 ≃ 0.1(1 + 2 𝛽* )
2
Λ
where 𝜔𝑙 , 𝛽* , 𝑐𝑠 , and Λ are the linear growth rate of the instability, plasma beta, adiabatic sound
velocity, and pressure scale height of the flux sheet initially assumed. The solution explains that
the drain of mass along magnetic field evacuates magnetic loops where the gas density decreases
with height while both the rise velocity and Alfvén velocity increases with height. A comparison
of this analytic result to an MHD simulation is given in Figure 13.
Similar two-dimensional simulations have been performed by Nozawa et al. (1992) to study
the effect of convection on flux emergence. Shibata et al. (1990a) studied the convective collapse
(Parker, 1978; Spruit and Zweibel, 1979) that occurs at photospheric footpoints of emerged loops,
showing that the field strength becomes a kilo Gauss at the footpoints. The interaction of emerging
and preexisting coronal fields has also been investigated by Yokoyama and Shibata (1996), which
is further developed by Miyagoshi and Yokoyama (2004) where thermal conduction is taken into
account.
Another type of two-dimensional simulations of flux emergence has also been done in a fluxtube configuration (Krall et al., 1998; Magara, 2001). Magara (2001) demonstrates that a flux
tube rising through the convection zone becomes flattened when it approaches the surface where
the nature of the background gas layer changes from a convectively unstable state to a stable one.
This is because when the top part of a flux tube comes close to the surface, it stops rising while
the bottom part still continues to rise, making the flux tube extend horizontally to form a flux
sheet-like structure just below the surface (see the middle panel of Figure 14a). At the same time,
the mass contained in the flux sheet-like structure is squeezed out, locally reducing the density
below the surface. By applying the concept of the Rayleigh–Taylor instability to this region (high
density region lies on a flux sheet with low gas density), we show that the flux sheet can emerge
when its horizontal extent becomes greater than the critical wavelength (see Figure 14b), which is
given by
𝑐2𝑠,𝑖
𝜆 = 4𝜋
,
(7)
𝑔
where 𝑐𝑠,𝑖 and 𝑔 are the photospheric isothermal sound velocity and gravitational acceleration.
This length is about 2 Mm in the photosphere, and observations also suggested that there is a
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Figure 13: Top: Two-dimensional simulations of flux emergence in a flux-sheet configuration. Contours
represent magnetic field lines. Bottom: Distributions of rising velocity (𝑣𝑧 ), Alfvén velocity (𝑣𝐴 ), density
(𝜌), and horizontal magnetic field (𝐵𝑥 ) with height during the expansion of emerging magnetic field. The
dashed curves in the graphs (c) and (d) at the bottom panel represent the analytic curves of the self-similar
solution (from Shibata et al., 1989b).
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b)

c)

λ

Figure 14: (a) A rising flux tube becomes flattened when it approaches the surface. (b) A developed
magnetic sheet and its horizontal extent (𝜆) (from Magara, 2001). (c) Histogram of the observed horizontal
extent of emerging magnetic field (from Pariat et al., 2004).

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2011-6

28

Kazunari Shibata and Tetsuya Magara

threshold of the horizontal extent of emerging magnetic field which is about 2 Mm (Pariat et al.,
2004, see Figure 14c). A more precise analysis of successful emergence has been obtained by taking
the stratification of magnetic field into account, that is,
(︂
)︂
𝑘2
𝜕
𝛾
2
1 + ⊥2 ,
(8)
−Λ
ln 𝐵 > − 𝛽𝛿 + 𝑘//
𝜕𝑧
2
𝑘𝑧
(︀ 𝜕 ln 𝑇 )︀
ln 𝑇
where Λ, 𝛾, 𝛽, and 𝛿 = 𝜕𝜕 ln
𝑃 − 𝜕 ln 𝑃 𝑎𝑑 are the photospheric pressure scale height, ratio of specific
heat, plasma beta, and excess of superadiabaticity, while 𝑘// and 𝑘⊥ are the wavenumbers in two
horizontal directions in unit of local scale height (the former is the field-aligned component and
the latter the cross-field component) and 𝑘𝑧 is the wavenumber in the vertical direction (Newcomb,
1961; Acheson, 1979). Using this formula, Archontis et al. (2004) and Murray and Hood (2008)
have made an extended survey of successful emergence.

y

x

z

z

y

x

Figure 15: A magnetic structure formed by the emergence of a twisted flux tube. Two field lines (outer
and inner) composing the flux tube are presented. The arrows on these field lines represent flow velocity.
The outer field line forms an expanding loop, below which the inner field line forms a sheared loop which
is less dynamic (from Magara and Longcope, 2003).

The emergence in a flux-tube configuration is significantly different from the emergence in a
flux-sheet configuration. In a flux-tube configuration field lines have different geometric shapes
depending on their locations inside the flux tube, and this causes the difference in evolution among
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these field lines. To see how different it is, we should know the relation between the dynamic
nature and geometrical shape of emerging field lines, which is demonstrated below.

Figure 16: Difference in evolution between the outer and inner field lines composing a twisted flux tube
(from Magara and Longcope, 2003).

The outer field lines composing a twisted flux tube, which are located near the boundary of
the flux tube, have helical structure, while the inner field lines close to tube axis have a strong
axial component. This geometrical difference between the outer and inner field lines causes different
dynamic behavior of these field lines after they emerge (Magara and Longcope, 2003, see Figure 15).
Figure 16 schematically explains this. The outer field lines form Ω-loops with a large aspect ratio
of height to footpoint separation on the surface, while the inner field lines form relatively flat
Ω-loops with a smaller aspect ratio than the outer field lines. In the outer field lines, a diverging
downflow is strong because they have large curvature at the top so that the gravity works effectively,
enhancing magnetic buoyancy and making these field lines continuously expand. On the other
hand, a diverging flow is weak along the inner field lines in a flatter shape, where sometimes the
mass even accumulates somewhere at the field line, forming dipped structure. Accordingly, while
the outer field lines form a continuously expanding arcade, the inner field lines form a quasi-static
structure below the overlying arcade.
A quantitative analysis on the dynamic behavior of emerging field lines in a flux-tube configuration has been made by Magara (2004). The rise velocity of a field line with the curvature 𝜅 at
the top is given by
Λ𝑚 √
⟨𝑣rise ⟩ =
𝑔𝜅,
(9)
2
where ⟨𝑣rise ⟩ means an average in time, Λ𝑚 is the scale height of magnetic-field strength and 𝑔
is the gravitational acceleration. This indicates that the rise velocity of an emerging field line
depends on a geometrical property (curvature) as well as stratification of magnetic field.
3.1.3

Latest progress

Continuously increasing computational power enables to investigate flux emergence in the three
dimension. Fan (2001) simulated the pattern of surface flows driven by the emergence of a twisted
flux tube and compared it with observations. Abbett and Fisher (2003) present an integrated
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simulation where a subsurface convection model and a coronal model are combined. They have
confirmed that emerging magnetic field tends to be relaxed to a force-free field state in the chromosphere and corona. Nozawa (2005), Murray et al. (2006) and Murray and Hood (2007, 2008) have
done an extended survey of flux emergence by changing the subsurface configuration of magnetic
field.
One of the issues related to flux emergence is the behavior of the axis of an emerging flux tube.
It can be expected that the emergence of the axis becomes easy when the axis is strongly bent and
has an Ω shape because the mass drains efficiently along the axis, thereby enhancing buoyancy. This
conjecture has been confirmed by a series of works: in Magara (2001) which keeps a straight axis
in the horizontal direction (2.5-dimensional simulation), the axis does not emerge (see Figure 14a),
while when a flux tube is assumed to have a curved axis, the axis emerges. In fact, the emergence of
the axis proceeds more efficiently when a curved (convex-up) flux tube is initially assumed (Hood
et al., 2009; MacTaggart and Hood, 2009). Archontis et al. (2004, 2005, 2007), Isobe et al. (2005,
2006), and Galsgaard et al. (2005, 2007) have studied the interaction of emerging and preexisting
fields in various three-dimensional configurations (see Section 4.3). A series of works done by
Manchester (Manchester IV, 2001; Manchester IV et al., 2004; Manchester IV, 2007) have shown
the origin of shear flows observed on the surface (see Section 4.3). Recently, studies taking realistic
factors into account such as radiation, thermal conduction, viscosity and partial ionization, have
enabled to make a detailed comparison between simulations and observations (Leake and Arber,
2006; Cheung et al., 2007, 2008; Abbett, 2007; Hansteen et al., 2007).

3.2

Magnetic structure

Flux emergence is an essential process by which a magnetic structure containing free energy is
formed on the Sun. It is still difficult to grasp the whole magnetic structure formed on the Sun
observationally, while parts of the structure can be deduced from observed objects such as filament
(or equivalently prominence which is observed on the limb of the Sun) and sigmoid that shows ‘S’
or ‘inverse-S’ shape in soft X-rays (Pevtsov et al., 1995; Rust and Kumar, 1996; Canfield et al.,
1999). Modeling of these objects is therefore a key to the understanding of the magnetic structure
related to flares.
We here try to understand the nature of such magnetic structure by referring to filament/prominence and sigmoid, both of which are observed before the onset of a flare (precursor), where an
emphasis is put on their formation processes. We also explain how to reconstruct invisible magnetic
structure using surface magnetic field which is observed. Force-free-field modeling is one of the
possible methods of reconstruction. We also explain a famous conjecture on the energy state of
force-free field, which is known as Aly–Sturrock conjecture.
3.2.1

Filament (Prominence)

Observations have revealed various structural features of filament (Martin, 1990, 1998; Schmieder
et al., 2006; Rust and Kumar, 1994). A filament tends to form around the polarity inversion line
separating opposite polarity regions (main polarity regions), forming a filament channel. Along
the inversion line is observed the main body of a filament, which is called ‘spine’. There are
also small weak-flux regions distributed in a filament channel (Martin, 1998; Chae et al., 2001),
and these regions, which are called parasitic or satellite polarity regions compared to the main
polarity regions, contribute to forming secondary structure such as filament feet called ‘barbs’. An
important result about parasitic polarity regions is that these regions have the opposite polarity
to the nearby main polarity region (Martin et al., 1994), and field lines connecting to parasitic
polarity regions are suggested to have dipped structure (Aulanier and Démoulin, 1998; Aulanier
et al., 1998; López Ariste et al., 2006).
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Figure 17: Magnetic structure of a filament (from Low and Hundhausen, 1995) (top-left panel), DeVore
and Antiochos (2000) (top-right panel) and van Ballegooijen and Martens (1989) (bottom panel).
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There is also known a hemispheric chirality rule of filaments: ‘dextral’ filaments tend to appear in the northern hemisphere where the magnetic field with left-handed twist is preferentially
observed, while ‘sinistral’ filaments are frequently observed in the southern hemisphere where the
right-handed twist is dominant (Rust and Kumar, 1994; Martin, 1998; Pevtsov et al., 2003).
Theoretical studies of the magnetic structure containing a filament has been done extensively.
Low and Hundhausen (1995) and Low (1996) suggest that a twisted flux tube emerges via magnetic
buoyancy to form a flux rope above the surface, inside which a filament is formed (Figure 17, topleft panel). Antiochos et al. (1994) and DeVore and Antiochos (2000) demonstrate that a sheared
arcade contains a filament, which is formed by shear flows around polarity inversion line (Figure 17
top-right panel). van Ballegooijen and Martens (1989) presents a result showing that shear flows
followed by converging flows toward polarity inversion line causes reconnection at the surface (called
‘flux cancellation’), which creates a twisted flux rope inside which a filament is formed (Figure 17
bottom panel). The last one has been developed later to explain the global hemispheric pattern
of filaments (van Ballegooijen et al., 2000; Mackay and van Ballegooijen, 2005). The origins of
these surface motions and possible relation between twist and chirality mentioned above have been
studied from the viewpoint of flux emergence. Recently, Magara (2007) shows that the emergence
of a twisted flux tube undulating along tube axis naturally reproduces those observed structural
features (Figure 18). Field lines close to tube axis (inner field lines) form the main body of a
filament. On the other hand, field lines composing the twisted flux tube which are located away
from tube axis (outer field lines) form a coronal arcade that overlies the main body of a filament,
while they underlie the main body by forming barbs. Regarding the chirality of filaments, this
work suggests that a flux tube of left-handed (right-handed) twist tends to form a dextral (sinistral)
filament (see the middle panels in Figure 18). Also, it was shown that the emergence of U-loops
distributed below the axis causes apparent flux cancellation on the surface (Magara, 2011). In
this respect, the evolution of U-loops has been observed and analyzed by van Driel-Gesztelyi et al.
(2000). They show the peculiar motions of magnetic polarities on the surface and suggest that flux
cancelation proceeds without significant energy release.
Although there are some observations suggesting that a filament is formed via the emergence
of a twisted flux tube (Lites, 2005; Okamoto et al., 2008), it should be mentioned that a number of
filaments are formed away from emerging active regions. These filaments form along the polarity
inversion line of decaying active regions, in between active regions, and even in the polar regions
(polar crown filaments).
Recently, the dynamic nature of filament/prominence has well been captured with advanced observing tools, which provides the detailed information on plasma motions in a filament/prominence
(Berger et al., 2008; Okamoto et al., 2007). The modeling focused on the dynamic nature of filament/prominence has also been reported (Antiochos et al., 1999b; Karpen and Antiochos, 2008).
3.2.2

Sigmoid

Sigmoid is observed as either S or inverse S-shaped structure with soft X-ray enhancement in the
corona, and it has been known as the precursor of a big cusp-shaped flare (Tsuneta et al., 1992a)
or coronal mass ejection (CME) (Canfield et al., 1999; Sterling and Hudson, 1997). Recently, using
the soft X-ray observations by Hinode, McKenzie and Canfield (2008) found that sigmoid is not a
single loop but consists of many loops.
Gibson et al. (2002) use linear force-free field modeling to analyze an observed sigmoid. Pevtsov
(2002) shows an interesting result on the spatial relationship between a filament and a sigmoid.
Régnier and Amari (2004) use nonlinear force-free field modeling to study a global magnetic structure containing a filament, sigmoid, and a large Ω-loop overlying the filament and sigmoid. They
explain that the filament and sigmoid are composed of the loops that have a smaller aspect ratio of
height to footpoint separation than the overlying Ω-loop. This result suggests that a filament and
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Figure 18: Possible magnetic structure of a filament formed via the emergence of a twisted flux tube of
left handedness. The top panel shows pre- and post-emergence states. The flux tube undulates along the
axis when it emerges. Field lines composing the twisted flux tube which are located away from tube axis
(outer field lines) are displayed in red, while inner field lines close to tube axis are in white. Note that
the inner field lines form the main body of a filament while the outer field lines overlie the main body by
forming a coronal arcade and underlie the main body by forming barbs. The middle panels show top and
side views of the main body formed by the inner field lines (blue) and barbs formed by the outer field lines
(green and orange). The bottom panels schematically show the spatial relationship among the coronal
arcade, main body and barbs of a dextral filament. The sinistral case is given by the mirror symmetry of
the dextral case (flux tube has right handedness). From Magara (2007), except for the top panel, which
is now given from a different viewing angle (same 3D plot), and the bottom-left panel, which is adapted
from Martin (1998).

