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Abstract This article broadly reviews our knowledge
of solar flares. There is a particular focus on their global
properties, as opposed to the microphysics such as that
needed for magnetic reconnection or particle accelera-
tion as such. Indeed solar flares will always remain in
the domain of remote sensing, so we cannot observe
the microscales directly and must understand the basic
physics entirely via the global properties plus theoreti-
cal inference. The global observables include the general
energetics — radiation in flares and mass loss in coronal
mass ejections (CMEs) — and the formation of differ-
ent kinds of ejection and global wave disturbance: the
type II radio-burst exciter, the Moreton wave, the EIT
“wave,” and the “sunquake” acoustic waves in the solar
interior. Flare radiation and CME kinetic energy can
have comparable magnitudes, of order 1032 erg each for
an X-class event. We argue that the impulsive phase of
the flare dominates the energetics of all of these mani-
festations, and also point out that energy and momen-
tum in this phase largely reside in the field, not the
observable plasma.
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1 Introduction

Carrington (1859) first reported the occurrence of a so-
lar flare, a manifestation seen as he observed sunspots
in “white light” through a small telescope. One could
immediately conclude from this chance observation that
the disturbance of the solar atmosphere was compact,
brief, and extremely energetic. Carrington’s fellow am-
ateur observer Hodgson (1859) confirmed the observa-
tion and likened the brilliance of the display to that of



the bright A0 star o Lyrae. Further evidence of the sig-
nificance of the event lay in its effects seen in terrestrial
compasses, both prompt and delayed (e.g., Chapman
and Bartels 1940)

The idea that a solar disturbance could affect a ter-
restrial instrument such as a compass seemed highly
improbable at the time, but it turned out to be indeed
a correct association, so this first observed flare served
to suggest immediately the capability for a such a solar
event to have widely felt influences. This article briefly
reviews general flare physics and discusses its problems
from the point of view of large-scale effects such as the
generation of global waves, and of ejecta. The idea is
to ask what we can learn about the fundamental pro-
cesses in the flare by observations of its large-scale ef-
fects. We must bear in mind the other aspect of the flare
of September 1, 1859', namely that its effects seemed
to originate in compact and short-lived features in the
deep atmosphere. Coronal mass ejections (CMEs), on
the other hand, can become huge and reach the scale of
the solar system. Thus the physics involved in a solar
flare require consideration of multiple scales.

This article discusses the global properties of a flare,
and by this we mean the phenomena extending well be-
yond the chromosphere and the coronal loops that de-
fine most of the radiative effects (the flare proper, in a
strict sense). To introduce the discussion of these global
properties, and to have a framework for them, we begin
in Section 2 with an overview of key observational and
theoretical facts and ideas about solar flares. Knowl-
edgeable readers should be able to skip this material,
which goes over general occurrence properties and then
summarizes what appear to be the four main phases of
a flare, mainly as identified via X-ray signatures. Then
Sections 3 (Global effects) and Section 4 (Energetics)
discuss various global properties, including CMEs. The
newest global facts, from the past decade or so, come
from many spacecraft (RHESSI, SOHO, TRACE, Hin-
ode, SORCE, STEREO for example) and from radio
and optical observatories on the ground. Sections 3.3
and 3.4 in particular tackle the global waves, which have
advanced observationally to become an important new
guide to flare and CME physics.

2 Background
2.1 Flare morphology

As noted by Carrington, a powerful solar flare can lo-
cally increase the intensity of the photosphere by an

1 Henceforth we adopt the IAU naming convention, which
for this flare would be SOL1859-09-01T11:18; see DOI
10.1007/s11207-010-9553-0.

detectable factor. He could visually see his white-light
flare relatively easily; in his words ”...the brilliancy was
fully equal to that of direct sun-light.” They occurred
in small patches near a sunspot group. His description
means that the flare was at least as bright as sunspots
are dark, although the flare brightenings were much
smaller in area and of course transient in nature, last-
ing only a few minutes. His colleague Hodgson described
the flare as “much brighter” than the photosphere and
“most dazzling to the protected eye.” In the quiet Sun,
the background intensity fluctuations, for reasonable
telescopic angular resolution, have RMS magnitudes of
a few percent (e.g., Hudson 1988). These are the re-
sult of the convective motions (granulation) seen in the
quiet Sun, and the large image contrasts within active
regions. These image contrasts convert to time-series
fluctuations at low angular resolution and in bad see-
ing conditions. Because a flare detectable in the visible
continuum needs to overcome these observational hur-
dles, there were only some 56 known white-light flares
in the century and a quarter following Carrington (Nei-
dig and Cliver 1983) until recently; these have generally
been the most energetic events (GOES X-class flares).
Nowadays space-based observations with no seeing lim-
itation (Hudson et al. 1992; Matthews et al. 2003; Hud-
son et al. 2006; Wang 2009) make it possible to detect
much weaker and therefore more numerous events. Hud-
son et al. (2006) report a GOES C1.3 event observed
by TRACE, and Jess et al. (2008) found a GOES C2.0
event even with ground-based observations.

In the chromosphere flare detectability becomes far
easier, and spectroscopic observations in (e.g.) Ha de-
fined flare physics for many decades. Continuing the
historical progression, the development of radio astron-
omy and then UV and X-ray astronomy made coronal
observations possible even in front of the solar disk.
At these extreme wavelengths the photosphere becomes
dark (for the short wavelengths) or elevated in altitude
(for radio waves), and flare effects become dominant.

The coronal parts of a solar flare have many loop-
like features, which rather clearly represent striations
along the magnetic field. These flare loops (or some-
times confusingly called “post-flare loops” or “post-
eruption arcades”) appear first in soft X-rays, at tem-
peratures of order 2 x 107 K. This morphology is consis-
tent with the chromospheric structure, which in major
events usually has the “two-ribbon” pattern. The two
ribbons appear in the two polarities of the photospheric
line-of-sight magnetic field, and the coronal loops con-
nect them across the polarity inversion line.

Different phases of a flare have characteristic evolu-
tionary patterns. In this review we discuss three rela-
tively well-defined phases, namely the impulsive, grad-
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Fig. 1 Time ranges associated with the different phases of a
flare. The dominant X-ray signatures are designated by HXR
(hard X-rays, above ~20 keV) and SXR (soft X-rays, charac-
terized by temperatures below ~30 MK). The dominant radio
emission mechanisms are designated by RS (gyrosynchrotron),
RF (free-free), and RP (plasma-frequency mechanisms). Gamma
rays typically accompany HXR when detectable (e.g., Cliver et al.
1994; Shih et al. 2009).

ual, and eztended flare phases, in Section 2.4. These
phases are distinguishable via their X-ray signatures,
but in fact there is ambiguity and overlap. Recent obser-
vations also point to an early non-thermal phase, prior
to the impulsive phase, that may also have distinguish-
ing characteristics. RHESSI observations of SOL2002-
07-23T00:35 gave a first clear example of this (Lin et al.
2003). Figure 1 illustrates the timing of the four iden-
tified phases schematically

2.2 Flare dynamics

The temporal evolution of a flare also has character-
istic dynamical patterns. The impulsive phase marks
the epoch of most intense energy release, which adds
mass to the corona by expelling it from the chromo-
sphere. The newly “evaporated” material flows upward
into the corona and becomes visible in soft X-rays be-
cause the gas pressure has risen dramatically. In ma-
jor two-ribbon flares multiple X-ray loops appear in
a roughly cylindrical “arcade” formation. The newly
formed high-temperature coronal plasma then gradu-
ally cools through the EUV, UV, and optical ranges,
where it forms the Ha post-flare loops. These were
known historically as “loop prominence systems.”
During the impulsive phase the flare emits hard X-
ray bremsstrahlung and microwave gyrosynchrotron ra-
diation; the non-thermal electrons implied by these ra-
diations appear to receive the bulk of the flare energy
release, but not all of it. The evaporation of chromo-
spheric material into the coronal magnetic loops corre-
sponds to the Neupert (1968) effect, the dominant tem-
poral behavior pattern: the coronal manifestations of a
flare essentially integrate the impulsive-phase energy re-
lease, owing to the relatively slow cooling times of coro-
nal material. The white-light flare continuum, which
together with its UV extension is about two orders

of magnitude more important the flare X-rays (Emslie
et al. 2005; Hudson et al. 2010), also occurs in the im-
pulsive phase, along with the powerful electron acceler-
ation. The microwave emission requires electrons at en-
ergies of 0.1-1 MeV. During the impulsive phase a com-
parable amount of energy also may appear suddenly in
~-ray-emitting energetic ions (e.g., Ramaty et al. 1995).

Mass motions occur simultaneously with the flare
brightening. The most powerful events have a one-to-
one association with coronal mass ejections (CMEs),
which have the clear appearance of the expansion of
the coronal field and the creation of new “open” field
that can support solar-wind flow. Sometimes the CME
appears to entrain much or all of a pre-existing solar
prominence. A CME is the spectacular ejection of mass
outward past the occulting disk of a coronagraph ob-
serving the corona in Thomson-scattered white light.
One can use the intensity to estimate the mass, often
more than 10! g, and the radial motion (often more
than 10% km/s) shows that the kinetic energy may ex-
ceed 1032 erg for major events. The departure of coronal
mass also produces the soft X-ray dimming (Rust and
Hildner 1976; Hudson et al. 1996) signature of a flare.

