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Observations of solar and stellar
eruptions, flares, and jets

by Hugh Hudson

2.1 Introduction

The Sun, regarded as a star, varies on a variety of time scales. These range at

least from the 22-year Hale cycle to well below one second. The phenomena

associated with the term “solar flare” dominate our thinking about energy

conversion from magnetic storage to other forms in the solar corona on time

scales below a few minutes. The distinction between a gas dominated by

hydrodynamic forces, and a magnetized plasma, becomes extremely obvious

in the solar atmosphere and in the solar wind. At first glance we do not need

plasma physics to explain the basic (interior) structure of a star; hydrodyamics,

nuclear physics, and the theory of radiative transfer seem to do quite well.

Nevertheless this apparently simple medium drives the currents that result in

the violent and beautiful phenomena we see so readily above its surface. We

need plasma physics to describe them.

Understanding the flaring solar atmosphere (photosphere, chromosphere,

and corona), since it involves electrodynamics, requires a strong overlap with

magnetospheric physics as well as with astronomical techniques useful for

studying stellar atmospheres. For many purposes one can accept the standard

spherically-symmetric, gravitationally-stratified approximation to the struc-

ture of a stellar atmosphere (e.g., Vernazza et al., 1981), but this approach

has become obsolete for most problems of current interest. Hansteen (2009)

gives a good grounding in modern approaches to the problems involved in phys-

ically characterizing the solar atmosphere; see also the lecture notes by Steiner

(2007). The new physics being applied to these problems, mainly via numerical

techniques, now allows much-improved treatment of three-dimensional struc-

ture and time variability, including the study of shock waves. The newest
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4 Observations of solar and stellar eruptions, flares, and jets

numerical simulations are now beginning to link the corona to the convection

zone self-consistently (e.g., Abbett, 2007).

We begin the chapter with an historical overview, which necessarily follows

the development of observational capability. This most important subject is

covered in more detail in later chapters of this volume. Solar flares involve

the whole depth of the solar atmosphere, and are associated with heliospheric

events extending far past the Earth’s orbit. Accordingly the observing tech-

niques span the entire range of human capability for classical astronomical

remote sensing (see Chapter 12), often with optimization for bright objects,

plus the whole range of in situ techniques (see Chapter 11). Because so-

lar flares are directly observable only by remote-sensing techniques, there are

many important things that we simply cannot know empirically. The re-

sults of the observations consist of a sometimes patchy coverage of parameter

space, leaving room in the future for many new discoveries even in such a well-

observed system (see e.g. Harwit, 1981, and Hudson, 1987, for discussions of

how to quantify “discovery” in this respect). This Chapter discusses basic flare

phenomena in Section 2.3, analogous astrophysical processes in Section 2.5,

and interpretations of the flare observations in terms of large-scale magnetic

reconnection scenarios in Section 2.6 as a separate item of great interest.

Confusion often comes from trying to understand these disparate kinds of

observation as a whole (e.g., Hudson & Cliver, 2001). To link the pieces of

the puzzle together often involves a sketch or cartoon†, and as technology

improves it also involves large-scale numerical simulations. The simulations

can be used as a kind of forward-fitting tool, with the comparison done in terms

of the observations. Often though they are more useful simply as numerical

experiments that help to guide the framework of the eventual theory.

The energy release in a solar flare is dominated by particle acceleration,

both of electrons (Lin and Hudson, 1976) and of ions (Ramaty et al., 1995;

Emslie et al., 2005). This means that the most direct observations are in the

X-ray and γ-ray domains; note that non-thermal processes also usually domi-

nate the emission signatures in the radio range (107-1012 Hz). Please refer to

Chapter 11 of this volume for a fuller discussion of the remote-sensing signa-

tures. We will simply comment here that in general the hard X-ray spectrum

(hν ∼> 10 keV) is dominated by electrons of this energy or greater, while the

soft X-ray spectrum (hν ∼< 10 keV) is dominated by the free-bound and bound-

bound transitions of a thermal plasma with assumed Maxwellian distribution

functions, and also usually assuming Te = Ti. The free-bound process (ra-

diative recombination) may also contribute to the hard X-ray spectrum under

certain conditions (Brown and Mallik, 2008).

† See http://solarmuri.ssl.berkeley.edu/∼hhudson/cartoons.
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2.2 Overview of flare properties

2.2.1 Chronological/chromatic history

Our observational knowledge of the phenomena of solar activity has grown

immeasurably since the first flare observation (Carrington, 1859). The devel-

opment of observational knowledge has of course followed the growth of techni-

cal capability. For example, the Carrington flare occurred prior to Röntgen’s

discovery of X rays or Heaviside’s recognition of the ionosphere, and so its

“geoffective” significance could not really be assessed.

It is instructive to follow the history of this development (Svestka and Cliver,

1992), which is roughly chromatic (in the sense of new wavebands becoming

accessible to observation; see Chapter 12 for more details about technique):

the original observations were in white light, done visually through broad-

band filters. These observations began with Galileo and extended into the

19th century, mainly oriented towards the morphology of sunspots. We now

interpret these observations in terms of dynamo theory, a subject beyond the

scope of this chapter. Carrington was measuring sunspots when the 1859 flare

intruded itself.

Towards the end of the 19th century, spectroscopy and photography im-

proved (e.g., Hale 1930), and the study of solar activity became much richer

through access to the chromospheric lines such as Hα. Indeed, flares had been

observed spectroscopically by Young, Lockyer, Secchi and presumably oth-

ers within a decade or so of Carrington’s pioneering observation (Svestka and

Cliver, 1992). This made it possible to study prominences at the limb, for

example, since the spectroscope could suppress the glare of the photosphere

and reveal these structures in the corona directly. During this period, a solar

flare was a “chromospheric flare,” observed by Hα “flare patrol” telescopes

around the world. The importance of a flare could be judged from its Hα area

(S, 1, 2, 3, where the “S” stands for “subflare”) and brightness (F, N, B for

“faint,” “normal,” and “brilliant”).

Finally, a third chromatic epoch began in the mid-20th century with the

development of radio astronomy (e.g. Hey et al., 1948), and then X-ray

(Dellinger, Friedman) and γ-ray astronomy (Peterson, Chupp). Via these tech-

niques the emphasis in solar-flare research has shifted into the corona, where

the magnetic energy release results in “loop prominence systems” (a some-

what archaic term referring to Hα arcade structures), closely related to the

“sporadic coronal condensations” (a definitely archaic term describing these

structures seen in optical coronal emission lines, e.g. from Fexiv). The mod-

ern view of these structures is via the soft X-ray monitoring by the GOES

and other “operational” spacecraft. We now routinely classify solar flares by

their GOES classes: A, B, C, M, and X in decades, with the X class signi-
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Table 2.1. Flare Classifications

GOES class 1-8Å peak Hα class Hα Area CME ratea Events/year
W/m2 Millionths percent max/min

of disk

A >10−7 - - - -
B >10−6 S <200 - -
C >10−6 1 >200 20 >2000/300
M >10−5 2 >500 50 300/20
X >10−4 3 >1200 90 10/one?
- >10−3 4 >1200 100 few?/none?

aYashiro et al. (2005) (approximate values)

fying 1-8Å energy fluxes greater than 10−4 W/m2, on the order of 0.01% of

the solar luminosity. Table 2.2.1 summarizes these and other properties, with

very approximate correspondences between the Hα and GOES X-ray systems,

and very approximate ranges for the number of flares that occur each year at

maximum and minimum of the solar cycle.

These stages in the development of observational capability have essentially

changed the meaning of the word “flare,” for example. Hale used the term

“eruption” and recent decades have seen some confusion about nomenclature

(Cliver, 1995). We now know that the physics of a flare, or other form of

solar activity, requires rapid restructuring of the coronal magnetic field where

energy has been built up much more gradually. In summary, the chronologi-

cal/chromatic history of solar flare research has generally proceeded through

visible light (the photosphere), spectroscopy of the chromosphere, and finally

X-rays and radio waves (the corona). At present it appears that the most

important region physically is the chromosphere again (e.g. Hudson 2007a),

because it mediates the dramatic changes of state between the photospheric

and coronal plasmas.

2.2.2 Flare phases

The release of energy can either be “impulsive” (Kane and Anderson, 1970),

with time scales sometimes faster than 1 s, or “gradual.” The impulsive and

gradual signatures of a flare extend across the entire electromagnetic spectrum

in a complicated way, as illustrated in Figure 2.1. The terminology may not

seem appropriate when one considers a slowly developing flare-like event, such

as a quiet-Sun filament eruption (Harvey et al., 1986; Hudson et al., 1995a); in

such a case the “impulsive phase” may take tens of minutes to evolve, and the
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Fig. 2.1. Schematic view of the time histories of flare emissions in different wave-
lengths, showing the intermingling of impulsive-phase and gradual-phase signatures
across the spectrum (from Benz, 2002). Note the wide variety of radio signatures.

hard X-ray emission may be below the detection level. Thus we don’t know

how “impulsive” the energy release really is in such an event, but in other

respects it has the morphology of an ordinary active-region flare.