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2011-6

34

Kazunari Shibata and Tetsuya Magara

50
40
30
z 20
10
0
– 10
– 30 – 20 – 10

0
y

10

20

30

Figure 19: Double J-shaped structure formed inside an emerging flux tube. Colors of field lines represent
the strength of current density measured at their chromospheric footpoints. Top, side and perspective
views are presented at top-left, bottom-left, and bottom-right panels, respectively. The top-right panel
shows the distribution of current density at a chromospheric plane (from Magara, 2004).
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sigmoid are located at inner central part of a magnetic structure formed through the emergence of
a twisted flux tube, as we discussed in Section 3.1.2.
Regarding the geometrical feature of sigmoid, Titov and Démoulin (1999) suggests that sigmoid
is composed of double J-shaped structure which is formed at the interface between an emerging
flux tube and the overlying potential-like field. On the other hand, an emerging flux tube itself also
produces similar double J-shaped structure inside the flux tube when it is twisted (see Figure 19,
Magara, 2004). The twist of field lines is important in forming sigmoidal structure (Matsumoto
et al., 1998); a potential field-like structure is formed by a weakly twisted flux tube (Figure 20,
Magara, 2006). Here the illuminated field lines have a relatively high current density distributed
at their chromospheric footpoints.

Figure 20: Magnetic structure formed by a (a) highly and (b) weakly twisted flux tube. The bottom
panels (c, d) show an observed example in each case (from Magara, 2006).

The formation of sigmoid may be related to the emergence of U-loops distributed below the
axis of a twisted flux tube. Magara and Longcope (2001) show that these U-loops can explain the
observational chirality rule of sigmoid (Canfield et al., 1999), mentioning that inverse S-shaped
(foward S-shaped) sigmoid tends to have left-handed (right-handed) twist. They also found that
high current density is preferentially distributed at the chromospheric footpoints of these U-loops

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2011-6

36

Kazunari Shibata and Tetsuya Magara

(Figure 21).

Figure 21: (a) Sigmoid observed by the soft X-ray telescope on board Yohkoh (courtesy of the Yohkoh
team members). (b) Two-dimensional map of gas density (color map) and the magnetic field (black
arrows) projected onto the middle plane at 𝑦 = 0, which is obtained by the emergence of a twisted flux
tube (initially placed along the 𝑦-axis). The red, white, and orange dots represent the locations where
red (above the axis), white (axis), and orange (below the axis) field lines cross this plane. (c) Threedimensional viewgraph of these magnetic field lines. The bottom map at 𝑧 = 0 shows horizontal velocity
field (white arrows), vertical velocity (color map), and vertical magnetic field (contour lines). (d) Top view
of (c), where a color map shows the absolute value of the current density measured at 𝑧 = 3 (chromospheric
level) (from Magara and Longcope, 2001).

Figure 22 schematically explains the sigmoid formation displayed in Figure 21 (here the cross
section of an emerging flux tube is shown). The upper half of the flux tube contains Ω-loops which
continue to expand via active magnetic buoyancy. The lower half is occupied by U-loops which tend
to remain below the surface because the mass accumulates at dipped part of U-loops. However,
those U-loops distributed close to the axis of the flux tube can emerge because they have a shallow
dip (Magara, 2011), and they form sigmoidal structure (in this respect, since the axis becomes
bent after emerging, such a shallow dip might disappear to make U-loops take an Ω-shape; see
Magara, 2004). Below these emerged U-loops, the magnetic field is vertically stretched and forms
a current sheet in the corona, which in fact plays a key role in producing a flare, as explained in
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Figure 22: Sigmoid formation by an emerging flux tube. Shown is the cross section of the flux tube.

the succeeding sections. Generally, it is not easy to directly observe a magnetic structure formed
in the corona, although the appearance of sigmoid might be an indicator that the axis of the flux
tube already reaches the corona and a current sheet is being developed below the axis. This may
explain why sigmoid is often observed as a precursor of a flare.
The three-dimensional (3D) distribution of current density inside an emerging flux tube was
investigated by Manchester IV et al. (2004). Recently, the temporal development of 3D distribution
of current density has been reported in Archontis et al. (2009), where a comparison between 3D
distribution of current density and soft X-ray images of a sigmoid is presented. They show that
the double J-shaped structure are merged into a single sigmoidal structure, just as observations
show (Figure 23).
It is not clear whether sigmoid is just a thin current layer formed at the interface between two
magnetic flux domains such as overlying and emerging fields, or it is more like a volumetric structure occupied by field lines with strong field-aligned current flowing on them. Three-dimensional
modeling focused on the magnetic structure of an observed sigmoid such as force-free field modeling
(see the next section) could provide useful information to clarify this issue.

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2011-6

38

Kazunari Shibata and Tetsuya Magara

Figure 23: Comparison between simulations (left and middle columns) and soft X-ray observations (right
column). The left column shows the evolution of the isosurface of current density, the middle one shows
the corresponding snapshots of the heating term, and the right column shows soft X-ray images at three
different times during the evolution of the sigmoidal structure (from Archontis et al., 2009).
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Force-free field

As we have explained in the previous section, the field-aligned electric current is a key factor in
producing a flare, so we need the modeling that describes how the field-aligned current is distributed
in a magnetic structure. In this sense, the potential-field modeling is insufficient because it cannot
tell the distribution of electric current in a magnetic structure. This is provided by the force-freefield modeling where the magnetic field keeps force-balance by itself inside a magnetic structure,
satisfying the following equation except at boundaries of the structure:
j × B = 0,

(10)

𝑐
∇ × B is the current density. Equation (10) can be transformed to ∇ × B = 𝛼B
where j = 4𝜋
where 𝛼 is a scalar, and using ∇ · B = 0 we can obtain B · ∇𝛼 = 0, so 𝛼 is constant along each
field line. When 𝛼 is constant all over the magnetic structure, it is called linear force-free field,
otherwise it is called nonlinear force-free field. In any force-free field, the electric current always
flows along field lines (volumetric field-aligned current).
Force-free field provides a method to reconstruct coronal magnetic field from surface magnetic
field, the latter of which is easier to observe than the former. By using this method, Nakagawa
et al. (1971) studied the magnetic structure of an isolated sunspot. Similarly, Sheeley Jr and
Harvey (1975) construct a magnetic configuration formed by discrete flux sources at the surface.
The helical nature of force-free field has been investigated by Sakurai (1979). By considering a
series of force-free states, Barnes and Sturrock (1972), Low and Nakagawa (1975), and Low (1977)
investigated the characteristics of evolving magnetic structure.
Recent developments are found in the attempt to combine force-free field modeling and the
observation of surface magnetic field. Wheatland et al. (2000) introduce an optimization method
to calculate force-free field, and according to this method Wiegelmann et al. (2000) calculate a forcefree field based on observed surface magnetic field. Wiegelmann and Neukirch (2006) extended this
method to calculate a magnetohydrostatic state. Régnier and Priest (2007) estimated difference
among energy states of nonlinear force-free, linear force-free, and potential field in several active
regions. A good review on various methods to calculate force-free field is given by Wiegelmann
(2008). Very recently, Valori et al. (2010) have done two important steps in coronal field modeling.
First, they show that it is possible to compute the coronal field even when it is significantly twisted
(more than one turn), which was not obvious from previous studies. Second, they relate the specific
behavior of the extrapolated field to its MHD evolution when the test field is out of equilibrium.

3.2.4

Aly–Sturrock conjecture

Let us mention a famous conjecture on the energy state of force-free field. Barnes and Sturrock
(1972) calculated a series of force-free fields in cartesian coordinates, showing that the energy
state of these force-free fields could be greater than that of the open field with the same vertical
magnetic flux at the surface. However, Aly (1984) presents a conjecture that the energy of any
force-free fields might be smaller than that of the open field. Yang et al. (1986) reconsidered this
problem, showing that the Aly’s conjecture seems to be right, which later has also been supported
by Sturrock (1991). The conjecture is now known as the Aly–Sturrock conjecture on the energy
state of force-free field, mentioning that the fully open-field state associated with a current sheet
of infinite length and infinitesimal thickness can be reached only asymptotically and the energy of
this fully open field cannot be exceeded by any other force-free fields. This in fact caused difficulty
in creating a force-free state during a preflare phase, which should be reduced to the fully open-field
state in a postflare phase. There have, however, been proposed various ways to avoid this difficulty,
as listed below:
 Full opening of field lines is not required (creating a current sheet of finite length) (Aly,
1991).
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 Resistive processes introduce a new factor that the conjecture does not assume, that is, the
resistivity allows the formation of a twisted flux tube in a highly sheared arcade. This process
prevents from forming a long current sheet by increasing the magnetic energy monotonically
during a preflare state. At some point of preflare phase, the flux rope becomes unstable
and is launched away, creating a current sheet of finite length below an ejecting flux rope to
produce a flare. Then, a CME-like event occurs without opening fully bipolar field (arcade).
This actually describes “Full opening of field lines is not required” (Mikić and Linker, 1994).
 Partially open configurations are possible after the onset of a flare (Sturrock, 1991; Low,
1996).
 Cylindrically axisymmetric force-free field formed on a spherical surface gives a configuration
whose energy state is not bounded by the energy limit suggested by the conjecture (LyndenBell and Boily, 1994).
 Multi-polar configuration can be free from the energy limit suggested by the conjecture (e.g.,
Biskamp and Welter, 1989; Antiochos et al., 1999a; Choe and Cheng, 2002).
 Non-force-free field effects (e.g., gas pressure and gravitational force) unbound the energy
limit suggested by the conjecture (Sturrock, 1991).

Regarding the energetics of force-free fields, Kusano et al. (1995) demonstrate a difference
between two energy states of linear force-free fields that have the same magnetic helicity (see
Section 3.3). They present an energy-bifurcation theory in which a vertically elongated magnetic
arcade tends to be reduced to a state in which a twisted flux rope exists.