Flares also frequently produce jets of material ap-
parently along the field; X-ray jets (e.g., Shimojo et al.
1996) frequently occur in association with a microflare
brightening in closed fields, even though the jet flow it-
self occurs on large-scale or even open fields. Flare mass
motions thus include both flows perpendicular to the
field, identifiable with CMEs, and flows parallel to it:
sprays and surges at chromospheric wavelengths, and
jets at X-ray and EUV wavelengths. The CMEs oc-
cur preferentially in the most energetic events; Yashiro
et al. (2006) find that virtually all X-class flares have
accompanying CMEs. The energy threshold for near
one-to-one correspondence appears to be at about the
GOES X2 level, some multiple of 1032 erg total energy.
Jets can happen in tiny events, even at the network
level; they accompany microflares but can also occur in
the quiet Sun, for example in the polar regions (e.g.,
Shimojo et al. 1996).

The close association of perpendicular plasma flows
in flares is not surprising, since the field must restruc-
ture itself globally to release energy in the form of an
implosion (Hudson 2000). What is surprising is that
such flows are hard to detect except in the most ener-
getic events, which have CME associations; even more
surprising is that the CME eruption appears to add
energy to the global field by creating a large-scale cur-
rent sheet (Section 4). Recent observations have pro-
vided some evidence for implosive motions leading dur-
ing or just prior to the impulsive phase of a flare (e.g.,
Sui et al. 2004; Veronig et al. 2006) This is consistent



with the observation that ribbon expansion typically
does not develop clearly until the later phase of a flare
(e.g., Yang et al. 2009), consistent with a chromospheric
interpretation of these early motions as a contraction
(e.g., Ji et al. 2007).

2.3 Flare and CME occurrence patterns
2.3.1 Flares and microfiares

Flares have complicated images and time histories, but
there are simplifiying patterns. Normal classifications
in common use include the soft X-ray energy flux in
the standard GOES spectral bands of 1-8A and 0.5-
4A. The more traditional Ho classification the flare im-
portance by area and visual brightness. Table 1 gives
a quick overview of these classifications. It should be
noted that most of the extensive properties of flare
scale roughly together, with a scatter of some fraction of
one order of magnitude, over several decades of range.
This is one interpretation of the “big flare syndrome”
(Kahler 1982), which we illustrate in Figure 2 (Thomas
and Teske 1971). This reveals a tight correlation be-
tween two quite different flare properties: the emission
from the corona in soft X-rays at about 107 K, and the
emission from the chromosphere in Ho at about 10* K.
A successful model of this relationship would require
some sort of regulatory mechanism — part of the big-
flare syndrome — to avoid the parameter dependence
that obviously is not there.

Flares tend to occur in isolation, localized in space
and time but with strong correlations; typically one ac-
tive region will produce dozens of flares, especially dur-
ing periods of flux emergence (often near the beginning
of the lifetime of a given region, but not always). The
most powerful events usually occur in active regions.

In a time series such as the GOES soft X-ray data
there will often be long intervals of slow variation in
between the discrete flare events. This strongly implies
the existence of two distinct sources of coronal energy
release: flare-like and steady. The flare-like component
consists of readily identifiable outbursts whose occur-
rence distribution function in peak flux follows a power
law. Generally the distribution function dN/dR o« R™¢
has a slope o < 2.0 for a given observable param-
eter R such as the GOES peak flux, implying that
the smaller events contribute relatively less than the
larger events (e.g., Hudson 1991). Calibrating the ob-
servable R against the total energy of an event (the
big-flare syndrome), we conclude that microflares can-
not “heat” the corona although the integrated energy
is reasonably close (e.g., Shimizu 1995). Note that this
concept makes little sense in any case, since the corona
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Fig. 2 An early example of Kahler’s “big flare syndrome: the
tight correlation found between soft X-rays and Ha emission by
Thomas and Teske (1971).

Table 1 GOES and Ha classifications

GOES Ha class Ha area Emission measure
Sq. degrees cm ™3
X10 4 24.7 1051
X 3 12.4 1050
M 2 5.1 1049
C 2 2.0 1048
B S <2.0 1047
A S <2.0 1046

is extensive and relatively steady, whereas the flares are
compact and transient; RHESSI for example observes
no microflares outside active regions (e.g., Hannah et al.
2008).

Parker’s (1988) concept of “nanoflares” could help.
It seems entirely reasonable that frequent small-scale,
non-thermal energy releases could provide a sufficiently
smooth energy input to maintain steady coronal heat-
ing. In Parker’s view this would result from the dynam-
ics of small-scale current sheets that would inevitably
form in the coronal plasma. Observationally, this is a
difficult problem since the nanoflares would be unde-
tectable individually almost by definition; the events
can run together and confuse their time series to the
point where they could not be distinguished individ-
ually. If nanoflares do explain coronal heating (e.g.,
Cargill 1994), they must have different occurrence pat-
terns from the flares or microflares.



2.8.2 Flares and CMFEs

The most energetic CMEs occur in close association
with powerful flares (see Sections 3.3.7 and 4.1.4). Nev-
ertheless large-scale CMEs do occur in the absence of
major flares, even though these tend to be slower and
less energetic. These involve flare-like events in quiet re-
gions of the Sun, with large-scale ribbon features seen
in chromospheric lines (Harvey et al. 1986) and the ap-
pearance of large-scale soft X-ray arcades. Such quiet-
Sun CMEs frequently coincide with filament eruptions
(e.g., Hanaoka et al. 1994). The physics of the filament
channel and magnetic flux rope is thereby strongly im-
plicated in the formation of a CME, and this may also
apply to active-region flare/CME occurrences but on a
smaller scale and with greater intensity of energy re-
lease. These events in the quiet Sun are slower, cooler,
and fainter than active-region flares (e.g., Hudson et al.
1995). The term “impulsive phase” might not seem to
apply to them, since they are generally not detectable
with current instrumentation in hard X-rays, ~-rays,
or gyrosynchrotron emission, but this may simply re-
flect the limited sensitivity of the observations. Finally
we note the well-known property of CME initiation,
namely that it may significantly precede the flare im-
pulsive phase (e.g. Mittal and Narain 2010).

2.4 X-ray signatures

Figure 3 illustrates the four flare phases we discuss
(see Figure 1 for a schematic view), using the event
SOL2002-07-23T00:35 as an example.

2.4.1 Farly phase

Often the GOES light curve will have a precursor in-
crease prior to the impulsive phase of a flare. Although
this is often interpreted as “preheating,” soft X-ray im-
ages show that in many cases the precursor, though
a part of the flare, does not coincide with the struc-
ture supporting the impulsive phase Farnik and Savy
(1998), hence not reflecting the plasma conditions at
the site of major energy release, but instead shows pre-
flare dynamics associated with flux emergence (e.g.,
Chifor et al. 2007).

Hard X-rays also show interesting features prior to
the impulsive phase, as discovered in the event of Fig-
ure 3 (Lin et al. 2003). These observations reveal a
coronal source with a steep non-thermal spectrum and
weak footpoint emissions. The observed emissions re-
quire a major part of the flare energy, even though the
impulsive-phase acceleration has not yet begun. Batta-
glia et al. (2009) suggest that this phase proceeds via
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Fig. 3 The four different phases illustrated for the RHESSI ~-ray
flare SOL2002-07-23T00:35. The smooth line shows the GOES 1-
8A soft X-ray band, and the histogram the RHESSI 100-200 keV
counting rate, each normalized to its maximum. The three dotted
lines separate the four phases shown in Figure 1 schematically.
In this event the extended flare continues for almost an hour. For
this famous event, RHESSI obtained the first v-ray images of a
flare in the 2.223 MeV line during the impulsive phase, 00:27:20-
00:34:40 UT (Hurford et al. 2003).

conduction-driven evaporation as a response to this en-
ergy input, which is presently not understood. We note
that observations of source motions now are beginning
to suggest the contraction of the coronal magnetic field
in this phase (Hudson 2000); see also the discussion be-
low in Section 4 regarding flare energetics.

2.4.2 Impulsive phase

Spiky bursts of hard X-rays and microwave-millimeter
wave radiation characterize the impulsive phase of a
flare, due respectively to the bremsstrahlung and gy-
rosynchrotron emission from non-thermal electrons, in-
ferred to have been accelerated into a continuous power-
law distribution that may extend to the MeV range.
The time variations during this phase exhibit the “soft-
hard-soft” pattern, with a close negative correlation be-
tween the hard X-ray flux and its power-law spectral
index 7 as determined by a fit to j(¢) x 77 (Kane
and Anderson 1970; Grigis and Benz 2004). Such bursts
sometimes exhibit quasi-periodic pulsations (Parks and
Winckler 1971).

