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Abstract

Three types of low-frequency nonthermal radio bursts are associated with coro-
nal mass ejections (CMEs): Type III bursts due to accelerated electrons propagating
along open magnetic field lines, type II bursts due to electrons accelerated in shocks,
and type IV bursts due to electrons trapped in post-eruption arcades behind CMEs.
This paper presents a summary of results obtained during solar cycle 23 primarily
using the white-light coronagraphic observations from the Solar Heliospheric Ob-
servatory (SOHO) and the WAVES experiment on board Wind.

1 Introduction

Coronal mass ejections (CMEs) are associated with a whole host of radio bursts caused
by nonthermal electrons accelerated during the eruption process. Radio bursts at low
frequencies (< 15 MHz) are of particular interest because they are associated with ener-
getic CMEs that travel far into the interplanetary (IP) medium and affect Earth’s space
environment if Earth-directed. Low frequency radio emission needs to be observed from
space because of the ionospheric cutoff (see Fig. 1), although some radio instruments
permit observations down to a few MHz [Erickson 1997; Melnik et al., 2008]. Three types
of radio bursts are prominent at low frequencies: type III, type II, and type IV bursts,
all due to nonthermal electrons accelerated during solar eruptions. The radio emission is
thought to be produced by the plasma emission mechanism [Ginzburg and Zheleznyakov,
1958], involving the generation of Langmuir waves by nonthermal electrons accelerated
during the eruption and the conversion of Langmuir waves to electromagnetic radiation.
Langmuir waves scattered off of ions or low-frequency turbulence result in radiation at
the fundamental (or first harmonic) of the local plasma frequency. Two Langmuir waves
can also coalesce to produce electromagnetic waves at twice the local plasma frequency
(second harmonic emission). The radio bursts thus provide important diagnostics of the
solar eruption and the ambient medium through which the solar disturbances propagate.

The radio dynamic spectrum in Fig. 1 from the Radio and Plasma Wave (WAVES)
experiment on board the Wind spacecraft [Bougeret et al., 1995] shows the three types
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Figure 1: The Leblanc et al. [1998] density model (left). Radio phenomena occurring within

(above) 2 Rs can be observed from ground(space) because of the ionospheric cutoff at ~ 15
MHz. A fast (2050 km/s) CME observed by SOHO/LASCO on 2005 January 15 (middle) and
the associated radio bursts of type II, type III, and type IV observed by Wind/WAVES (right).

of radio bursts, associated with an energetic eruption involving a major solar flare (soft
X-ray flare size M8.6) and a fast CME observed by the Large Angle and Spectromet-
ric Coronagraph (LASCO) [Brueckner et al., 1995] on board the Solar and Heliospheric
Observatory (SOHO) mission. The type III burst is due to a relativistic electron beam
propagating along open magnetic field lines. The intensity of the type III burst plotted
in the frequency (f) - time (t) plane (known as the dynamic spectrum) shows a fast drift
because of the high speed of the electron beam. The type II burst has a smaller drift rate
(df/dt) because it originates from the front of the CME-driven shock. The type IV burst
in Fig. 1 has a lowest frequency of ~ 7 MHz, which means the loops that host the radio
burst rise to a heliocentric distance of ~ 2.4 Rs, according to the Leblanc et al. (1998)
density model shown in Fig. 1. Other density models give slightly different heights where
the 7 MHz plasma level occurs. For example, the Newkirk (1967) model gives a helio-
centric distance between 2.5 and 3 Rs. Comparing CME images and the radio dynamic
spectrum one can infer the rough heliocentric distance at which the type II radio bursts
originate. The diffuse structure surrounding the CME flux rope in Fig.1 is thought to be
the shock that produces the type II burst. The CME has a speed of 2050 km/s and hence
is expected to drive a shock of similar speed. When the shock is at a distance of 18.82 Rs
in the sky plane, the type II burst occurs at 450 kHz (see Fig. 1). If the emission is at
the fundamental of the plasma frequency,

fIMHzZ] = f, =9 x 107%y/n(r), (1)

one can get the electron density n(r) as ~ 2500 cm™3 at a heliocentric distance r. The slope
of the type II burst (df/dt) can be converted to the shock speed if we know the density
scale height H = [n~'dn/dr]™' in the ambient medium (see e.g., Mann and Klassen,
2005):

(1/f)df/dt = Vecosd/2H, (2)

where 0 is the angle between the radial direction and the direction of source motion. The
left hand side of eq. (2) is sometimes referred to as the normalized drift rate, with f taken
as the central frequency of the range over which df /dt is measured.
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Figure 2: Composite dynamic spectrum from the ground based Radio Solar Telescope Network
(RSTN) and Wind/WAVES observations showing Type III bursts on 2000 Nov 24 (left) and
2005 Aug 23 (right); the type III activity in both events is quite extended with durations of
30 and 70 min, respectively. Both the bursts were associated with SEPs and major flares (X
class for the November event and M class for the August event). The type IV burst during the
Aug 2005 event starts declining when the type III burst ends. Model fits to the type II burst
components are also shown, which are discussed in section 3.