3.3

Magnetic helicity

As we have seen, the topology of magnetic field is one of the key factors in determining the
dynamical nature of a magnetic structure. A quantity describing how much a magnetic structure
is twisted, sheared and braided is given by the magnetic helicity, which is originally defined as
∫︁
A (𝑡) · B (𝑡) 𝑑𝑉,

𝐻𝑀 (𝑡) =

(11)

𝑧≥0

where B is the magnetic field and A is the vector potential for B. In a semi-infinite region above
the surface where the cartesian coordinates (𝑥, 𝑦, 𝑧) is used (𝑧-axis is directed upward and 𝑧 = 0 is
the surface), the magnetic helicity 𝐻𝑀 defined by Equation (11) becomes gauge-invariant and is
called relative magnetic helicity (Berger and Field, 1984; Finn and Antonsen Jr, 1985) if the vector
potential is given by DeVore (2000)
∫︁ 𝑧 (︁
)︁ ′
′
A (𝑥, 𝑦, 𝑧, 𝑡) = A𝐶 (𝑥, 𝑦, 0, 𝑡) − 𝑧^ ×
B 𝑥, 𝑦, 𝑧 , 𝑡 𝑑𝑧 .
(12)
0

Here A𝐶 is the vector potential for the potential field that has the same vertical magnetic flux at
the surface as B. The exact form of A𝐶 is
∫︁∞
A𝐶 (𝑥, 𝑦, 𝑧, 𝑡) = ∇ × 𝑧^

(︁
)︁ ′
′
𝜑𝐶 𝑥, 𝑦, 𝑧 , 𝑡 𝑑𝑧 ,

𝑧

where 𝜑𝐶 is the scalar potential for the potential field, given by
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𝜑𝐶 (𝑥, 𝑦, 𝑧, 𝑡) =

1
2𝜋

∫︁
𝑧=0
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(︁ ′ ′
)︁ ′ ′
𝐵𝑧 𝑥 , 𝑦 , 0, 𝑡 𝑑𝑥 𝑑𝑦
]︁1/2 .
[︁
′ 2
′ 2
2
(𝑥 − 𝑥 ) + (𝑦 − 𝑦 ) + 𝑧

(14)

Here the potential field is also defined in the semi-infinite space (𝑧 ≥ 0). In any numerical simulations, the domain of simulation is finite, surrounded by boundaries. To compromise this unavoidable discrepancy, simulations are terminated before the emerging magnetic field reaches the
boundaries of the domain so that the emerging field feels that the domain is infinite (still, there
are effects of waves and flows reflected by boundaries on emerging field).
The relative magnetic helicity quantitatively describes how much a magnetic structure is
sheared compared to a (shearless) potential field. In a right-handed coordinate system the relative magnetic helicity takes a positive (negative) value when a magnetic structure is sheared in
a right-handed (left-handed) way, while it take zero in the case of a potential field. Hereafter, we
simply use the magnetic helicity to express the relative magnetic helicity.
The helicity flux across the surface is given by
∫︁
𝐹𝐻 𝑧 = −2
𝑧=0

∫︁
(𝐴𝑥 𝑣𝑥 + 𝐴𝑦 𝑣𝑦 ) 𝐵𝑧 𝑑𝑥𝑑𝑦 + 2

(𝐴𝑥 𝐵𝑥 + 𝐴𝑦 𝐵𝑦 ) 𝑣𝑧 𝑑𝑥𝑑𝑦,

(15)

𝑧=0

where the first term on the right hand side of Equation (15) represents the shear/twist by horizontal
motions and will be called the shear term. The second term, called the emergence term, would
clearly vanish in the absence of vertical flows.
Figure 24 shows a result on the injection of magnetic flux, energy and helicity via the emergence of a twisted flux tube. Since the flux tube has left-handed twist, negative magnetic helicity is
injected during the emergence of the flux tube. This figure indicates that the injection of magnetic
energy and helicity is carried out mainly by the emergence term during the early phase of emergence, while it is done by the shear term during the late phase when the emergence of magnetic
field almost terminates (see the time variation of emerged magnetic flux at the top right of the
figure). In some case, the emergence term gives net loss of magnetic energy and helicity in the late
phase of emergence when a strong downflow arises along emerged loops, dragging magnetic field
downward below the surface and causing the net loss (Magara, 2008). Another important result
from Figure 24 is that the injection of magnetic flux, energy, and helicity has already saturated
before the inner central part of the flux tube expands into the corona and make a well developed
magnetic structure. This suggests that the strong energy injection at the surface may not be
directly related to the activation of a magnetic structure formed on the Sun; the activation may
depend on the magnetic configuration developed in the corona.
We have discussed the injection of magnetic helicity via the emergence of an integrated flux tube,
while the emergence of magnetic field sometimes proceeds in the form of a partially split flux tube,
as illustrates in Figure 25a (Zwaan, 1985). The dynamic process and associated helicity injection
caused by a partially split flux tube were numerically simulated in Magara (2008) where a flux tube
composed of two splitting portions forms a quadrupolar-like distribution at the surface. In this
simulation the mutual magnetic helicity (Priest and Forbes, 2000) arises when these two portions
emerge (Figures 25b – d), and the sign of mutual helicity is opposite to the sign of self helicity
contained by those individual portions. We cannot say that this is a general result although the
opposite sign of helicity is also observed in real active regions where multiple flux tubes successively
emerged (Lim and Chae, 2009; Park et al., 2010). This suggests that these multiple flux tubes
might correspond to the splitting portions of a global flux tube, forming multiple flux domains on
the surface and a flare is expected to occur at the interface between different flux domains (see
Sections 4.2 and 4.3).
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a)

b)

Figure 24: (a) Top-left panel: Temporal development of the height of three field lines which compose a
twisted flux tube of left handedness (contains negative magnetic helicity). Top-right panel: Time variation
of emerged magnetic flux. Middle-left panel: Time variation of magnetic energy injected to the atmosphere
(𝑧 > 0). Middle-right panel: Time variation of magnetic energy flux. Bottom-left panel: Time variation
of magnetic helicity injected to the atmosphere. Bottom-right panel: Time variation of magnetic helicity
flux. (b) Snapshot of the emerging flux tube at the early (𝑡 = 12, left panel) and late (𝑡 = 40, right panel)
phases (from Magara and Longcope, 2003).
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Figure 25: (a) Emergence of a partially split flux tube (from Zwaan, 1985). (b) Simulation of the
emergence of a partially flux tube. (c) – (d) Quadrupolar-like structure formed by this flux tube. Panels
(b) – (d) from Magara (2008).
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Deriving observationally how much magnetic helicity is injected into the atmosphere has widely
been done, which is a key to the understanding of the relationship between helicity evolution and
the occurrence of active phenomena including flares (Chae, 2001; Moon et al., 2002; Nindos and
Zhang, 2002; Kusano et al., 2002; Démoulin and Berger, 2003; Yang et al., 2004; Pariat et al.,
2005; Jeong and Chae, 2007; Magara and Tsuneta, 2008). These studies are important in that we
can derive the characteristics of helicity evolution and use it to predict the occurrence of active
phenomena on the Sun. A recent review by Démoulin and Pariat (2009) is worth reading for those
who are interested in this subject.
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Energy Release

We here focus on magnetic reconnection, the central engine that enables the rapid release of the
magnetic energy accumulated via the energy build-up process mentioned in the previous section.
We first explain the basic physics of magnetic reconnection, and then discuss theoretical models which demonstrate how magnetic reconnection works to produce flares and flare-associated
phenomena.

4.1

Magnetic reconnection

A finite value of resistivity causes the so-called Ohmic dissipation of electric current (cross-field
current), which is especially efficient in a region where an intensive electric current flows, called
current sheet. When the dissipation causes the topological change of magnetic field, the magnetic
field is then reduced to a state that has lower energy than before. This is called magnetic reconnection. Through this process the magnetic energy stored inside and outside a current sheet is
converted to kinetic and thermal energy. Magnetic reconnection is also accompanied by the generation of strong electric field around a current sheet (convective electric field ), which could accelerate
charged particles. The concept of magnetic reconnection is simple, although its physics is deep
and wide, so we here suggest one of the textbooks that provide a comprehensive explanation of
this really complicated process (Priest and Forbes, 2000). In the following, we briefly explain the
basics of magnetic reconnection, focusing on its time scale in the environment of the solar corona.
4.1.1

Basic models of magnetic reconnection

Figure 26 shows a current sheet where magnetic reconnection occurs. The speed of reconnection
(reconnection rate) is measured as the magnetic flux reconnecting per unit time, 𝑑Φ/𝑑𝑡. Here,
Φ is the magnetic flux per unit length in the direction perpendicular to the plane containing the
current sheet. For a steady state, the Faraday’s equation and Ohm’s law give the reconnection
rate as follows:
𝑑Φ
= 𝑐𝐸 = 4𝜋𝑐−1 𝜂𝑗 = 𝑣𝑖 𝐵𝑖 = constant.
(16)
𝑑𝑡
Here 𝐸 and 𝑗 are the electric field and current density in a diffusion region with finite magnetic
diffusivity 𝜂, and in a steady state we have ∇ × E = 0, implying that 𝑐E = −v𝑖 × B𝑖 outside
the diffusion region (inflow region) with zero diffusivity is equal to E = 4𝜋𝑐−2 𝜂j in the diffusion
region. Also 𝑣𝑖 is the inflow speed of plasma entering the diffusion region and 𝐵𝑖 is the magnetic
field, both of which are measured in the inflow region. In deriving Equation (16), we assume that
the diffusivity takes nonzero value only in the diffusion region.
The reconnection rate given by Equation (16) can be non-dimensionalized using the Alfvén
Mach number 𝑀𝐴 in the inflow region;
𝑑Φ/𝑑𝑡
𝑣 𝑖 𝐵𝑖
=
= 𝑣𝑖 /𝑣𝐴 = 𝑀𝐴 ,
𝑣𝐴 𝐵𝑖
𝑣𝐴 𝐵 𝑖

(17)

where 𝑣𝐴 is the Alfvén velocity measured in the inflow region. We then define the reconnection
time in a current sheet of the length 𝐿:
𝑡rec = 𝐿/𝑣𝑖 = 𝑡𝐴 /𝑀𝐴 ,

(18)

where 𝑡𝐴 = 𝐿/𝑣𝐴 is the Alfvén transit time. When we take 𝐿 as the typical length of coronal
magnetic structure (104 – 105 km), 𝑡𝐴 is something between 10 and 100 s.
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Figure 26: Magnetic reconnection in a current sheet.

4.1.2

Sweet–Parker model

In the Sweet–Parker model for magnetic reconnection (Sweet, 1958; Parker, 1957), the nondimensionalized reconnection rate is given by
−1/2
𝑀𝐴 ≃ 𝑅𝑚
,

(19)

𝑅𝑚 = 𝑣𝐴 𝐿/𝜂

(20)

where
is called the Lundquist number (magnetic Reynolds number with the typical velocity 𝑣𝐴 ). 𝑅𝑚
typically takes a value of 1014 in the corona, so 𝑀𝐴 ∼ 10−7 . This gives 𝑡rec ∼ 108 – 109 s from
Equation (18), which is much longer than the typical time scale of a flare (102 – 104 s). Hence, this
model cannot explain rapid energy release in a flare (Parker, 1963).
4.1.3

Petschek model

Petschek proposed another steady model for magnetic reconnection that enables faster energy
release than the Sweet–Parker model. The reconnection rate in the Petschek model is given by
𝑀𝐴 ∼

𝜋
,
8 ln 𝑅𝑚

(21)

which is 0.01 – 0.1 in the corona (Petschek, 1964). This value gives a reconnection time comparable
to the time scale of a flare. Forbes and Priest (1987) later extended the model proposed by
Petschek. However, the evolution to the steady state assumed in the Petschek’s model has not
been fully understood yet, and the controlling factor of the reconnection rate is still a controversial
issue (Biskamp, 1993; Priest and Forbes, 2000). In this respect, Forbes and Priest (1987) did an
extensive investigation into the system where two-dimensional steady reconnection is operated.
They show that the speed of magnetic reconnection is controlled by the spatial pattern of flow in
the inflow region. They have demonstrated that a diverging pattern of inflow produces a flux pileup configuration around the diffusion region, while a converging pattern of inflow gives a magnetic
configuration that is similar to the one suggested by the Petschek model.
In order to derive the reconnection rate from observations (Isobe et al., 2002; Nagashima
and Yokoyama, 2006), it is crucial to obtain the inflow speed of plasma around a current sheet
(Yokoyama et al., 2001; Narukage and Shibata, 2006; Hara and Ichimoto, 1997; Hara et al., 2006;
Miklenic et al., 2009, and references therein). Suppose that the reconnection rate is 𝑀𝐴 ∼
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0.01 – 0.1, which is suggested by the Petschek model, the inflow speed would be 10 – 100 km s–1
because the Alfvén velocity in the corona is estimated as
)︁−1/2
(︁ 𝐵 )︁(︁
𝑛
𝑣𝐴 = 𝐵/(4𝜋𝜌)1/2 ∼ 1000
km s−1 .
(22)
50 G 1010 cm−3
In this case, the energy-release rate due to magnetic reconnection is given by
𝑑𝐸
= 𝐿2 𝐵𝑖2 𝑣𝑖 /4𝜋
𝑑𝑡
(︁
)︁(︁ 𝐵 )︁2 (︁
)︁2
𝑣𝑖
𝐿
𝑖
∼ 4 × 1028
erg/s ,
100 km s−1 100 G
2 × 109 cm

(23)

where we assumed that a diffusion region has the size of 𝐿 in both length and depth. 1028 erg/s is
a typical value of energy-release rate in the impulsive phase of a flare (e.g., Masuda et al., 1994).
4.1.4

Locally enhanced resistivity

The evolution leading to the steady state assumed in the Petschek model has widely been investigated with the help of numerical simulations. Here we discuss two types of reconnection:
(i) driven-type reconnection (Sato and Hayashi, 1979), and (ii) spontaneous-type reconnection
(Ugai and Tsuda, 1977). In the driven-type reconnection, fast reconnection is achieved by an
external object that drives an inflow toward a current sheet. Sato and Hayashi (1979) performed
two-dimensional MHD simulations in which an inflow is driven as boundary condition, showing
that the Petschek-type reconnection occurs when the resistivity is locally enhanced in a current
sheet. Biskamp (1986) also followed the concept of the driven-type reconnection, but the result
shows that when a uniform resistivity is assumed the Petschek-type reconnection does not arise,
instead the Sweet–Parker-type reconnection occurs.
For the spontaneous-type reconnection, resistivity is locally enhanced inside a current sheet via
some microscale instabilities attributed to the nature of a current sheet, then an inflow spontaneously arises without any external sources, which draws plasma toward a current sheet. In this
case the nature of a current sheet is the primary factor causing fast reconnection. Ugai and Tsuda
(1977) performed two-dimensional MHD simulations of the spontaneous-type reconnection, and
successfully reproduced the Petschek-type reconnection by locally enhancing resistivity inside a
current sheet. Their result was later confirmed by Scholer (1989) showing that fast reconnection
is closely related to the local enhancement of resistivity. Yokoyama and Shibata (1994) presented
a result on the role of locally enhanced resistivity in the Petschek-type reconnection.
In either driven or spontaneous case, the local enhancement of resistivity seems an essential
process, by which the Petschek-type reconnection occurs (Kulsrud, 2001; Uzdensky and Kulsrud,
2000). Also there is an issue about the origin of the external source assumed in the driven-type
reconnection. This is crucial when we apply the driven-type reconnection to space plasma because
we should identify the object that drives an inflow in a free space occupied by space plasma. In
the case of laboratory plasma, we may easily identify such external objects outside a current sheet.
Very recently, it was shown that the classical Petschek-type solution with fast stationary magnetic reconnection is possible with a spatially uniform resistivity (Baty et al., 2009a,b) when a
non-uniform viscosity distribution is assumed, which gives a new insight into the relation between
the distribution of resistivity and the speed of reconnection. Also the self-similarity aspect of
Petschek-type reconnection has been investigated (Nitta, 2010, and references therein).
4.1.5

Tearing instability and fractal reconnection

Following the discussion presented above, we then focus on how the resistivity is locally enhanced
in a current sheet. Firstly, it should be noticed that even if the resistivity is uniformly distributed
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Figure 27: Fractal current sheet (from Shibata and Tanuma, 2001).