The new bolometric observations (Woods et al. 2006)
show that this flux, Ly, amounts to about 1% of the
bolometric luminosity (Emslie et al. 2005; Kretzschmar
et al., 2008; Quesnel et al. 2010) for the most energetic
flares. We interpret these soft X-ray fluxes as described
above, namely as hot plasma collecting in closed mag-
netic structures that extend into the corona. These flux
tubes trap plasma at high temperatures, which then
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Fig. 4 Left: the Neupert effect as seen in X-rays. Solid line, the
X-ray fluxes for a compact flare of SOL2000-03-02T08:22, as ob-
served by Yohkoh/HXT in its 33-53 keV band (solid) and GOES
1-8A soft X-rays (dashed), both normalized to their peak values.
Right: a comparison between the GOES derivative (red) and the
Yohkoh/HXT hard X-ray counting rate (blue), 33-53 keV.

cools following the Serio scaling law n? oc T' (Serio et al.
1991). The coronal residence time is a few minutes (the
reason for the Neupert effect, illustrated in Figure 4,
since this time scale usually exceeds that of the energy
release). The growth phase of the flare soft X-ray source
detected by GOES corresponds to the impulsive phase,
in which hard X-ray emission appears. The right panel
of this Figure compares GOES derivative and hard X-
ray fluxes, showing the effect clearly but also illustrat-
ing the absence of an exact relationship (Dennis and
Zarro 1993; Veronig et al. 2002). One would not expect
any particular detailed relationship in view of the com-
plex spatial structures of a flare, which implies a range
of physical conditions and presumably variations of the
evaporation physics.

Soft X-ray images beautifully define solar flares as
coronal magnetic structures. The first observations came
from sounding rockets, and then from Skylab (e.g. ar-
ticles in Sturrock 1980), but the definitive view was
produced by the SXT instrument (Tsuneta et al. 1991)
on the Yohkoh satellite, launched in 1991. These ob-
servations revealed the coronal structures of flares of-
ten to consist of loops, clearly defined by the magnetic
field in a manner consistent with the low plasma beta
(ratio of gas pressure to magnetic pressure) inferred
from the observations. In the impulsive phase of a flare,
though, at the time of major energy release, the soft X-
ray images of flares may not look like loops. Figure 5
shows the example of the well-studied GOES X5.3 flare
SOL2002-08-25T'16:45 (Kaufmann et al. 2002; Metcalf
et al. 2003). In this image the dominant structures are
not loops, but instead features close to the chromo-
spheric and photospheric ribbon features of the flare.

Fig. 5 Soft X-ray image from Yohkoh/SXT for the flare
SOL2001-08-25T'16:45, studied by Metcalf et al. (2003) as a
white-light flare. The image scale can be inferred from the size of
the individual SXT pixels, 2.54”". At the time of this exposure the
ribbon sources clearly appeared in soft X-rays, and in TRACE
white light, and were crossing the sunspot umbra.

These features correspond to impulsive soft X-ray emis-
sion in the chromospheric footpoints (McTiernan et al.
1993; Hudson et al. 1994). This image, not untypical
of the impulsive phase, further explains why one would
not expect a precise match to the Neupert effect: the
flare structures are complex.

2.4.3 Gradual phase

The soft X-ray images of the gradual phase of a flare
often look strikingly different from the impulsive-phase
image shown in Figure 5. In the most powerful events,
and especially those with CME association and the
“long decay event” (LDE) property of an hours-long du-
ration, one can often see a well-developed cusp structure
in the soft X-ray images. Figure 6 shows an excellent
example, again from Yohkoh/SXT. The cusp is strik-
ing, but what is even more striking is the fact that it
originated in a flare one day earlier (GOES X2.3). The
image here shows the situation just before a GOES X1.2
flare in the same active region, which was observed to
have no drastic effect on the cusp left over from the pre-
vious flare (see e.g., Fletcher and Warren 2003). This
behavior predominates; extensive surveys such as those
of Tripathi et al. (2004) and Li and Zhang (2009) do not
remark on exceptions. But on occasion an apparently
stable arcade resulting from a previous flare (as in the
cusped arcade of Figure 6) can indeed blow out (Liu
et al. 2009; Liu 2009). This implies that the increased
stability of the restructured field does not mean that it
cannot accumulate sufficient energy and/or helicity to
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Fig. 6 Soft X-ray image from Yohkoh/SXT for a flare SOL2000-
06-07T14:49. The tip of the cusp strikingly resembles a coronal
helmet streamer, and such a cusp configuration is often taken to
indicate the presence of a large-scale current sheet but may also
have a geometrical origin. The image scale (roughly 1 Rg) can
be inferred from the faint glimpse of the N polar coronal hole in
the background.

erupt again (Nitta and Hudson 2001). As with homolo-
gous flares, this presumably means that flux emergence
has extended spatial and temporal coherence.

The usual interpretation of the cusp structure is
in terms of the standard magnetic-reconnection model
(the consensus theoretical views expressed in Forbes
et al. 2006). This scenario most naturally explains the
gradual phase of a flare as the reconnection and clos-
ing down of the field opened in a transient manner by
the associated CME. This presupposes that the CME
expansion stores energy in the field, as it appears to do
during the eruption. The impulsive phase remains ill-
understand in this standard picture. The problem lies
in how to evade the Aly-Sturrock theorem (Aly 1984;
Sturrock 1991), which states that a global open-field
configuration maximizes the stored magnetic energy for
a fixed boundary field. Forbes et al. (2006) offer sev-
eral suggestions regarding this, but in my view none of
them seem convincing except for the implosion argu-
ment given in Section 4.3 below.

In any case, following the eruption, the standard
model naturally explains the two-ribbon arcade config-
uration and even the extended heating; as the reconnec-
tion proceeds to higher and higher altitudes, new high-
energy loops appear. These then cool by radiation and
conduction — in rough balance because they regulate
each other (e.g., Moore et al. 1980; Fisher and Haw-
ley 1990) — appearing sequentially in emissions charac-
teristic of lower and lower temperatures (e.g., Neupert
et al. 1967), and and at the same time shrinking geo-
metrically (Svestka et al. 1987; Forbes and Acton 1996).

The conductive losses from these loops cause their foot-
points to radiate strongly in transition-region and chro-
mospheric lines, such as the bright ribbon structures
seen in both and well studied in Ha. The “supra-arcade
downflows” provide an interesting new wrinkle in this
area (McKenzie and Hudson 1999; Sheeley et al. 2004).
The on-line movie attached to Gallagher et al. (2002),
for example, shows beautiful “tadpoles” drifting down
with the hot spiky structure above the arcade (e.g.,
Svestka et al. 1998). Asai et al. (2004) have shown that
these downflows, or tadpoles, also tend to match the
timing of hard X-ray emission as observed by RHESSI
for the y-ray event SOL2002-07-23T00:35.

2.4.4 Extended flare phase

The “extended flare” phase designates events with ma-
jor coronal non-thermal developments generally coin-
ciding in time with the gradual-phase arcade develop-
ment, but not clearly related to it. These can include
meter-wave bursts of type II and type IV (e.g., Wild
et al. 1963) and now hard X-ray signatures as well (e.g.,
Cliver et al. 1986; Krucker et al. 2008).

These processes involve the long-term storage of par-
ticles in coronal magnetic fields, at altitudes ranging up
to a fraction of 1 Ry. The particles may be relativis-
tic; pion-decay  rays can in some cases be detected
hours after the flare injection (Chupp et al. 1987; Kan-
bach et al. 1993). The meter-wave radio signatures are
complex and fascinating (e.g., Pick and Vilmer 2008),
resulting from a mixture of free-free, gyrosynchrotron,
and plasma radiation resulting from coupling from Lang-
muir turbulence excited by various processes. Often the
extended phase includes meter-wave emission of both
type II (Langmuir-wave conversion at a shock front
propagating through the ambient corona) and type IV
(attributed to relativistic electrons trapped in large-
scale closed fields).

The prototype hard X-ray extended event was the
event SOL1969-03-30T02:47 (Frost and Dennis 1971),
for which the identification of the coronal sources could
be done by chance occultation (see also Hudson 1978),
from which one can get a height estimation by sim-
ple geometry. The coronal sources of the extended flare
generally have harder spectra, slower time variations,
and lower peak microwave frequencies; the sources may
move with time as in the famous “Westward Ho!” type
IV burst (Riddle 1970) SOL1969-03-01T23:00 seen at
80 MHz, or more recently detected moving hard X-ray
sources (Hudson et al. 2001; Krucker et al. 2007). There
are also apparently stationary hard X-ray sources in the
extended flare phase. These sources may have bright
footpoint emission as in the impulsive phase Qiu et al.



Table 2 The “Kiplinger effect”®

SEP no SEP

SHH? 12 6
no SHH 0 19

@Grayson et al. (2009)
bThe “soft-hard-harder” pattern; see text

(2004); Krucker et al. (2008) and exhibit spectral vari-
ations consistent with stable trapping with collisional
energy losses for the lowest-energy particles. The im-
plied spatial scales of this trapping may be large (e.g.,
Krucker et al. 2008), and have long durations (e.g., Fig-
ure 3).

The extended phase of a flare is the site of one of the
major mysteries in the flare/CME/SEP environment
(SEPs are “solar energetic particles”), namely what we
could call the “Kiplinger effect”: SEPs are associated
with the particular “soft-hard-harder” spectral evolu-
tion seen in this phase (Kiplinger 1995). This distin-
guishes the hard X-ray behavior from that seen in the
impulsive phase (Section 2.4.2). The implied association
is mysterious because the SEPs, according to current
consensus, originate mainly in diffusive shock accelera-
tion at the CME-driven bow shock. There should be no
direct connection between this process and the corona
where gradual hard X-ray sources appear; specifically
no magnetic connection could exist within the standard
models (see following). The RHESSI observations have
now convincingly confirmed this association (Grayson
et al. 2009), as shown in Table 2.