We understand the impulsive and gradual phases to show the main energy

release and its aftermath (secondary effects), with the proviso that it is really

not just that simple. The most prominent “aftermath” is the action of coronal

magnetic loops as an energy reservoir, with cooling time scales that can ap-

proach hours. This reservoir function is often described as the “Neupert effect”

(Neupert, 1968 Dennis and Zarro, 1993): the coronal manifestations of a flare

tend to lag behind its chromospheric ones. This results from the finite time

scale associated with the coronal density increase during the impulsive phase,

via the process of “chromospheric evaporation.” The decay time scale reflects

its slower cooling and return to the lower atmosphere. The new material in

the corona could be seen in the coronal emission lines (e.g. Billings, 1966),

via free-free emission at radio wavelengths (e.g., Kundu, 1965), or via free-

free emission at soft X-ray wavelengths (e.g., Hudson and Ohki, 1972). This

“evaporation” process caused confusion from the outset, to the extent that the
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coronal material of the gradual phase of a flare could best be seen, prior to the

advent of the new techniques, as a “loop prominence system” in Hα. Such a

“prominence,” which results from the cooling of plasma even hotter than the

ambient corona, physically has nothing to do with a true solar prominence.

An Hα filament (when seen on the disk) or a quiescent prominence (when seen

above the limb) is a relatively stable inclusion of cold plasma in the corona.

The different atmospheric layers have a high degree of interconnectedness.

Since a flare marks a transition between one quasi-stable configuration and

another, the ordinary law of hydrostatic equilibrium dictates the run of pres-

sure up through the atmosphere. A flare increases the gas pressure in the

corona, at the expense of magnetic energy, and this can readily be detected

at all levels (e.g., Machado et al. 1975). The hydrostatic scale height for

pressure is given by 2kBTe/mg⊙, where kB is the Boltzmann constant, Te the

temperature, and m the mean molecular weight. For a flare temperature of

107 K, this scale height is a large fraction of the solar radius, much larger than

the flare loop structures. Thus the vertical structure is isobaric in the upper

chromospheric and coronal regions, and the chromosphere acts as a reservoir

of mass to maintain this isobaric state as the flare loops cool and lose pressure

quasi-statically.

2.2.3 Flare antecedents

The physical condition of the corona prior to a flare must contain the infor-

mation one needs to predict its occurrence. Many flares, as seen in GOES

soft X-ray or microwave light curves, have a pre-event increase, mainly seen

in free-free (bremsstrahlung) continuum. This can be unambiguously identi-

fied with an increase of the emission measure (
∫

n2
edV ) of hot plasma in the

corona. But is such a precursor physically related to the flare that is going to

happen? Is it indirectly related, or is it a coincidence made more likely by fre-

quent flare occurrence in a given active region? These questions are convolved

with appearance of flickering, swelling, rising, and other signs of activity in

a filament that is about to erupt (e.g., Crockett et al., 1977; Webb, 1985;

Gaizauskas, 1989; Fárńık et al., 2003; Chifor et al., 2007). The appealing

picture of “tether-cutting” (Moore and Labonte, 1980) makes sense in such a

context.

Sometimes there is virtually no early activity and so it is difficult to accept

this as a prerequisite for flare occurrence. The bright flare loops themselves

usually appear at new locations as identified by their “line-tied” footpoint

locations (Fárńık et al., 1996; Fárńık and Savy, 1998; Hudson et al., 2008).

In such cases we must assume that the magnetic flux tubes anchored at the

same footpoints as the flaring loops were empty and dark prior to the flare.
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In the lower solar atmosphere, and especially in the magnetograph and

chromospheric observations, there are patterns that anticipate flare occur-

rence (e.g., Rust et al., 1994; Schrijver, 2007). Zirin & Liggett (1987) found

an almost one-to-one correspondence between the “delta spot” sunspot con-

figuration and the occurrence of X-class flares. The most important of these

is “flux emergence,” revealed in Hα as an “arch filament system” or simply as

an “emerging flux region” (e.g. Vorpahl, 1973; Nitta & Hudson, 1998). We

can interpret this as one of the ways in which the coronal field can be stressed,

i.e. to carry field-aligned currents, for the duration of the energy build-up that

precedes the flare itself. The time scale for this build-up and release – not yet

observed as a true relaxation oscillator – appears to be a few hours.

2.2.4 Flare types

For the most part solar flares have similar properties, and their extensive pa-

rameters tend to scale together in a systematic way. This is one view of the

“big flare syndrome” (Kahler, 1982). This suggests that all flares fit one pat-

tern, and that the energy release is just a matter of energy scale. Pallavicini

et al. (1977) identified two types of solar flare, which we refer to as “confined”

and “eruptive” here. No solar property appears to have a bimodal distribu-

tion that clearly distinguishes these two categories, and so this classification

remains somewhat arbitrary. However in the domain of solar energetic par-

ticles (SEPs) there is a bimodal separation into “impulsive” and “gradual”

events, (e.g., Reames, 1999). The names given to these categories may not ex-

actly match the observed properties. Extremely impulsive flares may certainly

be eruptive as well (e.g. Nitta and Hudson, 2001). The extensive properties

of flares (for example, CME kinetic energy and soft X-ray peak brightness;

see Section 2.3.5, but there are many other examples) generally correlate over

4-5 decades with an rms scatter of about a factor of two. This means that

the dynamics of the solar atmosphere during a disruption follows some reg-

ulated development that generally ignores the distinction between confined

and eruptive properties. We do not yet have theories or numerical simula-

tions that are sufficiently model-independent to explain this broad regulation

of flare properties.

2.2.5 Flare-microflare occurrence patterns

The frequency distribution of flare energies has a featureless power-law distri-

bution dN/dE ∝ E−α (Akabane, 1956; Drake, 1971; Crosby et al., 1993). This

distribution extends over several decades of energy, from the domain of major

flares with energy of order 1032 ergs down to the “microflare” domain around
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Fig. 2.2. Distribution of peak counting rates of 7,045 hard X-ray bursts observed over
1980-1982 by the HXRBS instrument on board the Solar Maximum Mission (Crosby
et al., 1993). Note the fidelity of the power law, down to a low-rate rolloff due to
selection effects; also note the lack of a high-rate rolloff in this range of observations.

1026 ergs. Many extensive parameters associated with solar flares show this

kind of power-law distribution, which implies scale invariance. This property

probably has an important physical significance, but it is deceptive: average

properties of such distributions only reflect the sensitivity of the observation,

not anything physically significant.

The slope of the flare-microflare power law (α < 2) suggests that the mi-

croflares do not contribute in a dominant manner to the total energy in flaring;

indeed, the flare-microflare occurrence distribution must steepen above some

total energy in order not to diverge in total energy (Hudson, 2007b). Fig-

ure 2.2 shows a distribution of hard X-ray peak fluxes, taken here to serve

as a proxy for total flare energy. Crosby et al. find a power-law index of

α = 1.732 ± 0.008 for this sample, in good agreement with Akabane’s original

estimate of ∼1.8 using peak microwave fluxes. It appears that the peak flux

of the burst, whatever the wavelength, may scale in a similar way with the

total event energy. This is consistent with the “big flare syndrome” scaling of

extensive parameters noted in Section 2.2.4.

Physically, the microflares look like less-energetic versions of major flares

(e.g. Christe et al., 2008; Hannah et al., 2008). However, at least two clear

distinctions do appear as one goes along the distribution of flare magnitudes.

First, the major flares tend to have a strong association with CMEs. This

becomes almost one-to-one for X-class GOES ratings (e.g., Yashiro et al.,
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2005; see Table 2.2.1). Second, the minor events tend to have more clearly

recognizable soft X-ray jets (e.g., Shimojo et al., 1996; see the illustration in

Figure 2.5). There may be a tendency for arcades to form in more energetic

events, as compared with the more common appearance of a single dominant

coronal loop in a less-energetic event.

2.3 The basic phenomena of a solar flare

In the photospheric spectrum we see solar flares as brief flashes of white light

and UV continuum. At present these sources are often not resolved either in

space (arcsec scales) or time (few sec scales) (Hudson et al., 2006). The bright

emission regions are embedded in the “ribbon” regions that become more

prominent in the chromospheric lines. In the coronal emissions one sees bright

coronal loops developing slowly, with those from the highest temperatures

appearing first and then cooling down through generally longer wavelengths,

while at the same time shrinking in length (S̆vestka et al., 1987).

In the following sections we outline the basic phenomena of a flare, including

the development of a coronal mass ejection (CME). More energetic flares al-

most always have this association, whereas weaker flare events usually do not.