Figure 28: Fractal current sheet in a flare (from Tajima and Shibata, 1997).
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in a current sheet, the sheet is subject to the tearing instability (Furth et al., 1963; Steinolfson
and van Hoven, 1984; Horton and Tajima, 1988), which eventually introduces nonuniformity into
the current sheet where a series of magnetic islands are formed.
These magnetic islands tend to coalesce together to make a large magnetic island, and during
this coalescencing process the magnetic energy is efficiently converted to kinetic energy (Bhattacharjee et al., 1983; Sakai and Ohsawa, 1987; Tajima et al., 1987). Nonsteady reconnection
associated with multiple magnetic islands (Choe and Cheng, 2000) often causes impulsive bursty
reconnection (Priest, 1985). Recently, Karlický and Bárta (2007) and Bárta et al. (2008) performed
a series of simulations where tearing process is incorporated into the evolution of a flare.
In a developed phase of this process, the thickness of a current sheet is locally reduced so as to
produce an extremely thin layer (Magara and Shibata, 1999). Tanuma et al. (2001) investigated
this thinning process in detail by performing two-dimensional MHD simulations, which reproduces
the long-term evolution of a current sheet subject to the tearing instability. They have shown
that secondary tearing instability occurs in an extremely thin layer. It is suggested that successive
tearing processes might produce a hierarchy of multi-scale magnetic islands coexisting in a current
sheet, which becomes a fractal current sheet (Shibata and Tanuma, 2001; Nishizuka et al., 2009),
as shown in Figures 27 and 28.
If the thickness of a current sheet is reduced to microscales such as the ion’s Larmor radius
or ion’s inertial length, kinetic processes such as the decoupling of ions and electrons as well as
the interaction of waves and charged particles become important. These kinetic processes might
enhance the resistivity significantly over the Spitzer resistivity based on collisions among particles
(Spitzer, 1962). The coupling between macroscopic (MHD) and microscopic (kinetic) processes
is important during magnetic reconnection, which has intensively been investigated by theory,
simulation, and laboratory (Treumann and Baumjohann, 1997; Biskamp et al., 1995; Horiuchi and
Sato, 1999; Yamada et al., 2000; Birn et al., 2001; Shay et al., 2001; Bhattacharjee et al., 2003;
Drake et al., 2003; Hanasz and Lesch, 2003; Heitsch and Zweibel, 2003; Rogers et al., 2003; Ji et al.,
2004; Craig and Watson, 2005).
4.1.6

Plasmoid-induced reconnection

It has been speculated that the speed of magnetic reconnection is related to the behavior of
magnetic island, i.e., plasmoid formed in a current sheet (Shibata, 1999). While staying in a
current sheet, a plasmoid significantly reduces the speed of reconnection by inhibiting an inflow
accompanied by magnetic flux from entering a current sheet. When a plasmoid moves out of a
current sheet, substantial amount of magnetic flux can come into the sheet, thereby triggering
magnetic reconnection. This facilitates the ejection of a plasmoid via strong reconnection outflow
(reconnection jet), which in turn enables new magnetic flux to continuously enter the current sheet.
The positive feedback between plasmoid ejection and inflow enhancement contributes to producing
fast reconnection, and eventually a plasmoid is ejected at about the Alfvén velocity. The whole
process is named as plasmoid-induced reconnection by Shibata (1999). Recently, a detailed relation
between plasmoid velocity and reconnection rate has been investigated by performing a series of
numerical simulations (Nishida et al., 2009).

4.2

Current-sheet formation

The release of free energy contained in a magnetic structure is triggered by fast magnetic reconnection in a current sheet distributed in the corona, so an important question is how a current
sheet is formed in the corona. Possible scenarios are:
(1) a current sheet is formed at the interface between different flux domains interacting each
other. Multiple flux domains might be formed via the emergence of a partially split flux tube
(Figure 25).
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(2) a current sheet is formed inside a single flux domain where sheared magnetic field develops
(development of magnetic shear)
4.2.1

Interaction of flux domains

A simple model for interacting flux domains is given by the emerging magnetic field that touches
the preexisting magnetic field (Rust, 1972; Heyvaerts et al., 1977). Figure 29 illustrates this model
in which a current sheet is formed at the interface between these two magnetic domains, leading
to magnetic reconnection there.
(1)
Over lying coronal
magneic fields

Buoyancy effect
Photosphere

Subphotospheric
magnetic fields
Current sheet

(2)

Expansion
Photosphere

(3)

Reconnection
point
Reconnection jet

Reconnection jet

Photosphere

Figure 29: Formation of a current sheet via the interaction of emerging and preexisting magnetic fields.

The dynamic process of interacting flux domains has been studied extensively using numerical
simulations (Forbes and Priest, 1984; Shibata et al., 1989b, 1992b; Yokoyama and Shibata, 1994,
1995, 1996). Figure 30 shows a result from a two-dimensional MHD simulation where emerging
bipolar field interacts with the preexisting oblique field (Yokoyama and Shibata, 1996). This
simulation clearly demonstrates how a current sheet develops via the interaction of flux domains,
followed by fast magnetic reconnection producing a high-speed, collimated plasma flow (i.e., ‘jet’).
Recently, numerical simulations analyze the interaction of flux domains in various three-dimensional configurations, revealing more complicated dynamic processes than in two-dimensional
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Figure 30: Interaction of emerging and preexisting fields and resultant dynamic processes, reproduced by
a two-dimensional MHD simulation. The upper panel shows the evolution of magnetic field (contours) and
flow (velocity field), while the lower represents the enhancement of temperature (colors) (from Yokoyama
and Shibata, 1996).
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Figure 31: Interaction of emerging and preexisting magnetic fields in three-dimensional space. In the
top panel, the color surfaces correspond to the isosurface of flow velocity, the arrows to the velocity field,
and the white/pink lines to the field lines (from Isobe et al., 2005). In the bottom panel, the blue and
pink surfaces represent 𝑗/𝐵 and temperature, and the blue, orange, and green lines represent field lines in
different connectivity domains (from Moreno-Insertis et al., 2008).
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Figure 32: Interaction of emerging (red field lines) and preexisting magnetic fields (others) in threedimensional space (from Archontis et al., 2004).

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2011-6

54

Kazunari Shibata and Tetsuya Magara

Figure 33: Interaction of emerging and preexisting magnetic fields in three-dimensional space. The lightblue isosurface represents a current sheet. The arrows show the direction of the magnetic field vector (from
Galsgaard et al., 2007).
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configurations (Archontis et al., 2004; Isobe et al., 2005, 2006; Galsgaard et al., 2007; MorenoInsertis et al., 2008). Figures 31 – 33 present several prominent results obtained from these threedimensional simulations.
Those works mentioned above are basically focused on the local dynamics produced by interacting flux domains, while it is also important to investigate the global magnetic configuration of
multiple flux domains observed in real active regions. In particular, such a global approach permits to understand where current sheets are able to form, so where they locate flare ribbons/loops
and how they evolve. It also permits a detailed comparison between modeling and observations
(Aulanier et al., 2006; Masson et al., 2009, and references therein).
The so-called Minimum Current Corona (MCC) estimates the free energy stored in those multiple flux domains (see Longcope, 2005, for details). The original MCC assumes a configuration
in which the magnetic field is in a potential state inside each flux domain, while it allows nonzero
electric current flowing at the interface between flux domains. This gives a minimum excess of
magnetic energy over the potential field energy in multiple flux domains. The MCC tells where current sheets form and how much electric current flows, so it can be used to investigate where flares
might occur and how much energy will be released (Longcope, 1998). Later MCC was extended to
enable the magnetic field to deviate from a potential state inside each flux domain (Longcope and
Magara, 2004). While the MCC assumes a current sheet of infinitesimal thickness, there is also
a model using a current sheet of finite thickness, which is called the quasi-separatrix layer (QSL)
(Priest and Démoulin, 1995; Démoulin et al., 1996). Longcope (2005) is one of the comprehensive
reviews on magnetic topology on the Sun.
4.2.2

Development of magnetic shear in single flux domain

The formation of a current sheet in a flux domain could be a direct consequence of the emergence
of a twisted flux tube, as shown in Figure 22. A key process here is the development of magnetic
shear inside a magnetic structure. This process has extensively been studied using the so-called
shear-induced model in which shear and/or converging flows are imposed on the footpoints of
coronal loops to increase magnetic shear (Mikić et al., 1988; Biskamp and Welter, 1989; DeVore
and Antiochos, 2000; Inhester et al., 1992; Aly, 1995; Amari et al., 1996, 2003; Choe and Lee, 1996).
An important suggestion from these works is that a current sheet tends to form as magnetic shear
develops, followed by magnetic reconnection in the current sheet, leading to the onset of a flare
(see Figure 34).
Later, the origin of these shear and converging flows assumed in the shear-induced model as
photospheric boundary conditions has been investigated from the viewpoint of flux emergence.
It has been demonstrated that the shear flows are self-consistently driven via the emergence of
sheared magnetic structure, such as a twisted flux tube (Manchester IV, 2001; Fan, 2001; Magara
and Longcope, 2001; Manchester IV et al., 2004; Manchester IV, 2007) (see Figure 35).
Regarding the converging flows, Magara (2011) demonstrates that the emergence of U-loops
composing a twisted flux tube causes the convergence of photospheric footpoints of these loops,
but the plasma actually shows a diverging motion on those loops which is opposite to the apparent
converging motion of magnetic polarities at the surface (see Figure 36).
Manchester IV et al. (2004) show that a twisted flux tube forms a flux rope above the surface,
which tends to keep floating in the corona (the rising velocity of the flux rope decreases toward
zero with time). This suggests that a mechanism to eject a flux rope from the corona to the
interplanetary space is needed.
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c)

Figure 34: Shear-induced model for the formation of a current sheet. (a) From Mikić et al. (1988), (b)
from Biskamp and Welter (1989), and (c) from Choe and Lee (1996) (bottom right).

Figure 35: Formation of a magnetic flux rope by sheared magnetic field emerging into a stratified
atmosphere. The colors indicate shear angle (from Manchester IV, 2001).
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Figure 36: Emergence of an U-loop with diverging flow on it (from Magara, 2011).

4.3

Modeling of energy-release processes

The ejection of a flux rope to the interplanetary space has widely been investigated using various
kinds of models. Coronal mass ejections (CMEs) are one of the direct manifestation of this ejection.
Since the ejection occurs in the corona with low plasma beta, the main forces exerting on a flux
rope are the gravitational force, gradient force of magnetic pressure, and magnetic tension force.
Losing a balance among them causes the ejection of a flux rope.
4.3.1

Bipolar system (single flux domain)

Several models explain ejection in bipolar system. The so-called mass-loaded model assumes that
the drain of plasma from a flux rope reduces the gravitational force, leading to the ejection of a flux
rope via enhanced magnetic buoyancy (Low and Hundhausen, 1995; Low, 1996; Wu et al., 1997).
The flux-cancellation model shows that the dissipation of magnetic flux at the surface (known as
flux cancellation) reduces the magnetic tension force of the overlying field that confines a flux rope
so that the upward magnetic pressure dominates at some point of the evolution and an eruption
occurs (the configuration has a low beta plasma and magnetic force dominates) (Linker et al., 2003,
see Figure 37a). A similar mechanism has been proposed in the so-called the tether-cutting model
(Sturrock et al., 1984; Moore et al., 2001, see Figure 37b). If a flux rope is composed of highly
twisted field lines, then the kink instability might develop, causing the ejection of it (Sturrock et al.,
2001; Fan and Gibson, 2003; Török and Kliem, 2005; Inoue and Kusano, 2006, see Figure 37c).
The basic physics related to the kink instability, or more precisely the toroidal magnetic force, has
also been studied in early analytical models (Mouschovias and Poland, 1978; Chen, 1989; Vršnak,
1990, see also references therein).
The so-called loss-of-equilibrium model suggests that there is a critical height of a flux rope,
beyond which no neighboring equilibrium state exists, so if a flux rope reaches this height, then a
dynamic transition inevitably occurs to cause eruption (Forbes and Isenberg, 1991; Amari et al.,
2000; Roussev et al., 2003; Lin, 2004; Isenberg and Forbes, 2007, see Figure 37d). In fact, the flux
cancellation model mentioned above demonstrates the dynamic process of the loss of equilibrium.
Recently, it has been proposed that the torus instability plays a key role in the ejection of a
flux rope (Kliem and Török, 2006). They suggest that the spatial distribution of the magnetic field
overlying a flux rope is an important factor in controlling the dynamic state of a flux rope. The
loss-of-equilibrium and the torus instability are in fact two different views of the same physical
process (Démoulin and Aulanier, 2010).
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Figure 37: Models for the eruption of a flux rope. (a) Flux-cancellation model (from Linker et al., 2003).
(b) Tether-cutting model (from Moore et al., 2001). (c) Kink instability (from Fan and Gibson, 2003).
(d) Flux cancellation model (from Amari et al., 2000). (e) Loss-of-equilibrium model (from Forbes and
Isenberg, 1991).
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Multi-polar system (two-step reconnection)

In multi-polar systems, the following models have been proposed to explain the ejection of a flux
rope. In the model called breakout (Antiochos et al., 1999a, Figure 38), a current sheet is first
formed at the interface between the inner and overlying flux domains. Magnetic reconnection then
occurs at this current sheet, reducing the confining tension force of the overlying field. The inner
domain then starts to expand, inside which another current sheet is formed and the second, much
more energetic reconnection than the previous one, occurs to produce a flare. As a result of the
second reconnection, a flux rope is formed, which eventually erupts into the interplanetary space.
Another model is called the emerging flux trigger model (Chen and Shibata, 2000, Figure 39), in
which newly emerging magnetic field interacts with the preexisting field that contains a flux rope.
That interaction leads to the formation of a current sheet at the interface between those two fields.
Magnetic reconnection then occurs in this current sheet, destabilizing the flux rope, which erupts
via the second reconnection that is similar to the one explained in the breakout model. In these
two models, the two-step reconnection is a key mechanism for producing a flare and the ejection
of a flux rope. This mechanism also works in the helicity annihilation model (Kusano et al., 2004,
Figure 40).