2.4.5 The standard model

The development of a flare/CME process is extremely
complicated, involving major gaps in our understanding
of the microphysics in particular. Accordingly the ac-
cepted concepts involve simple cartoons or sketches that
in principle link the observables to the energy sources
and mechanisms involved.2 New observations are typi-
cally described in terms of the features of the cartoon,
which in principle is not the best way to discover new
mechanisms that may not feature in the accepted model
or any of its variants.

Without question the present standard model for
flare and CME development is the “CSHKP” model,
whose essence consists of a large-scale current sheet in
which magnetic reconnection drives the flows that re-
lease energy. An early full description of such a model
was that of Hirayama (1974), in the context of fila-
ment eruption, but the initial “C” of CSHKP refers to

2 An archive of cartoons can be found on http://solarmuri
.ssl.berkeley.edu/~hhudson/cartoons/

Fast

Particles Shock

Fig. 7 The standard magnetic-reconnection model of a solar
flare, adapted from Cargill and Priest (1983). Above it one may
imagine the X point or line, or current sheet, of the reconnec-
tion process, and in 3D the plasmoid that entrains the erupting
filament (e.g., Hirayama 1974).

Carmichael (1964). More recent work has not resulted
in any substantial modifications of this cartoon, and
Figure 7 shows a modern version due to Cargill and
Priest (1983). Note that this is a 2D representation
of an inherently 3D physical process; the third dimen-
sion allows for the formation of a plasmoid analogous
to structures found in the geomagnetic tail. This 3D
view was clearly seen in earlier representations of the
CSHKP model, such as that of Hirayama (1974).

The standard model does not readily lend itself to
explaining the impulsive phase, since the reconnection
process in principle requires the existence of a large-
scale current sheet only created by the flare itself via the
expansion of the field (see Section 2.4 for a discussion of
flare phases, and Section 4.3 for a summary overview of
this problem). Another weakness of the standard model
is its MHD underpinnings.. As has long been known
(e.g., Lin and Hudson 1976) and now abundantly con-
firmed (see Section 4) the energy of a flare or of a CME
has a major component of non-thermal particle acceler-
ation. Since an MHD plasma has no non-thermal parti-
cles as such, the standard model cannot describe these
key observations. Nevertheless the CSHKP model cap-
tures many of the features of eruptive flares, especially
the behavior of the flare ribbons.

2.5 Flare spectroscopy

Flares generally increase the brightness of the Sun across
the entire wavelength range; remarkably making the
Sun an astronomically bright object where it normally
might be darker than the night sky — in hard X-rays,
for example. The global spectrum determines the fate
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Fig. 8 Overview of solar flare broad-band spectrum in the im-
pulsive phase, scaled from various observations by GOES class to
the X1 level (Hudson et al. 2010) and compared with the “Sun
as a star” spectrum (curves and histogram). The asterisks show
the flare continuum at various wavelengths, with the dashed line
representing a blackbody at 10% K.

of the flare energy release, at least as regards radiant
energy, and so it is a key part of the discussion in Sec-
tion 4. It also is the only tool for studying flares and sim-
ilar phenomena on stars, as opposed to the Sun where
we can resolve the spectral components spatially to a
good degree, as described in the sections above. Fig-
ure 8 gives a continuum (broad-band) overview of the
flare spectrum, in comparison with the spectrum of the
quiet Sun.

The overall spectrum of the quiet Sun has a near-
blackbody character at visual and near-IR wavelengths,
with absorption features (lines and continua) becoming
more prominent at UV wavelengths. Excesses over a
fitted blackbody function then appear at EUV and far-
IR wavelengths and beyond. One defines the effective
temperature T,¢¢ in terms of the solar luminosity Lq:

E@ = UTe4ff5

with a value of about 5777 K (e.g., Cox 2000). For com-
parison the photospheric temperature of the standard
VAL-C model (Vernazza et al. 1981) is 6420 K. This
substantial difference reflects the complicated physics
of the solar atmosphere, which of course a 1D model
such as VAL-C cannot fully capture. The lowest fre-
quency at which the quiet Sun can be detected does
not extend much below 20 MHz (e.g., Erickson et al.
1977) because of competition from non-solar sources.
Interestingly the Fermi satellite has detected quiet-Sun
~-ray emission above 20 MeV (Orlando et al. 2009),
giving a spectral range of some 15 decades!

The overall behavior of the global spectrum of the
Sun during a flare is to broaden out. At long wave-
lengths huge radio fluxes appear, and at short wave-
lengths the Sun can suddenly become a powerful source

of hard X-rays and ~-rays. The spectral range extends
yet further, and solar bursts have been detected down
to the plasma frequency of the solar wind at ~1 AU
(roughly 30 kHz). In general the extension of the solar
spectrum to the highest and lowest frequencies signals
the presence on non-thermal effects secondary to the
presence of high-energy particles. Indeed, if we include
solar energetic particles detected by low-latitude neu-
tron monitors, the observable spectral range of a solar
flare expands to some 20 decades.

All of the detectable wave bands provide some diag-
nostic information, each characteristic of the sources in
the particular wave band. As will be appreciated from
the discussion above, a solar flare involves an enormous
range of physical parameters in its constituent parts. In
most cases we simply cannot obtain complete data. A
further point to note is line-of-sight confusion. In most
non-radio wavebands the corona is transparent, so that
foreground or background confusion can easily result.
It is clear morphologically that filaments and filament-
channel magnetic fields can play an important role in
CME eruptions, but to characterize the coronal plasma
in a filament cavity is difficult (see, e.g., Schmit et al.
2009).

3 Global effects
3.1 Energy buildup and release

For a clear discussion of the nomenclature of the var-
ious global manifestations in the corona, see the short
article by Vrgnak (2005). In general we believe that the
flare and CME derive their energy from storage in the
magnetic field, and so there must be a sudden restruc-
turing involved in this energy release. We are interested
here mainly in these sudden effects, rather than in the
buildup of energy that must proceed much more slowly.
At intermediate time scales, there may be other time
scales involved. For example, the “two-ribbon flare”
paradigm was known from early Ha observations to
involve the apparent growth of “loop prominence sys-
tems” (e.g., Bruzek 1964) or “sporadic coronal conden-
sations,” to use some archaic terminology. We now rec-
ognize this apparent growth as a cooling process, in that
the flare itself creates higher-temperature plasmas ini-
tially (see Section 2.4); these higher-temperature loops
are not detectable in Ha or even at the EUV wave-
lengths of SOHO/EIT, for example. The plasmas cool
and become visible outside the X-ray band, eventu-
ally recombining to produce Ha and the “coronal rain”
downflows resulting from the draining of high-density
coronal flux tubes by mass motions along the field. The
initial formation of the hot plasmas can be extended
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in time (MacCombie and Rust 1979), a property of the
standard model (e.g., Hirayama 1974).

The decisive part of the overall process, though, is
the initial energy release. That is the main theme of this
overview, and we proceed now to discuss the different
global signatures of the process.

3.2 CMEs

The CMEs of course cannot be observed directly with
the flare effects, since they are defined in terms of the
coronagraphic observations. Flares, on the other hand,
are observed in the low corona and below, so the ob-
serving domains are almost always disjoint. This is a
bit awkward, since we are interested in CMEs in this
review mainly as they guide us to the initial energy
release. Hudson and Cliver (2001) discuss other “non-
coronagraphic” views of the CMEs, many of which al-
low the CME development — within model restrictions
— to be tracked back to the lower atmosphere. Examples
of this would be EUV or radio observations, which do
not have the above-the-limb limit imposed by corona-
graphs. One must always be careful, however, in iden-
tifying specific features seen in such different emission
processes with true (Thomson scattering) observations
of CMEs according to their definition. For instance, a
height-vs.-time plot for a CME that compares EUV and
Thomson-scattering signatures will have some uncer-
tainty related to feature identification.

The last decade or so has seen a substantial im-
provement in our observational understanding of CME
origins. The first of the breakthroughs was the discov-
ery of a close linkage between the impulsive phase of a
powerful flare, both spatially and temporally, and the
acceleration phase of the associated CME (Dere et al.
1997; Zarro et al. 1999; Zhang et al. 2001). This observa-
tion suggested a solution to one of the major problems
in CME dynamics — how can the coronal magnetic field
evolve catastrophically into a higher-energy state? The
answer may be that there is a balancing act, perhaps
mediated by large-scale magnetic reconnection, that al-
lows the flaring part of the field to collapse and release
energy (Hudson 2000), part of which then goes into the
CME kinetic energy (see discussion in Section 4.3). The
best current assessment of the energetics (Emslie et al.
2005) suggests that the CME and flare require com-
parable amounts of energy (Section 4) at least for the
most powerful events.

3.3 Waves

The restructuring of the coronal magnetic field will nat-
urally induce waves radiating outwards; in particular a
fast-mode MHD wave was identified early as a likely
candidate (Uchida 1968) for the Moreton wave (chro-
mospheric) and the meter-wave type II burst (coro-
nal). The restructuring also can be seen as a CME, and
this phenomenon is closely connected to the physics of
global waves. Note that the flare excitation of a large-
scale wave is often described as a pressure pulse, but
because of the low plasma beta the gas pressure would
contribute only negligibly (Section 4.3). As discussed by
Vrsnak (2005), flare-excited waves can propagate freely,
as “simple” or “blast” waves, which will decay fairly
promptly, or they can continue to gain energy from a
driving “piston” due to other physics. Here the impor-
tant piston would be the CME eruption, which can con-
tinue into interplanetary space as an ICME, continually
driving a bow shock ahead of the disturbance. The im-
pact of one of these ICME-driven shocks striking the
Earth’s magnetosphere, the “storm sudden commence-
ment,” had been identified as a shock signature well
before the space age (e.g., Chapman and Bartels 1940).