The exception to this rule is the major CME events that come from quiet-

Sun filaments, for example the “polar crown” filaments at latitudes well above

those of the sunspot regions. Such events may have spectacular CMEs but

only barely detectable large-scale chromospheric/soft X-ray signatures (Har-

vey et al., 1986). Furthermore the soft X-ray jets discovered with Yohkoh

(Shibata et al., 1992; Strong et al., 1992) invariably are associated with mi-

croflares, discussed separately below. These are less-energetic events. The

jets are essentially plasma motions parallel to the magnetic field, whereas the

more energetic flares associate better with CMEs, which have the appearance

of loop expansion and hence perpendicular plasma motion. Note that these

perpendicular plasma motions usually begin in active regions where the plasma

β (ratio of gas pressure to magnetic pressure) is low (see Gary, 1989, for a re-

view of coronal β values). Microflares, flares, and CME-related major flares

all look similar in many respects, except for scale, but the major CME-related

flares tend to have the LDE (“long-decay event” or “long-duration event”)

characteristic of long-lived arcade sources, as discussed below in Section 2.3.3.

2.3.1 Flare luminosity and mechanical energy

Solar flares are not luminous on the scale of the total solar irradiance (“solar

constant”), although they may produce a localized brightening seen against

the bright photosphere. The powerful flare of November 4, 2003 was the first
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Fig. 2.3. Upper: SORCE observations of total solar irradiance variations during the
major flare of 2003 November 4 (Woods et al., 2006). Lower: the simultaneous
time history from GOES soft X-rays, with the smooth black line showing the time
derivative as a guide to the impulsive phase, assuming the Neupert effect.

that could actually be detected in the total solar irradiance, by the radiometer

on board the SORCE spacecraft (Woods et al., 2006) as shown in Figure 2.3.

The signal, a roughly 5σ significance, amounted to about 300 ppm of the total

signal, or 0.3 millimagnitudes in astronomical terms. There is a solar back-

ground noise level for such a measurement due to convection and oscillations;

this amounts to some 50-100 ppm spread out over bandwidth of a few mHz

(e.g., Hudson, 1988).

The localized brightening of a flare is much easier to see, of course, via

an image even in white light. Carrington described his 1859 discovery as

resembling the brilliance of Vega (α Lyrae), for example. Although it has been

difficult to obtain comprehensive photometric observations across the entire

spectrum of a flare, we now know enough about the energy distribution to

know that what Carrington saw was a major fraction of the flare luminosity

(see Figure 2.3). Soft X-ray emission, for example, contains only 5-10% as

much luminosity. This gradual component, as discussed below, results from a
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thermal distribution (hot gas) for which the X-ray emission itself is a dominant

cooling term. The non-thermal tail of the X-ray spectrum (hν > 10 keV),

on the other hand, is due to bremsstrahlung from stopping particles. The

bremsstrahlung mechanism is very inefficient, providing a fraction of order

10−5 of the energy losses. The rest of the energy winds up in longer-wavelength

radiation, notably the white-light continuum (Hudson, 1972; Fletcher et al.,

2007).

We must also consider the bulk kinetic aspects of flare luminosity, since for

major events a CME almost invariably results. CME kinetic energies can rival

flare luminosities (e.g., Emslie et al., 2005) in such cases. In rare cases a CME

can occur in the absence of a major perturbation of the lower atmosphere. The

most unambiguous example of such an occurrence was discussed by Webb et

al. (1998). The partition of energy in a flare/CME event remains unclear

physically and hard to determine observationally.

2.3.2 The impulsive phase (hard X-rays, footpoints)

The impulsive phase of a flare marks the period of intense energy release and

strong non-thermal effects, including the launching of the CME. The tradi-

tional observational tools for the impulsive phase are hard X-ray emission and

gyrosynchrotron emission at cm to mm radio wavelengths. The hard X-rays

normally show two dominant footpoints embedded in ribbon regions of op-

posite magnetic polarity, but we do not presently understand why there are

normally just two. The sources are compact and rapidly variable, and we asso-

ciate them with the UV and white-light continuum emissions that also come

from the footpoint regions, as illustrated in Figure 2.4. Other wavelengths

(see Figure 2.1) show impulsive emission components as well as gradual ones.

A clear impulsive-phase signature also appears even in the total irradiance,

as shown in Figure 2.3, but rarely, because it requires the most energetic of

events.

The hard X-ray spectrum above about 10 keV plays a central role in our

understanding of the impulsive phase because the collisional energy losses of

the bremsstrahlung-emitting electrons rival the total flare energy itself. This

relationship can be established directly by inverting the hard X-ray spectrum,

under model assumptions. The “collisional thick target model” (Kane and

Donnelly, 1971; Brown, 1971; Hudson, 1972) envisions a black-box accelerator

of 10-100 keV electrons in the corona, with a directed beam penetrating to

the chromosphere or even photosphere to excite UV and white-light emission.

This simple model has become less tenable as spatial resolution improves,

since the WL/UV brightenings seen by TRACE imply beams with extreme

intensity (Hudson et al., 2006; Fletcher et al., 2007).
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Fig. 2.4. TRACE white light (blue contours) and RHESSI hard X-ray (red contours;
25-50 keV) observations of a flare of 2002 July 24 (Fletcher et al., 2007). Note the
extremely compact (arc sec), and temporally unresolved (∼10 s), white-light patches
in the north and south footpoint regions. The RHESSI source in between the footpoint
regions is not associated with the white-light emission.

The impulsive phase also corresponds to global processes, even though the

radiated energy comes from exceedingly compact sources. These include coro-

nal dimmings and CMEs, which we discuss separately in Section 2.3.5. In

addition, there is the appearance of an “implosion,” as suggested by Hudson

(1972) and possibly now observed in RHESSI and other data (Sui and Holman,

2003; Veronig et al., 2006). The implosion results from the reduction of mag-

netic pressure via the energy conversion, which the volume of the field. The

characteristic inward motions could represent flows associated with Poynting

flux as the magnetic equilibrium changes (Emslie and Sturrock, 1982; Melrose,

1992).

2.3.3 The gradual phase (soft X-rays, ribbons)

“Gradual phase” refers to the thermal emission of the hot coronal material

evaporated during the impulsive phase, plus the strong transition-region and

chromospheric emissions driven by the cooling of these coronal loops. The
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loops connecting the roughly parallel ribbons form a cylindrical arcade struc-

ture, divided into many unresolved loops. These hot X-ray and EUV loop

structures were first seen in early optical observations of coronal forbidden

lines. The loops were also termed sporadic coronal condensations (e.g., Billings

1966). The hot regions eventually cool to form the Hα loop prominence system,

whence thermal instability leads to the phenomenon of “coronal rain”. The

cooling also corresponds to shrinkage, as the gas pressure diminishes; shrinkage

may also relate to the gradual release of energy as the coronal equilibrium re-

turns to a stable configuration (S̆vestka et al., 1987; Forbes and Acton, 1996).

This is the process termed “dipolarization” in the geoagnetic community and

basically resembles the impulsive-phase implosion noted above.

2.3.4 Jets (parallel motions)

Soft X-ray jets were discovered with the Yohkoh soft X-ray telescope (Shi-

bata et al., 1992; Strong et al., 1992; Shimojo et al., 1996). They found an

immediate interpretation in terms of the emerging-flux reconnection scenario

(Heyvaerts et al., 1977). The jet material is hot plasma projected along mag-

netic flux tubes that may open out into the heliosphere, or in some cases close

on large scales before entering the solar wind. These are plasma flows parallel

to the apparent field direction. The jet sources have a strong association with

radio type III bursts – known to come from nonthermal electrons streaming

outwards along open flux tubes (Aurass et al., 1994; Kundu et al., 1995) – and

also with electron events observed in interplanetary space (Lin, 1974; Krucker

et al., 2007; see also Nakajima and Yokoyama, 2002). Invariably a compact

flare appears near the jet’s point of origin near the chromosphere (Shimojo

et al., 1996).

The jet-associated microflares have magnetic connectivity that permits ac-

cess to the heliosphere, and they have other occurrence patterns linking them

to emerging (or disappearing) magnetic flux (Shimojo et al., 1998). The jet-

associated microflares seem to be compact and less energetic flares, and Hinode

observations clearly show then to be part of a continuum of weaker and weaker

jet-like events (Shibata et al., 2007) found in the quiet Sun and especially vis-

ible in the polar regions (Figure 2.5). Soft X-ray jet structures are seldom as

visible in major flares.

