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Abstract. This chapter reviews how our knowledge of CMEs and CME-associated phenomena has

been improved, since the launch of the SOHO mission, thanks to multi-wavelength analysis. The

combination of data obtained from space-based experiments and ground based instruments allows us

to follow the space-time development of an event from the bottom of the corona to large distances in

the interplanetary medium. Since CMEs originate in the low solar corona, understanding the physical

processes that generate them is strongly dependant on coordinated multi-wavelength observations.

CMEs display a large diversity in morphology and kinematic properties, but there is presently no

statistical evidence that those properties may serve to group them into different classes. When a

CME takes place, the coronal magnetic field undergoes restructuring. Much of the current research
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is focused on understanding how the corona sustains the stresses that allow the magnetic energy to

build up and how, later on, this magnetic energy is released during eruptive flares and CMEs. Multi-

wavelength observations have confirmed that reconnection plays a key role during the development of

CMEs. Frequently, CMEs display a rather simple shape, exhibiting a well known three-part structure

(bright leading edge, dark cavity and bright knot). These types of events have led to the proposal

of the “standard model” of the development of a CME, a model which predicts the formation of

current sheets. A few recent coronal observations provide some evidence for such sheets. Other

more complex events correspond to multiple eruptions taking place on a time scale much shorter

than the cadence of coronagraph instruments. They are often associated with large-scale dimming

and coronal waves. The exact nature of these waves and the physical link between these different

manifestations are not yet elucidated. We also discuss what kind of shocks are produced during a

flare or a CME. Several questions remain unanswered. What is the nature of the shocks in the corona

(blast-wave or piston-driven?) How they are related to Moreton waves seen in Hα? How they are

related to interplanetary shocks? The last section discusses the origin of energetic electrons detected

in the corona and in the interplanetary medium. “Complex type III-like events,” which are detected

at hectometric wavelengths, high in the corona, and are associated with CMEs, appear to originate

from electrons that have been accelerated lower in the corona and not at the bow shock of CMEs.

Similarly, impulsive energetic electrons observed in the interplanetary medium are not the exclusive

result of electron acceleration at the bow shocks of CMEs; rather they have a coronal origin.

1. Introduction

M. PICK, T. FORBES, G. MANN

Since their discovery in 1971 (Tousey, 1973), coronal mass ejections (CMEs) have
been observed and analyzed by numerous ground-based and spaceborne white-
light coronagraphs. The Solar Maximum Mission (SMM) in particular, enabled
detailed analyses of the basic properties of CMEs to be made for nearly a complete
solar cycle. The nearly continuous solar coverage provided by the very sensitive
SOHO/LASCO coronagraph, which represents a very significant advancement over
all previous spaceborne coronagraphs, has greatly benefited from the comprehen-
sive solar and heliospheric data made available by experiments on a vast array
of Earth-orbiting and heliospheric spacecrafts (TRACE, ACE, GOES, Yohkoh,
Ulysses, Voyager, Wind) as well as by ground-based instruments (magnetographs,
Hα telescopes, radio imaging and spectral instruments, and coronagraphs). Com-
parison of the CME observations from SOHO instruments with complementary
observations in the low corona have, for the first time, made it possible to contin-
uously follow the detailed progression of CME phenomena from the low corona
to the interplanetary medium. In this report, we have selected topics in which joint
coronal observations obtained using complementary observational and analysis
techniques have been crucial in shaping our current understanding of CMEs and
CME-associated phenomena.

CMEs are complex, large-scale magnetic structures, expelled from the sun and
made visible by their enhanced plasma density. The full dynamical evolution of a
CME includes three phases: (1) an initiation phase, (2) an acceleration phase, and
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(3) a propagation phase. The period of continuous acceleration is quite variable:
it can last from a few minutes to several hours and the CME, which becomes
fully developed during this period, can travel a distance from a fraction of a solar
radius to several solar radii. Although CMEs are a complex and varied phenomena,
can we identify distinct classes of CMEs, based on their dynamic behavior and/or
magnetic structure? Are the disparities observed between different CMEs due to
the complexities of the coronal structures?

CMEs are often associated with eruptive prominences or disappearing filaments
on the solar disk. In these cases, the CMEs most often contain three distinct regions:
a bright front that surrounds a dark cavity and an inner bright core. While it is
sometimes assumed that the leading edge is a compressive wave front, there is little
evidence for that except for a few shock wave observations. In many cases the
“leading edge” may just be coronal plasma piled up in front of the CME as it moves
outward. The interior structure of CMEs has often been identified as a flux rope
(see Schwenn et al., 2006, this volume). However modeling of the CME formation
is a controversial topic: is the flux rope the cause or a consequence of the eruption?
The so-called “standard model” (see Figure 6 of Hudson et al., 2006), this volume)
predicts the formation of a current sheet. Do recent coronal observations provide
evidence for the formation of such a current sheet?

CMEs frequently have a much more complex structure. They involve multiple
magnetic flux systems and neutral lines. They are often associated with flares and/or
on-disk manifestations, which have been observed in EUV as large-scale dimmings
and coronal waves, and in soft X-rays as large scale and trans-equatorial loops. The
exact nature of the coronal waves is unknown: are these waves different from the
well-known Moreton waves identified as the chromospheric trace of a blast wave?
We note that while Moreton waves are systematically associated with type II radio
bursts, EUV coronal waves may have no association. What is the physical link
between EUV waves and CMEs? Do they represent restructuring of the corona?

One common view, which emerged in the 1980s, is that CMEs are not directly
caused by flares and that flares are not necessarily the dominant energetic phenom-
ena in the corona. They are now recognized as two different aspects of a common
magnetic energy instability and release, but the physics behind the association
remains poorly understood: Can the currently available observations provide an
unambiguous description of their respective temporal and spatial evolution and
their respective source of energy release? For example, radio imaging observa-
tions provide information on the location of regions of magnetic interaction in the
corona. These regions are the sites of electron acceleration that generate various
radio signatures often observed in the decimeter-meter (dm-m) wavelength domain;
electron beams escaping from these regions produce type III radio bursts, which
trace the open magnetic field and coronal loop-like shapes as trans-equatorial loops
(J and U bursts). The high cadence of radio observations may allow us to follow
the progression and development of CMEs in the corona.
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The large-scale restructuring of the corona observed during the development of
CMEs suggests that for a given event, different populations of energetic electrons
(and possibly protons) may be accelerated by different physical mechanisms at
different times and from different coronal sites. Do recent observations contradict
the commonly-held view that CME bow shocks are the exclusive source generating
large SEP events, observed in the interplanetary medium?

The existence of coronal shocks was recognized early from the interpretation of
radio type II bursts. Two types of shocks have been considered to produce the type II
bursts: Coronal shocks which generate metric type II bursts, currently attributed to
blast waves originating in the flare-region; and CME-driven shocks, which produce
hectometric-kilometric type II bursts during their propagation in the interplanetary
medium. As coronal and interplanetary type II bursts can be produced during the
same event, there is a continuing controversy on the relationship between type II
bursts (coronal shocks), flares, and CMEs. At what altitude can CME-driven shocks
form? Can we detect shocks by remote techniques other than radio observations
such as EUV, X-ray and white light?

A summary of the questions and conclusions by this working group is presented
in the following sections.

2. Coordinated Multi-Wavelength Signatures of CME Development

R. A. HOWARD, N. SHEELEY, J. ZHANG, N. SRIVASTAVA, G. SIMNETT,
J. CHEN, M. PICK, C. MARQUÉ

To understand CME phenomena, it is essential to utilize observations in addition to
those from the white-light coronagraph. While attempts have been made to develop
a proxy for the coronagraph, the clear identification of when and where a CME
has occurred is still best made with the coronagraph. However, the coronagraph
measures only the density properties of the CMEs. The combination of all the space-
based experiments currently available and the extensive network of ground based
instruments present an unprecedented opportunity to characterize CME phenomena
all the way from the surface of the Sun out to interplanetary space. Furthermore,
the ground-based telescopes are able to acquire data at a much higher cadence than
the space-based telescopes. These multi-wavelength observations can tell us: (1)
What is the sequence of events below the coronagraph occulting disk? (2) What
occurs first and in what time order? (3) What structures are involved in the energy
release?

2.1. DIVERSITY OF CMES

Coronal mass ejections display diversity in morphology and kinematic properties.
Frequently, large and bright CMEs display a three-part structure, namely the bright
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frontal or the leading edge, followed by a dark cavity and a bright knot often associ-
ated with prominence material. Well-organized helical structures within CMEs have
often been observed by LASCO (Dere et al., 1999), CDS (Pike and Mason, 2002),
and UVCS (Antonucci et al., 1997; Ciaravella et al., 2000). The classification of
a CME in terms of its structure and morphology was first done using SOLWIND
white-light observations (Howard et al., 1985). These structural classes included
loop, curved front, halo, spike, double spike, streamer blowouts and, as the names
suggest, are based on the shape of the CMEs. They termed another class of CMEs
as “complex,” which were irregular in shape and did not fit in the other sub-classes.
It is now becoming clear that many events are in fact multiple eruptions closely
spaced in time and projected on the plane of the sky.

Another type of classification scheme based on signatures of field line discon-
nection was discussed by Webb and Cliver (1995). They found that about 10 %
of all CMEs had disconnection features, defined as transient large-scale, concave-
outward bright regions usually following the CME leading edge. Such disconnected
structures were previously observed in SMM images as U-shaped features by Mc-
Comas et al. (1991). The disconnected features of CMEs have been found to retain
their shapes out to a distance of 28 solar radii in LASCO images, as shown by
Simnett et al. (1997), while other observations show that some CMEs show little
evidence of disconnection (Chen et al., 1997, 2000). Although a CME often refers
to a large-scale phenomenon, narrow CMEs have been reported (Gilbert et al.,
2001; Wang and Sheeley, 2002; Yashiro et al., 2003; Dobrzycka et al., 2003) as
have very faint CMEs (Lyons and Simnett, 2001). At the smaller end of the scale,
Sheeley et al. (1997) have studied tiny eruptions which they called “blobs”. Because
coronagraph observations yield two-dimensional (2-D) projections of intrinsically
three-dimensional (3-D) structures, the true 3-D morphology of observed CMEs is
not yet definitely established. Nevertheless, all existing 3-D models indicate that
after the eruption, CMEs can be understood as expanding flux ropes (Chen et al.,
1997; Wu et al., 1999; Amari et al., 1999; Krall et al., 2001; Tokman and Bellan,
2002).