The interplanetary shock wave has many interest-
ing properties; for example the theory of diffusive shock
acceleration widely used in astrophysics applies here as
well in supernova remnants. A recent paper by Mewaldt
et al. (2008) suggests that a major fraction (of order
10%) of the total energy can wind up in particles accel-
erated by this shock front, presumably by this process.

3.3.1 Type II bursts

The first of the global signatures to be detected reli-
ably was the meter-wave type II radio burst, also called
at that time the “slow drift” burst to distinguish it
from the fast-drift type III bursts, which have an en-
tirely different explanation (e.g., Wild et al. 1963). Fig-
ure 9 shows a beautiful example. In both cases the ra-
dio emission results from coupling between Langmuir
waves generated by small-scale motions within the dis-
turbance, coupling to electromagnetic radiation at the
plasma frequency or its harmonic. Since the plasma fre-
quency decreases as the coronal density drops off ra-
dially (wpe = /4mnce?/m.), the drifts strongly tend
to be towards lower frequencies. The straightforward
interpretation would be that of a fast-mode (compres-
sive) MHD wave, launched by a pressure pulse asso-
ciated with the flare (Uchida 1968). This idea led to
a successful theoretical explanation that combined the
meter-wave type II burst with the Moreton wave (see
Section 3.3.2 below) and which did not involve a CME.
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Fig. 9 An almost too-ideal example of type III (fast drift) and
type II (slow drift) waves captured at Culgoora Solar Observa-
tory (Australia). The negative frequency drifts show the outward
motion of the exciter(s) through the corona towards lower den-
sities. The type III bursts coincide with (parts of) the impulsive
phase of the flare.

CME-associated type II emission certainly does occur
longer wavelengths, best observed via radio antennae in
space (e.g., Malitson et al. 1976; Bougeret et al. 2008).
The Uchida theory has gradually become less prob-
able for several reasons, though. First, the radio obser-
vations from space show the apparent low-frequency ex-
tensions of the metric type II burst, even to the plasma
frequency characteristic of one AU. It would be im-
probable for a flare-driven blast wave as such to sur-
vive as far as the Earth, since its energy must decay.
Second, as observations improved, it became clear that
the powerful flares that make these type II bursts and
CMEs originated in regions of low plasma beta. Thus
the gas pressure pulse would not be relevant in com-
parison with the dynamics assocated with the field re-
structuring, and so the flare brightening itself would not
show the existence of any energetically relevant pressure
pulse. Finally, it appeared in many cases that the drift-
ing motions of the metric and long-wavelength type II
signatures could be identified with each other, and so
via the Occam’s Razor principle a desire arose to sim-
plify the phenomenology and simply have all type II
bursts come from CME bow waves. Nevertheless the
metric type II bursts have a clearly demonstrable as-
sociation with an exciter at the onset of the impulsive
phase, i.e. a strong flare association (Figure 9). This is
convincing evidence of an association, but current ex-
planations have indeed veered away from flares as direct
causes of type II bursts. The change of paradigms has
interesting consequences as discussed in Section 3.4.

8.8.2 Chromospheric waves

Global wave signatures in the chromosphere made their
appearance in 1959, with observations made possible by
narrow-band He filters and good seeing (Moreton and

Fig. 10 One of the best examples of a Moreton wave, namely
the “solar tsunami” of Balasubramaniam et al. (2010), from the
flare SOL2006-12-06T'18:40.

Ramsey 1960; Athay and Moreton 1961). These wave
are now almost universally called Moreton waves, but
had originally been noted by the developer of the filter,
H. E. Ramsey. Figure 10 shows an excellent recent ex-
ample (SOL2006-12-06T18:40; Balasubramaniam and
14 co-authors 2010).

Theory struck out with the Moreton waves at first,
because it was clear that they were too fast (~10% km/s)
for any known wave mode in the chromosphere, where
they were observed to propagate. This led to Uchida’s
theory of the fast-mode MHD shock wave Uchida (1968).
In this picture a global wave radiated out into the corona
from the flare site, but its energy refracted back down
into the chromosphere as a result of the height depen-
dence of the Alfvén speed. Thus the Moreton wave be-
came the “sweeping skirt” of the true coronal wave.
In Uchida’s view, this was a blast wave rather than a
driven wave; indeed the refraction of the wave’s energy
could probably help stave off its decay, and many of the
Moreton waves only appeared in limited angular sec-
tors. A particularly remarkable example of a Moreton
wave, termed a “solar tsunami,” occurred with event
SOL2006-12-06T18:40 (Balasumbramaniam et al., 2010).
This particular event, occurring near solar minimum,
displayed an almost isotropic wave radiation and was
not deflected by other active regions.

The chromospheric wave signatures also include the
“winking filament” phenomenon, in which a remote fil-
ament bobs down and up as the Moreton wave front
passes it (e.g. Okamoto et al. 2004). The wink would
result mainly from the Doppler effect as the Ha line
shifts relative to the narrow filter bandpass. Gilbert
et al. (2008) estimate the energy in the filament mo-
tion to be 1026727 erg, even for a filament at a distance
of ~1 Rp from the flare. This suggests a total wave en-
ergy small compared with that of the flare itself, but not
negligible. We return to a discussion of wave energetics
in Section 4
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Fig. 11 A global coronal wave seen in soft X-rays with the
Yohkoh/SXT telescope (adapted from Khan and Aurass 2002).
Many image artifacts appear here because of the long exposure
needed to capture the faint X-ray wave signatures marked with
arrows; disregard the spokes, the light concentric rings, and the
vertical spikes. The flare is at lower right in the image; the left
major tick mark on the X-axis is at —100".

3.3.8 X-ray waves

Given Uchida’s identification of the Moreton wave with
the exciter of the type II burst, it seemed logical that
soft X-ray imaging observations of the corona would
show the phenomenon directly; note that the high tem-
perature of the corona makes this wavelength range
(the soft X-rays and EUV) its natural emissions. The
Rankine-Hugoniot relations give values for the density
and temperature jumps at a shock front; for a large
Mach number the density jump approaches a factor
of four asymptotically. In spite of this clear expecta-
tion, though, plausible X-ray signatures of global coro-
nal waves were not found by the Yohkoh/SXT instru-
ment, launched in 1991, until the event SOL1996-05-
08T08:08. Analysis of this flare (Hudson et al. 2003)
and others (Khan and Aurass 2002; Narukage et al.
2002) helped to explain the lack of X-ray observations:
the inferred Mach number was small; this coupled with
the low image resolution and cadence of the SXT ob-
servations made detection and identification difficult.
Figure 11 shows snapshots from the event observed by
Khan and Aurass (2002).

Other problems are the long-standing geometrical
problems that apply to most wavelengths: the projec-
tion of a spherical shock front resembles a loop, and
the the fact that the corona is optically thin means
that the driver and its wave overlap in the image plane.
In addition the radial decrease in density means that
X-ray brightness of the wave would drop rapidly with
height, a problem both because of signal-to-noise ratio
and also with respect to image dynamic range, which
for soft X-rays can be many decades of intensity.

8.8.4 Coronal shocks

The signatures of shocks are now known to be well
defined in some coronagraph images (Vourlidas et al.
2003; Ontiveros and Vourlidas 2009), although this dis-
covery took time and has perhaps produced surprises.
Contrary to the cartoon description of something like a
bow shock, still suitable as a description of the ICME
structure, the main coronal effects appear to be in the
flanks of the wave. Some of the published examples have
clear linear features trailing behind the CME, and these
can be seen to affect ambient streamer structures that
they interact with. The shock signatures in the CME-
driven wave flanks suggest that these parts of the struc-
ture may serve to link the type II and Moreton waves,
suggesting a replacement for the Uchida blast-wave the-
ory. If this could be established we would finally be able
to link the processes that produce the coronal and in-
terplanetary type II signatures, which has been a per-
plexing problem for a long time. We discuss this further
in Section 3.3.7 below. Figure 12 shows two examples.
The left panel (Vourlidas et al. 2003) illustrates the im-
portance of the wave flank, while the event in the right
panel (Ontiveros and Vourlidas 2009) has a disk-center
origin that obscures this geometrically.

There have been many previous hints about the im-
portance of non-radial motions in CME development in
the low corona: (i) ejecta seen in soft X-rays often have
a distinctly non-radial component. (ii) Type II radio
bursts also often have a non-radial component. This of
itself is not so conclusive, since we do not understand
the special condition (Cliver et al. 1999) that allows
the emission to occur in the first place. (iii) CMEs of-
ten appear to expand drastically from a compact source
in the lower atmosphere (Dere et al. 1997). Adding to
this there are recent observational and modeling results
(e.g., Temmer et al. 2009) associating the Moreton wave
with lateral expansion of the CME in the low corona.