Figure 38: Destabilizing mechanism for the eruption of a flux rope, known as the breakout model
presented in Antiochos et al. (1999a).
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Figure 39: Destabilizing mechanism for the eruption of a flux rope, known as the emerging flux trigger
mechanism presented in Chen and Shibata (2000). The solid lines correspond to the magnetic field, the
arrows to the velocity, and the color map to the temperature. At the top panels, the emerging field appears
just on the polarity inversion line of the preexisting field, while it appears at one side of the inversion line
at the bottom panels.

Figure 40: Destabilizing mechanism for the eruption of a flux rope, known as the reversed magnetic-shear
model developed in Kusano et al. (2004). Typical plasma flows are illustrated by thick arrows. The green
surface in (b) represents an isosurface on which 𝑉𝑧 = 0.1𝑉𝐴 . The color maps on the side and bottom
boundaries represent the flux density of sheared and vertical component of magnetic field.
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Energy Transport

The energy released by magnetic reconnection is transported in various ways, such as radiation,
thermal conduction, mass ejection, wave propagation, and generation of high energy particles.
The energy transporting process affects the solar atmosphere significantly, making the main phase
of a flare rich with dynamic events such as shock formation, jet and plasmoid ejection, chromospheric evaporation, and acceleration of charged particles. In this section we explain these dynamic
processes observed in a postflare phase.

5.1

Radiation

Figure 41 illustrates the time variation of emissions observed in various wavelengths during a flare.
At the beginning of a flare, the rapid increase of hard X-ray (HXR) (> 30 keV) and microwave
emissions is observed, which is called burst or elementary bursts (e.g., de Jager and Sakai, 1991).
This event occurs recurrently during the period of several seconds. While a burst is occurring,
high-energy particles are usually generated. The total duration of a series of bursts is about a few
minutes, which forms the impulsive phase of a flare. During this phase the most violent energy
release occurs. After that, emissions from a flaring site gradually decrease in about ten minutes,
which is called the gradual phase of a flare. In some events, the total duration of a series of
bursts might be longer than 10 min. HXR and microwave emissions are strong only during the
impulsive phase, while soft X-ray (SXR) (< 10 keV) and H𝛼 emissions continue to increase after
the impulsive phase and become dominant during the gradual phase.
Space observations such as SMM (1980 – 1989), Hinotori (1981 – 1989), and Yohkoh (1991 –
2001) have provided the detailed information on the structure and evolution of a flare, which
enabled us to identify the source region of emissions observed during impulsive and/or gradual
phases. Figure 42 illustrates the configuration of magnetic field observed during these two phases,
in addition to the source region of emissions observed in various wavelengths.
An HXR source is formed at the chromospheric footpoint of a loop observed in soft X-rays
(SXR loop), which is called HXR footpoint source. High-energy electrons generated by magnetic reconnection in the corona are supposed to stream downward along an SXR loop, heating
chromospheric plasma to form an HXR footpoint source there. These high-energy electrons also
produce microwave emissions intermittently via gyro-synchrotron radiation while streaming downward along an SXR loop. Another type of HXR sources is formed above the top of an SXR loop,
which is called HXR loop-top source (Masuda et al., 1994). The HXR loop-top source may be
formed by a downward high-speed flow (jet) which has been produced by magnetic reconnection
and collides with the top of an SXR loop. The collapsing trap effect may be occurring during this
phase near the top of the SXR loop (Somov and Kosugi, 1997; Karlický and Kosugi, 2004; Veronig
et al., 2006). Soft X-ray emissions start to increase gradually during the preflare phase of a flare,
suggesting that plasma heating already occurs before the onset of a flare. During the impulsive
phase, the intensity of soft X-ray emissions increases rapidly and the time derivative of the soft
X-ray intensity rise corresponds to the time variation of hard X-ray emissions, which is known as
Neupert effect (Neupert, 1968). The main contribution to producing these soft X-ray emissions
comes from a loop filled with hot plasma whose temperature is about 𝑇 ≥ 107 K. This plasma
originally comes from the chromosphere via evaporation driven by the thermal conduction (and
high-energy electrons in part) emanating from a super-hot region formed in the corona (around the
region where magnetic reconnection occurs). The thermal conduction also continuously heats the
evaporated plasma and tries to keep its coronal temperature (eventually the evaporated plasma
reduces its temperature by radiative cooling and forms H𝛼 loops).
During the impulsive phase, bright kernels are observed in H𝛼 at the footpoints of an SXR
loop. This also indicates the heating of chromospheric plasma by thermal conduction and high-
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Figure 41: Typical time variation of emissions observed in various wavelengths during a flare (from Kane,
1974).
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Figure 42: Magnetic configurations in the impulsive (left panel) and gradual (right panel) phases of a
flare. The source region of emissions observed in various wavelengths are also presented. These two kinds
of configurations are applied to different types of flares such as impulsive flares and LDE flares (adapted
from Magara et al., 1996). An observational example of these flares are displayed at the top left (Masuda,
1994) and top right (Tsuneta et al., 1992a), respectively.

energy electrons. It has often been argued that explosive evaporation in the impulsive phase is
primarily due to electron beams, causing Neupert effect, whereas the gentle evaporation in the
gradual phase is due to conduction (e.g., Veronig et al., 2010, and references therein). When a
group of SXR loops appear almost simultaneously and form an arcade, the H𝛼 kernels are observed
as two ribbons distributed along the polarity inversion line (called H𝛼 ribbons, see Figure 1). In
an extremely energetic case, high-energy electrons can penetrate the chromosphere and heat the
photosphere, causing the enhancement of white-light emissions (white-light flare).
H𝛼 emissions are also observed during the gradual phase of a flare. In this case the main
contribution comes from a loop filled with cool plasma with 𝑇 ∼ 104 K (H𝛼 loop). An H𝛼 loop
starts to appear when an SXR loop experiences sufficient cooling via radiation and now is observed
in H𝛼. As magnetic reconnection proceeds in the corona, a newly reconnected field line successively
piles up on a preexisting SXR loop, so the apparent height of an observed SXR loop increases with
time. In accordance with this, the distance between the two H𝛼 ribbons observed at both footpoints
of an H𝛼 loop also increases with time (see Figure 1). The postflare loops are seen on the disc in
emission in H𝛼 only if they are dense enough (say 𝑛 > 1012 cm−3 ; Švestka, 1976) which happens
only in very powerful flares, so this is a rather rare phenomenon.
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Mass ejection
Reconnection jet

Magnetic reconnection produces oppositely directed, bidirectional high-speed flows (called reconnection jets) emanating from the reconnection point. The velocity of reconnection jet is given
by the Alfvén velocity in Equation (22). In the case of the Sweet–Parker-type reconnection, the
width of reconnection jet is nearly constant, comparable to the width of the diffusion region (see
Figure 26)
𝑤jet ≃ 𝑀𝐴 𝐿 ∼ 100 cm,
(24)
where 𝑀𝐴 is the nondimensional reconnection rate given in Equation (19) and 𝐿 (length of the
diffusion region, see Figure 26) ∼ 109 cm. On the other hand, the Petschek-type reconnection gives
𝑤jet ≃ 𝑀𝐴 𝐿 ∼ 100 – 1000 km ,

(25)

where 𝑀𝐴 is the nondimensional reconnection rate given in Equation (21). Since the Petschektype reconnection is accompanied by the slow MHD shocks that extend from the diffusion region
(explained below) and contribute to accelerating plasma, the Petschek-type reconnection is more
dynamic than the Sweet–Parker-type reconnection. It should be noted that the width of the
reconnection jets produced by the Petschek-type reconnection is not constant, rather it increases
as the jet leaves away from the reconnection point.
5.2.2

Plasmoid ejection

Magnetic reconnection mainly converts magnetic energy into thermal and kinetic energy, and part
of the kinetic energy is used for plasmoid ejection. An observational result on plasmoid ejection
and its comparison to theoretical modeling are presented in Figure 43. The dynamics of an ejecting
plasmoid has been investigated in numerical simulations (Magara et al., 1997; Choe and Cheng,
2000; Shibata and Tanuma, 2001).
Figure 43a shows a result from a two-dimensional MHD simulation, in which magnetic reconnection produces an ejecting magnetic island (two-dimensional counterpart of a plasmoid). The
time variation of the convective electric field defined by Equation (16) is also plotted at this panel.
Figure 43b shows the height-time relations of an observed plasmoid as well as hard X-ray intensity
(Ohyama and Shibata, 1997). When comparing these simulation and observation, we assume that
the time variation of the convective electric field is closely related to the time variation of hard
X-ray emissions because the electric field can accelerate particles which contribute to producing
hard X-ray emissions. The comparison suggests that the plasmoid ejection drives fast magnetic reconnection. More detailed investigations of plasmoid ejection are given by Choe and Cheng (2000),
where multiple ejection of plasmoids and associated HXR bursts are discussed (see Figure 43c).
Shibata and Tanuma (2001) gives a rough estimate on the velocity of an ejecting plasmoid as
follows:
𝑣𝐴 exp (𝜔𝑡)
𝑣=
,
(26)
exp (𝜔𝑡) − 1 + 𝑣𝐴 /𝑣0
where 𝑣0 and 𝑣𝐴 represent the initial velocity of a plasmoid and Alfvén velocity. In Equation (26),
𝜔 represents the velocity growth rate of a plasmoid, defined as
𝜔=

𝜌 0 𝑣𝐴
,
𝜌𝑝 𝐿

(27)

where 𝜌0 is the density of ambient plasma while 𝜌𝑝 and 𝐿 are the density and length of a plasmoid.
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Figure 43: (a) Hight-time relation of a magnetic island in a two-dimensional numerical simulation, which
is supposed to be the two-dimensional counterpart of a plasmoid. Time variation of the conductive electric
field defined by Equation (16) is also plotted (from Magara et al., 1997). (b) Time variations of the
height of an observed plasmoid as well as hard X-ray intensity (modified from Ohyama and Shibata, 1997).
(c) Multiple ejection of plasmoids (from Choe and Cheng, 2000).
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Shock formation and heating
Slow shock

One of the important features of the Petschek-type reconnection is the formation of a pair of slow
MHD shocks extending from a diffusion region. The role of the slow shocks was first considered
in Cargill and Priest (1982). A pair of the slow shocks guide a reconnection jet, and the angle
between these shocks is very narrow, of the order of 𝑀𝐴 . In the adiabatic case, the temperature
of coronal plasma increases across a slow shock up to (Vršnak and Skender, 2005)
𝑇slow
where
𝛽 ≡ 𝑝gas /𝑝mag =

shock

∼ 𝑇corona /𝛽,

)︁(︁ 𝑇 )︁(︁ 𝐵 )︁
(︁
𝑛
2𝑛𝑘𝑇
.
∼
0.01
𝐵 2 /8𝜋
1010 cm−3 106 K 100 G

(28)

(29)

Here, we assume that the total pressure is balanced between the pre-shock region (∼ 𝐵 2 /(8𝜋)
because of low 𝛽 plasma) and post-shock region (∼ 𝑝gas because of high 𝛽), and the gas density
is roughly constant across the shock within a factor of 2 – 3. Equations (28) and (29) suggest
that coronal plasma with 𝑇 ∼ 1 MK could be heated up to 100 MK. However, in reality, the
thermal conduction works to reduce the temperature, so the value mentioned above is somewhat
overestimated, just presenting the upper limit of the temperature enhanced via slow shock heating.
Moreover, when the thermal conduction is efficient, an adiabatic slow shock tends to be split into a
conduction front and an isothermal slow shock across which only the density and pressure increase
but the temperature does not change (Forbes et al., 1989; Yokoyama and Shibata, 1997).
Yokoyama and Shibata (1997) first carried out a self-consistent MHD simulation of magnetic
reconnection that includes thermal conduction (see the top panels in Figure 44). They confirmed
that an adiabatic slow shock is split into a conduction front and an isothermal slow shock, as
predicted by Forbes and Malherbe (1986). Yokoyama and Shibata (1997) further explained the
structure of a cusp-shaped flare observed by Yohkoh (Tsuneta et al., 1992a), where the evaporation
of chromospheric plasma heated by the conduction front is reproduced (Yokoyama and Shibata,
1998, see the bottom panels in Figure 44). Typically, the conduction time is estimated to be
𝑡cond ∼