A classification scheme based on kinematic properties was first done by
MacQueen and Fisher (1983). Based on inner coronal observations (i.e. from 1.2
to 2.4R� by the ground-based MK3 coronagraph), they found that large flare-asso-
ciated events exhibit high speeds (>700 km s−1) and little acceleration (0.3 m s−2)
with height while the eruptive-filament-associated events start with low speeds of
10–20 km s−1 and exhibit accelerations from 0–50 m s−2. Based on outer corona ob-
servations (from 2.0 to 30.0R� by the LASCO C2/C3 coronagraphs), Sheeley et al.
(1999) also suggested the existence of two classes of events: the so-called impulsive
and gradual CMEs. Impulsive CMEs show constant speed typically greater than
750 km s−1, implying a short but strong acceleration in the inner corona. Gradual
CMEs display a persistent and weak acceleration with their leading edges acceler-
ating gradually to speeds in the range 400–600 km s−1 before leaving the LASCO
field of view. Based on combined LASCO C1/C2/C3 observations, Srivastava et al.
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(1999) presented a number of gradual or balloon-type events that start off with
very low speeds (<100 km s−1) below 3 solar radii and attain a maximum value of
acceleration ranging between 5–25 m s−2, which occurs between 3–6 R�. These
observations indicated that gradual-type events generally drift away in the slow
solar wind. A similar classification scheme was proposed by Andrews and Howard
(2001) but with different names: Type C (Constant speed) events versus Type A
(Acceleration) events. Based on a large number of LASCO CME events, St. Cyr
et al. (1999) and Moon et al. (2002) made a statistical study about the differences
between flare-associated CMEs and eruptive-filament-associated CMEs and found
a tendency for flare-associated CMEs to be faster.

Nevertheless, there is not yet convincing statistical evidence to suggest the ex-
istence of two distinct classes of events. In terms of speed, it has been consistently
shown that there is a continuous distribution of speed from tens of km s−1 to about
2500 km s−1 with a single peak at about 300–400 km s−1 (Howard et al., 1985;
Hundhausen et al., 1994; St. Cyr et al., 2000; Yashiro et al., 2003). However, the
peak is in part due to the selection criteria used to define a CME in these studies,
which favor the bright, large-scale events. In terms of acceleration, (Zhang et al.,
2004) demonstrated that the magnitude of the acceleration in the inner corona can
vary by three orders of magnitude, i.e., from a few m s−2 to several thousand m s−2.
Further, the duration of the acceleration can vary by the same magnitude, i.e., from a
few minutes to several hours. The existing data do not support a bimodal distribution
of CME acceleration.

Despite the failure to identify objective signatures that place CMEs in separate
statistical classes, we know that all CMEs are not alike. In fact, in studying different
kinds of CMEs we have been able to gain insight into the physical mechanisms.

In the next several sections, we give an overview of different types of CMEs
and some physical insights that have been gained by the multi-spectral approach.

2.2. SMALL EXPLODING FLARE EVENTS WITH RECONNECTION

The initiation of a CME in EUV was first detected by EIT (Dere et al., 1997). In
this paper a small, compact bubble is seen to form and propagate outward. It was
seen in the LASCO/C1 Fe XIV channel and then subsequently in the LASCO/C2
as a small enhancement along a pre-existing streamer. Innes et al. (1999) used
several different telescopes to investigate the relationship between a CME and an
X2 flare (see Figure 1). Innes et al. compared SOHO/CDS EUV spectrometer data,
GOES X-ray flux, Yohkoh/SXT images, SOHO/EIT Fe XII images, Meudon Hα

filtergraph images, Pic du Midi Hα coronagraph images and finally the LASCO/C1
Fe XIV, C2 and C3 images. In their interpretation, a filament started to rise, before
the flare, forcing anti-parallel magnetic fields to reconnect and the flaring to start.
A small CME started about 20 minutes after the flare and filament eruption and in
between two X-ray jets. Innes et al. suggested that reconnection at the site of one of
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Figure 1. April 9, 1997 event. Spatial relationship between a CME and an X2 flare, as revealed by

several telescopes. Shown are LASCO C1 5303 Å difference images (>1R�) taken before and after

the flare, as well as soft X-ray contours (shown in green), Hα coronagraph contours (red) and an EIT

195 Å image (<1.1R�) taken after the flare. The position of the CDS raster is outlined in white (Innes

et al., 1999).

the jets (at one footpoint) triggered reconnection at the other footpoint (producing
the second jet).

Complimentary observations of these explosive, flare-related CMEs have been
obtained with the TRACE, Yohkoh/SXT and GOES12/SXI instruments (McKenzie
and Hudson, 1999; Gallagher et al., 2002; Innes et al., 2003; Asai et al., 2004).
These observations have revealed inward motions in the hot (15 MK) plasma cloud
that forms in the region evacuated by the CME. In a time of about 30–40 min, the
elements of the cloud move inward and cool from ∼15 MK to <1 MK, becoming
visible as the familiar structures we call flare loops. One by one, the individual loops
in the lower-temperature emission lines disappear and are replaced by higher loops
moving in from above. This accounts for the rising locus that is typically observed
and often seen as radio continuum. Kerdraon et al. (1983) observed stationary type
IV radio emission in the position of the legs of a CME, presumably in the region of
post-eruptive restructuring of the corona where the flare loops were being formed.
Kahler and Hundhausen (1992) suggested these type IV bursts could be associated
with newly formed streamers.

Comparing SOHO/LASCO and EIT images of narrow, high speed CMEs (called
jets) during the rising phase of the sunspot cycle, Wang et al. (1998) found that
narrow (∼2–4 degrees), fast (∼600–1000 km s−1) white-light jets in the C2 and C3
fields of view were the extensions of EUV jets seen by EIT. These jets appeared
when small bipoles emerged in polar coronal holes. Wang et al. (1998) suggested
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that the jets originated when the closed field of the newly emerged flux reconnected
with the open fields of the polar holes (interchange reconnection), thereby allowing
material to slip outward along the open field lines. In a second study, Wang and
Sheeley (2002) made a similar comparison near sunspot maximum. They found that
in this epoch, when polar fields were weak and the polar holes were gone, the jets
came from places where newly emerging flux penetrated coronal holes well outside
the Sun’s polar caps. UVCS and EIT observations of polar jets show relatively low
temperatures, consistent with heating at the base of the jets (Dobrzycka et al., 2002).

In a separate study, Kahler et al. (2001) noted that a 960 km s−1 jet was associ-
ated with an impulsive solar energetic particle event at the Wind spacecraft. They
suggested that such jet-like CMEs might correspond to the SXT X-ray jets and type
III radio bursts observed previously by Raulin et al. (1996), and that these type III
burst electrons may provide information about the magnetic topology of CMEs that
are accompanied by impulsive flares. The Nançay Radioheliograph (NRH) images
for this event revealed a series of type III-like sources moving outward at the same
position angle as the C2 LASCO feature (Pick et al., 2003).

2.3. CMES AND PROMINENCE ERUPTIONS

Prominence eruptions (EPs) frequently accompany CMEs. Gilbert et al. (2000) and
Gopalswamy et al. (2003) found that more than 72% of Hα erupting prominences
are associated with CMEs. Gopalswamy et al. also noted that the latitude distribu-
tions of EPs and CMEs both peaked at the equator around sunspot minimum.

An example of a class of CME events that is not usually associated with im-
pulsive disk phenomena was discussed by Srivastava et al. (2000). For this event
(displayed in Figure 2), they combined Hα images from Helio-Research (courtesy
of Sara Martin), 17 GHz images from the Nobeyama Radioheliograph, LASCO/C1
Fe XIV/Fe X images, and LASCO/C2 and C3 white-light images. They found
that features in the images moved very gradually upward (<50 km s−1), with the
prominence activating and moving outward, for many hours (∼18) before the sec-
ond phase started. At that time, the CME/prominence system accelerated quickly
to over 500 km s−1 before decelerating down to the slower solar wind speed when
it left the field of view of LASCO/C3. The minimum value of the acceleration cor-
responds to the slowly moving structures identified by Sheeley et al. (1997). They
further noted that there is no observational evidence for magnetic reconnection or
impulsive energy release associated with this CME. Howard et al. (1986) showed
that this class of events did not exhibit a solar-cycle dependence, indicating that the
cause of such eruptions occurs at a constant rate throughout the cycle. Differential
rotation and the subsequent shearing of coronal fields has been explored as possible
CME initiation mechanism (e.g. Linker and Mikic, 1995; Forbes et al., 2006).

This kind of event usually generates the three-part structure. In the dm-dam
wavelength domain, thermal emission is detected in association with the filament
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Figure 2. June 21–22, 1998 event. Left: Time-lapse images taken by LASCO-C1 coronagraph in Fe

XIV emission line. The field of view is 1.1–3 R�. All the images shown here have been subtracted

from a reference image taken before the occurrence of the CME, except the image taken at 10:47

UT. The 10:47 UT frame is an on-line image with a nearby continuum and shows the bright streamer

adjacent to the CME. Right: Plot of height (on a log scale) against time for different features of the

CME: the leading edge, the prominence top, and prominence tail. These features were tracked using

several instruments at different wavelengths (Srivastava et al., 2000).

cavity; thermal emission is weak and often masked by the presence of non-thermal
radio burst emission. Metric observations are, however, able in favorable cases
to probe the filament cavity and make the link with the CME cavity (Marqué
et al., 2002). CME thermal detection in radio has a great potential interest because
of the ability to determine mass and density of a CME (Sheridan et al., 1978;
Gopalswamy and Kundu, 1992). Despite these earlier attempts, a clear distinction
between thermal and non-thermal contributions remains difficult to establish.