3.3.5 EIT waves

The “EIT wave” observed in one of the EUV wave
bands (typically 171A or 195A) was a striking obser-
vation that came with SOHO’s EIT instrument (Moses
et al. 1997; Thompson et al. 1999), although earlier
EUV observations of course showed similar structures
if not so well from the point of view of imaging (e.g., Ne-
upert 1989). Figure 13 shows one of the early examples,
that of SOL1997-04-07T14:03 (Thompson et al. 1999).
The initial thought was to identify the EIT waves with
the shock front responsible for the Moreton wave and
metric type II burst. This thought certainly seemed in-
sufficient when Delannée (2000) pointed out that some
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Fig. 12 Coronal shock waves identified in a SOHO/LASCO coronagraph images adapted from Vourlidas et al. (2003) (left; SOL1999-
04-02T08:21), and from Ontiveros and Vourlidas (2009) (right, SOL1997-11-06T11:55).

14:35 - 14:21 UT

Fig. 13 Two frames from the SOHO/EIT observation of the
global EIT wave of SOL1997-04-07T14:07 (Thompson et al.
1999). These are running difference images as indicated.

14:00 - 13:28 UT

EIT waves had velocities much smaller than any fea-
sible Alfvén speed in the corona. We now understand
the EIT signatures to result from more than one mech-
anism; Biesecker et al. (2002) identify a small subset of
them that one could associate with global shocks. As
with the X-ray observations of the corona, a shock sig-
nature would certainly be expected, and so why are so
few observed? Again there are the geometrical problems
and signal-to-noise problems, as with the soft X-rays.
Furthermore there is the passband issue for any line de-
tection: do the ambient temperature and dynamics of
the medium through which the wave passes allow the
particular line to be excited? Would a shock-associated
temperature increase actually result in a brightening,
or a dimming, because of the temperature dependence?

The great sensitivity and high resolution of EIT,
and of succeeding EUV imagers such as those on satel-
lites such as TRACE, STEREO, and SDO, make the
observation of these global waves quite routine. There

is no question that different effects are being lumped
together under one “EIT wave” heading (e.g., Wills-
Davey and Attrill 2009). It is also clear, especially from
movie representations, that much of the EIT wave ef-
fect is in fact a signature of the CME mass loss from the
corona, i.e. an EUV dimming analogous to those seen
in soft X-rays (e.g., Hudson et al. 1998). Thus the EIT
wave phenomena not only waves, but transient coro-
nal holes and more diffuse brightenings associated with
CME launches.

3.8.6 Seismic waves

A solar flare produces effects in the solar interior even
though its main energy release appears to be in the
solar atmosphere. Wolff (1972) predicted these effects,
writing “...a major solar flare, which releases more than
1032 ergs during its explosive phase, should deliver or-
ganized acoustical impulses to the solar interior con-
taining about 10%® ergs...” and noted an uncertainty
in his estimate of about a factor of 10. Kosovichev
and Zharkova (1995) modeled this process, anticipating
their observational discovery of the waves (Kosovichev
and Zharkova 1998) at about the right magnitude. It
is interesting that (a) Wolff assumed minimal effects of
ionization in the generation of the pressure pulse, while
at the same time Hudson (1972) was assuming maximal
ionization in order to explain white-light flares; and (b)
that Wolff anticipated the possible magnetic effects as
discussed below.

The flare seismic waves consist of a set of ripples
on the photosphere, observable via their Doppler sig-
nature as they move radially away from the flare site at

)
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Fig. 14 Left: white-light flare emission for the event SOL2003-10-29T20:49; right: acoustic power sources (‘“egression power”). The
white light has been time-filtered in the same 5-7 mHz bandpass as in for the holographic reconstruction (Lindsey and Donea 2008).
Note the easier visibility of the acoustic sources in the umbra, where the acoustic noise levels are lower.

apparent velocities of about 40 km/s, often focused into
sectors and sometimes revealing multiple radiant points
(Kosovichev 2006). The radiant points of the waves
closely match the various signatures of the impulsive
phase (Figure 14; Lindsey and Donea 2008), and the
optimum frequency bands for the holographic technique
(Lindsey and Braun 1990; Donea et al. 1999) appear to
be 3-7 mHz, corresponding to time scales (2mw)~! of
10-50 s.

This ready agreement suggests that acoustic-wave
excitation depends more the simple physics of conser-
vation of energy and momentum than on the details of
the way this happens (see Section 3.4). The momen-
tum balance should be helpful diagnostically but is sel-
dom discussed in this context, except for the case of the
evaporative flow and its effects on chromospheric line
profiles (Canfield et al. 1987). For comparison with the
acoustic wave momentum, let us estimate the momen-
tum present in surges, flares, and CMEs. Table 3 does
this by crudely scaling all properties to typical values
observable in an X1-class flare. Such a scaling is unsup-
ported by correlation analysis, but is consistent with
the estimates of Ontiveros and Vourlidas (2009), not-
ing that most of their events originated behind the limb
and are thus not at all suitable for scaling. The duration
of the impulse matters, because the detection sensitiv-
ity for helioseismic waves depends upon the temporal
frequency (and resulting spatial structure) of the pho-
tospheric ripples.

Table 3 Vertical momentum components

Phenomenon Mass  Velocity At Momentum

g km/s s gm cm/s
Surge/jet® 2 x 1015 500 ~300 1.1 x 1023
Flare energy® Small 1000 100 104
CME mass® 1016 1000 100 ~10%4
Evaporation? 2 x 101° 500 30 -1 x 1023
Trapping® 2 x 1015 500 30 —1 x 10%3
Draining 2 x 101° 10 ~10% 2 x 10%!
Seismic wave® 40 20-50 2.5 x 10?2

@Bain and Fletcher (2009); PAlfvénic (Fletcher and Hudson
2008); “Rough estimate; ?Canfield et al. (1987); ¢10%° erg

The momentum comparisons in Table 3 require some
discussion. The comparison with CMEs is a crucial one,
but the acceleration parameters of CMEs are extremely
ill-defined because of geometrical constraints (the coro-
nagraph field of view does not extend down to the im-
portant region, especially for CMEs with sources not
at the limb itself). This component of the momentum
may or may not couple well into the frequency range
of the seismic observations; we simply do not under-
stand the physics of the CME acceleration. Note that
an approach through height-vs.-time profiles probably
does not have sufficient accuracy for the geometrical
reasons cited above. The same caveats would apply to
surges, sprays, or flare-associated jets. The momentum
in the evaporative implies both signs, as noted by Can-
field et al. (1987). Ideally a simple explosion in the
chromosphere sends mass both up and down, the lat-
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Fig. 15 Conservation of momentum, comparing an idealized
flare and CME, inspired by Klimchuk (2001). For a CME the
mass and momentum never return, but for a flare the evapora-
tive motion is arrested by the closed field. Note that in this view
the flare creates twice as much momentum as a CME of equal
mass and ejection velocity, but in two episodes with equal and
opposite signs. Note that illustrating momentum with a cannon-
ball misrepresents the important component present in the wave
field.

ter associated with the gas-dynamic shock envisioned
by Kostiuk and Pikelner (1974). The upward momen-
tum in this flow is arrested by trapping in the closed
magnetic field, which then must exert a vertical force
in compensation (Figure 15). Thus the flare ejecta on
closed-field regions should ultimately produce both for-
ward and reverse acoustic waves, separated by a time
scale estimated from the loop heights and the evapora-
tion flow speed. For reasonable parameters, this might
be one minute, but such a time scale competes with the
duration of the impulsive phase. If this latter results,
as is probable, from a system of filamentary structrures
each following its own evolutionary path, the net mo-
mentum transfer would be reduced. It therefore seems
likely that the flare seismic waves be associated mainly
with the process of eruption.

3.3.7 CMEless flares

As the GOES class of a flare increases, so does its prob-
ability of association with a CME. The LASCO data
demonstrate this compellingly (Yashiro et al. 2006), re-
vealing that essentially all major flares have CMEs (Fig-
ure 16). Above GOES X2 the association reported thus
far is 100%, implying that a flare anywhere on the disk
at this magnitude will have an accompanying CME.
It is therefore interesting to study the most powerful
events that do not have CMEs; is this the result of de-
tection bias (e.g. the well-known “plane of the sky” bias
resulting from the angular dependence of the Thomson
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Fig. 16 Probability of CME occurrence as a function of GOES
peak flux (adapted from Yashiro et al. (2006).
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Fig. 17 Probability distribution function of absolute heliolongi-
tudes of the union of the CMEless X-class flare lists of Wang and
Zhang (2007) and Gopalswamy et al. (2009) (13 events total, of
which 3 originated outside +45° heliolongitude).

cross-section), or is it due to a physical mechanism that
we can identify?

There are X-class “CMEless” flares, but the list is
short. Wang and Zhang (2007) and Gopalswamy et al.
(2009) find a total of 13 events over the interval 2000-
2005, with maximum GOES class X1.7 and generally
no trace of eruption or coronal “extended flare” (Sec-
tion 2.4.4) activity (generally including type II bursts).
This list of CMEless flares, also describable as “con-
fined flares” (e.g., Moore et al. 2001) has a hint of
Thomson-scattering angular bias, in that only 3/13 of
the CMEless events occurred at heliolongitudes >45°
(Y. Liu, personal communication 2010; see Figure 17),
where one might expect twice as many. But there is no
question that major CMEless flares do occur, and this
has important consequences for our understanding of
global wave origins.
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Fig. 18 Illustration of the implosion expected as a source of
flare energy (Hudson et al. 2008). The sketch, courtesy of B. J.
Welsch, schematically shows magnetic regions of both polarities.
The red and green fields reconnect, and the retraction of the red
field releases the energy and communicates some of it into the
solar interior as the source of a seismic wave. Reconnection is not
required for a restructuring of this kind, but it is likely to make
the field more horizontal.