2 Type III bursts

Type III bursts were first discovered in the frequency range 500 to 10 MHz [Wild, 1950] and
then at lower frequencies using space radio instruments [see the review by Gopalswamy,
2004a and references therein]. Type III bursts are thought to be produced by electron
beams propagating along open magnetic field lines via the plasma emission mechanism.
There are three low-frequency variants of type III bursts that originate in the interplan-
etary (IP) medium [Gopalswamy, 2004a]: (i) isolated type III bursts from flares and
small-scale energy releases, (ii) complex type III bursts during CMEs, and (iii) type III
storms. Here we are interested in the complex type III bursts, first identified in the ISEE-3
data by Cane et al. [1981], who named them as “shock accelerated (SA) events” because of
the association with metric type II bursts. Kundu and Stone [1984] questioned the shock-
acceleration hypothesis and suggested that the electrons were accelerated in the flare site.
Cane and Stone [1984] changed the terminology of SA events from “shock-accelerated”
to “shock-associated” to allow for the possibility that the electrons responsible for these
bursts may not physically originate from the associated shock [see Bougeret et al., 1998
for a recent discussion on the terminology]. The Wind/WAVES data in the decameter -
hectometric (DH) wavelength range have filled the gap that existed between the ground
(>10 MHz) and space (<2 MHz) based observations, so the connection of SA events to
their coronal components has become much clearer. However, the controversy concern-
ing the origin of the electrons responsible for the complex type III bursts still remains
unresolved. Reiner et al. [2000] referred these bursts as complex type III bursts and
strongly argued that the electrons are accelerated at the flare site. On the other hand,
Dulk et al. [2000] studied eight type III bursts and concluded that the electrons are shock
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Figure 3: Durations of type III bursts associated with large SEP events (SEPEs) with GLE and
non-GLE events shown separately.

accelerated. Gopalswamy et al. [2000] brought the CME-driven shocks into the picture:
except for a slow filament eruption event and a backside event, all the CMEs they studied
had long-duration type III bursts. In a recent study, Gopalswamy and Méikela [2010a]
reported a complex type III burst that was associated with a fast and wide CME that
lacked a type II burst. This event clearly questions the term “SA event” because there is
neither shock acceleration nor shock-association. Therefore, the term “complex type 111
burst” is preferable.

Figure 2 shows two complex type III bursts associated with type II bursts at metric and
longer wavelengths. The 2000 November 24 event has type III burst components starting
at very high frequencies (180 MHz) followed by lower frequency components that seem to
originate from the type II burst. New bursts in the type III activity stop to appear beyond
15:30 UT when the DH type II burst is around 7 MHz, which drifts down to ~4 MHz.
The DH part has fundamental - harmonic structure. Another component of the type II
burst starts around 1 MHz at 15:55 UT. In the 2005 August 23 event, the type III burst
seems to be originating entirely from the fundamental component of the type II burst
between 14 and 2 MHz. Fast CMEs were associated with both the bursts (1425 km/s
and 1929 km/s for the November 2000 and August 2005 CMEs, respectively). When new
bursts stopped appearing in the type III activity, the CMEs were still close to the Sun and
driving shocks. Dulk et al. [2000] also noted that type III bursts typically ended when
the associated type II bursts reached 5-6 MHz. It is not clear why the type III bursts
ended so soon if the shocks were accelerating the type III electrons. One possibility is
the suggestion by Bougeret et al. [1998] that the type III bursts are turned on when the
electrons accelerated in the flare reconnection region reach the CME-driven shock. In
the August 2005 event, the appearance of new components in the type III activity stops
when the lowest frequency of the type IV emission suddenly starts increasing, suggesting
a closer connection to the flare reconnection site.

2.1 Complex type III bursts and SEP events

Kahler et al. [1986] reported that large solar energetic particle (SEP) events were well
correlated with the complex type III events irrespective of the eruption longitude. Re-
cently, Cane et al. [2002] also concluded that ~ 20 MeV proton events that lasted longer
than 36 hr were linked to the complex type III bursts with an average 14 MHz duration of
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Figure 4: The relation between the type III burst duration at 1 MHz and (a) soft X-ray flare
duration, (b) soft X-ray flare size, (c) CME speed, and (d) SEP peak intensity.