2.4. LARGE-SCALE CMES

The development in the low corona of large flare/CME events is often fast and is
accompanied by an opening of the magnetic field over a large region. Large scale
dimming observed in EUV and soft X-rays and disappearing transequatorial loops
are signatures of the opening of the magnetic field. Li et al. (2001) have developed
a technique to show the field lines that have opened up as a result of the CME event.
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Figure 3. November 6, 1997 event. Composite image of a LASCO/C2 CME image with a radio NRH

image at 164 MHz showing that there is a close correspondence between the extent in latitude of the

CME seen by LASCO- C2 and the sites of radio emission (adapted from Maia et al., 1999).

Coronagraphs observe limb CMEs better than halo CMEs. For the large, fast
CME that occurred on the west limb on 6 November 1997 (see Figure 3), Maia
et al. (1999) related the radio observations to the optical observations seen all the
way down to 1.1R� by the LASCO/C1, which observed the CME in Fe XIV and
Fe X emission. This CME expanded laterally from a relatively small angular size,
in the vicinity of the flare site and reached its full size in the low corona within 5
minutes. A close association between the location of radio emission and the white-
light CME structure was seen. It is interesting to compare these observations with
those of an on-disk event because the two perspectives give us a more complete
picture. Pojholainen et al. (2001) for the on-disk event on 2 May 1998 linked, both
spatially and temporally, a propagating disturbance to the successive radio source
components of a coronal type II burst and to an Hα Moreton wave propagating away
from the flare region. Khan and Hudson (2000) suggested that, in the case of the
2 May 1998 event, the wave also causes the destabilization of the interconnecting
loop structure seen in X-rays. Both these limb and on-disk events showed a similar
spreading of radio sources. The full expansion of these events took place in the low
corona within 5–15 minutes.

A well-studied event is the Bastille-day event, which occurred on 14 July 2000,
and for which a number of papers have been published in a single volume in
Solar Physics (special issue, 204/1–2, 2001). This event illustrates many points that
will be discussed in the following sections. During July, the active region 9077
produced intense activity, which culminated in an X7.5 flare and a major CME
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Figure 4. July 14, 2000 event. Upper panel:(a) Dynamic spectra of the Wind/WAVES radio emission;

(b) IZMIRAN dynamic spectrum of the metric radio emissions; (c) Intensity versus time of the

Ondrejov decimeter data of 3 GHz and of the flux measured by Wind at 13.825 MHz ; (d ) GOES X-

ray flux. Middle and lower panels: Images from the NRH at 164 MHz, EIT at 195 Å and LASCO-C2

illustrating the development of the CME above the solar disk and above the solar limb (references in

Solar Physics, special issue, 204-1-2, 2001).
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on July 14. Accompanying this activity were radio emission, energetic particles,
interplanetary shocks, and interplanetary magnetic clouds. Figure 4 displays a series
of observations obtained at different wavelengths. The LASCO images show that
besides the loop-like CME on the west limb, there are several bright discrete features
all around the Sun. Most of the solar disk was affected by the CME development.
The EIT observations show a brightening of a large area of the corona followed
by a dimming over roughly the same region, suggesting that the bright material
had been ejected. The development of the radio event is reminiscent of that of the
May 02 1998 event: In less than 15 minutes, large-scale loops spanned the entire
disk, apparently in association with spectral drift type II emission. The type II
emission was accompanied by very intense, complex, long duration type-III like
radio emission over a very large spectral range (Figure 4; upper panel a, b, c).
The close similarity in the 3 GHz and 13.82 MHz profiles of the radio emission
indicates that radio emission detected by WAVES at kilometric wavelengths was
produced by electrons accelerated in the coronal regions seen in the NRH images
(see Section 6.3).

2.5. EIT WAVES, CORONAL DIMMING AND CMES

EIT waves are large disturbances that travel across the disk of the Sun (Moses et al.,
1997; Thompson et al., 1998). An unambiguous correlation between EIT waves
and CMEs was found by Biesecker et al. (2002). The EIT-wave/shock association
is considered in more detail in Section 5. An important signature of on-disk CMEs
(i.e. halos) are the soft X-ray dimmings (Sterling and Hudson, 1997) observed in
the Yohkoh/SXT. The dimming is ascribed to a mass deficit, ∼ 1014 g, which is
consistent with the amount of material that erupts. In contrast to the EIT wave or
Moreton wave, the X-ray dimming appears suddenly like transient coronal holes
on the Sun’s disk. Additional discussion of EIT waves can be found in Section 5.2.

3. Magnetic Reconnection

T. G. FORBES, H. S. HUDSON

3.1. THEORETICAL FRAMEWORK

The concept of magnetic reconnection arises from the idea that the topology of the
magnetic field plays an important role in the forces acting on the plasma (Biskamp,
2000; Priest and Forbes, 2000). In a non-conducting fluid, or vacuum, the topology
of the field has little theoretical value, and the magnetic field can be represented
exactly in terms of a potential. Within the framework of MHD theory as applied to a
magnetized plasma, however, dynamical effects do arise. Currents can flow within
the plasma, stressing the field away from the relaxed state. Relaxation nearer to
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this unstressed state, if on a short time scale, is equivalent to the breakdown of the
adiabatic invariants of the particle motion (e.g., (Northrop, 1966). This reflects the
physical definition of a magnetic field line in terms of particle motion. The concept
of reconnection inherently requires a breakdown of the ideal MHD approximation.

When a CME takes place, the coronal field undergoes a radical restructuring
on a time scale short relative to the resistive time scale of the medium in what is,
for the most part, a low-β plasma. Prior to the onset of the CME, the coronal field
has gradually accumulated stresses related to forces acting below the photosphere.
In some models, the coronal magnetic structure is presumed to be organized into
topologically distinct cells divided by surfaces termed separatrices. A flare and/or
CME corresponds to a transfer of magnetic flux between the cells. In the case of a
CME the restructuring implies the opening of some magnetic flux, in the sense that
previously closed loops become greatly extended. The main theoretical problem
of flares and CMEs is to explain not only why energy is released, but also why
the corona is able to sustain the stresses that allow an energy build-up (see in this
volume (Mikić and Lee, 2006; Forbes et al., 2006).

3.2. RELEVANT OBSERVATIONS

At present we have many solar signatures, in flares and in CME counterparts in
the low corona, consistent with the general idea of magnetic reconnection. This list
below could be extended in the near future, although necessarily only via indirect
remote-sensing techniques. It is striking that reconnection signatures are relatively
rare in the coronagraph field of view so that if reconnection plays a major role in
CMEs it is likely to do so at lower altitudes. It is not yet possible to say whether
magnetic reconnection plays an important role in the onset of an event. In particular
we do not know if reconnection triggers a flare or simply results from a flare. Even
more fundamentally, since MHD physics cannot self-consistently describe the all-
important particle populations, we know that additional physics describing kinetic
effects is important. At the present time very little theoretical development has
occurred to incorporate such kinetic effects within the larger framework of the
MHD flows.

3.2.1. Ribbon Morphology
The existence and motions of Hα flare ribbons strongly motivated the basic idea
of the coronal reconnection models. The fact that the outer edge of the ribbon
propagates by the lighting up of the existing chromospheric fibril structure is a strong
indicator that the flare energy source is continually moving onto new field lines as
required by reconnection. Furthermore, the existence of a one to two arcsecond
wide band of strongly red shifted Hα emission along the outer edges of the ribbons
(Svestka et al., 1980) also supports the reconnection model. The outer edges of
the ribbons are expected to be strongly heated by conduction electrons or energetic
particles propagating along field lines mapping directly to the reconnection site.
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The heating produces a downward flow of cool plasma in the chromosphere and
an upward flow of heated plasma in the corona (Doschek et al., 1983). Recent
EUV spectroscopic imaging from SOHO/CDS has provided strong evidence that
the corresponding upflow of heated plasma does exist at the outer edges as required
(Czaykowska et al., 1999).

3.2.2. Hard X-ray Timing
The hard X-ray footpoint sources exhibit strongly correlated fluctuations, consistent
with the acceleration of electrons high in the corona. This result, originally due to
Yohkoh/HXT, has now been extended by the finding that the footpoint spectra
also match (Krucker and Lin, 2002). Coronal particle acceleration suggests coronal
energy release, since we know that the particles (>10 keV electrons) contain a large
fraction of the total energy.

3.2.3. Cusp-Shaped Structure
Soft X-ray images, such as those from Yohkoh/SXT, often show cusp-shaped fea-
tures, especially in the late phase of a CME-related solar flare. The cusp may have
an elevated temperature (Tsuneta et al., 1992) and thus this morphology points to
an energy source in the solar corona – ergo, large-scale reconnection along the lines
of many models.

3.2.4. “Above-the-Loop-Top” Source
The discovery by Masuda et al. (1994) of an above-the-loop-top hard X-ray source
suggested the reconnection geometry more directly. The interpretation considers a
fast reconnection outflow jet from a reconnection point high in the corona, which
then impinges on closed field lines and particle acceleration by shock waves or
turbulence resulting from this.

3.2.5. Supra-Arcade and LASCO Downflows
Soft X-ray and EUV observations frequently show a fan of spikes extending above
the loop system of a flare arcade. McKenzie and Hudson (1999) found dark features
moving downward through this fan. They refer to these features as “voids” and
interpret them as three-dimensional equivalents of the magnetic islands produced
by the tearing mode. Voids occur during both the impulsive and gradual phases of
flare evolution (Innes et al., 2003; Asai et al., 2004). In addition to the rapid motion
of the voids, a general downward flow pattern exists in the arcade structure even as
its upper edge increases in height (Sheeley et al., 2004).

Downflows of two types have been directly seen in LASCO white-light images
(Sheeley et al., 2004) describe features similar to the supra-arcade downflows (“tad-
poles”) at altitudes of 2–4 R�, much later than the eruption and exhibiting smaller
inflow speeds. They identify such inflows with a continuation of the reconnection
process implied by the observations in the flare arcades. These are also void regions
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(Sheeley and Wang, 2002). The other (much less frequent) type of outer coronal
downflow has both upflows and downflows, and more nearly resembles the classical
picture of reconnection in the sense of disconnection (Sheeley and Wang, 2002;
Simnett, 2004).