2.3.5 Coronal mass ejections (perpendicular motions)

Major flare events almost invariably involve the “opening” of the magnetic

field as a CME (e.g. Hundhausen et al. 1994); see Table 2.2.1 for the statis-

tics. This involves the unstable expansion of the field (equivalent to a motion



16 Observations of solar and stellar eruptions, flares, and jets

Fig. 2.5. Soft X-ray image of the south polar region, with an inverted color table,
showing a highly collimated polar jet structure (Courtesy P. Grigis). Note that this is
a coronal-hole jet, but that similar features often occur in active regions in association
with microflares (see Section 2.2.5).

perpendicular to the field). Note that at low plasma β, the gas whose emission

we observe (the mass of the CME) has little influence on the dynamics. Ob-

servationally, in the Thomson-scattering brightness measurements made by a

coronagraph, we often see the classic three-part structure: front, cavity, and

filament (Figure 2.6 and e.g. Hundhausen, 1999). This pattern makes it clear

that the CME originated in a filament cavity near the surface of the Sun. A

filament cavity (see e.g. Engvold, 1989, but note that there seems to be no

recent review of this important subject) consists of long, basically horizontal

field, presumably more intense than its overlying “tie-down” more potential

field (Gibson and Fan, 2006; Martin et al., 2008; Schrijver et al., 2008).

The interpretation of the front structure of a CME is complicated. One

expects, from the standard models (see Chapter 3) that this would incorpo-

rate coronal material contained in the overlying magnetic flux tubes as they

are expelled from the corona and become “open.” There should also be a

sweeping-up of ambient coronal or solar-wind material, and we would expect

the occurrence of a bow wave analogous to that of the Earth in the solar-

wind flow. The presence of such a bow wave is consistent with observations of

type II radio signatures at hectometric-kilometric wavelengths. The emission

from these bursts requires the shock condition to have been met (e.g. Kundu,

1965), and their velocities are consistent with the known outward velocities of

the CMEs that provide the driver gas for this large-scale shock. To clinch the

picture, we also observe the shock when it impacts the magnetosphere with
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Fig. 2.6. Left: Coronagraph observation of a CME that nicely shows the three-part
structure: front, cavity, and (the bright core) filament (this is a file image taken from
the LASCO database, presented in a reverse color table)). Right: Correlation between
inferred CME kinetic energy and peak GOES soft X-ray flux (Burkepile et al., 2004).

the classic Storm Sudden Commencement (SSC) signature (e.g., Chapman &

Bartels, 1940).

The mass of a CME largely comes from below the occulting edge of the

LASCO C2 coronagraph. Indeed, a glance at LASCO movies readily available

on the Web† shows mass flow long after the three-part structure has vanished.

This late flow certainly originated in the lowest corona or even chromosphere.

Modern images in coronal emissions such as soft X-rays allowed a compar-

ison of the coronal state before and after a CME event. Such comparisons

revealed “dimmings,” readily interpreted as the evacuation of the mass of the

corona by the CME eruption (Hudson et al., 1995b; see also Rust, 1979, for

the earlier Skylab observation). The soft X-ray dimmings presumably corre-

spond to the coronal depletions found via similar before/after comparisons of

the visible corona. (Hansen et al., 1974)

2.3.6 Global waves (coronal and other)

There are at least five types of large-scale wave structures associated with

solar flares and CMEs, perhaps not all distinct: helioseismic, metric type II,

Moreton, interplanetary type II, and EIT. The Moreton waves (Athay and

Moreton, 1961) can now be detected at several different wavelengths. Origi-

nally discovered in Hα (the chromosphere), they are fast (of order 1,000 km/s)

† http://sohowww.nascom.nasa.gov/data/data.html
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Fig. 2.7. Left: Culgoora image of a type II burst associated with a major flare (Palmer
& Smerd, 1972). Note how this plasma-frequency radiation appears to wrap around
a concentric spherical surface, presumably at the right mean density. Right: Radio
spectrogram (frequency vs time) of a different major flare, illustrating type III bursts
(fast drift, produced by streams of energetic electrons) and a type II burst (slow drift,
fundamental/harmonic structure produced during the propagation of a large-scale
shock wave), also from Culgoora.

waves radiating, normally into restricted sectors, from the flare site. The stan-

dard theory of Uchida (1974) describes these chromospheric waves as the skirts

of global fast-mode shock waves actually propagating in the corona; the wave

energy refracts into the chromosphere because of its lower Alfvén speed.

Large-scale coronal shock waves had long been known from meter-wave radio

astronomy, where the radio signatures clearly imply that the shock condition

has been met (Wild et al., 1963). The type II burst (Figure 2.7) is relatively

rare, and it is observed best at the frequencies below ∼200 MHz. As with the

“fast-drift” type III bursts, the assumption of emission at the local plasma fre-

quency (or its harmonic) allows for a height estimation by assuming a coronal

density model. The derived motions point to an origin in the impulsive phase

of the flare, but this requires an extrapolation because of the shock “ignition”

requirement (Vršnak and Lulić, 2000). We also know directly of interplane-

tary shock waves driven by CMEs as bow waves, both from longer-wavelength

radio astronomy and also from the in situ observations (and the SSC response

of the Earth’s magnetosphere to the impulse).

The EUV observations from SOHO disclosed a remarkably rich pattern of

“EIT waves” (Moses et al., 1997; Thompson et al., 1999). The EUV signature

is somewhat complicated, and it appears that multiple causes can produce

wave-like disturbances (Biesecker et al., 2002), including the classical Moreton

wave.

Finally, the helioseismic waves discovered by Kosovichev & Zharkova (1998)
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Fig. 2.8. The original helioseismic wave observed from the singular solar-minimum
flare of 1996 July 7 (Kosovichev & Zharkova, 1998), from the “last best active re-
gion” of that solar cycle (Hudson et al., 1995). The figure shows an amplified wave
via Doppler images, with the wave representation based on the observed Fourier com-
ponents. More recent helioseismic waves are directly visible in the filtered images.

seemed rare at first, but now there are several examples. Figure 2.8 shows the

original event, that of 1996 July 9. These waves result from energy coupled

into the interior by the flare process. The excitation of such a wave is thus

closely associated with the dynamics of the deepest atmospheric layers that

we can see into. This probably involves the most energetic aspects of a flare.

In this context we note the 1.56µ “opacity minimum” observations of Xu et al.

(2004) and also the γ-ray observations of Share et al. (2004; see also Schrijver

et al., 2006 for further discussion).

2.3.7 Magnetic signatures

The observation and interpretation of solar magnetic signatures has improved

dramatically in the past decade, with new facilities such as the ground-based

SOLIS and Hinode satellite providing vector Zeeman measurements, for ex-

ample. Such measurements show clear flare-associated permanent (stepwise)

changes (Kosovichev and Zharkova, 1999; Wang et al., 2002; Sudol and Harvey,

2005), which would be expected if the stresses in the coronal field had their

origins in motions below the photosphere (“energy build-up”). In addition

there are vigorous activities related to interpreting the data in terms of the

coronal field, which is almost unobservable (but see Lin et al., 2000; Tomczyk

et al., 2008) and in any case is optically thin. The extrapolations have an
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Fig. 2.9. Left: Map of the stepwise photospheric field changes in the flare of 2003
October 29. Panels (a) and (c) show the GONG and MDI magnetograms; panels
(b) and (d) show their before/after changes, respectively. Right: Time variations for
the flare of 2001 August 25, showing the GOES light curve as a smooth line and the
GONG data as points. The fluctuations are large and there is a background trend,
as in many events, but the stepwise change is clear. It (typically) coincides with the
impulsive phase of the flare. Both illustrations taken from Sudol & Harvey (2005).

excellent chance to be extremely informative in active regions in particular,

since the active-region corona has low plasma β values.

Figure 2.9 (left) shows the stepwise magnetic changes derived by Sudol

& Harvey (2005) for the X10 flare of 2003 October 29. These are well-defined

and appear to delineate the general regions of the flare ribbons, and within

the time resolution of the data they tend to happen in coincidence with the

impulsive phase of the flare. There is thus no reason not to associate these

changes with the source of flare energy. Liu et al. (2005) report similar changes

and show how one could interpret them in terms of simple global changes in

the coronal field (Hudson, 2000).

The implications of these new developments are clear: when we can do the

same thing with vector fields, and in addition do the measurement well above

the photosphere, we will be able to reconstruct the before/after 3D field struc-

ture in an active region and learn quite directly about the exact geometry of the

instability. The measurement of the chromospheric field, as opposed to that

of the photosphere which is not force-free, is important to minimize the effects

of stresses imposed by photospheric flows. Note that future “frequency-agile”

imaging spectroscopy in the microwave band offers a precise and complemen-

tary way of checking the observations and extrapolations (White, 2005), since

this wavelength range includes the electron cyclotron (Larmor) frequency of
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these fields. Until the advent of these new capabilities, it is unlikely that a

quantitative understanding of the actual field restructuring will be possible.