(︁
)︁(︁ 𝑇 )︁−5/2 (︁ 𝐿 )︁2
3𝑛𝑘𝐵 𝑇
𝑛
∼
10
s,
1010 cm−3 107 K
109 cm
𝜅0 𝑇 7/2 /𝐿2

(30)

where 𝜅0 ≃ 10−6 (CGS) is the heat conductivity coefficient due to the coulomb collision (Spitzer,
1962) and 𝑘𝐵 is the Boltzmann constant. Here, we note that thermal flux saturation could occur at
the conduction front in the presence of strong temperature gradients (e.g., Manheimer and Klein,
1975, for application see, e.g., Somov and Titov, 1985; Vršnak, 1989).
On the other hand, the Alfvén transit time is
)︁1/2 (︁ 𝐵 )︁−1 (︁ 𝐿 )︁
(︁
𝑛
s.
(31)
𝑡𝐴 ∼ 𝐿/𝑣𝐴 ∼ 10
10
−3
10 cm
50 G
109 cm
For 𝑇 > 107 K, the conduction time is shorter than the Alfvén transit time, so the effect of thermal
conduction should be taken into account in considering the evolution of a flare.
The radiative cooling time of plasma is written as
(︁ 𝑇 )︁3/2 (︁ 𝑛 )︁−1
3𝑘𝑇
𝑡rad ≃
≃ 5 × 103 s
.
(32)
𝑛𝑄(𝑇 )
106 K
109 cm
Here,
𝑄(𝑇 ) ∼ 10−22

(︁

𝑇 )︁−1/2
cgs for 𝑇 < 107 K
106 K
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Figure 44: Top panels show temperature (left) and pressure (right) distributions in the Petschek-type
reconnection for the cases without and with conduction. The curves show magnetic field lines and the
arrows show velocity vectors. Note that the adiabatic slow shocks dissociate into the conduction fronts
and the isothermal slow shocks in the case with conduction (from Yokoyama and Shibata, 1997). Bottom
panel shows the time evolution of the temperature and density distributions in the reconnection with
thermal conduction and chromospheric evaporation as a model of solar flares. The curves show magnetic
field lines and the arrows show velocity vectors. In this case, not only the conduction fronts and isothermal
slow shocks but also dense chromospheric evaporation flow are clearly seen (from Yokoyama and Shibata,
1998).
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𝑇 )︁1/2
cgs for 𝑇 > 107 K
(34)
107 K
is the radiative loss function for optically thin plasma (Raymond et al., 1976). In a typical SXR
loop, the temperature is about 107 K and electron density is about n = 1010 cm–3 , so the radiative
cooling time becomes of the order 104 s, which is much longer than both the conduction time and
the Alfvén transit time. Hence, the radiative cooling could be neglected at least in the very early
phase of a flare.
Assuming that cooling via thermal conduction (𝜅0 𝑇 7/2 /𝐿2 ) is balanced by heating via magnetic
reconnection (𝑄 erg cm–3 s–1 ) in an SXR loop with the size of 𝐿, the temperature in this loop is
given by (Fisher and Hawley, 1990)
𝑄(𝑇 ) ∼ 3 × 10−23

(︁

𝑇loop ∼ (𝑄𝐿2 /𝜅0 )2/7 .

(35)

The heating rate based on magnetic reconnection is given by
𝑄 ∼ 𝐵 2 𝑣𝐴 /(4𝜋𝐿).

(36)

This expression has been derived by Yokoyama and Shibata (1998) for the Petschek-type reconnection with a pair of slow shocks. In this case, the volumetric heating rate due to reconnection is
given by the Poyinting flux entering into the reconnection region divided by the thickness of the
reconnection region (bounded by a pair of the slow shock):
𝑄 = [𝐵 2 /(4𝜋)](𝑉in /𝐿)(1/ sin 𝜃),

(37)

where 𝑉in is the velocity of the inflow into the slow shock, 𝐿 is the length of the slow shock and 𝜃
is the angle between the slow shock and the initial field line. Since the 𝜃 is approximately given
by sin 𝜃 ≈ 𝑉in /𝑉𝐴 , we have Equation (36). Note that this is a crude estimate, though it is roughly
consistent with the numerical simulation results of Yokoyama and Shibata (1998, 2001) within a
factor of a few.
Combining Equation (35) and (36), we obtain
𝐵 2 𝑣𝐴 𝐿 2/7
)
4𝜋𝜅0
𝑛
𝐿
𝐵 6/7
) ( 10
)−1/7 ( 9
)2/7 K.
∼ 4 × 107 (
100 G
10 cm−3
10 cm

𝑇loop ∼ (

(38)

These values are measured behind the slow shock from which the conduction front and isothermal
slow shock extend (Forbes et al., 1989; Yokoyama and Shibata, 1998, 2001). The temperature of
107 K is comparable to the one observed in the superhot region formed at the top of an SXR loop
(Masuda, 1994; Kosugi et al., 1994; Tsuneta, 1996; Nitta and Yaji, 1997). Note that this value
is smaller than the value obtained from adiabatic MHD simulations, in which the temperature
becomes of the order 108 K as mentioned before.
It should be noted that the conduction could be strongly reduced due to a large difference in
the magnetic field strength in inflow and outflow region, as well as due to thermal flux saturation
and the flow/field geometry (for details see Vršnak et al., 2006, and references therein).
5.3.2

Chromospheric evaporation

During a flare, the chromospheric evaporation (i.e., ablation of chromospheric plasma) plays a
fundamental role in creating an SXR loop via the injection of hot plasma into a loop (Hirayama,
1974). The evaporation occurs when the heat flux coming from the corona overcomes radiative
cooling rate in the chromosphere. That heat flux then increases the gas pressure in the upper chromosphere significantly to produce an upflow toward the corona against gravity (called evaporation
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flow Antonucci et al., 1982, 1984) as well as downflow (Ichimoto and Kurokawa, 1984; Canfield
et al., 1990) to the lower chromosphere. In a steady state, the heat flux of thermal conduction
from the corona is balanced by the enthalpy flux of evaporation, such as
𝜅0 𝑇 7/2 /𝐿2 ∼

5
𝑝𝑣evap .
2

(39)

Here 𝑣evap is the velocity of an evaporation flow, which is the same order of the sound velocity,
𝑣evap ∼ 𝑐𝑠 ∼ 500(

𝑇
)1/2 km s−1 ,
107 K

(40)

since the flow is driven by gas pressure. When the heat flux reaches a deep layer in the chromosphere
and is balanced by enhanced radiative cooling rate due to large gas density, evaporation ceases.
Nagai (1980) first performed a one-dimensional hydrodynamic simulation of chromospheric
evaporation. Since then, similar one-dimensional hydrodynamic simulations have been performed
extensively (Somov et al., 1981; Nagai and Emslie, 1984; Peres et al., 1987; MacNeice et al., 1984;
Mariska et al., 1989; Fisher and Hawley, 1990; Gan et al., 1991), which qualitatively explained
the blue shift of Bragg Crystal Spectrometer (BCS) lines observed by Yohkoh as well as the red
shift of H𝛼 line observed during the impulsive phase of a flare (Ichimoto and Kurokawa, 1984).
Investigations into the quantitative agreement between one-dimensional models and observations
are still in progress. Later, pseudo two-dimensional models have been developed, reported by
several authors (Hori et al., 1997; Warren et al., 2003). Yokoyama and Shibata (1998) performed
a two-dimensional MHD simulation reproducing the chromospheric evaporation driven by thermal
conduction (see the bottom panels in Figure 44). By combining magnetic reconnection, thermal
conduction and radiative cooling, they derived a scaling law about the temperature observed in
a loop filled with evaporated plasma, as shown in Equation (38). Later, Shibata and Yokoyama
(1999) applied this scaling law to stellar flares (see Section 6).
5.3.3

Fast shock

A fast MHD shock is formed by the downward reconnection jet colliding with the top of an SXR
loop (Forbes and Priest, 1983; Ugai, 1987; Magara et al., 1996; Aurass et al., 2002) where highenergy electrons are possibly produced (see Figure 42). In the adiabatic case, the temperature just
behind the fast shock becomes
(︁ 𝐵 )︁2 (︁
)︁−1
𝑛𝑒
𝑇fast shock ∼ 𝑚𝑖 𝑣jet 2 /(6𝑘𝐵 ) ∼ 2 × 108
K,
(41)
10
−3
100 G
10 cm
where 𝑚𝑖 is the proton mass (Vršnak and Skender, 2005). This value might be overestimated
because the thermal conduction is not taken into account, unless magnetic field lines are so tangled
as to reduce the efficiency of thermal conduction.
A fast shock could also be formed at the bottom of an ejecting plasmoid when it moves much
slowly compared to the local Alfvén velocity (Magara et al., 1997, 2000).

5.4

Wave propagation

Wave propagation is another type of dynamic phenomena observed after the onset of a flare. The
so-called Moreton wave is one of these waves, which is observed in H𝛼 (Moreton and Ramsey, 1960;
Moreton, 1960). Moreton waves are often associated with type II radio bursts (e.g., Uchida, 1974).
The mechanism for producing the Moreton wave is given by Uchida (1968), where this wave is
explained as the chromospheric counterpart of a fast MHD shock wave propagating in the corona.
Recent observations of the Moreton wave based on high temporal resolution have revealed various
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aspects of this highly transient phenomenon (Khan and Hudson, 2000; Warmuth et al., 2001; Eto
et al., 2002; Narukage et al., 2002; Okamoto et al., 2004; Warmuth, 2007). Figure 45 shows an
observational result on the structure and evolution of a Moreton wave, derived from a detailed
analysis of H𝛼 and soft X-ray data.
100,000 km
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Figure 45: Structure and evolution of a Moreton wave in soft X-rays and H𝛼 observed on 1997 November
3. (a – f) H𝛼 + 0.8 Å running difference images of a Moreton wave (black arrows). (g – j) Soft X-ray
(middle panels) and running difference (bottom panels) images of an X-ray wave (white arrows). (k) Wave
fronts of the Moreton wave at every minute (black lines) and the X-ray wave at every 48 seconds (white
lines) overlaid on the photospheric magnetic field. Gray lines show the great circles through the flare site
(gray arrow). The rectangle, circle, and lines shown in (l) are the field of view of (a – k), the limb of the
Sun, and the great circles, respectively (from Narukage et al., 2002).

The so-called EIT wave gives another type of waves associated with a flare, which was discovered
by the EUV Imaging Telescope (EIT) aboard SOHO as a transient wave-like phenomenon with
enhanced coronal emissions (Moses et al., 1997; Thompson et al., 1998). The mechanism for
producing an EIT wave has been investigated by Delannée and Aulanier (1999), Wang (2000), and
Wu et al. (2001). Chen et al. (2002) presents an integrated model of EIT and Moreton waves in
which these two waves are subproducts of an expanding magnetic loop responsible for a CME.

5.5

Particle acceleration

Particle acceleration associated with a flare has intensively been investigated (Ramaty and Murphy,
1987; Miller et al., 1997; Tsuneta and Naito, 1998; Aschwanden, 2002). Detailed processes of
particle acceleration are beyond the scope of MHD, where the kinetic process involving charged
particles become important. A typical length scale characterizing the kinetic process is the ion
Larmor radius or ion inertial length, both of which are of the order meter in the corona. This is
much smaller than the typical size of a flare, making it difficult to incorporate particle acceleration
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into the model developed for the global structure and overall evolution of a flare.
Here, we estimate the convective electric field associated with magnetic reconnection, which
possibly plays an important role in accelerating charged particles during a flare:
𝑣𝑖
𝑣jet
𝐸 ∼ 𝐵𝑖 ∼
𝐵jet
𝑐
𝑐
(︁ 𝑀 )︁(︁ 𝐵 )︁2 (︁
)︁−1/2
𝑛jet
𝐴
V m−1 .
(42)
∼ 3 × 103
0.1
100 G
1010 cm−3
This electric field decreases significantly in a gradual phase of a flare because of reduced 𝑣𝑖 , which
explains why particle acceleration is less efficient in a gradual phase than an impulsive phase. This
also explains why LDE flares have only a gradual phase and not an impulsive phase in which the
signature of particle acceleration such as strong HXR emissions is observed.
High-energy electrons produced by strong convective electric field could contribute to forming
foot-point as well as loop-top HXR sources, as illustrated in Figure 42. Some of the high-energy
electrons are not trapped near the Sun; instead they travel outward through the corona along open
field lines. These electrons drive the plasma oscillation in the corona, which is observed as the
type III radio bursts.
In some big flares (GOES X-class flares), solar neutron events (SNE) can be observed on the
ground of the Earth. The neutrons are produced by the interaction of relativistic ions accelerated at
the flare site and atomic nuclei (Watanabe et al., 2006). It is to be noted that when a large amount
of electrons are accelerated simultaneously to produce a strong electron beam, a return current (a
reverse current) may be generated around the electron beam to cause atmospheric heating. The
effect of the return current have been studied by many authors (e.g., Karlický, 2008).

