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FIGURE 20. Solar origin of the 2003 November 11 CME revealed in EUV image. Radially below the
white light CME, an extended dimming region (D) surrounds the flare location (F) seen as compact bright
emission (an M-class flare as shown as GOES light curve in the right). The vertical line on the GOES
plot marks the time of the white light image. The second peak in the GOES light curve is from another
eruption in the east limb, not related to the CME in question. Both the white light and EUV images are
difference images (a preceding image was subtracted from the shown image) that show the changes better.
This figure illustrates how inner coronal images are helpful in studying the early evolution of CMEs.

quantities such as the density and energy of the nonthermal electrons. A number of
mechanisms operate in producing thermal and nonthermal radio emission, so a careful
identification of the mechanism is crucial in using the radio technique for CME studies.

Filament/prominence eruptions, post-eruption arcades (Hanaoka et al. [56]; Gopal-
swamy et al. [S7]) and even coronal dimming can be studied using microwave images
(Gopalswamy [58]). Filament eruptions in microwaves provide quantitative information
on the eruptive process. Coronal dimming in microwaves is somewhat difficult to ob-
serve because the coronal structures are optically very thin. Nevertheless, the microwave
dimming has been shown to be consistent with X-ray dimming, confirming the depletion
of material from the corona (Gopalswamy [52]).

Since CMEs are denser than the ambient corona, they must be optically thick at low
metric frequencies. Sheridan et al. [59] detected changes in the radio streamer associated
with a slow CME observed by Skylab. Gopalswamy & Kundu [60] imaged the thermal
free-free emission from a CME 73.8, 50 and 38.5 MHz. In addition to the CME body,
density depletions in the aftermath of CMEs have also been detected at long wavelengths
(Ramesh & Sastry [61]; Kathiravan & Ramesh [62]). Recent images made by the Nancay
radioheliograph show radio structures that correspond to the frontal structure of CMEs
(Maia et al. [63]). The main difficulty in imaging thermal emission from CMEs at metric
frequencies is the simultaneous occurrence of nonthermal bursts that can easily mask the
thermal emission.

As discussed in the section on flares, electrons escaping from the region of eruption
along open field lines produce type III bursts; electrons confined to shock fronts produce
type II bursts; those trapped in moving coronal structures type IV bursts. Type II and
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TABLE 4. Hierarchical relationship between CME proper-
ties and the wavelength range of type II bursts

All m DH mkm km

Speed (km/s) 487 610 1115 1490 539
Width (deg) 45 96 139 171 80
Halos (%) 33 38 452 714 172
Acceleration (ms=2) -2 -3 -7 -11 +3

type IV bursts are closely associated with CMEs. Detailed knowledge on the magnetic
structures carrying nonthermal electrons with energies exceeding 1 MeV was available
before the detection of white light CMEs (see, e.g., Schmahl [64]). Gopalswamy &
Kundu [65] tracked a moving type IV burst for several solar radii at three frequencies
and found that the radio source moved roughly with the speed of the associated white
light CME. Stationary type IV bursts occur when energetic electrons are trapped in
post-eruption arcades. The frequency range of stationary type IVs is from microwave
frequencies to a few MHz. The lowest frequencies suggest that occasionally the post-
eruption arcades extend to a few solar radii. CMEs associated with such low-frequency
type IV bursts have been shown to be among the fastest of CMEs (Gopalswamy [66]).

Type III bursts extend from high frequencies corresponding to the electron densities
in the flare site to KHz frequencies corresponding to the plasma frequency in the vicin-
ity of the observing spacecraft. When CMEs drive shocks, they produce type II radio
bursts due to electrons accelerated at the shock front. Type II bursts are also observed
over similar frequency range or in terms of wavelengths, from metric (m) to kilometric
(km) wavelengths. In addition to the traditional metric and kilometric wavelengths, the
Wind spacecraft provided opportunity to observe the type II bursts in the Decameter-
hectometric (DH) regime also. These observations provided a complete picture of the
type II bursts and their relation to CMEs. Since these plasma frequencies prevail at vari-
ous layers between the Sun and the observer, they provide opportunity to probe the inter-
planetary medium as well as the energy sources (electron beams, shocks). The decade-
long overlap between Wind/WAVES and SOHO observations enabled a fresh look at
the CME-type II relationship. Gopalswamy et al. [67] found a hierarchical relationship
between the CME kinetic energy (speed, width) and the wavelength range of type II ra-
dio emission (see Table 4). The CME kinetic energy essentially decides the wavelength
range of type II bursts because the speed, width, and deceleration progressively increase
for CMEs associated with m, DH and m-to-km type II bursts. The only exception was
the purely km type II bursts, which were associated with accelerating CMEs, suggesting
shock formation occurs at large distances from the Sun.

Another interesting result was that most of the CMEs with m-to-km type II bursts
were also associated with SEP events (same shock accelerates electrons and protons). In
fact, the properties CMEs associated with m-to-km type II bursts and large SEP events
were identical.

In-situ observations: CMEs of higher kinetic energy propagate far into the IP
medium. It has been estimated that ~10% of CMEs propagate as distinct structures into
the IP medium (Gopalswamy [25]). Near the Sun, CMEs are observed mainly as density
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FIGURE 21. Sketch of a magnetic cloud (MC) with its flux-rope structure (note the helical field lines
wound around the cloud axis) driving a shock. The compressed region between the MC and shock is
known as the sheath. Three Sun-Observer lines are drawn to illustrate that the MC structure is seen only
when the nose of the cloud heads towards the observer. MCs heading at large angles to the Sun-Observer
line are observed as interplanetary CMEs without flux-rope structure.

structures. On the other hand the magnetic field strength is a key identifying parameter
for the IP counter parts of CMEs (ICMEs). Magnetic clouds are a subset of [CMEs that
have an enhanced magnetic field, smooth rotation, and low plasma beta (Burlaga et al.
[68]). Figure 21 shows a sketch of an MC. Overall ~1/3 of the ICMEs are observed as
magnetic clouds. According to the geometry shown in Fig. 21, CMEs originating within
30° from the Sun center are likely to have their nose reaching Earth. CMEs originating at
greater central meridian distance will have their flanks impacting Earth and hence may
not be observed as MCs. The number of MCs relative to the number of ICMEs varies
by a large factor. This is because of other factors such as the strength of the global dipo-
lar field of the Sun which forces CMEs towards the equatorial plane, so more ICMEs
appear as MCs. The leading field of the MC and the sheath field have some relation to
the global field of the Sun and the active region field from which the associated CME
originates. Unfortunately, there is no reliable measurement of vector magnetic field in
the corona, so we cannot make accurate correspondence between CME features near the
Sun and at 1 AU.

The location of the solar sources of MCs has definite solar-cycle variation. MC-
associated CMEs originate from very close to the Sun center (within 30° in longitude
and latitude), and have a slight western bias (the average location is W07). The MC
sources occur at higher heliographic latitudes during the rise phase of the solar cycle
compared to the maximum and declining phases, mimicking the butterfly diagram.
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