2.3.8 Coronal nonthermal events

Prior to Yohkoh and RHESSI, meter-wave radio astronoomy was the main

source of knowledge about non-thermal processes in the corona (e.g., shock

waves and particle acceleration). The radio observations are very sensitive

and result from interesting physical processes (see Kundu, 1965, for much

interesting detail, or Bastian et al., 1998, for a more recent review of radio

techniques). The type II bursts, for example, involve many small-scale acceler-

ations of ambient electrons to few-keV energies (the “herringbone” structure).

However the meter-wave have low angular resolution and the emission mecha-

nisms (except for the free-free mechanism) have complicated dependences on

the physical parameters of the emitting region and its environment. Thus it

would be extremely valuable to detect some of these sources in X-radiation,

which is more direct.

Krucker et al. (2008) review the current observational status of coronal hard

X-ray observations. As more sensitive data become available, it is clear that

the corona is a rich source of hard X-ray emission, as expected, but the details

are in some cases unexpected. For example, one would confidently expect

that the electron streams commonly observed at one AU (Lin, 1974) would

produce at least thin-target bremsstrahlung near their point of acceleration in

the corona (Lin and Hudson, 1971). We still do not have clear observations of

this emission (Krucker et al., 2007). On the other hand, coronal hard X-rays

associated with CME eruptions appear to be common (Krucker et al., 2008),

and these may be related in some manner to the radio type IV bursts. Type II

burst sources can be observed in soft X-rays (Khan and Aurass, 2002; Hudson

et al., 2003), but not yet in hard X-rays (the signature of the nonthermal

particles) because of lack of sensitivity.

One of the most striking of the new RHESSI coronal hard X-ray sources

is shown in Figure 2.10 (Krucker et al., 2008). The high energy of observa-

tion (250-500 keV shown in the figure) means that the source electons were

relativistic. Footpoint sources appeared early in the event, but the coronal

source remained bright and decayed in flux with a nearly exponential decay

with a time constant of about 5 minutes, similar to that observed in the proto-

type coronal hard X-ray event of 1969 March 31 described by Frost & Dennis

(1971).
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Fig. 2.10. Hard X-ray sources from the 2005 January 20 event. Upper: GOES and
RHESSI light curves. Lower: Early image showing well-developed footpoints at 250-
500 keV (dark contours), and a later image showing the persistent coronal hard X-ray
coronal source. The light contours show large-scale loop structures with thermal
spectra.

2.4 Flare Energetics

2.4.1 Magnetic energy storage

An active region with large sunspots creates a localized region of strong mag-

netism in the corona. The basic potential-field description of the sunspot

fields already predicts strong fields at altitudes comparable to the spot di-

ameter, and in fact microwave observations do show such fields (e.g., Brosius

and White, 2006). Extreme values of the Alfvén speed and plasma β could

result; for |B| = 103 G and ne = 108 cm−3 at a height 109 cm above a large

sunspot umbra, for example, one would find vA = 0.7 c and β =7 × 10−6 (for

T = 106 K).

Energy storage in excess of the basic potential-field minimum, which cannot

be converted into other forms, comes from currents injected into the corona
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Fig. 2.11. The stored magnetic energy in a nonlinear force-free field extrapolation for
AR 10486 computed by J. McTiernan using the technique of Wheatland et al. (2000).
Left: The Bz component of a chromospheric vector magnetogram for AR 10486, 2004
October 29 18:46 UT. The contour shows the 50% level of the excess over the energy
content of the corresponding potential field, at an altitude of 6 Mm. Right: Increase of
total energy with height in the data cube of the extrapolation (dimension 65 × 4′′).
The dashed and solid lines show the potential and non-potential integral energies,
respectively. The 50% level gives a rough idea about the location of stored magnetic
energy; it is higher for the non-potential field but still located close to the base of the
corona.

from below the photosphere. These currents intensify and enlarge the active-

region field, and the restructuring of the currents and field can release flare

energy. Figure 2.11 shows an estimate of the stored magnetic energy in active

region 10486, which produced the flare with the bolometric excess shown in

Figure 2.3. Note that the excess magnetic energy, using the non-linear force-

free model of Wheatland et al. (2000), apparently can actually exceed the

potential-field energy even though strongly twisted coronal structures are not

often seen.

2.4.2 Partition of energy release

The energy released from its magnetic storage is lost to the corona either

as radiation or in the form of mass motions. Note that thermal conduction

should generally lead to excess radiation at transition-region or chromospheric

temperatures (e.g., Emslie et al., 2005). The initial energy release is dominated

by the acceleration of high-energy particles (Lin and Hudson, 1976), which are

relatively easy to detect from their hard X-ray, γ-ray, and radio signatures.

There is also presumably some direct heating in the sense of Ohmic dissipation

or adiabatic compression, but this is harder to recognize observationally. The

energy that appears in the corona ultimately increases the gas pressure there,
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which in turn – somewhat counterintuitively – enables chromospheric material

to flow up into the corona. The radiation signatures at these different stages

spread across the electromagnetic spectrum, as sketched out in Figure 2.1;

they are integrated together into the bolometric flare observation shown in

Figure 2.3.

The partition of the energy release must also include bulk terms (kinetic

energy, gravitational potential energy, and enthalpy). We can readily estimate

the kinetic energy of the CME ejecta (e.g., Vourlidas et al., 2000), but the

magnetic energy – the dominant term, since electrodynamic forces drive the

whole process – is much more difficult. Indeed, a plausible extension of the

Aly-Sturrock theorem (Aly, 1991; Sturrock, 1991) suggests that the creation

of a CME actually absorbs magnetic energy rather than releasing it, since the

open fields it creates are maximally non-potential in nature. So, even the sign

of this component of CME energy remains ambiguous. In any case, by order of

magnitude, a major flare/CME event may have comparable radiant and bulk

kinetic “emissions” (e.g., Emslie et al., 2005; see also Figure 2.6).

2.4.3 Nanoflares

The nature of coronal heating may involve flare-like processes, even outside

the times of actual flares or microflares. Parker (1988) introduced the term

“nanoflare,” implying that just this kind of nonthermal process might be in-

volved in ordinary coronal heating. Here the “nano” implies an event energy

on the order of 10−9 of that of a major flare, and the suggestion was that a

swarm of such tiny events might not be recognizable from a continuous heating

process. In general, the possibility that individual elements of a structure are

unresolved by a given observation strongly affects its interpretation (Sturrock

et al., 1990; Cargill & Klimchuk, 2005).

Hudson (1991) noted that such an occurrence pattern of tiny events would

necessarily differ from the “hard” powerlaw seen for true flares (see Sec-

tion 2.2.5). A single nanoflare could not be detected directly, but the nanoflar-

ing process could be detected statistically from the fluctuation spectrum. In

practice most workers ignore this distinction and just view nanoflares as still

smaller microflares that can still have individually recognizable signatures.

The concept of nanoflare heating lies close to the interpretation of a flare

as an assembly of semi-independent filamentary substructures. This might be

expected from the anisotropy of plasma transport properties in the presence

of a magnetic field. The arcade structure of many flares indeed shows their

inherently filamentary structure, albeit on observable scales. Aschwanden et

al. (2001), for example, decomposed a major arcade structure into about 100

individually recognizable strands. This has made “multithread modeling” of
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flare structures possible (Hori et al. 1998; Warren 2006), with substantial

implications for the physics.

2.5 Flare analogs

In this section we discuss the possible analogies between the forms of solar

activity and non-solar phenomena. These often seem striking enough to beg

for a common model, but even without success in developing such a model

(it would be fair to say that no predictive models for flares now exist) we can

certainly use paradigms from one domain as frameworks for understanding

another. The two major areas of overlap are the terrestrial aurora and stellar

flares, but there are other possible patterns as well.

2.5.1 Other patterns of flare activity

As we have seen, there is a rather well-defined basic observational template for

solar flares, both eruptive and confined. The key features include intense non-

thermal radiations in an impulsive phase that leads to a gradual phase via the

formation of a coronal reservoir (the Neupert Effect). The hard X-ray emis-

sion characteristically follows the soft-hard-soft pattern of spectral variation

in the impulsive phase. The gradual phase has high temperatures characteris-

tically 1-2 orders of magnitude higher than those of the quiet corona. There is

a weak correlation between temperature and emission measure
∫

n2
edV . The

chromospheric signatures (e.g., Hα) are dominated by the formation of ribbon

structures that tend to spread apart in the gradual phase, reflecting the ar-

cade structure of the flare loops. These properties, and possibly a few others,

describe the solar flare paradigm. The stellar flare shown in Figure 2.12 has a

clear Neupert-effect time profile. This does not mean very much in terms of

the physical distinctions between this event and a solar flare, unfortunately,

except to confirm that there a coronal energy reservoir can also form in the

vicinity of this star (II Pegasi) as well.