6

Application to Stellar Flares

It is well known that stellar flares and coronae have many similarities to solar flares and corona (e.g.,
Haisch, 1989; Güdel, 2002). Not only light curves of stellar flare emissions (in radio, H𝛼, visible
continuum, and X-rays) but also quantitative nature of flares such as time scale, plasma temperature, density, and magnetic field strength are all similar, though the distribution of temperature
and total energy of stellar flares is much broader (𝑇 ∼ 107 – 108 K, total energy 1029 – 1037 erg)
than those of solar flares (𝑇 ∼ 1 – 3 × 107 K, total energy ∼ 1029 – 1032 erg).
It is believed that stellar flares are produced by the same mechanism, magnetic reconnection,
as solar flares. However, why do some of stellar flares show very high temperature and extremely
large total energy? Recent observations of young stars by X-ray satellites ASCA and ROSAT have
revealed that young stars such as protostars and T-Tauri stars frequently produce superhot flares
with temperature of 108 K (Koyama et al., 1996; Tsuboi et al., 1998; Imanishi et al., 2001, see
Feigelson and Montmerle, 1999 for a review). Time variation of X-ray intensity is similar to that
of solar flares, while the total energy released by those stellar flares amounts to 1036 – 1037 erg,
much larger than those of solar flares. Can these protostellar flares be explained on the basis of
magnetic reconnection?
A hint was given in a paper by Feldman et al. (1995). They show that there is a universal
correlation between flare temperature (T) and emission measure (EM) not only for solar flares but
also for some of stellar flares. Shibata and Yokoyama (1999) extended this universal correlation
between T and EM and apply it for solar microflares, T-Tauri star flares, and protostellar flares (see
Figure 46). It is remarkable that the correlation holds in a very wide range, 4×106 K < 𝑇 < 108 K
and 1045 cm−3 < 𝐸𝑀 < 1056 cm−3 . Shibata and Yokoyama (1999) then found that this universal
correlation can be explained by the simple scaling law (see Figure 46),
)︁3/2 (︁ 𝑇 )︁17/2
(︁ 𝐵 )︁−5 (︁
𝑛0
,
(43)
𝐸𝑀 ≃ 1048 cm−3
50 G
109 cm−3
107 K
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which is derived from the following three equations:
𝐸𝑀 = 𝑛2 𝐿3 ,

(44)

2𝑛𝑘𝑇 = 𝐵 2 /(8𝜋),
(45)
(︁ 𝐵 )︁6/7 (︁
)︁−1/7 (︁ 𝐿 )︁2/7
𝑛0
𝑇 = 107 K
,
(46)
9
−3
50 G
10 cm
109 K
where 𝐵 is the magnetic field strength and 𝑛0 is coronal density, both of which are in a normal
state (no occurrence of a flare), 𝐿 is the length of a flaring loop. Equation (46) is basically the
same as Equation (38).1
Figure 46 shows the observed correlation between the emission measure of solar and stellar flares
and their temperatures. It also shows the theoretical relation between the emission measure and
temperature given by the Equation (43) is plotted as solid lines for three cases of 𝐵 = 15, 50, 150 G
in the case of 𝑛0 = 109 cm−3 . Figure 46 shows that the observed correlation line corresponds to the
line of constant magnetic field strength within 30 – 150 G, and indeed the coronal magnetic field
strength is estimated to be about 40 – 300 G for solar and stellar flares. Similarly, if we eliminate
the magnetic field strength (𝐵) from the Equations (43) and (46), we can plot the relation between
the emission measure and temperature for constant loop length, which is also shown in Figure 46
as dash-dotted lines. We can see that the length of a solar microflaring loop is 108 – 109 cm, and
the length of a solar flaring loop is 109 – 1010 cm. These are fully consistent with observations.

Figure 46: The universal correlation between emission measure and temperature of solar and stellar
flares (Shibata and Yokoyama, 1999). The solid lines show the theoretical scaling law 𝐸𝑀 ∝ 𝐵 −5 𝑇 17/2
(Equation (43)) for 𝐵 = constant = 15, 50, 150 G, and the dash-dotted lines show EM-T relation for 𝐿 =
constant = 108 , 1010 , 1012 cm.

It is interesting to see that the length of a stellar flaring loop is 1010 – 1012 cm, much larger than
the length of a solar flaring loop. This is consistent with observations that average field strength
1 Note that the flare temperature 𝑇 is a bit cooler than the maximum temperature shown in Equation (38) because
of the cooling due to loop’s shrinking and evaporation. The reduction rate is roughly estimated as 𝑇 ≃ (1/3)𝑇loop
(Shibata and Yokoyama, 1999).
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at the surface of young stars is very strong, which is of order kilo Gauss (e.g., Johns-Krull et al.,
1999), indicating that the size of a coronal loop with strong magnetic field (≫ 100 G) is much
larger than that in the Sun.
The size of a flaring loop in young stars is estimated to be comparable to or even larger than
the solar radius (∼ 7 Ö 1010 cm). It should be noted here that the range of radius for these young
stars is from 1 to 4 solar radii (e.g., Johns-Krull et al., 1999).
Consequently, we found the reason why some of stellar flares, especially young star flares,
show very high temperature and extremely large total energy, which is because the size of these
flares is much larger than that of solar flares. If the length of a flaring loop is larger, the flare
temperature increases in proportion to 𝐿2/7 even if the magnetic field is the same, because the
conduction cooling (𝜅0 𝑇 7/2 /𝐿2 ) become less efficient for a longer loop. The total energy is simply
determined by the total magnetic energy contained in the corona in a normal state, ∼ 𝐿3 𝐵 2 /(8𝜋),
which explains the observations very well, although only a fraction of this energy is available as
we mentioned before (Equation (1)).
Why can such a large coronal loop with strong magnetic field exist? Why is the filling factor
of strong magnetic fields large (near unity) in young stars? One possibility is that the protostar
is just born, keeping primordial magnetic field whose origin is in interstellar medium. The other
possibility is that the strong magnetic field with large filling factor is created by the dynamo action.
Since young stars rotate rapidly (more than 30 km s–1 which is much faster than the solar rotation,
∼ 2 km s–1 ), the dynamo action would be stronger. It is also expected that there is an accretion
disk (planet-forming disk) around a young star, so that strong interaction would occur between
the central stellar core and the surrounding disk, which may lead to magnetic reconnection. This
interacting process has been treated by Hayashi et al. (1996), who performed 2.5-dimensional MHD
simulations for the interaction of an accretion disk and stellar magnetosphere (dipole magnetic
field). They have shown that vigous magnetic reconnection associated with mass ejection occurs.
The reconnection releases a huge amount of magnetic energy up to the order 1036 erg (about 104
times more energetic than solar flares) stored in a sheared loop with a size of 𝐿 ∼ 1011 cm.

7

Concluding Remarks

As we have seen in the previous sections, the main process responsible for producing a flare is
the dissipation of electric current in the corona. The magnetic energy stored by coronal field is
first released, followed by various dynamic events such as mass ejection and wave propagation. It
should be noticed that the low density in the corona makes these accompanying events so dynamic,
which is why we feel that flares are dynamic phenomena as well.
Since the electric conductivity is generally high in the corona, the dissipation of electric current
there is only efficient in a current sheet where a large amount of electric current flows. The high
electric conductivity of the corona therefore contributes to locally concentrating electric current
(this means to amplify free magnetic energy), which in fact makes the dissipation of electric current
explosive. This gives an explosive character to a flare, which is quite different from the dissipation
of electric current in a resistive medium (conductivity is low) where electric current is dissipated
easily and less dynamically without amplifying free magnetic energy.
Here, we summarize the evolution of emerging magnetic field toward the onset of a flare (see also
Figure 22). Initially, a magnetic structure is formed on the Sun via flux emergence accompanied
by shear and/or converging flows at the surface. Outer marginal part of the structure expands
by dominant magnetic pressure force, while inner central part keeps the quasi-static (or slow rise)
state where either field-aligned current is dominant (force-free state) or the upward Lorentz force
is balanced by the gravitational force exerted on a massive object formed at the inner part (e.g.,
filament). In either case the free magnetic energy is stored mainly at the inner part, while the outer
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part continuously loses magnetic energy via expansion. If the force balance at the inner part is lost
by an instability or loss-of-equilibrium process, part of the free energy is converted into the kinetic
energy, producing mass ejection such as filament eruption and CME. This leads to the formation
of a current sheet below an ejecting part of the structure which may assume a flux-rope. Magnetic
reconnection then occurs in this current sheet to convert remaining free energy into non-magnetic
energy, which is observed as a flare. Also the electric field associated with magnetic reconnection
produces high-energy particles. Figure 47 shows possible physical processes for producing a flare
and accompanying events.
Finally, we should mention that the solar activity including flares potentially has a significant
impact on the Earth. This research field investigating the Sun-Earth environment has been developing as the space weather. Flares can produce high-energy particles and CMEs, which sometimes
damage telecommunications and power supplies on the Earth. A big flare known as a proton
flare produces high-energy protons (> 10 MeV), and these high-energy particles travel through the
interplanetary space to the Earth, having a huge impact on the polar region of the Earth (polar
cap absorption, PCA). Predicting the occurrence of flares therefore becomes of great importance
nowadays when human activity extends to the space. This requires the detailed investigations
into the mechanism of such magnetically driven solar activity, and the nature of magnetic field
transported via flux emergence into the solar atmosphere is a key to a better understanding of the
Sun-Earth system.

Preflare
Emerging flux

Shear and/or converging flows

Instability or non-equilibrium

Current-sheet formation
Reconnection

Thermalization

Particle acceleration

Chromospheric evaporation Hard X-ray source
Soft X-ray loop

Mass ejection

Jet, Plasmoid, Wave Filament eruption,
CME

Flare
Figure 47: Physical processes responsible for flare and flare-associated phenomena.
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Miklenic, C.H., Veronig, A.M. and Vršnak, B., 2009, “Temporal comparison of nonthermal flare emission
and magnetic-flux change rates”, Astron. Astrophys., 499, 893–904. [DOI], [ADS], [arXiv:0910.1701
[astro-ph.SR]] (Cited on page 46.)
Miller, J.A., 1997, “Electron Acceleration in Solar Flares by Fast Mode Waves: Quasi-linear Theory and
Pitch-Angle Scattering”, Astrophys. J., 491, 939. [DOI], [ADS] (Cited on page 10.)
Miller, J.A., Cargill, P.J., Emslie, A.G., Holman, G.D., Dennis, B.R., LaRosa, T.N., Winglee, R.M., Benka,
S.G. and Tsuneta, S., 1997, “Critical issues for understanding particle acceleration in impulsive solar
flares”, J. Geophys. Res., 102, 14,631–14,660. [DOI], [ADS] (Cited on page 70.)
Miyagoshi, T. and Yokoyama, T., 2004, “Magnetohydrodynamic Simulation of Solar Coronal Chromospheric Evaporation Jets Caused by Magnetic Reconnection Associated with Magnetic Flux Emergence”,
Astrophys. J., 614, 1042–1053. [DOI], [ADS] (Cited on page 25.)
Moon, Y.-J., Chae, J., Wang, H., Choe, G.S. and Park, Y.D., 2002, “Impulsive Variations of the Magnetic
Helicity Change Rate Associated with Eruptive Flares”, Astrophys. J., 580, 528–537. [DOI], [ADS]
(Cited on page 44.)
Moore, R.L., Sterling, A.C., Hudson, H.S. and Lemen, J.R., 2001, “Onset of the Magnetic Explosion in
Solar Flares and Coronal Mass Ejections”, Astrophys. J., 552, 833–848. [DOI], [ADS] (Cited on pages 57
and 58.)
Moreno-Insertis, F., Galsgaard, K. and Ugarte-Urra, I., 2008, “Jets in Coronal Holes: Hinode Observations and Three-dimensional Computer Modeling”, Astrophys. J. Lett., 673, L211–L214. [DOI], [ADS],
[arXiv:0712.1059] (Cited on pages 52 and 55.)
Moreton, G.E., 1960, “H𝛼 Observations of Flare-Initiated Disturbances with Velocities ∼1000 km/sec”,
Astron. J., 65, 494–495. [DOI], [ADS] (Cited on page 69.)
Moreton, G.E. and Ramsey, H.E., 1960, “Recent Observations of Dynamical Phenomena Associated with
Solar Flares”, Publ. Astron. Soc. Pac., 72, 357. [DOI], [ADS] (Cited on page 69.)
Moses, D., Clette, F., Delaboudinière, J.-P., Artzner, G.E., Bougnet, M., Brunaud, J., Carabetian, C.,
Gabriel, A.H., Hochedez, J.F., Millier, F., Song, X.Y., Au, B., Dere, K.P., Howard, R.A., Kreplin,
R., Michels, D.J., Defise, J.M., Jamar, C., Rochus, P., Chauvineau, J.P., Marioge, J.P., Catura, R.C.,
Lemen, J.R., Shing, L., Stern, R.A., Gurman, J.B., Neupert, W.M., Newmark, J., Thompson, B.,
Maucherat, A., Portier-Fozzani, F., Berghmans, D., Cugnon, P., van Dessel, E.L. and Gabryl, J.R.,
1997, “EIT Observations of the Extreme Ultraviolet Sun”, Solar Phys., 175, 571–599. [DOI], [ADS]
(Cited on page 70.)
Mouschovias, T.C. and Poland, A.I., 1978, “Expansion and broadening of coronal loop transients: A
theoretical explanation”, Astrophys. J., 220, 675–682. [DOI], [ADS] (Cited on page 57.)