3.2.6. Sigmoid and Dimming
Sterling and Hudson (1997) found a characteristic X-ray morphology to be associ-
ated with CME formation, as detected by the formation of “transient coronal holes,”
a form of X-ray dimming originally identified in Skylab soft X-ray images. The
sigmoid, identified with a hot component aligned with a filament channel, evolves
during the event into an arcade perpendicular to it. This suggests “dipolarization”
responsible for energy release following reconnection.

3.2.7. Inflow into X-line
The cusp configuration, if it reflects continuing magnetic reconnection, implies
an essentially horizontal inflow into the X-point (in two dimensions). This has
been surprisingly hard to detect, perhaps because the inflowing plasma should be
extremely low-density because it is on open or opening field lines; nevertheless
Yokoyama et al. (2001) have found a clear case, combining both soft X-ray and
EUV data, of a large-scale coronal cusp with strong evidence for just such an
inflow.

3.2.8. Bidirectional Type III Radio Bursts
Type III radio bursts have a strong association with the impulsive energy release in a
solar flare, and reveal the presence of beams of non-thermal electrons. Bidirectional
type III bursts, as observed by Aschwanden et al. (1995), show that these beams
appear to diverge from the intersection of magnetic structures. This technique of
inferring magnetic field line reconnection from bi-directional type III bursts is anal-
ogous to the technique of inferring coronal or heliospheric field line reconnection
from bi-directional electron heat fluxes in the in-situ solar wind (Crooker et al.,
2002; Simnett, 2004).

4. Observational Signatures of Current Sheets

A. CIARAVELLA, H. S. HUDSON

4.1. THEORETICAL FRAMEWORK

The “standard model” for the development of an eruptive flare or of a CME involves
the expansion of closed coronal magnetic fields (e.g. Anzer and Pneuman, 1982).
As this bubble of bipolar magnetic field moves outwards, an inflow occurs behind it,
driven by external magnetic pressure. The outward flow creates elongated field lines
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with appropriate orientation (opposed fields) to form a current sheet and ultimately
to reconnect, and this reconnection then explains the formation of the arcade of
flare loops. Coronal observations now provide some evidence for the formation of
the current sheet that the standard model envisions.

4.2. RELEVANT OBSERVATIONS

4.2.1. CME Morphology
CMEs typically leave vertical linear features behind them; these have often been
interpreted as “legs,” in other words unipolar structures that represent flux tubes.
Kahler and Hundhausen (1992) however pointed out that an alternative interpre-
tation could be made that some legs were in fact current sheets. If so, this would
support the basic tenet of the standard model and would explain the lack of trans-
verse (lateral) motion expected for true legs to display as reconnection proceeded
(Webb et al., 2003). Early attempts towards the same end involved searches for
“disconnection” events, motivated by the 2D cartoon representation of the standard
model in which magnetic fields actually must disconnect from the surface of the
Sun (Illing and Hundhausen, 1983). There is some evidence for concave-up fea-
tures in CME images, but instead of interpreting this evidence as disconnection the
more modern view is the 3D version: the concave-up features represent the bottom
of a flux rope whose ends in fact remain connected to the photosphere (see Forbes
et al., 2006, this volume).

4.2.2. Spectroscopy
Because magnetic reconnection may be occurring in the current sheet and enabling
energy release, the presence of a thin spike of high-temperature material beneath a
retreating CME would match the expectation of the standard model. This closely
describes recent spectroscopic observations by Ciaravella et al. (2002) and Ko et al.
(2003), in which narrow, bright features appeared in Fe XVIII 974 Å. An illustration
of the 1998 March 23 current sheet observation (Ciaravella et al., 2002) is given in
Figure 5, compared with an illustration of the current sheet in the Lin and Forbes
(2000) model. A similar structure was observed on 2002 January 8. Figure 6 shows
a composite image of EIT, MLSO-MK41, CDS and Fe XVIII 974 Å line intensity
distribution along the UVCS slit. The high-temperature narrow feature observed
by UVCS just above the post-CME loop cusp has been interpreted as the current
sheet.

These current sheets refer to heights of 1.5R� and exibit very similar character-
istics. Both have very long duration: 20 hours in the 1998 March 23 event and about
2 days in the 2002 January 8. Their spatial width in the Fe VXIII emission is 0.1R�
and 0.2R�, respectively. Temperatures inside the current sheet are 4−6×106 K and
densities in the range 107 − 108 cm−3. In both cases the analysis of the elemental

1The Mauna Loa Solar Observatory Mark 4 K-coronameter.
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Figure 5. Composite image of EIT 304 Å (22:24 UT), LASCO C2 (12:33 UT) and line intensity

distribution along the UVCS slit (16:56 UT) taken on March 23, 1998. The arrow indicates the true

position of the slit and the intensity distribution shown is from the Fe XVIII 974 Å line. Three other

slits are plotted for comparison and show (from left to right) the line intensity distribution of Si XII

499 Å, OVI 1032 Å, and Lyβ. The UVCS data used in this figure were taken with the slit pointed at

1.45R� and position angle PA = 245◦. The position of the peak in the Fe XVIII line is PA = 257◦
and height 1.55R�. The different times were chosen to combine the data into a single image. At the

time of the observation, the LASCO CME was much larger, but similar in shape. The flux-rope CME

and the associated current sheet as predicted by the Lin and Forbes (2000) model are drawn below the

composite image. Superimposed is the line intensity distribution of Fe XVIII along the slit (Ciaravella

et al., 2002).

abundances shows a large FIP effect2 in which the coronal iron abundance in the
1998 March 23 current sheet, is enhanced by a factor of 7 relative to its photospheric
value. The strong FIP effect in the sheets provides evidence that plasma flowing
inside is from coronal origin (Ciaravella et al., 2002; Ko et al., 2003). Also, in
the 2002 January 8 event, blobs are seen flowing along the current sheet; these
were interpreted as a signature of reconnection in a non-uniform plasma by
Ko et al. (2003).

The Lin and Forbes (2000) model provides a description of the current sheet
geometry, as shown in Figure 5. Reconnection along the current sheet could help the
flux rope to escape outwards. The model does not predict the physical parameters
of the plasma in the sheet but the general properties such as length, position and
duration of the sheet, agree with the UVCS observations. The MHD simulation of

2Enhancement of elements with high first ionization potential.
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Figure 6. Left: MLSO MK4 white-light image at 19:28 UT, January 10, showing that the two

loop/cusp systems still exist 2 days after the CME. The inset shows our perception of what the

two loop/cusp systems might look like. Right: Composite image from EIT 195 Å (19:36 UT), CDS Fe

XVI (small rectangle at the limb), MK4 (19:28 UT), and C2 (20:26 UT) images of January 10. Super-

posed on the image is the projection of the UVCS slit on the plane of the sky (the width is not to scale)

showing the spatial distribution of the [Fe XVIII] 974 emission. It is clear that the high-temperature

emission is along the direction of the current sheet (Ko et al., 2003).

Linker et al. (2003) show the self-consistent formation of a similar current sheet
(see Figure 3 of Forbes et al., 2006, this volume).

4.2.3. X-ray Evidence
X-ray imaging observations of solar flares have provided evidence of a second high
energy source located above the lower source. This upper source is at the right
altitude to be located at the upper tip of the current sheet predicted by the standard
model. Furthermore, the temperature distribution within this source is reversed to
that of the lower source as would be consistent with the inverted geometry of the
field at the upper tip of the current sheet (Sui and Holman, 2003). In other words,
the gradient is opposite to that found at the loop top by Masuda et al. (1994), and
together, the two sources are consistent with a hot current sheet (at small emission
measure) lying between them.

Both the UV and X-ray observations add the element of plasma temperature
to the streamer geometry. At the boundary between oppositely-directed magnetic
fields one must have a current layer; these new data show that such a current system
in CME-related structures actively heats the plasma to temperatures normally found
only in solar flares. This clearly points to magnetic reconnection in the standard
model as a mechanism to enable the heating to happen. The theoretical problem
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(e.g., Webb et al., 2003) is that current theories do not predict “how hot or dense the
current sheet should be;” thus at present we have no quantitative means to link these
observations to the rate of reconnection and thus to flare effects. More sophisticated
models, planned for the future, may make such comparisons possible (see Mikić
and Lee, 2006, this volume).

5. Coronal Shocks and Waves

M. REINER, J. C. RAYMOND, M. PICK, D. MAIA, H. S. HUDSON,
A. KLASSEN, K. L. KLEIN, G. MANN

5.1. INTRODUCTION

Coronal shock observations are important because they provide information on the
characteristics and dynamics of energetic phenomena on the Sun, such as solar
flares and CMEs (see in this volume Hudson et al., 2006; Schwenn et al., 2006).
CME shocks are also involved in accelerating Solar Energetic Particles (SEPs) that
are observed in interplanetary space (see in this volume (Cane and Lario, 2006;
Klecker et al., 2006; Mikić and Lee, 2006; Forbes et al., 2006); see also (Reames,
1999). The interplanetary extension of coronal shocks, that are driven by CMEs,
can significantly affect the space weather environment when they encounter Earth.
Coronal shocks can presently only be observed remotely. The primary observational
signature of these shocks are the radio emissions they generate as they propagate
through the solar corona. These radio signatures, called metric type II bursts, have
been observed from ground-based radio observatories since the early 1950s. More
recently, a few coronal shocks have been observed and studied in UV, X-ray and
white-light images (Vourlidas et al., 2003; Raymond et al., 2000).