Other patterns of solar activity exist, and these may be more relevant to

some non-solar conditions than the standard paradigm. These would include

the following (Hudson & Micela, 2006):

Extended events: In major flares, especially those associated with solar en-

ergetic particles, an extended later non-thermal phase sometimes develops on

time scales of tens of minutes following the impulsive phase. These events

have a close relationship with the meter-wave type IV emission, which re-

veal the presence of relativistic electrons via synchrotron emission (Boischot
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Fig. 2.12. Powerful stellar flare observed 2005 December 16 on the active binary
system II Pegasi (Osten et al., 2007). The upper curve shows 0.8-10 keV counting
rate from the XRT instrument on board SWIFT (Burrows et al., 2005), and the lower
curves show two hard X-ray channels (14-40 keV and 40-101 keV) from the BAT
instrument. One can see the clear progression of a Neupert-effect analogy, with the
highest-energy channel (lighter shading) showing an impulsive-phase excess in the
first ksec of the observation.

& Denisse; see Wild et al. 1963). In the hard X-ray band we see a soft-

hard-harder spectral evolution (Frost and Dennis, 1971; Hudson, 1978; Cliver

et al., 1986) rather than the clear soft-hard-soft evolution of the impulsive

phase. Kiplinger (1995) found that this hard X-ray spectral pattern tends to

accompany solar proton events. The coronal structures associated with such

events are now known to have bright footpoints (Qiu et al., 2004; Krucker

et al., 2008), which means that they share some of their physics with the or-

dinary flare paradigm. But their long duration, great scale, and very high

electron energies all suggest a fundamental difference in origin.

Masuda events: The original Masuda event of 1992 January 13 (Masuda

et al., 1994) excited enormous interest. Long thought to be prototypical,

it now seems to have been rather unusual, with at most a handful of other

examples having been observed, either by Yohkoh or by RHESSI (Krucker

et al., 2008). In this event, Yohkoh/HXT observed hard X-ray emission, up

to its highest-energy band at 53-93 keV, from a source well above the loops

emitting soft X-rays. The Masuda source was therefore termed an “above-the-

loop-top” source, distinct from the usual thermal loop-top sources. Because
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bremsstrahlung is inefficient, this required a balancing act to explain – could

the nonthermal electrons find a high enough density to produce the observed

emission, while at the same time remaining remaining trapped? How could

the coronal energy release not drive the expected evaporation? The physics

remains unclear because of these discrepancies.

Non-thermal ejecta: The meter-wave radio observations provide several

examples of distinctly different high-energy processes operating in the solar

corona. These include the types I-V bursts (Wild et al., 1963) and now prob-

ably some of their counterparts in hard X-rays (Hudson et al., 2001; Krucker

et al., 2008). These have great interest at the present time because of their

association with CMEs and therefore with disturbances in the Earth’s envi-

ronment.

Coronal thick-target events: In the ordinary flare paradigm, the collisional

thick-target model places the target (the hard X-ray source) in the chromo-

sphere. Recently events have been found for which the best interpretation is

that the fast electrons actually do not propagate as far as the chromosphere,

but instead brake collisionally in the corona (Veronig and Brown, 2004). This

development was unexpected because of the general success of the standard

model (see Chapter 3), and it suggests that the powerful electron accelera-

tion of the impulsive phase can take place in a relatively high-density medium

(ne >1010 cm−3), in order to provide enough coronal column density to bring

a ∼50 keV electron to rest.

Shock waves: This mechanism is of particular interest in astrophysics, where

there is hardly a domain on any scale in which shock physics is not applicable.

In the case of the solar flare, we are particularly interested in large-scale waves

that accompany the basic restructuring of the field needed to release energy.

Note that in 2D Petschek reconnection it is precisely the large-scale shock

waves that convert the magnetic energy; the reconnection point itself is of

little consequence for energy release. We do not know yet whether or not this

logic carries over to non-steady 3D magnetic reconnection. The large-scale

shock waves in solar flares can readily be detected via their radio emission.

We understand the physics of a type II burst well enough to identify it as the

emission signature as the product of Langmuir turbulence scattering energy

into electromagnetic radiation near the local plasma frequency (Wild et al.,

1963) or its harmonic. The shock can occur either near the surface of the Sun,

where it may be a blast wave propagating through the ambient, undisturbed

corona, or it may be an interplanetary wave driven by the CME. Recently

Mewaldt et al. (2007) have obtained the results shown in Figure 2.13 (left).
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Fig. 2.13. Left: Energy converted by interplanetary (CME-driven) shock waves into
solar energetic particles (SEPs). The efficiency of conversion can exceed 10%. Right:
Comparison of particle fluences for model CME masses and speeds, relating the Car-
rington event to better-observed recent examples (Mewaldt et al., 2007).

Apparently the acceleration of high-energy particles may play a major role in

the dissipation of energy at such a collisionless shock. Note that such a mode

of energy dissipation is basically a long-range effect: energy is removed from

the shock but not converted to heat locally. This means that an ideal MHD

simulation will not correctly localize the eventual sink of the shock energy.

Impulse response: White et al. (1992) observed a solar radio burst with

quite remarkable properties. With high-resolution VLA observations, the

event was located in an active region and had an oblong shape about 5000 km

in length and 1500 km in width, thus presumably a compact loop. This, plus

oddities in the radio spectrum, place it and a few similar events in a separate

category. The small scale presumably means that the event took place in the

lowest atmosphere, presumably below the chromosphere-corona interface re-

gion. “Impulse response” refers to the emission time profile, which had a nearly

unresolved rise time and a brief, exponential, and frequency-independent de-

cay (about 20 s) at 15 GHz.

2.5.2 Aurorae on Earth and elsewhere

The terrestrial aurora is of course a visual phenomenon, but as in a solar flare

accelerated particles stimulate much of the radiation. It occurs primarily in

an “auroral oval” roughly identified with the boundary between closed mag-

netospheric magnetic field, and field that opens out into interplanetary space.

Jovian aurorae have a similar spatial relationship to the planet’s magnetic

field, but may in addition have other sources (see the Io-related hot spot in
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Figure 13.7, Volume II). Some sort of auroral emission has been detected on

the other gas giants (Saturn, Neptune, Uranus) as well as on Venus and Mars;

there is at least airglow present even the Jovian moons Europa, Ganymede,

and Io Hall et al., 1998. The Jovian auroral X-rays were long sought for,

following the terrestrial analogy, and finally found by Metzger et al. (1983).

The terrestrial aurora, especially its “substorm” development, has several

points of similarity to the phenomena of solar flares. This has long been noted

to be of interest (e.g., Obayashi, 1975; Bratenahl and Baum, 1976; Schindler,

1976; Akasofu, 1979; Akasofu, 2001). Properties that might be related include

the acceleration of non-thermal electrons and the identification of N-S conju-

gate auroral zones as ribbon-like structures. One can note the gradual build-up

of stored energy, and its sudden release, as the system evolves past the point

of marginal stability. This theoretical idea plus the attractiveness of magnetic

reconnection as an energy source for each process have also encouraged this

kind of thinking.

Over the decades these possible analogies have retained their fascination,

but little has come from this except for a few cartoons. Why is this? Pre-

sumably the answer is to be found in the very different physical conditions in

the corona and in the geomagnetic tail, even though these parameters scale in

such a way that the physical properties are not too dissimilar (e.g., Obayashi,

1975; see Chapter 8 for a full discussion of the physics of planetary magne-

tospheres). We note that the boundaries of the magnetosphere are the iono-

sphere and the magnetopause. Along the flanks of the magnetosphere there

is a solar-wind flow that creates a large convective electrical potential. This

would not be present in the solar corona. The not-so-analogous boundaries

of the solar corona are the photosphere/corona transition zone, mainly the

chromosphere, and a rather nebulous and ill-understood process that creates

the solar wind and decouples it from the coronal plasma. These boundaries

have some commonalities (Haerendel, 2006) but some major differences as

well. The chromosphere and the ionosphere have different conductivity ten-

sors, and the ionosphere has a non-conducting lower boundary, for example.

As for the solar-wind flow around the magnetosphere, there is simply no solar

analog. This flow is thought to be the source of the substorm energy, and so

the “flare build-up” process seems not to be analogous.