~ 20 min. Gopalswamy and Mikeld [2010a] reported the distribution of complex type III
burst durations at 14 and 1 MHz (see Fig. 3) associated with large SEP events (particle
intensity exceeding 10 particle flux units (pfu) in the > 10 MeV GOES energy channel,
1 pfu = 1 particle/cm?/s/sr). The SEP events with ground level enhancements (GLEs)
show a symmetric distribution with average durations of 23 and 32 min, respectively at 14
and 1 MHz. For the non-GLE SEP events, the average durations are not very different:
20 min (14 MHz) and 34 min (1 MHz). Gopalswamy and Méikeld [2010a] also reported a
long-duration (25 min at 14 MHz and 28 min at 1 MHz) complex type III burst associated
with a fast (977 km/s) partial halo CME, but was not associated with an SEP event. This
is an important counter example, which suggests that the statistical association between
complex type III bursts and SEP events does not indicate a physical relationship. The
complex type III burst also lacked a type II burst and an IP shock, consistent with the
lack of SEP event under the shock paradigm. Since there is no shock, the complex type
III burst cannot be called an SA event (neither shock-accelerated nor shock-associated).
Cliver and Ling [2009] found that neither the intensity nor the duration of the associated
complex type III bursts could distinguish between the gradual and impulsive SEP events.
They concluded that the complex type III bursts can be thought of as a consequence of
a fast CME, which when driving a strong shock produces type II and SEP events. Major
flares without CMEs are generally not associated with type III bursts at long wavelengths
[Gopalswamy et al., 2009a; Klein et al. 2010]. The absence of long wavelength radio
emission in such events was used by Klein et al. (2010) as a signal that no SEP event is to
be expected in the interplanetary medium. However, as Gopalswamy and Mékeld[2010a]
showed, the presence of a complex type III burst does not necessarily indicate a SEP
event if there is no accompanying type II burst.

If the electrons responsible for the type III bursts originate from the flare reconnection,
they may indicate some relationship with the soft X-ray flare. If the type III electrons
are from the CME-driven shock, one would expect some relationship between the type
IIT duration and CME speed. Finally, if the SEPs and type III electrons have common
acceleration process, there should be some correlation between the type III duration and
SEP intensity [see e.g., MacDowall et al., 2003]. In order to see these, we have made several
scatter plots in Fig. 4. All the correlations are rather poor. The highest correlation is
between the soft X-ray flare duration and the type III burst duration (0.25). Neither the
flare nor the shock process proxies have a good correlation with the type III duration.
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Considering the fact that the type III burst intensity is similar for the large impulsive
and gradual SEP events [Cliver and Ling, 2009], it is not clear if the type III bursts could
provide additional clue to the particle acceleration process during solar eruptions.

3 Type II bursts

Type II bursts were first identified by Payne-Scott et al. [1947], who recognized the im-
portance of mass motion for these bursts. Wild and McCready [1950] classified them as
type II bursts to distinguish from the fast-drifting type III bursts. In the IP medium,
type II observations were first made by the IMP-6 [Malitson et al., 1973] and Voyager
[Boischot et al., 1980] missions. The ISEE-3 spacecraft observed many IP type II bursts
in the frequency range 30 kHz to 2 MHz [Cane et al., 1987; Lengyel-Frey and Stone, 1989].
Finally, the Wind/WAVES experiment filled the gap between 2 MHz and the 14 MHz,
thus enabling a complete view of type II bursts [Gopalswamy et al., 2005].

Uchida [1960] suggested that the type II bursts are produced by MHD shocks in the
corona. The origin of shocks responsible for type II bursts has been controversial: flare
blast waves or CME-driven shocks [see Gopalswamy, 2006 for a detailed discussion on this
issue]. The blast wave scenario can be traced to the observation that a third of metric
type II bursts were not associated with CMEs [Sheeley et al., 1984]. However, a detailed
examination revealed that most of those CMEless type II bursts originated from close to
the disk center [Cliver et al., 1999]. Coronagraphs, by their very nature are ill-positioned
to observe CMEs from the disk center, but the CMEs can be inferred from the large-scale
EUV disturbances [Gopalswamy et al., 2001a]. In fact, when type II bursts originating
from close to the limb are considered, almost all of them were associated with CMEs
[Munro et al., 1979; Gopalswamy et al., 2005]. The occasional reports invoking blast
waves for type II bursts have also recognized the presence of slower CMEs (< 500 km/s)
[Magdaleni¢ et al., 2010]. Finally, even X-class flares are not associated with type II
bursts if they lack CMEs, further pointing to the importance of CMEs for the occurrence
of type II bursts [Gopalswamy et al., 2009a]. Klein et al. [2010] also considered X-class
flares without CMEs, but included two events rejected by Gopalswamy et al. [2009a]
and claimed coronal shocks without CMEs. Both these events were disk events and had
new material appearing in the corona around the time of the type II bursts. Therefore,
these two flares (and type II bursts) cannot be considered as CMEless. The shock origin
controversy concerns only the metric type II bursts because all type II bursts below 2
MHz [Cane et al., 1987] or in the 1-14 MHz range [Gopalswamy et al., 2001b] have been
associated with CMEs irrespective of their source position on the Sun.