3.4 Wave synthesis: the Huygens Principle

We have seen that there are several kinds of global wave
signatures now identifiable in the solar atmosphere and
interior: the interplanetary shock, the metric type II
exciter, the Moreton wave, the direct coronal observa-
tion in white light, the X-ray signature, and the interior
seismic wave. Each of these signatures, except for the
interplanetary shock, appears to have its origin in the
lower atmosphere and to be both spatially and tem-
porally consistent with excitation during the impulsive
phase of the flare. A single sudden restructuring of a
part of the solar atmosphere might explain all of these
features, but the physical details tend to be obscured
by the flare itself and our understanding may require
insights gotten from theory or modeling. Clearly, since
the impulsive phase contains a large fraction of the flare
energy (see Section 4) our understanding of wave exci-
tation will be closely linked to our understanding of the
restructuring that produces the flare in the first place.

How do we extract information about flare/CME
physics from global waves? The clear answer is to ap-
ply the Huygens principle to the observations to seek
information about the nature of the wave radiant source
(Wills-Davey and Thompson 1999; Khan and Aurass
2002; Hudson et al. 2003; Temmer et al. 2009). It is
limited by the resolution and sensitivity of the obser-
vations in several ways, but in principle Huygens re-
constructions can give us key information about the
shape, location, and activation time of the actual re-
gion of magnetic energy release. Note that this region
must have finite dimensions to be able to store sufficient
energy, as described in the next Section.

4 Energetics
4.1 Overview
4.1.1 Spectral energy distribution

A flare consists of the sudden release of magnetically
stored energy. “Follow the energy” should be a good
principle by which to learn how and why the flare de-
velops. In this section we describe the state of the art
of energy storage, transport, and release in flares. This
task has received some closure recently because, at last,
we have the first “Sun as a star” observations of total
luminosity as seen in measurements of the total solar
irradiance (T'SI). Woods et al. (2006) observed an in-
dividual event (SOL2003-10-28T19:54, one of the “Hal-
loween flares”) using data from the SORCE spacecraft,
and summed-epoch analysis of SOHO observations have
shown this to be a systematic effect (Kretzschmar, 2008;
Quesnel et al., 2010). According to these results, the to-
tal flare luminosity is of order 100x the reported GOES
soft X-ray luminosity, or Lx /Lot ~ 0.01. A major com-
ponent of the luminosity is in the impulsive phase, con-
sistent with the white light signatures already known
but implying a significant extension into the near UV
(Figure 8). Note that Thomas and Teske (1971) esti-
mated Lx /L at about 10%, an order of magnitude
below our current understanding.

4.1.2 Energy storage

Although the main luminosity of a solar flare comes
from the chromosphere, its volume does not appear to
allow it to contain enough energy (e.g., Fletcher and
Warren 2003). Figure 19 illustrates this. One could push
the estimate of magnetic energy by increasing the area
above the 10'® cm? assumed, increasing |B| above the
1500 G assumed, and/or increasing the thickness of the
layer above the 2500 km adopted for the VAL-C model
(Vernazza et al. 1981). Clearly, if not the chromosphere,
then the low coronal volume could contain the canonical
1033 erg needed for a major flare. We discuss further
intricacies of energy storage in Section 4.2 below, but
the general conclusion will be that we do not know now
where flare energy can be stored in sufficient magnitude.

We take the opportunity here to discuss rarely men-
tioned alternative sites of flare energy storage. Table 4
summarizes some of the other possibilities: gravitational
potential energy, estimated from the Wilson depression
and from filament levitation; energy flow in real time
through the photosphere; escape of optically thin radi-
ation such as Lya; and trapped particle radiation. This
latter mechanism (Elliot 1969; Hudson et al. 2009) is
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Fig. 19 The energy contained in the chromosphere, according to
the VAL-C model (Vernazza et al. 1981), evaluated for an area
1018 c¢m?: dashed line, thermal energy; solid line, latent heat of
ionization; dotted lines, total magnetic energy for uniform fluxes
of 30 and 1500 G.

Table 4 Energy sources for global effects

Site Calculation Energy At
Coronal field NLFFF 1 x 103 Fast
Gravitational Wilson depression 4 x 1027 60 s
Gravitational Filament 3 x 102 300 s
Subphotospheric Wave energy Alfvénic 100 s
UV radiation AFe/c 3 x 10?6 Fast
Trapped radiation 100 MeV 102 100 s

particularly interesting, since it appeals to a method for
storing free energy in the magnetic field without cur-
rent systems. High-energy particles could store energy
at some fraction of the field energy [ (B?/87)dV, which
we have estimated at 1% of the energy content of a 10 G
field in a volume of scale 0.1 Rg. For each mechanism
we estimate a feasible amount of energy (erg) and a time
scale At (s). The UV radiation estimate refers to the
radiant energy trapped in the chromosphere by opacity,
which we estimate as o(T}),,, — T2;;)/c erg/cm?, where
o is the Stefan-Boltzmann constant; Tppe: = 6420 K
from Vernazza et al. (1981) and T.;y = 5777 K. Simi-
lar order-of-magnitude estimate have often been made
previously for most of these mechanisms, with the same
conclusion: each of them except for magnetic storage in
the corona fails on either the energy scale or time scale
criterion. The energy for a flare or CME must reside in
the solar atmosphere because of the low Alfvén speed in
the photosphere, and because the observations rule out
the photospheric motions expected (e.g., Schuck 2010).

4.1.3 Energy transport

Energy storage in the corona and release in the chro-
mosphere, on time scales of a few seconds, means that
we require a fast and efficient transport mechanism. We

also have the evidence from hard X-rays, y-rays, and so-
lar energetic particles that particle acceleration plays a
major role in energy transport The thick-target model
invoking electrons (Neupert 1968; Kane and Donnelly
1971; Brown 1971; Hudson 1972) resulted naturally from
these requirements. Such a model works for the electron
beams known from in situ observations of interplane-
tary electron streams associated with type III bursts.

In the case of the intense energy of the impulsive-
phase energy transport, though, there have always been
important theoretical questions about beam stability
(e.g., Colgate 1978; van den Oord 1990). With mod-
ern data these beam-stability questions have become
inescapable, and so energy transport by other means
seems inevitable. Fletcher and Hudson (2008) propose
transport by Alfvén waves generated in the corona, for
example by flows associated with magnetic reconnec-
tion. This mechanism also may lead to electron acceler-
ation by wave damping in the denser chromosphere, and
so it would have many of the properties of the standard
thick-target model.

4.1.4 Role of CMFEs

The role of CMEs in flare energetics is complicated.
Most flares, even including some at the GOES X-class
level (Wang and Zhang 2007, see Section 3.3.7) do not
have associated CMEs. Yet when they do, the estimated
energy of the CME can rival that of the flare emission
itself (e.g., Emslie et al. 2005). We note that the CME
energy usually is broken down into kinetic energy, en-
thalpy, gravitational potential energy, and magnetic en-
ergy (e.g., Vourlidas et al. 2000). The latter term domi-
nates, especially since recent data suggest strongly that
CME:s arise in coronal regions with low plasma 3, and
yet the field cannot be directly observed. Worse yet,
since the restructuring of the field is generally thought
to drive the CME, its magnetic energy must therefore
be taken as negative, rather than positive.

When a CME occurs, its kinetic energy correlates
strongly with the peak GOES flux (?Gopalswamy et al.
2005). We illustrate this point, which much of the lit-
erature gets wrong, in Figure 20, based on the data of
Gopalswamy et al. (2005).

Nevertheless the CME energy is large; Mewaldt et al.
(2007) argue that even the SEP particles accelerated
by the CME-driven interplanetary shock wave, in our
current understanding, may contain as much as 10%
of the total event energy. Further complication regard-
ing this conclusion comes from the effect discovered
by Kiplinger (1995) and now confirmed by Grayson
et al. (2009): flares with associated SEPs, normally as-
sociated with particle acceleration by the CME shock,
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Fig. 20 Correlation of CME kinetic energy with GOES peak
flux, based on the Halloween flare data given by Gopalswamy
et al. (2005).

have a characteristic hard X-ray behavior pattern. The
spectrum gradually hardens with time, the “soft-hard-
harder” (SHH) pattern. Table 2 shows the clear RHESSI
association of SEPs with this SHH pattern.

4.2 The fields

The discussion above confirms what many authors have
concluded, namely that the coronal magnetic field is the
only plausible repository for flare energy. We discuss
below how to understand this reservoir better.

4.2.1 Static

In practice one can measure the vector magnetic field in
the photosphere via use of the linear and circular polar-
ization of a magnetically sensitive Fraunhofer line. This
measurement is stable enough to permit the inference
of vertical currents via Ampere’s law, although there
are several subtleties in this inference. The extrapola-
tion of the (static) photospheric field into the corona
can be done at three levels of mathematical sophisti-
cation. A potential field has no body currents in the
corona; very commonly one sees representations of the
“potential-field source-surface” (PFSS) field, which is a
potential field in a concentric shell of the corona, nomi-
nally extended from the photosphere to 2.5 Rg; in this
construction the field at this “source surface” of the so-
lar wind then is required to be radial (Altschuler and
Newkirk 1969; Schatten et al. 1969). Physically this re-
quires a fictitious current system to flow at and above
the source surface itself.