2.5.3 Stellar flares

Many observed light-curve properties of solar and stellar flares resemble one

another. There is a tendency for the same fast-rise/slow-decay pattern, a

similar relationship between hard and soft X-rays (Osten et al., 2007; Isola

et al., 2007) and even a stellar Neupert effect visible in comparisons of white
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Fig. 2.14. Correlation of temperature and emission measure for solar and stellar flares.
The different symbols refer to different data sources, as explained in the original
reference (Feldman et al. 2008).

light (Hawley et al., 1995) and microwaves (Guedel et al., 1996) with soft X-

ray time profiles. In soft X-rays there is a clear statistical relationship between

the emission measure (
∫

n2
edV ) and the temperature, as shown in Figure 2.14

(Feldman et al., Aschwanden et al., 1995, 2008). This correlation, first noted

by Feldman (1995), while apparently significant, necessarily intercompares

very different kinds of observations. The relatively poor correlations seen in

individual data sets suggest that systematic biases play an important role, as

yet not well understood, independent of the overall correlation. From the point

of view of “universal physical processes,” it has been argued that this broad

correlation results from a universal kind of magnetic reconnection (Shibata

and Yokoyama, 1999). This may be an overinterpretation of effects explainable

in other ways (Aschwanden et al., 2008), but at a minimum it suggests the

importance of the Alfvén speed as a parameter.

The most easily observable stellar flares are found on the traditional dMe

flare stars. These stars are cooler and fainter than the Sun (G2V), making

it easier to detect brightenings. Indeed the powerful Carrington flare of 1859

would not readily have been detectable if it occurred on a distant G-type star.

A stellar flare of comparable magnitude can be readily detected against the

background of a much fainter M star photosphere, but that does not explain

the observations of much more energetic events seen on other stars (e.g., Schae-
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Fig. 2.15. Left: Cartoon showing energy storage in the “corona” of a magnetar, a
neutron star magnetized to ∼1015 G and capable of giant flares (Duncan, 2005; Dun-
can et al., 2005). Right Cartoon showing “X-wind” model of magnetic fields involved
in the accretion of matter onto a young star (Shu et al., 1997).

fer et al., 2000). This suggests that there may be something quantitatively

different about the stellar flares or their causes.

Figure 2.12 shows a flare observed from the active binary system II Pegasi

(presumably the K subgiant component; Osten et al., 2007). In general the

binary nature of a stellar system plays a role in its flare productivity, since

even many more prosaic dMe flare stars are also binary members. This would

then be another distinction from the solar case.

2.5.4 Gamma-ray bursts, magnetar giant flares, and other exotic

analogs

Beyond flare stars, which may seem like a safe enough step away from solar

experience, there are many other stellar phenomena in which electrodynamics

is invoked to explain the observations. Figure 2.15 shows sketches of two

examples, which we discuss briefly here. The left panel shows twisted field lines

hypothesized to develop in the atmosphere of a “magnetar,” a neutron star

thought to have interior magnetic-field strengths as large as 1015 G (Thompson

and Duncan, 1995). The rough idea is that magnetic energy can build up in

these twists, maintained by the rigidity of the neutron-star crust, until a giant

flare releases it. The right panel is a representation of the “X wind” model of

Shu et al. (1997), which generalizes the solar ideas by involving the accretion

disk of a young star (T Tauri) in the stressing of the field and its release as a

flare. The high activity of young stars presumably results from rapid rotation

and the presence of an accretion disk.
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2.6 Magnetic reconnection, observationally

2.6.1 Connectivity

Although magnetic reconnection is only one possible way to extract energy

from a magnetic field, this idea dominates most research in flare theory. Most

observers therefore try to understand their observations in this way. I take this

opportunity to discuss how to detect the process of reconnection, appreciating

that in a laboratory, or in an in situ observation in space, one can actually get

down to the relevant scales at which particles “demagnetize” and reconnection

can happen. This is unlikely ever to be the case for astronomical observations,

unfortunately; the proton inertial length c/ωpi is tiny, approximately 103 cm at

the top of the VAL-C (Vernazza et al., 1981) chromosphere (Hudson, 2007a).

The best evidence for the occurrence of reconnection, therefore, must come

from tracking connectivity, via the identification of magnetic domains (see the

full discussion Longcope, 2009). A flare driven by reconnection would involve

the transfer of flux between two domains of different connectivity, in such a

manner as to release some fraction of the stored energy. But how to identify the

domains? This can really only be done in the context of a coronal magnetic-

field model at a level of approximation that permits stresses to remain in the

field, and hence separate domains to exist. A field model derivable from a

scalar potential will not serve perfectly, but if the coronal field is only weakly

non-potential, the separatrices between the domains may be in about the right

places.

In a large-scale magnetic reconnection model, one might expect the flare

brightenings to appear at the intersections of coronal magnetic separatrix sur-

faces with the photosphere. The separatrices show the location of sudden

changes in the connectivity maps (Titov and Démoulin, 1999). Mandrini et al.

(1991) had observed Hα brightenings at such locations, and recently Metcalf

et al. (2003) presented an excellent example of this for the flare shown in Fig-

ure 2.9 (right). Figure 2.16 shows the mapping for this event. Such indirect

correspondences provide some of the best evidence to date of the large-scale

reconnection picture, but note that the observation is still quite remote from

the microphysics of reconnection, and that there are necessarily ambiguities

in the interpretation.

Many other flare observations have been interpreted in terms of large-scale

magnetic reconnection. The “Masuda flare” (Masuda et al., 1994) is often

cited as conclusive evidence for such a picture, and a more recent Yohkoh

observation of apparent reconnection inflow (Yokoyama et al., 2001) also fits

the picture. However, each of these events was quite unusual and may have

drawn attention not so much because they were in any sense typical, but
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Fig. 2.16. Mapping of separatrices to the photosphere (heavy lines) compared with
hard X-ray footpoint locations (crosses) for the flare of 2001 August 25 (Metcalf et
al. 2003), also the subect of Figure 2.9b. The image dimensions are 120 × 150 arc sec
in X and Y, respectively. The main flare ribbons are at the upper part of the figure,
but note how faithfully the remote brightenings follow the projected separatrix at the
bottom of the figure as well.

simply because they evoked the cartoon. In the Yohkoh era, probably the best

circumstantial evidence for reconnection dynamics was in the observation of

the “supra-arcade downflows” (McKenzie and Hudson, 1999; McKenzie, 2000;

Asai et al., 2004b). Recently Hara et al. (2008) have applied the much better

observational material of the Hinode/EIS instrument (Culhane et al., 2007) to

a well-observed gradual flare. In principle, such observations would show the

reconnection flow fields and thus be a step closer to confirming the reality of

the picture. Such an observation appears to have been too difficult even for

this instrument, at least for this flare, and no unambiguous results could be

obtained.

In general the observations most strongly suggestive of the reconnection

picture apply mainly to the later phases of a flare. Asai et al. (2004) observed

supra-arcade downflows in coincidence with hard X-ray bursts in the flare of

2002 July 23, ) but it is not clear yet exactly how to apply the idea of magnetic

reconnection to the impulsive phase, or to flares without eruptions.
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2.6.2 Current sheets

Magnetic reconnection requires the existence of a current sheet on a scale

fine enough for particle demagnetization to occur. Given the small values

of the ion inertial length (c/ωpi ≪ 1 km in the corona), the detectability

of a current sheet would be indirect by any known remote-sensing technique.

Enhanced density or temperature could be clues, for example, or simple image

morphology based on theoretical expectation.

For some CMEs there is clear evidence for the re-formation of a coronal

helmet streamer following the event (Kahler & Hundhausen, 1992; Hiei et al.,

1993). We interpret this to mean that the juxtaposed open fields of opposite

polarities do form an active current sheet during a reconnection process. Webb

et al. (2003) discuss this CME morphology in detail.

Temperature and density signatures might also be expected in the EUV

or soft X-ray ranges, given the dynamics of the reconnecting magnetic field,

especially in flares for which the process might be faster and more energetic.

These physical parameters translate into an emission measure neniL, where L

represents the width of the source in the line of sight. Theory or modeling do

not give us good predictions for any of these parameters, but UV observations

of several linear features behind CMEs strongly suggest that they are in fact

the expected current sheets, or else plasma structures closely related to them

(see Ciaravella & Raymond, 2008, and other papers cited therein). One dis-

tinguishing feature of most of the handful of events detected in this manner is

the presence of the high-temperature Fexviii ion.

X-ray observations of flares with RHESSI have also provided indirect ev-

idence for the presence of current sheets in the impulsive phase of a flare,

where reconnection models would expect them (Sui & Holman, 2003; Sui et

al., 2004).

2.6.3 Coronal motions

The plasma in the core of an active region has a low plasma β; for reason-

able values of the physical parameters we find β = 2nkBT/(B2/8π) to be of

order 10−4 or lower. This means that any detectable features – any emission

at any wavelength – will serve mainly as a “leaf in the wind” (Sheeley et al.,

1999), helping us to determine the geometry of the flows but not having much

physical significance. The bright features are not important physical objects,

since they are embedded in a much stronger and pervasive magnetic field that

determines the forces dictating the flow.

The discovery of the “supra-arcade downflows” (McKenzie and Hudson,

1999) offers one of the main possible links between the observations of plasma
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motions in the flare and the idea of large-scale magnetic reconnection. This

phenomenon is best appreciated in movie format; although it was discovered

with Yohkoh/SXT soft X-ray observations, in fact the higher resolution avail-

able in the TRACE 195Å data make it more visible. The data show a down-

ward flow toward the surface of the Sun from above the developing arcade.