When these shocks propagate into interplanetary space, they produce low-fre-
quency kilometric type II radio emissions (see Forsyth et al., 2006, this volume).
Kilometric type II emissions are unambiguously identified with shocks that are
driven by CMEs and can sometimes be observed in situ (Bale et al., 1999). In-
situ shock observations provide a better understanding of the nature of the radio
emission mechanism, as well as the interplanetary plasma conditions and shock
geometries that favor the generation of the type II radio emissions (see Forbes
et al., 2006, this volume). While type II radio bursts can be generated by either
blast-wave or driven shocks, it is expected that only driven shocks can propagate
into interplanetary space because blast-wave shocks quickly weaken with distance
and are unlikely to escape the lower corona. Hence in the solar corona the problem
of shock association is more complex than in interplanetary space. There has been
a long-standing controversy as to whether coronal or metric type II bursts originate
from CME-driven (piston-driven) shocks and/or from blast-wave shocks (Cliver
et al., 1999).
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Radio observations of solar type II bursts were first made by ground-based radio
spectrographs, operating at metric wavelengths (Wild, 1950). These early observa-
tions therefore provided only spectral information on these coronal radio sources.
Later, radioheliographs were constructed whose images provided direct informa-
tion on the spatial locations and heights of the coronal radio sources. Simultaneous
imaging by coronagraphs and radioheliographs permitted a comparison of the type
II sources with coronal structures seen in white light, albeit in somewhat different
spatial regions.

The rest of this section concentrates on recent observations of coronal shocks
detected at radio, X-ray, UV and optical wavelengths and their relationships to other
solar features. Recent observations of coronal shocks at optical and UV wavelengths
have provided unique diagnostics for the dynamics of CMEs and for the physical
parameters and processes in coronal shocks.

5.2. SHOCKS IN THE CORONA: METRIC TYPE II BURSTS AND CORONAL

WAVES

An example of a metric type II radio burst is illustrated in Figure 7. This figure shows
a dynamic spectrum, which is a plot of the radio intensity as a function of frequency
and time. The metric type II burst appears as relatively narrow banded spectral
features that drift slowly to lower frequencies with time. The spectral characteristics
of metric type II bursts can often be very complex (see Nelson and Melrose, 1985

Figure 7. Dynamic radio spectrum and hard X–ray emission (53–93 keV) of the event on 12 April

2001. The event starts with a harmonic type II precursor, followed by a type II burst with multi-lane

structure. The “backbone” of the fundamental and harmonic type II emissions is indicated by the

white dashed curves. The precursor is cotemporal with the hard X–ray emission (lower panel) and

consists mainly of sequences of fast reverse slope (RS) drift bursts, details of which are evident on

the expanded time scale spectrum shown in the insert on the right (two of the RS bursts are indicated

by the arrows) (adapted from Klassen et al., 2003).
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and Mann, 1995 for reviews). In addition to a common fundamental-harmonic band
structure, the metric type II bursts also typically exhibit band splittings, multiple
lanes and sometimes a so-called herringbone structure.This structure appears as
a series of rapidly drifting, short-duration bursts that can drift to higher or lower
frequencies. The frequency drift corresponds to the “backbone” of the herringbone
structure. While such type II spectral features provide evidence of a coronal shock
wave, they do not directly yield unambiguous information on the nature and origin
of the shock.

In 1960, solar Hα observations revealed the existence of flare-associated waves,
known as Moreton waves, that appeared as arc-shaped fronts propagating away
from the flare site at speeds of the order of 1000 km s−1 (Moreton, 1960). The
origin of these waves was attributed to a shock propagating through the corona,
while sweeping over the chromosphere (Uchida, 1960). Noting that type II radio
bursts were closely associated in time with Moreton waves, Uchida (1974) unified
the interpretation of type II bursts and Moreton waves by demonstrating that both
could be simultaneously produced by a propagating “weak” fast-mode shock. The
observed slow frequency drift of the type II emission was interpreted as radiation
generated by the plasma emission mechanism as the shock propagated through the
decreasing coronal density. In Figure 7, the two drifting bands (outlined by the white
dashed curves), with a frequency ratio close to 2, correspond to type II radiation
generated in the corona at the fundamental and harmonic of the plasma frequency.

It was originally believed that the MHD shock that generated these metric type II
bursts were blast-wave shocks produced by an associated solar flare. When CMEs
were first discovered (Tousey, 1973), it was then suggested that these metric type II
bursts might in fact be generated by the piston-driven shocks associated with CMEs
(Gosling et al., 1976). To compare the location or height of the radio source with the
white-light CME, it was necessary to use a coronal density model (e.g. Saito et al.,
1970) to convert an observed radio frequency to its corresponding coronal height.
It was also necessary to extrapolate the observations from the spatial region of the
metric type II burst (in the low corona) to the spatial region of the coronagraph
observations (in the high corona). To match the coronal shock dynamics implied
by the frequency drift rate of the type II radio emissions to the CME dynamics
derived from the coronagraph observations, it was found necessary to conclude
that the metric type II bursts were generated in enhanced density regions in the
corona (Robinson and Stewart, 1985). One possible way out of this dilemma was
to assume that metric type II bursts were produced by distinct coronal blast-wave
shocks that were not directly related to the CME and its associated shock (Wagner
and MacQueen, 1983). However, Steinolfson (1985) suggested an alternative ex-
planation, namely that the type II radio sources were generated along the flanks of
the CME-driven shock. (For a possible direct optical detection of a shock along the
flank of a CME, see Vourlidas et al. (2003) and Section 5.5).

Spectral analyses depend critically on the density model. With the develop-
ment of radioheliographs, radio images were obtained which could be directly
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Figure 8. April 20, 1998 event. (a) NRH images showing the outward progression of a weak type

II-like radio source (indicated by the arrows) in the southwest quadrant at two different frequencies.

(The source in the northwest quadrant is a stationary noise storm). (b) A radio spectrum constructed

from consecutive images of the type II-like radio sources (adapted from Maia et al., 2000).

compared to the white-light images for the limb events and no assumption about a
coronal density model was necessary. In general, comparisons between radio and
coronagraph image data from the Solar Maximum Mission (SMM) and more
recently from SOHO/LASCO have indicated that the type II burst sources were
often located well below the CME leading edge (Gergely et al., 1983; Pick, 1999),
who listed most of the relevant analysis performed with Clark-lake, Culgoora and
Nançay radioheliographs.

However, Maia et al. (2000) observed a few events in the Nançay Radiohelio-
graph (NRH) images where type II-like signatures exhibited the properties expected
for a CME-driven shock. They found sources that move radially outward and closely
match both the position and velocity of the CME leading edge. One of the best cases
is shown in Figure 8. The CME on 1998 April 20 was fast (>1400 km s−1), and as
such one would expect a shock associated with this event to develop in the corona
at relatively low altitudes. Figure 8 (left) shows images of an extended radio feature
at two NRH frequencies at about the time that the CME, observed later by LASCO,
was propagating through this region of the corona. Its leading edge, measured at
10:07 UT and extrapolated to the time of the NRH image at 164 MHz, coincided
with the location of the radio feature. Observed at four NRH frequencies, the ex-
tended radio sources moved radially outwards with an initial projected velocity of
about 1000 km s−1. A spectrum constructed from the observations at these frequen-
cies is shown in Figure 8 (right). The regions shown in gray at 164 and 236 MHz
correspond to weaker emissions. A large increase in intensity was later observed,
at about the time where the black regions in the figure first appear. This spectrum
of the outward moving radio feature is clearly type II-like, with evidence for radio
emissions at both the fundamental and harmonic (compare with Figure 7).

Multi-wavelength coronal studies, based on imaging observations in EUV, X-
ray, Hα and radio, have significantly improved our understanding of the origin and
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Figure 9. Example of an EIT wave from September 24 1997. The first three panels show successive

images at 02:49, 03:03 and 03:23 UT with a pre-event image digitally differenced from them. Arrows

indicate the EIT- wave front(s). The last panel shows a subfield of the first panel (undifferenced),

showing an example of a sharp brightening (from Biesecker et al., 2002).

nature of the shocks producing type II radio emissions. There is mounting evidence
to suggest that many, if not most, metric type II bursts are produced by coronal
shocks that are probably not the pure blast waves originally envisioned by Uchida
(1974).

An important factor in this new understanding was the discovery of the large-
scale coronal EUV (EIT) and SXT waves by the SOHO/EIT and Yohkoh/SXT
telescopes, respectively. The EIT waves (Thompson et al., 1998) typically appear as
diffuse brightenings propagating away from the site of active regions; their speeds,
which are difficult to accurately determine due to the poor temporal cadence of the
observations, appear to be a few hundreds of km s−1. An example of an EIT wave
is shown in Figure 9. The exact nature of these waves is not yet fully understood.
EIT waves have a strong association with CMEs (Biesecker et al., 2002) and often
with EUV dimmings, which are usually restricted to the region traced by the transit
of Moreton waves. Biesecker et al. (2002) established that EIT waves are not
generally well correlated with type II bursts, except a small subclass (∼7%) that
have sharp bright fronts. They proposed that these sharp wave fronts may be the
coronal counterpart of Moreton waves.

This suggestion was confirmed for a few events for which EIT and Moreton
waves and type II-like bursts appeared in close spatial and temporal coincidence
(Pohjolainen et al., 2001). Moreover, this and subsequent studies established that,
for this class of flare/CME events, the observed latitudinal expansion of the CME
was directly related to the propagation of the Moreton wave. This suggests that the
coronal shock triggers destabilization and magnetic interaction of coronal structures
as it propagates through the corona. Examining this correlation more carefully,
Warmuth et al. (2004) found that all EIT waves with sharp wave fronts decelerated
with the rate of deceleration decreasing with increasing time and distance. They
pointed out that the characteristics of these coronal waves, their rapid deceleration,
the broadening of the intensity profile and the decrease of amplitude with increasing
distance and time, are characteristics of blast waves, rather than piston driven
shocks. Additional evidence was provided by Khan and Aurass (2002), Narukage
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et al. (2002) and Hudson et al. (2003) who showed that the coronal waves detected
by the Yohkoh/SXT telescope also have the expected relationship to Moreton waves
and type II bursts. These analyses of the wave propagation, especially of directional
changes, led them to conclude that the disturbances were blast waves related to
a flare and they argued that the type II burst was generated by the same blast
wave.