More sophisticated models are either linear force-
free field models (LFFF) or, almost generally, non-linear

force-free field (NLFFF) models. In the NLFFF models
the force-free parameter a(x,y) = (V x B)/B is con-
sidered to be a function of position (x, y) at the level
of the photosphere. The magnitude of this variable can
be estimated directly from the vector-magnetographic
data by an Ampere’s law integration in a horizontal
plane, yielding the vertical current density j,(z,y).

Several groups now pursue the increasingly better
observational material in attempts to obtain accurate
extrapolations (e.g., De Rosa et al. 2009), but such work
has many limitations. The almost complete lack of ob-
servations of the coronal magnetic field would have to
rank high on the list of problems, but we could also
note the incompleteness of the physics. As an illustra-
tion of the latter, consider the simplest possible coronal
magnetic structure, a loop anchored (“line-tied”) in the
photosphere at both ends (see e.g. De Rosa et al. 2009,
for a discussion). Because of the force-free condition
V x B - B = 0, the parameter a(z,y) must be con-
stant along a field line. Thus the two ends of a field line
within a magnetic loop must have the same value of
«a at either end. This however is non-physical because
the function a(z,y) must be determined by the solar
interior via its dynamo physics and flows, and gener-
ally cannot match at two independently given points.
To obtain a static MHD model of a coronal loop there-
fore requires the application of a physically incorrect
boundary condition, and the MHD framework would
not be appropriate for describing even this basic and
well-observed coronal structure. We note though that
most of the work on photospheric field extrapolation
does not go as far as the MHD approximation and re-
lies on purely mathematical techniques.

The problem described above appears to conflict
with the broadly accepted idea that an LFFF state
must describe a relaxed field, as enunciated by Wolt-
jer (1958) for a closed system. The solar corona is not
closed, though, because most of its magnetic flux ev-
idently links through the photosphere. Thus from the
argument given above it seems unlikely that a relaxed
LFFF state can ever exist in the corona, except for field
volumes physically detached from the photosphere. For
a photospheric Alfvén speed of 20 km/s and a spatial
scale of R, this suggests a time scale greater than a day
or so within which a relaxed equilibrium could never be
achieved. We discuss this problem further in the follow-
ing section (4.2.2) and note that careful analysis with
vector magnetogram data may in fact show no sign of
relaxation to an LFFF state (Bleybel et al. 2002).

Figure 21 shows representative examples of NLFFF
field extrapolation from the photosphere into the corona
for two particular active regions (Régnier and Priest
2007). For the volume modeled in each region, the plots
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Fig. 21 The results of potential (lower curves) and non-linear force-free (upper curves) extrapolations from photospheric vector field
measurements from Régnier and Priest (2007) for two solar active regions (NOAA AR 8151 and 8210, respectively). The inset plots

show the variation of non-potential energy density with height

show the mean energy density vs height, and the frac-
tion of “non-potential energy density” as an upper limit
to what could be released by a flare. The non-potential
energy is concentrated near the base of the coronal vol-
ume, especially for AR 8210, as one would expect. It
is noteworthy that Régnier and Priest (2007) find non-
potential excess energies considerably less than 1032 erg
for each region, even though AR 8210 did produce an
X-class flare. In general it appears that the coronal field
extrapolations do not capture the flare energy sources
well at the present time (De Rosa et al. 2009).

4.2.2 Dynamic

Flares do result in photospheric image changes asso-
ciated with magnetic fields (Rust 1972). The photo-
spheric fields themselves also show striking flare effects
when viewed via Zeeman splitting, rather than as an
image feature such as umbra or facula (Wang 1992; Su-
dol and Harvey 2005) (see Figure 22). The observed
variations thus far have only been clearly recognized
in the line-of-sight component of the field, partly be-
cause the sampling is much more efficient; the GONG
magnetograms used by Sudol and Harvey (2005) have a
regular one-minute cadence. This flare-associated vari-
ations appear as stepwise changes, usually superposed
on a varying background. Because only the line-of-sight
component is measured, the change can be either posi-
tive or negative, and cannot give any information about
the energy contained in the field as such.

The stepwise variation of the field associated with
a given flare can be determined across the image, as in
the example in Figure 22. Note the gradual trend in the
background in this plot, and the relatively large scatter
from point to point. The continuous stream of data at a

regular cadence nevertheless allows a fit to the time se-
ries pixel by pixel, and the fit also determines an epoch
for each pixel even in the presence of flare interference
in the magnetic signals (e.g., Qiu and Gary 2003). The
epochs of the variations measured in this way by Sudol
and Harvey (2005) turn out to coincide as a rule with
the impulsive phase of the flare (Section 2.4), and the
image configurations of the altered pixels resemble the
flare ribbons. These properties generally fit the expec-
tation that a global-scale change of the field would drive
the various forms of energy release observed in a flare.
The line-of-sight field variations are only qualitative in
nature, but we can expect a much more exact under-
standing of the coronal field variations to come from
systematic vector measurements now becoming avail-
able.

4.3 Large-scale motions and a myth

A major flare and/or CME releases an energy equiv-
alent to about one second’s worth of solar luminosity.
This by consensus view must have come from stored
magnetic energy (but see the pessimstic comment in
Section 4.2.1). Wolff (1972) remarked “...an enormous
amount of magnetic field energy, comparable to the to-
tal flare release of 1032 ergs, seems to be annihilated
during the flare. This should cause a subsequent relax-
ation of the entire field structure surrounding the flare,
moving large masses of material in the process.” This
was restated slightly more generally by Hudson (2000)
in the sense of a magnetic implosion, and Figure 18 de-
scribes this process. If these simplistic but physically
reasonable views hold, then the Lorentz force thus in-
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Fig. 22 One of the examples of stepwise changes in the photospheric longitudinal magnetic field by Sudol and Harvey (2005) as
“ubiquitous features of X-class flares.” Left: a GONG longitudinal magnetogram (10-m average prior to the event) for the flare
SOL2002-05-20T'15:29 (X2.1, S21 E65); middle: a representation of the field change across the flare time; right: the field variation in
a representative pixel. In the time-series plot the vertical lines denote the GOES start, peak (15:29 UT), and end times. The total
duration of the plot is four hours, and the vertical scale spans 400 G.

voked would be an excellent source of the global wave
motions we described in Section 3.3.

The problem with this view has always been that the
bulk of flare mass motions have seemed explosive in na-
ture (e.g., Moore et al. 2001), with various things such
as surges, sprays, filaments, and CMEs flying away from
the core of the flare. The CME in particular contains a
great deal of kinetic energy (e.g., Vourlidas et al. 2000);
Emslie et al. (2005) show, for two major flares (the
RHESSI flares of SOL2002-04-21T01:51 and SOL2002-
07-23T00:35), that the CME kinetic energy is of the
same order of magnitude as the radiated energy. In
some well-studied cases (e.g., Webb et al. 1998; Rob-
brecht et al. 2009) virtually no flare-like emissions can
be detected at all. Many events of this kind call to
mind the flares in spotless active regions (e.g., Dodson
and Hedeman 1970; Harvey et al. 1986; Hudson et al.
1995). For events of this kind one can imagine that the
magnetic environment of the disturbance simply cannot
confine the energy release, leading to a relatively free
expansion (see Section 3.3.7) and a rough equipartition
between upward (CME) and downward (flare) effects,
as observed.

Can a part of the coronal magnetic field simply ex-
pand unstably, with no compensating contractions else-
where? A CME gives every appearance of doing just
that, and indeed the standard flare model assumes that
this expansion of the field results in the formation of
a large-scale current sheet from which flare energy can
then be extracted. Where is the energy for this pro-
cess coming from? A part of the answer to this prob-
lem may be hidden in one of the major “myths” of
flare physics: the structural significance of the observ-
able parts of a flare or CME. Since the plasma beta
is low (e.g., Gary 2001) in the cores of active regions,
the flare and CME effects originating there have a pre-
dominantly electrodynamic character. The visible mass

mainly serves mainly as a marker, which in some cir-
cumstances we can use to help define the velocity field.
But to the extent that the plasma beta is small, the en-
ergy and momentum transport reside in the field, not
in the gas component of the plasma.

5 Conclusions

In this review we have had two objectives: first, to re-
view the phenomenology and physics of flares and as-
sociated CMEs, and second, to put these ideas in the
context of global effects such as the large-scale waves of
several types. For flares or the onsets of CMEs we can
never directly observe the microphysics, as is possible in
arguably related physical phenomena in space plasmas
close enough to permit in situ observations. Thus in a
sense we are always going to be stuck with the problem
of inference from remote data.

The data and theoretical ideas available are gener-
ally consistent with the ideas that both flares and CMEs
originate in magnetic energy storage concentrated in
the low corona. When flares and CMEs occur together,
they correlate strongly and we find that the impulsive
phase of the flare coincides with the acceleration phase
of the CME. When they occur separately, which is never
the case for powerful events, the distinction appears
to be in the environment of the energy release, i.e. in
the properties of unrelated coronal magnetic structure
nearby.

The large-scale wave signatures all point back to
the impulsive phase as nearly as we can tell. This is
consistent with the recent finding — via flare effects on
the total solar irradiance — that the impulsive phase
contains a large fraction of the flare luminosity. This
recent work on energetics suggests Lx /Lot ~ 0.01 for
at least the major flares. This contrasts interestingly
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with results for stellar flares, for which Giidel (2004)
suggests values of 0.5-1 for this ratio.
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