The flow speeds are sub-Alfvénic and show deceleration as they approach the

arcade loops (McKenzie, 2000; Sheeley et al., 2004). It would be attractive to

interpret these motions as confirmation of the standard reconnection model,

but the (apparently) highly sub-Alfvénic speeds provide a major obstacle to

this interpretation. Asai et al. (2004b) show that such motions can occur even

during the impulsive phase of a flare.

Soft X-ray dimming signatures offer another signature. These were another

Yohkoh discovery (Hudson et al., 1995b; but see Rust, 1979, for earlier Sky-

lab observations and Hansen et al. (1974) for still earlier observations from a

ground-based coronagraph). The dimming coincides with the impulsive phase

of the flare (Zarro et al., 1999) and hence with the acceleration phase of the

associated CME (Zhang et al., 2004). It is thus reasonable to associate the

dimming signature with the outward flow of mass required by a CME. Al-

though there are many observations now of expanding loops, seen in many

wave bands, the dimming signature is more profound and often can be seen in

diffuse or unresolved corona. This signature is important for the reconnection

models because it identifies newly opened field that can then reconnect.

Some of the dimming may also be related directly to the inflow expected

of large-scale reconnection (Yokoyama et al., 2001). In this case the flow

field would be essentially horizontal, rather than radially outward as in the

“transient coronal hole” interpretation of dimming as the mass being lost to the

CME. Measuring the orientation of the velocity field should therefore be a high

priority for future spectroscopic observations (via the Doppler effect) and for

future high-resolution imaging observations (via “leaves in the wind”). Other

examples of this type have been found, but they are rare and do not provide

good evidence for a well-understood reconnection scenario in the impulsive

phase.

2.6.4 Ribbon motions

The expanding motions of flare ribbons provided one of the first clues to

what we think of as the standard reconnection model of a flare (the sketch of

Figure 5.4 in Forbes, 2009, or others in Chapter 3 of this volume). As pointed

out by Poletto & Kopp (1986), these motions can be interpreted as an electric

field. This is a motional or “convective” electric field given by E = v×B, and it

is often taken as a measure of the reconnection rate. Fletcher & Hudson (2001)
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Fig. 2.17. How the ribbon motion sweeps out magnetic field during the reconnection
process in the standard model (from Asai et al., 2004a).

point out that the rate the ribbons sweep out the field should correspond in

some sense to the rate at which energy is released during reconnection, and

that at the same time the field guides the particle or heat flux responsible for

the ribbon excitation. Figure 2.17 shows the geometry.

The actual magnitude the convective field may be quite large. We can esti-

mate it (in SI units for convenience) for a reconnection flow speed |v| = 0.1 vA,

where vA is the Alfvén speed, which would plausibly be vA = 107 m/s in the

core of an active region. Then for |B| = 0.1 T, |E| = 106 V/m. Similarly

the Poynting flux can be estimated at 105 W/m2 (e.g., Asai et al., 2004a),

approximately the level needed to power a flare with plausible assumptions

about the geometry. Asai et al. (2004a) also showed that the local Poynting

flux appeared to correlate in time with the temporal variations of impulsive-

phase signatures, consistent with expectation from the standard reconnection

model.

2.6.5 Particle acceleration

How does one understand particle acceleration in the context of magnetic re-

connection, and can the particles be a guide to understanding the reconnection

physics? At first glance this may seem implausible, since one frequently ap-

peals to reconnection within an MHD framework, as in Figure 2.17. MHD is

a fluid theory and therefore has no particles at all, and so any theory of par-

ticle acceleration needs to be grafted on in a non-self-consistent manner as a
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“test-particle” theory. This would be satisfactory theoretically if the particles

were energetically unimportant, but as we have seen (Section 2.2.2) this is not

true in the impulsive phase at least.

It is also tempting to take the convective electric field E = v×B as a mech-

anism for particle acceleration, but strictly speaking this is wrong because the

convective field has zero E‖ component. Nevertheless one can imagine situa-

tions, in the absence of a detailed theory of reconnection, in which the current

sheet can in fact accelerate particles. Speiser (1965) showed how this would

readily happen via non-adiabatic motions (e.g., Northrop and Teller, 1960) in

the “Speiser orbits.” A current-sheet mechanism as a source of the 10-100 keV

electrons of the impulsive phase immediately has trouble with the “number

problem,” though, since the inferred intensities of the electron beams in the

thick-target model are so high.

Several other ways to link the standard reconnection model with the require-

ment for particle acceleration have been proposed. It is natural to consider a

role for shock waves associated with the reconnection. In Petschek 2D recon-

nection, in fact, the energy is converted to flows at a pair of standing slow-mode

shocks; the flows themselves could terminate at standing fast-mode shocks as

well. Tsuneta & Naito (1998) used the latter for acceleration and the former

for trapping. Unfortunately there is no clear evidence for fast reconnection

outflows and their attendant fast-mode shocks (see Section 2.6.3). This theory

may then fail as a result of the 2D reconnection picture not providing a good

approximation to the 3D situation.

Recently Fletcher & Hudson (2008) have introduced ideas carried over from

the terrestrial aurora and somewhat new to solar physics. These ideas, sketched

in Figure 2.18, make use of the Poynting flux of Alfvén waves generated in

the restructuring of the coronal magnetic field (Emslie and Sturrock, 1982).

The particle acceleration would hypothetically result from the development

of structure on small scales, generating the necesssary |E‖| either via kinetic

effects in the wave propagation (e.g., Kletzing, 1994) or via the development

of turbulence (e.g., Larosa et al., 1994; Petrosian and Liu, 2004). In either

case, the actual particle acceleration could take place near the chromosphere

and thus have a better chance to avoid the number problem.

2.7 Conclusions

This Chapter has reviewed the status of our observational material on solar

flares, including other forms of solar activity and some of their analogs in other

environments. Observations of flares now span parts of three centuries, and

many things have been learned. Nevertheless major questions remain unan-

swered, and so the observations must be improved. What do we not under-
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Fig. 2.18. Model put forth by Fletcher & Hudson (2008), showing the extraction
of stored coronal magnetic energy via the Poynting flux of waves excited by the
restructuring that produces the flare. Particle acceleration in this picture, as in other
pictures, remains problematic.

stand, and how should we proceed to learn more? I will start this conclusion

with some general remarks and then get specific about the observations.

Flares are are a clear example of a “stick and slip” process, whereby en-

ergy builds up slowly and then converts suddenly into other forms. In this

case the storage is in the inductive magnetic field of currents driven into the

solar atmosphere by convective motions in the solar interior. These currents

can find quasi-stable equilibria that evolve until a loss of equilibrium takes

place. The energy release in the resulting development of the system is non-

linear and involves a range of scales in the plasma that cannot be described

quantitatively at the present time. We thus do not have a predictive theory

of the restructuring that releases this stored coronal energy and results in a

flare. The paramount problem of flare physics therefore is to understand the

transformation of energy in this interesting physical system.

The physical essence of flare physics, regarded most generally, would be in

the behavior of the interface between a stellar interior and its atmosphere. The

Sun shows us that this interface reacts in quite striking ways to what should

be an orderly flow of stellar energy away from its interior sources. Electro-

dynamic effects dominate the interaction between this flow and the exterior

space. For the Sun, the flare is the most common of these effects in terms of

coronal signatures. For the most energetic flares the simultaneous occurrence

of a CME and its concomitant particle acceleration leads to physically (and

perhaps biologically!) important interactions with planetary environments.

In a separate article (Hudson, 2007a), I have recently reviewed the state of
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our knowledge of the flare chromosphere. We do not know enough, in spite

of a long history of observation! Following the premise of Harwit (1981), we

should note that there is a vast unobserved parameter space in the UV and

EUV wavelength ranges covering these regions of the solar atmosphere. Har-

wit argued that cosmic discovery follows almost directly from the opening-up

of new parameter domains. The most striking omission in the case of solar

flares might be the almost complete lack of hydrogen Lyα observations with

sufficiently high spectral, spatial, and temporal coverage. Note that this is the

most basic spectral line of the most abundant element on the nearest star!

Other important omissions include sensitive observations, at high resolution,

of X and γ-rays. The most direct insight into flare energy release necessar-

ily must follow from observation of the accelerated particles. In this context

radio techniques also have great sensitivity and a parameter space that has

not been exploited. Specifically in the microwave band, we have never had

sensitive broad-band spectral coverage. Almost all of the observations to date

have been at widely spaced fixed frequencies that provide only limited informa-

tion about the physical properties of the sources, including the all-important

coronal magnetic field (e.g., Brosius and White, 2006).
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