However, not all observations of type II emission are consistent with pure blast
waves. Klein et al. (1999) observed a type II source to appear above an expanding
soft X-ray loop in SXT images, while a neighbouring loop did not change. This
difference between the loops suggested that the proximity of the type II source
and the expanding loop was not coincidental, but that the expanding loop outlined
a peculiar magnetic structure which was the driver of the type II emitting shock
wave. A second argument against a pure blast wave picture is the statistical result
by Pearson et al. (1989) who found no significant indication that the type II produc-
ing flares were particularly impulsive. These findings suggest that type II shocks
are initially not pure blast waves, although they may become blast waves during
the course of the event. The frequent observation of type II radio precursors also
suggests that the type II shocks are initially piston driven (Klassen et al., 1999,
2003). Indeed, such precursor spectral signatures (illustrated in Figure 7) occur
during the impulsive flare phase and consist of sequences of fast-drift bursts or
pulsations whose overall frequency envelope drifts at a normalized drift rate. This
rate is similar to that of the subsequent metric type II burst, and it typically displays
a similar harmonic structure. The fast-drift bursts that constitute the precursor trace
the propagating disturbance before it excites type II emissions. This implies the
existence of electron beams that propagate towards the expanding loops and the
hard X–ray (HXR) sources. Klassen et al. (2003) found that the precursor of the
event shown in Figure 7 was associated with an expanding loop system, with speeds
of expansion that varied from 200 to 700 km s−1. They suggested that the type II
precursor is a signature of a moving reconnection process that occurred above the
expanding soft X–ray loops, which drive the precursor and generate the subsequent
type II burst.

5.3. THE LINK BETWEEN THE CORONA AND THE INTERPLANETARY

MEDIUM: DECAMETRIC-HECTOMETRIC TYPE II BURSTS

The above discussions demonstrate the difficulty of determining conclusively
whether a given coronal shock, detected solely by its ground-based radio signa-
tures, is a piston-type shock being driven by the CME (or an associated small-scale
disturbance) or is instead an undriven blast-wave shock associated with a flare. An-
other approach that may help to resolve the blast wave versus CME-driven shock
controversy is to establish the relationship of the coronal type II bursts to their
low-frequency counterparts that are observed by radio receivers on interplanetary
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spacecraft (see Forsyth et al. 2006, this volume). It is well established that these
counterparts are directly driven by CMEs (Cane et al., 1987).

An important observational advance was provided by the radio receivers of the
WAVES experiment on the Wind spacecraft, which for the first time observed solar
radio emissions at high-frequency and high-time resolution in the decametric-to-
hectometric (D-H) wavelength band from 1 to 14 MHz. Leaving only a relatively
small frequency gap between the spaceborne and ground-based radio observations,
the Wind/WAVES observations offer a unique opportunity to establish the possible
causal relationship between the coronal (metric) type II bursts and the interplanetary
(kilometric) type II emissions. However, since imaging at these low frequencies is
not possible, only spectral comparisons can, at present, be made.

When Wind was launched in 1994, during solar minimum, no solar type II radio
emissions were observed in the D-H band, although during that time many metric
type II bursts were observed by ground-based observatories. This led Gopalswamy
et al. (1998) to conclude that the metric type II bursts were produced exclusively
by blast-wave shocks, associated with flares, that did not propagate into the high
corona and interplanetary medium. However, by 1997, as the maximum of solar
cycle 23 approached, distinct slow frequency-drifting type II emissions began to
appear in the D-H wavelength range and they became more abundant as solar
maximum was reached (Kaiser et al., 1998; Gopalswamy et al., 2000). The spectral
characteristics of these D-H type II bursts were quite diverse and were usually
observed in association with major flares associated with fast CMEs.

It was found that these D-H type II bursts often naturally extended to the low-
frequency kilometric type II emissions, known to be generated by CMEs (Reiner
and Kaiser, 1999b; Reiner et al., 2000a, 2003). However, it was more difficult
to establish unequivocally their causal relationship to the metric type II bursts,
partly because of the frequency gap (14–20 MHz) to the ground-based observations
(Reiner et al., 2000a; Gopalswamy et al., 2000; Reiner et al., 2003). The best way
to establish this causal relationship is to require that the dynamics implied by the
observed frequency drift rates of the metric and decametric type II bursts should
agree, i.e., a metric type II burst is related to a decametric type II burst if and
only if both the frequency drift rate and the projected origin time in these two
frequency regimes correspond. Since the frequency drift rate of the type II burst
depends on the frequency, this of necessity can only be done within the context of a
coronal density model. However, if it is found that their frequency drift rates are a
continuation of each other over a significant time period and frequency range, then
one can be reasonably confident that the metric and decametric type II emissions
were produced by the same coronal shock.

An example is illustrated in Figure 10. The D-H type II emissions and a metric
type II burst, which were observed over a particularly wide frequency range, are
shown in the (space-based) WAVES and (ground-based) Culgoora dynamic spectra,
respectively. Also shown in Figure 10 are the height-time measurements for the
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Figure 10. Dynamic spectra showing the decametric and metric frequency-drifting type II radio

emissions associated with the 20 January 2001 CME event. The measured CME height-time data

were used to obtain a frequency-time track, which was then simultaneously fit to the frequency drift

of the metric and decametric type II radio emissions. It was found that to get a good fit it was necessary

to assume a CME launch angle of E50◦ with an enhanced Saito coronal density model, suggesting

that the radio emissions originated in high density streamers (adapted from Reiner et al., 2003a).

corresponding LASCO CME. By requiring consistency between the frequency drift
rate of the type II radio emissions and the height-time data from the CME, Reiner
et al. (2003) were able to fix the scale of the coronal density model (Saito et al.,
1970) and to establish, within the context of this model, that the frequency drift of
the D-H emissions was a continuation of the frequency drift of the metric type II
emissions, as indicated by the red dashed curves in Figure 10. Thus, at least for
this event, the metric and D-H type II emissions were both generated by the same
CME-driven shock, which must have formed very low in the corona, in agreement
with the results of Maia et al. (2000). Dulk et al. (1999) using a similar approach
reached similar conclusions. By contrast, there are other cases where, using the
same technique, it was found that the metric and D-H type II emissions were not
dynamically related (Reiner et al., 2000a).

5.4. CORONAL SHOCK INTERACTIONS

Shocks in the corona can also interact with coronal structures. The propagating
CME-driven shocks are often observed to deflect coronal streamers and to interact
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with coronal material from a preceeding CME (see Schwenn et al. 2006, this vol-
ume). These shock interactions can also have radio consequences (Gopalswamy
et al., 2001).

Mancuso and Abbo (2004) presented a rare observation of a type II burst as-
sociated with an X20 flare on April 2, 2001 accompanied by a very fast (>2000
km s−1) CME. The type II emission appeared at frequencies near 100 MHz and sub-
sequently drifted toward both higher and lower frequencies. Mancuso and Abbo
(2004) modeled this event as the result of the CME shock impact on a streamer at
some distance above the solar surface, and, as the CME encountered the streamer,
shocks moved both up and down along the streamer axis. The SOHO/LASCO and
SOHO/UVCS observations supports this model. This observation demonstrated
that type II emission does not necessarily occur at the outermost part of a CME, but
can arise from the CME flanks if conditions are right. Emission from a streamer
suggests that high density or perhaps relatively high plasma β may be important
in determining which parts of the shock produce radio emission. The analysis of
Reiner et al. (2003) also suggest that the type II emissions may be generated in
portions of the shock that pass through the coronal streamers.

5.5. OPTICAL OBSERVATIONS

Direct optical observations of shocks associated with CMEs are very difficult and
at best can only be achieved in rare situations, but they can be made at heliocentric
distances of a few solar radii where shocks are expected to form. A major difficulty
is discriminating between plasma compressed by a shock and plasma compressed
by an expanding magnetic structure.

The best direct white-light observation of a CME/shock is that of Vourlidas et al.
(2003) (for details see Schwenn et al. 2006, this volume). A 800–1000 km s−1 jet-
like CME (about 20◦ opening angle) on 1999 April 2 showed an extremely sharp
edge, as expected for a shock, and its shape was that expected for a bow shock
driven by a jet. While there was no reported type II radio emission to confirm the
shock interpretation, this CME produced a clear deflection of a streamer when the
“shock” reached it and Vourlidas et al. (2003) provided a simulation to support
their interpretation of the sharp white-light feature as a fast-mode MHD shock.

5.6. ULTRAVIOLET OBSERVATIONS

There have also been about 10 detections of CME-driven shocks in the ultraviolet
with SOHO/UVCS (Ciaravella et al., 2006). Raymond et al. (2000) observed an
event on 1998 June 11. Its speed was 1200 km s−1 based on LASCO images and
the timing of the event seen at 1.75R� by UVCS. Furthermore, a type II burst was
observed at Nançay during the time that the event was seen by UVCS, and the density
obtained from the type II frequency agreed with the pre-CME density obtained from
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the ratio of O VI emission lines. Both the type II frequency width and the observed
brightening in O VI and Si XII lines indicated a modest compression. The O VI line
profile obtained by UVCS implied an oxygen kinetic temperature much higher than
the proton temperature, as has been observed in heliospheric shocks (Berdichevsky
et al., 1997) and supernova remnant shocks (Raymond et al., 1995; Laming et al.,
1996). Raymond et al. (2000) noted that Wind/WAVES observed type II emission
simultaneous with that observed at Nançay, but 6 times lower in frequency, implying
a density nearly 40 times smaller. The UVCS density, and therefore the Nançay
type II emission, pertain to the streamer that lay directly above the CME site. The
Wind/WAVES emission probably originated in the lower density region between
the streamers to the southeast of the CME axis. Another possible interpretation is
that Wind/WAVES emissions corresponded to a shock that originated earlier. It is
also interesting that the shock speed estimated from the Nançay frequency drift rate
and models of the average coronal density was only about half the speed obtained
from LASCO, even though the density agreed with that obtained by UVCS. This
was attributed to the difference between the actual streamer density distribution
and the average coronal models, but perhaps non-radial motion of the section of the
shock that produced type II emission also affected the velocity estimate. However,
the type II drift rate in this complex event is uncertain.