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2011-6

90

Kazunari Shibata and Tetsuya Magara

Murray, M.J. and Hood, A.W., 2007, “Simple emergence structures from complex magnetic fields”, Astron.
Astrophys., 470, 709–719. [DOI], [ADS] (Cited on page 30.)
Murray, M.J. and Hood, A.W., 2008, “Emerging flux tubes from the solar interior into the atmosphere:
effects of non-constant twist”, Astron. Astrophys., 479, 567–577. [DOI], [ADS] (Cited on pages 28
and 30.)
Murray, M.J., Hood, A.W., Moreno-Insertis, F., Galsgaard, K. and Archontis, V., 2006, “3D simulations identifying the effects of varying the twist and field strength of an emerging flux tube”, Astron.
Astrophys., 460, 909–923. [DOI], [ADS] (Cited on page 30.)
Nagai, F., 1980, “A model of hot loops associated with solar flares. I. Gasdynamics in the loops”, Solar
Phys., 68, 351–379. [DOI], [ADS] (Cited on page 69.)
Nagai, F. and Emslie, A.G., 1984, “Gas dynamics in the impulsive phase of solar flares. I. Thick-target
heating by nonthermal electrons”, Astrophys. J., 279, 896–908. [DOI], [ADS] (Cited on page 69.)
Nagashima, K. and Yokoyama, T., 2006, “Statistical Study of the Reconnection Rate in Solar Flares
Observed with Yohkoh SXT”, Astrophys. J., 647, 654–661. [DOI], [ADS], [arXiv:astro-ph/0605712]
(Cited on page 46.)
Nakagawa, Y., Raadu, M.A., Billings, D.E. and McNamara, D., 1971, “On the Topology of Filaments and
Chromospheric Fibrils near Sunspots”, Solar Phys., 19, 72–85. [DOI], [ADS] (Cited on page 39.)
Narukage, N. and Shibata, K., 2006, “Statistical Analysis of Reconnection Inflows in Solar Flares Observed
with SOHO EIT”, Astrophys. J., 637, 1122–1134. [DOI], [ADS] (Cited on pages 21 and 46.)
Narukage, N., Hudson, H.S., Morimoto, T., Akiyama, S., Kitai, R., Kurokawa, H. and Shibata, K., 2002,
“Simultaneous Observation of a Moreton Wave on 1997 November 3 in H𝛼 and Soft X-Rays”, Astrophys.
J. Lett., 572, L109–L112. [DOI], [ADS] (Cited on page 70.)
Neupert, W.M., 1968, “Comparison of Solar X-Ray Line Emission with Microwave Emission during Flares”,
Astrophys. J. Lett., 153, L59. [DOI], [ADS] (Cited on page 61.)
Newcomb, W.A., 1961, “Convective Instability Induced by Gravity in a Plasma with a Frozen-In Magnetic
Field”, Phys. Fluids, 4, 391–396. [DOI], [ADS] (Cited on page 28.)
Nindos, A. and Zhang, H., 2002, “Photospheric Motions and Coronal Mass Ejection Productivity”, Astrophys. J. Lett., 573, L133–L136. [DOI], [ADS] (Cited on page 44.)
Nishida, K., Shimizu, M., Shiota, D., Takasaki, H., Magara, T. and Shibata, K., 2009, “Numerical Examination of Plasmoid-Induced Reconnection Model for Solar Flares: The Relation between Plasmoid
Velocity and Reconnection Rate”, Astrophys. J., 690, 748–757. [DOI], [ADS], [arXiv:0809.0797] (Cited
on page 49.)
Nishizuka, N., Asai, A., Takasaki, H., Kurokawa, H. and Shibata, K., 2009, “The Power-Law Distribution
of Flare Kernels and Fractal Current Sheets in a Solar Flare”, Astrophys. J. Lett., 694, L74–L78. [DOI],
[ADS] (Cited on page 49.)
Nitta, N. and Yaji, K., 1997, “A Superhot Flare Observed by Yohkoh”, Astrophys. J., 484, 927–936. [DOI],
[ADS] (Cited on page 68.)
Nitta, S., 2010, “Observational Prediction of High Magnetic Reynolds Number Pre-flare Reconnection
Events: An Application of Nitta’s Self-similar Reconnection Model”, Astrophys. J., 719, 1828–1843.
[DOI], [ADS] (Cited on page 47.)
Nozawa, S., 2005, “Three-Dimensional Magnetohydrodynamic Simulation of Nonlinear Magnetic Buoyancy
Instability of Flux Sheets with Magnetic Shear”, Publ. Astron. Soc. Japan, 57, 995–1007. [ADS] (Cited
on page 30.)

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2011-6

Solar Flares: Magnetohydrodynamic Processes

91

Nozawa, S., Shibata, K., Matsumoto, R., Sterling, A.C., Tajima, T., Uchida, Y., Ferrari, A. and Rosner,
R., 1992, “Emergence of magnetic flux from the convection zone into the solar atmosphere. I. Linear
and nonlinear adiabatic evolution of the convective-Parker instability”, Astrophys. J. Suppl. Ser., 78,
267–282. [DOI], [ADS] (Cited on page 25.)
Ohyama, M. and Shibata, K., 1997, “Preflare Heating and Mass Motion in a Solar Flare Associated with
Hot Plasma Ejection: 1993 November 11 C9.7 Flare”, Publ. Astron. Soc. Japan, 49, 249–261. [ADS]
(Cited on pages 21, 64, and 65.)
Ohyama, M. and Shibata, K., 1998, “X-Ray Plasma Ejection Associated with an Impulsive Flare on 1992
October 5: Physical Conditions of X-Ray Plasma Ejection”, Astrophys. J., 499, 934. [DOI], [ADS]
(Cited on pages 13 and 21.)
Okamoto, T.J., Nakai, H., Keiyama, A., Narukage, N., UeNo, S., Kitai, R., Kurokawa, H. and Shibata,
K., 2004, “Filament Oscillations and Moreton Waves Associated with EIT Waves”, Astrophys. J., 608,
1124–1132. [DOI], [ADS] (Cited on page 70.)
Okamoto, T.J., Tsuneta, S., Berger, T.E., Ichimoto, K., Katsukawa, Y., Lites, B.W., Nagata, S., Shibata, K., Shimizu, T., Shine, R.A., Suematsu, Y., Tarbell, T.D. and Title, A.M., 2007, “Coronal
Transverse Magnetohydrodynamic Waves in a Solar Prominence”, Science, 318, 1577. [DOI], [ADS],
[arXiv:0801.1958] (Cited on page 32.)
Okamoto, T.J., Tsuneta, S., Lites, B.W., Kubo, M., Yokoyama, T., Berger, T.E., Ichimoto, K., Katsukawa,
Y., Nagata, S., Shibata, K., Shimizu, T., Shine, R.A., Suematsu, Y., Tarbell, T.D. and Title, A.M.,
2008, “Emergence of a Helical Flux Rope under an Active Region Prominence”, Astrophys. J. Lett.,
673, L215–L218. [DOI], [ADS], [arXiv:0801.1956] (Cited on page 32.)
Otsuji, K., Shibata, K., Kitai, R., Ueno, S., Nagata, S., Matsumoto, T., Nakamura, T., Watanabe, H.,
Tsuneta, S., Suematsu, Y., Ichimoto, K., Shimizu, T., Katsukawa, Y., Tarbell, T.D., Lites, B., Shine,
R.A. and Title, A.M., 2007, “Small-Scale Magnetic-Flux Emergence Observed with Hinode Solar Optical
Telescope”, Publ. Astron. Soc. Japan, 59, 649. [ADS], [arXiv:0709.3207] (Cited on page 23.)
Pallavicini, R., Serio, S. and Vaiana, G.S., 1977, “A survey of soft X-ray limb flare images: The relation
between their structure in the corona and other physical parameters”, Astrophys. J., 216, 108–122.
[DOI], [ADS] (Cited on page 15.)
Pariat, E., Aulanier, G., Schmieder, B., Georgoulis, M.K., Rust, D.M. and Bernasconi, P.N., 2004, “Resistive Emergence of Undulatory Flux Tubes”, Astrophys. J., 614, 1099–1112. [DOI], [ADS] (Cited on
pages 27 and 28.)
Pariat, E., Démoulin, P. and Berger, M.A., 2005, “Photospheric flux density of magnetic helicity”, Astron.
Astrophys., 439, 1191–1203. [DOI], [ADS] (Cited on page 44.)
Park, S.-H., Chae, J., Jing, J., Tan, C. and Wang, H., 2010, “Time Evolution of Coronal Magnetic
Helicity in the Flaring Active Region NOAA 10930”, Astrophys. J., 720, 1102–1107. [DOI], [ADS],
[arXiv:1008.1558 [astro-ph.SR]] (Cited on page 41.)
Parker, E.N., 1955, “The Formation of Sunspots from the Solar Toroidal Field”, Astrophys. J., 121,
491–507. [DOI], [ADS] (Cited on page 25.)
Parker, E.N., 1957, “Sweet’s Mechanism for Merging Magnetic Fields in Conducting Fluids”, J. Geophys.
Res., 62(4), 509–520. [DOI], [ADS] (Cited on pages 7 and 46.)
Parker, E.N., 1963, “The Solar-Flare Phenomenon and the Theory of Reconnection and Annihiliation of
Magnetic Fields”, Astrophys. J. Suppl. Ser., 8, 177–211. [DOI], [ADS] (Cited on pages 7 and 46.)
Parker, E.N., 1978, “Hydraulic concentration of magnetic fields in the solar photosphere. VI. Adiabatic
cooling and concentration in downdrafts”, Astrophys. J., 221, 368–377. [DOI], [ADS] (Cited on page 25.)

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2011-6

92

Kazunari Shibata and Tetsuya Magara

Parker, E.N., 1979, Cosmical Magnetic Fields: Their Origin and their Activity, International Series of
Monographs on Physics, Clarendon Press; Oxford University Press, Oxford; New York. [ADS] (Cited
on pages 8 and 10.)
Parker, E.N., 1994, Spontaneous Current Sheets in Magnetic Fields: With Applications to Stellar X-Rays,
vol. 2 of International Series on Astronomy and Astrophysics, Oxford University Press, Oxford; New
York. [ADS], [Google Books] (Cited on pages 9 and 10.)
Peres, G., Reale, F., Serio, S. and Pallavicini, R., 1987, “Hydrodynamic flare modeling: Comparison of
numerical calculations with SMM observations of the 1980 November 12 17:00 UT flare”, Astrophys. J.,
312, 895–908. [DOI], [ADS] (Cited on page 69.)
Petschek, H.E., 1964, “Magnetic Field Annihilation”, in The Physics of Solar Flares, Proceedings of the
AAS-NASA Symposium held 28 – 30 October, 1963 at the Goddard Space Flight Center, Greenbelt, MD,
(Ed.) Hess, W.N., vol. SP-50 of NASA Special Publications, pp. 425–439, NASA Science and Technical
Information Division, Washington, DC. [ADS] (Cited on pages 7, 8, and 46.)
Pevtsov, A.A., 2002, “Active-Region Filaments and X-ray Sigmoids”, Solar Phys., 207, 111–123. [ADS]
(Cited on page 32.)
Pevtsov, A.A., Canfield, R.C. and Metcalf, T.R., 1995, “Latitudinal variation of helicity of photospheric
magnetic fields”, Astrophys. J. Lett., 440, L109–L112. [DOI], [ADS] (Cited on page 30.)
Pevtsov, A.A., Balasubramaniam, K.S. and Rogers, J.W., 2003, “Chirality of Chromospheric Filaments”,
Astrophys. J., 595, 500–505. [DOI], [ADS] (Cited on page 32.)
Priest, E.R. (Ed.), 1981, Solar Flare Magnetohydrodynamics, vol. 1 of The Fluid Mechanics of Astrophysics
and Geophysics, Gordon and Breach, New York. [Google Books] (Cited on page 10.)
Priest, E.R., 1982, Solar Magnetohydrodynamics, vol. 21 of Geophysics and Astrophysics Monographs,
Reidel, Dordrecht; Boston. [ADS], [Google Books] (Cited on page 10.)
Priest, E.R., 1985, “The magnetohydrodynamics of current sheets”, Rep. Prog. Phys., 48, 955–1090. [DOI],
[ADS] (Cited on page 49.)
Priest, E.R. and Démoulin, P., 1995, “Three-dimensional magnetic reconnection without null points, 1.
Basic theory of magnetic flipping”, J. Geophys. Res., 100, 23,443–23,464. [DOI], [ADS] (Cited on
page 55.)
Priest, E.R. and Forbes, T., 2000, Magnetic Reconnection: MHD Theory and Applications, Cambridge
University Press, Cambridge; New York. [ADS], [Google Books] (Cited on pages 10, 41, 45, and 46.)
Priest, E.R. and Forbes, T.G., 2002, “The magnetic nature of solar flares”, Astron. Astrophys. Rev., 10,
313–377. [DOI], [ADS] (Cited on pages 8 and 10.)
Ramaty, R. and Murphy, R.J., 1987, “Nuclear processes and accelerated particles in solar flares”, Space
Sci. Rev., 45, 213–268. [DOI], [ADS] (Cited on pages 10 and 70.)
Raymond, J.C., Cox, D.P. and Smith, B.W., 1976, “Radiative cooling of a low-density plasma”, Astrophys.
J., 204, 290–292. [DOI], [ADS] (Cited on page 68.)
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