Mancuso et al. (2002) observed another SOHO/UVCS event on 2000 March
3 that produced type II emission observed at Hiraiso, Culgoora and Bruny Island
simultaneous with the appearance of the shock in the UVCS spectrograph slit at
1.5R�. The UVCS data is shown in Figure 11. The densities inferred from the type
II frequency and UVCS line ratios obtained in an earlier synoptic scan were in

Figure 11. O VI 1032, 1037 Å doublet detected on March 3, 2000 during the passage of the shock

front. The 1/e width of the shocked material indicates a speed of 400 km/s as compared with 70 km/s

of the unshocked pre-CME corona (adapted from Mancuso et al., 2002).
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agreement at 1.2 to 1.5 × 107 cm−3. The shock speed obtained from the frequency
drift and the pre-CME density structure obtained from UVCS was 1100 km s−1,
in reasonable agreement with the 920 km s−1 speed observed by LASCO in the
plane of the sky. The Bruny Island radio data suggests that the type II drift rate has
been overestimated by as much as 25% in this complex event, which would still be
in reasonable agreement with the LASCO speed. As for the 1998 June 11 event,
the compression was a modest factor of 1.8 as estimated from type II frequency
splitting and UVCS observed strong broadening of the O VI emission lines. The O
VI line widths agreed well with the expected velocity width for the observed shock
speed and compression ratio in the model of Lee and Wu (2000). While the radio
and UV observations are remarkably consistent, the lack of an interplanetary shock
signature from Wind/WAVES leaves open the possibility of a blast wave origin for
the type II emission.

An important application of UV data to the study of shocks is the derivation
of pre-CME density structures for use in shock speed estimates. They can also be
used to derive magnetic field limits from the requirement that for a piston-type
shock to appear the CME speed must exceed the fast mode speed. This yielded
lower limits to the plasma β at 1.9 R� of 0.01 to 0.47 for 37 radio bursts observed
in 1999. Similarly, during the 2002 April 21 X1.5 class event, the lack of type II
emission until after the CME passed the UVCS slit at 1.63R� gave a lower limit to
the magnetic field at this height of 1 G (Raymond et al., 2003).

6. Radio Diagnostics of Coronal Electron Acceleration and In-Situ Electrons

M. REINER, D. MAIA, H. CANE, L. K. KLEIN

6.1. INTRODUCTION

Solar radio emissions are diagnostics of the acceleration of coronal electrons from
suprathermal to relativistic energies. These remote electromagnetic signatures of
coronal electrons, observed at high cadence in dynamic spectra and in images, pro-
vide information on the precise timing of solar acceleration processes. They also
provide information on the locations and physical characteristics of the electron
acceleration sites and their relationships to coronal structures. The number and di-
versity of these radio sources, extending from millimeter to decameter wavelengths,
suggest a wide variety of coronal acceleration processes related to solar energetic
events observed in white-light, EUV, and X-rays. Some of these accelerated elec-
trons are trapped in closed coronal magnetic structures, while others freely escape
along open magnetic field structures into interplanetary space, where they can be
observed in situ. These remote radio observations can facilitate tracing the in-situ
signatures of solar energetic particles back to their solar origin.
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Recent multiwavelength observations indicate that, for a given solar event, dif-
ferent populations of energetic protons and electrons may be accelerated by different
physical mechanisms at different times and from different coronal sites. Until re-
cently, the prevalent view was that large SEP events, observed in interplanetary
space, were the exclusive result of particle acceleration at the bow shock of CMEs.
However, from the association of both CMEs and radio emissions observed at low
coronal altitudes with the complex radio emissions observed in the 1–14 MHz
range, there is now ample evidence to suggest that coronal processes can also con-
tribute to the SEP production (see also Klecker et al., 2006, this volume). We focus
here mainly on the solar origin of near-relativistic impulsive electron events. For
these events, the release time at the sun can be accurately determined and directly
compared to the various radio signatures. The inferred solar injection times of
these near-relativistic in-situ electrons are often found to be significantly delayed
with respect to the radio signatures generated by the low-energy electrons in the
corona.

6.2. DIVERSE RADIO DIAGNOSTICS OF ELECTRON ACCELERATION

IN THE CORONA

We discuss here those radio signatures that are necessary for understanding
the causal link between energetic electrons in the corona, detected by their re-
motely observed radio signatures, and those detected in situ in the interplanetary
medium.

6.2.1. Persistent Sources of Suprathermal Electrons
Interplanetary type III radio storms detected at kilometric wavelengths are closely
related with noise storms at metric wavelengths, which are a common form of
activity observed in the absence of flares (Bougeret et al., 1984; Kayser et al.,
1987). These storm emissions are related to the dynamical evolution of the coronal
magnetic field (Bentley et al., 2000), and at onset, are located in regions of coronal
restructuring observed in white light (Kerdraon et al., 1983) or in soft X-rays (e.g.
(Lantos et al., 1981). Type III storms can persist for days and likely contribute to
the population of electrons extending to 2 keV in the interplanetary medium.

6.2.2. Radio Emission from Electron Beams
Solar type III radio bursts are observed over a very wide range of frequencies
(≥1 GHz – 10 kHz) and are emitted by ≤20 keV electrons accelerated at the sun,
at various altitudes (sometimes as high as 1R�). These electron beams have access
to open field lines that allow them to escape into interplanetary space, where they
can be detected in situ as impulsive electron events (Lin, 1998). Metric type III
bursts generally consist of groups of individual bursts (typically tens of bursts over
a period of one or more minutes) that overlap and merge at decreasing frequencies
so that by ∼1 MHz they generally appear as a single burst with a typical duration
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of ∼5 minutes. Metric type III bursts are generally not well correlated with hard
X-ray (HXR) emissions (Kane, 1981), although when both emissions are associ-
ated, the temporal correlation is excellent, indicating a common source of electron
acceleration (Raoult et al., 1985).

6.2.3. Type IV Bursts
Type IV bursts generally consist of a broadband continuum that can extend from
several GHz to ∼10 MHz, and are most often associated with large flare/CME
events (see Schwenn et al. 2006, this volume). Type IV continua are often associated
with gradual HXR bursts, and are generally followed by a post-gradual emissions
(stationary type IV bursts) that may last for tens of minutes to hours after the
end of the HXR and microwave emissions. Such long lasting radio emission is
a signature of the acceleration of suprathermal electrons in the middle corona,
continuing for hours after the flare (Trottet, 1986). Moving type IV sources are due
to suprathermal to MeV electrons injected into expanding magnetic arches, behind
the CME leading edges. Some other narrower type IV moving sources are often
associated with eruptive prominences.

6.3. COMPLEX TYPE III-LIKE BURSTS AT D-H WAVELENGTHS

While many type III radio bursts have simple, well-defined intensity-time profiles
at hectometric wavelengths, a significant number of type III events are very in-
tense, complex and of long-duration at decametric-to-kilometric wavelengths. First
identified and studied in the 1980’s, it was noted that they had a good temporal
correspondence with the metric type II bursts, leading (Cane et al., 1981) to sug-
gest that the electrons that produced these complex type III bursts were accelerated
by coronal shocks (and they were therefore called shock associated (SA) events).
On the other hand, some authors noted that the durations of the complex type III
bursts were similar to those of associated continuum radio and HXR emissions, and
argued in favor of a low corona electron acceleration process (Kundu and Stone,
1984; Klein and Trottet, 1994). Nevertheless, it was commonly accepted, from
supporting statistical studies (Kahler et al., 1989), that the complex type III events
were generated by electrons accelerated at coronal shocks.

Cane et al. (2002) noted that some complex type III events had clear metric type
III emissions at frequencies higher than those of the corresponding type II burst and
Reiner et al. (2000b) demonstrated that for some complex type III-like events there
was a good temporal correspondance between the duration and intensity variations
of the time profiles of the hectometric and decimeter/microwave emissions at 1–3
GHz, as illustrated in Figure 12. This correspondence suggests that both emissions
were generated by different electron populations accelerated in the lower corona
over extended time periods. Reiner and Kaiser (1999a) reported that the radiation
characteristics of the complex type III-like emissions observed at high time and
frequency resolution in the D-H range (1–14 MHz) (see Figure 12) were quite
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Figure 12. Comparison of the complex type III burst observed on 1997 April 7 by Wind/WAVES in

the frequency range from 1 to 14 MHz, with the radio emissions observed by the Ondřejov observatory

from 1 to 3 GHz. Note the similarity in the shape and duration of the intensity-time profiles in these

widely separated frequency regimes (adapted from Reiner et al., 2000b).

unusual and suggested that some of these complex radiation characteristics might
be related to the electron beams propagating through the highly disturbed corona
behind the associated CME. Reiner et al. (2001) observed that these complex type
III-like emissions were usually associated with major flare/CME events, while
(Cane et al., 2002) showed that >20 MeV SEP events were associated with a
class of long-duration type III bursts (called type III-l), which include the complex
type III-like bursts discussed here. Nevertheless, although many of these intense
complex type III bursts are most likely generated from electrons accelerated low in
the corona, there may still be some that result from electrons accelerated by coronal
shocks (e.g. Bougeret et al. 1998).

6.4. CORONAL RADIO DIAGNOSTICS OF “DELAYED” IN-SITU ELECTRONS

A different approach to inferring the origin of solar electrons is based on the analysis
of in-situ electrons observed by spacecraft. Systematic studies on the relative timing
of coronal electron release and of associated phenomena (Krucker et al., 1999;
Haggerty and Roelof, 2002) found that the inferred solar release times of electrons
could be significantly delayed relative to the onset of the type III burst that result
from the escape of suprathermal electrons into interplanetary space. Such delays,
ranging from 0 to more than 40 minutes, are quite inconsistent with the expectation
that the electron beams detected in situ should be the generators of the type III
radiation (Lin et al., 1973).
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Figure 13. Illustrative examples of the three different classes of in-situ impulsive electron events that

have very different velocity dispersion characteristics. In all cases, the light propagation time of 8.3

minutes was added to permit direct comparison of the injection times with the times of the observed

remote radio emission at 1 AU (adapted from Krucker et al., 1999).

The Krucker et al. (1999) study, which analyzed suprathermal to near-relativistic
impulsive electrons, found that impulsive electron events could be classified into
three categories depending on the characteristics of the observed velocity dispersion
in the beam made evident on 1/β plots such as illustrated in Figure 13. First,
the onsets at all energies lie on the same straight line with an inferred release
time that coincides with the onset of the type III radio emissions. Second, the
onsets at different energies all lie along the same straight line but the inferred
injection time is significantly delayed relative to the onset time of the type III
radiation. Third, the low-energy electron velocity dispersion extrapolates to a time
that coincides with the onset time of the type III radio emissions, while the velocity
dispersion of the high-energy (near-relativistic) electrons extrapolates to a solar
injection time delayed by up to 40 minutes from the type III emissions. Explanations
advanced for this phenomenon can be divided into two major categories: (1) the
“delays” reflect distinct coronal acceleration processes (multiple populations), (2)
the “delays” result from propagation effects in the interplanetary medium (single
population).

6.4.1. Multiple Populations
Krucker et al. (1999) found good agreement between the nominal Parker spiral
length, based on the measured solar wind speed, and the path length deduced from
the measured velocity dispersion in the electron onset times at different energies
(the so called 1/β method – see Figure 13). This led them to conclude that the delays
observed in the times of the first-arriving electrons were not due to propagation
effects but rather reflected differences in the timing of the electron acceleration at
the Sun. They thus proposed that the delayed in-situ electrons corresponded to a
population of electrons that were released at the Sun (without producing a type III
burst) later than the suprathermal electrons (which were not detected in situ) that
generated the type III radiation. Based on the correlation they found with the occur-
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rence of EIT waves (see Schwenn et al. 2006, this volume), Krucker et al. (1999)
suggested that EIT waves were somehow at the origin of the phenomenon. Klassen
et al. (2002), on the other hand, found a temporal association of the near-relativistic
electron events with coronal shocks (type II bursts) that had associated CMEs.

Simnett et al. (2002) also favored a multiple population scenario but regarded any
low-corona association as a secondary effect. Based on trends observed between the
CME speeds and the corresponding electron fluxes, spectral hardness and delays,
they suggested that most of the near-relativistic electrons were accelerated by the
CME-driven shock (possibly from a seed population) and were released at a distance
from 2 to 3R�.

From in-situ observations near 1 AU, it is known that shocks can accelerate
electrons to keV energies and possibly tens of keV, but there is no information on
the efficiency of shock acceleration closer to the Sun. Furthermore, arguments on
efficiency of electron acceleration to near-relativistic energies by coronal shocks
are not conclusive: Mann and Luehr (1994) claim that it should be possible under
special conditions, while (Klein et al., 2003b) argued that estimates on the numbers
and energy content of type II shock-accelerated electrons between a few keV and
several tens of keV remain inconclusive in terms of proving or disproving electron
acceleration to high-energies by coronal shocks.

The complexity of coronal processes may also play an important role in the
“delays”. Detailed studies for all of the Haggerty and Roelof (2002) events for
which there were imaging observations from the Nançay Radioheliograph (NRH)
were conducted by Pick et al. (2003) and Maia and Pick (2004). They identified
two classes of electron events: radio-simple (events associated only with type III
bursts) and radio-complex (events associated with broadband continua and/or coro-
nal type II bursts). The radio-simple events were either not associated with CMEs
or associated with slow CMEs, while the radio-complex events were associated
with fast CMEs (velocity in general exceeding 800 km s−1). The inferred release
times for the in-situ impulsive events associated with radio-simple emissions fell
within the time of the metric type III group. An example of a radio complex event,
with complex type III emission at decametric frequencies and multiple moving
sources at metric frequencies is shown in Figure 14. For the radio-complex events,
the inferred release times for the near-relativistic electrons did not generally occur
within the type III burst group, but, more significantly, were always close to the
start or times of abrupt modifications during the development of the radio event,
providing evidence for new sources of coronal acceleration at heights below 1R�.
The simplest interpretation of these analyses is that the delayed acceleration of
the near-relativistic electrons results from coronal restructuring at variable heights
behind the leading-edge of the CME. For some events a new site of electron accel-
eration may have been triggered by a shock, consistent with the association with
EIT waves found by Krucker et al. (1999). Similar conclusions were independently
reached from preliminary results using NRH and Wind/3DP observations (Klein
et al., 2003a).
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Figure 14. 1998 September 30. (left) Comparison of the emission observed by the NRH (bottom)

and WAVES (top). The vertical white bands seen in in WAVES spectrum are due to the saturation.

The one-dimensional plot shows a series of radio sources. D marks a moving continuum, followed by

a stationary labeled E. The arrow indicates the inferred release time at the sun for the electrons with

energies above 100 keV. Note that this time coincides with the sudden disappearance of D, the onset

of E, and with the low frequency type III burst detected by WAVES. (right) Panel of images showing

the positions of the sources seen by the NRH (adapted from Maia and Pick, 2004).

6.4.2. Single Population
Cane (2003) made a careful analysis of the interplanetary type III bursts, associated
with the Haggerty and Roelof (2002) electron events, whose spectral shape, near the
local plasma frequency at the spacecraft, is indicative that they are emitted close to
the spacecraft. Cane (2003) found that the “radio drift times” (the time interval from
the onset of the type III to the time when the emission extrapolates to the plasma
line) appear to correlate with the electron “delays” and that the electron delays tend
to be longer for higher local plasma density. The author argues that the simplest
explanation for these correlations is that the energetic in-situ electrons, and the ones
at the origin of the type III burst, are of the same population, and that the observed
delays arise from underestimating the particle propagation times. These analyses
disagree with the 1/β analyses which assume a scatter-free propagation path in
the solar wind. Reconciliation of the disagreement between the two techniques is
a topic for future investigation.

7. Summary

T. FORBES, G. MANN, M. PICK

Since CMEs originate in the low solar corona, understanding the physical pro-
cesses that generate them is strongly dependent on coordinated multi-wavelength
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observations. Observations in white light, radio, optical lines, UV, and X-rays have
already established that most, but not all, CMEs are accelerated within a solar radius
of the surface of the Sun. It has also been shown that CMEs are typically associ-
ated with the formation of X-ray loops and chromospheric ribbons, which may, or
may not, be bright enough to constitute a classical flare. However, many questions
concerning the origin of CMEs remain to be answered. For example, the processes
that build-up stresses in the coronal magnetic field, as well as the processes that
lead to the destabilization of this field have not yet been determined.

The multi wavelength observations of the last decade have confirmed that re-
connection plays a key role in the relaxation of the magnetic field disrupted by a
CME. During a CME, magnetic field lines mapping from the ejected plasma to
the photosphere are stretched outward to form a current sheet in which field lines
reconnect to form closed, magnetic loops. During the reconnection process, power
extracted from the magnetic field drives flows and heats the plasma. Much of the
released energy is channeled down to the solar surface and leads to the heating and
evaporation of the chromospheric plasma. Although the occurrence of reconnection
in the aftermath of CMEs has now been firmly established, whether reconnection
also plays a significant role before, or during, the onset of a CME remains unknown.
Observations of small to moderately sized flares suggest that reconnection can trig-
ger the eruption of fast CMEs. Much of current research is focused on looking for
reconnection signatures just before onset. We anticipate that as more information
is gathered about the flows and heating produced by reconnection in the corona,
we will eventually learn how rapid reconnection occurs and what the dominant
physical processes are.

Opening of transequatorial loops typically occurs during the development of
large-scale CMEs. The opening of the loops leaves a region dimmed in EUV and
multiple loop systems are often involved. CMEs reach their full angular extension
in the low corona, through successive magnetic field interactions that produce
energetic electrons. The associated emitting radio sources spread through the solar
disk in a few minutes, much faster than the cadence of the coronagraph instruments.
The EUV and Soft X-ray dimmings observed on the disk open the possibility of
estimating the mass in these ejecta and of determining the source regions relative
to the surface field. The EUV dimmings that are observed result from the removal
of the hot coronal material by the CME, so they trace out the footpoints of the
magnetic field lines that are opened by the eruption of the field.

What kind of shocks form during a flare or a CME also remains an unanswered
question. That shocks do form is without doubt, but how many there are during a
given coronal event and whether they are of the blast-wave or driven (i.e. piston-
driven) type is still unknown. How these are related to the driven shocks seen in
interplanetary space is also not clear. At the moment it appears that type II radio
bursts can be generated by different sources. Radio observations suggest that CME-
driven shocks can be formed low in the corona. As more data have been obtained the
picture seems to have become even more confused in some respects. For example,



MULTI-WAVELENGTH OBSERVATIONS OF CMES 377

the relationship between CME-generated waves seen in UV by EIT to the Moreton
waves seen in Hα by ground based observatories is uncertain. A high observing
cadence may be necessary to resolve this. The fact that shocks have been rarely
detected in white light is not yet fully understood.

It is well known that shock waves are able to accelerate particles to high energies.
There are, however, a few doubts that large SEP events observed in the interplanetary
medium are the exclusive result of particle acceleration at the bow shocks of CMEs.
In this chapter, we restricted our discussion to the current understanding of the origin
of energetic electrons. It is well accepted that the appearance of type II radio bursts
shows that electrons must be accelerated by coronal shock waves. But, the role
that shocks play in the corona in the production of energetic electrons is not clear.
This is true for impulsive electron events observed in the interplanetary medium
and also for energetic electrons which strike the solar surface. Most of the complex
type III events detected at hectometric wavelengths in the high corona, which are
also associated with CMEs, appear to be generated from electrons accelerated low
in the corona. For these events, as well as for impulsive quasi-relativistic electron
events, these electrons might also be generated by the reconnection process in the
corona directly, by the reconnection electric field, or indirectly by the turbulence
in the reconnection outflows. How these electrons escape into the interplanetary
medium is an open question.

During the last decade the availability of high quality data from numerous space-
craft such as Yohkoh, ULYSSES, SOHO, TRACE, Wind, ACE, and RHESSI has
deeply changed our picture of the processes occurring on the Sun. Nevertheless,
many problems remain unsolved and will require much effort in the future in order
to be resolved. This is especially true for CME initiation, the relationship between
the primary energy release and shock waves, and the sources of energetic electrons
and ions. The launch of Solar-B, STEREO (Solar Terrestrial Relations Observa-
tory), and SDO (Solar Dynamic Observatory) in the near future should lead to a
significant advance in resolving these outstanding issues.
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