Figure 5 shows the Wind/WAVES dynamic spectrum consisting of several components of
a type II burst and the associated fast CME (1813 km/s). The metric (m) type II burst
starts near 180 MHz and ends near 7 MHz in the decameter - hectometric (DH) domain.
Another slow-drifting feature starts around 6 MHz and continues into the kilometric (km)
domain. The overall pattern of the type II components is similar to the one during the
2000 November 24 event shown in Fig. 2. Events like these have been interpreted in two
ways: 1. The DH - km component is caused by the CME-driven shock, while the source of
the m - DH component is unknown or the flare blast wave [see, e.g., Cane and Erickson,
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Figure 5: (left) Type II burst components in metric (m), decameter - hectometric (DH) and
kilometric (km) wavelength domains. (right) the CME driver had its leading edge at 11 Rs at
23:42 UT when the type II burst reached a frequency of 1 MHz (indicated by the white square).

2005]. 2. Both the components are caused by the same shock, the m - DH coming from
the shock flanks, while the DH - km component coming from the shock nose [Raymond
et al., 2000]. The m - DH and DH - km components in the 2003 June 17 event (Fig. 5)
start nearly simultaneously (around 22:54 UT), with no harmonic relationship between
the two. This is possible if the shock is curved with the flanks in the high density region
(low in the corona) and the nose in the low density region (higher up in the corona).
Let us see if the type II components fit this scenario. When the CME first appeared,
the leading edge was already beyond the LASCO/C2 field of view (FOV), because of the
high speed (1813 km/s). The shock structure surrounding the CME had a nose speed
of 1869 km/s. From the fundamental component of the m-DH type II, one can get the
normalized drift rate between 25.5 MHz (22:56:00 UT) and 10.8 MHz (23:02:30 UT) as
2.08x107% s7! for the mid frequency of 18.15 MHz. Assuming that the radio source is
located at § = 45° from the nose, we get the local shock speed as 1322 km/s. Substituting
these two quantities into eq. (2), we get the scale height H = 3.2 x 10° km or 0.46 Rs.
The Saito et al. (1977) model with a multiplier of 3.7 gives this scale height if the source is
located at a heliocentric distance of 2.42 Rs at 22:59 UT. These parameters clearly fit the
fundamental — harmonic structure of the m-DH type II burst shown in Fig. 5. Assuming
that the DH - km type II burst comes from the CME nose, we can use the observational
constraint that the shock stands at a heliocentric distance of 7.06 Rs at 23:18 UT from
LASCO/C3 image. At this time, the radio dynamic spectrum shows that the type II
burst is at 1.8 MHz, which is the local plasma frequency at a heliocentric distance of 7.06
Rs, if we assume fundamental emission. The Saito et al. (1977) density model with a
multiplier of 4.5 matches this plasma level and readily fits the DH - km type II burst as
shown in Fig. 5. The fits shown in Fig. 2 for the 2000 November 24 event follow a similar
analysis.

The second interpretation is thus highly likely because at a given time the CME-driven
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Figure 6: (a) A schematic dynamic spectrum illustrating the variants of type II bursts: 1. Purely
m, 2. m - DH, 3. DH, 4. DH - km, 5. m - km, and 6. Purely km. (b) the drift rate (df/dt)
dependence on the emission frequency (f) in the m, DH, and km domains using data from
various sources: m from Potsdam data, DH and km from Wind/WAVES RAD1 and RAD?2 data
as well as data from ISEE-3 (387 events in all). The scatter plot has a correlation coefficient of
~ 0.98 for the whole frequency range. m - DH and DH - km data points taken by themselves
show deviations from the regression line (see text).

shock spans a large range of densities. The slope of the m - DH and DH - km components
are also different because the nose and flanks have different speeds and move at different
angles to the radial direction. Furthermore, the CME speed and the Alfven speed also
change with the radial distance, so the same shock has different strength and Mach number
at different locations [Gopalswamy et al., 2001a; Mann et al., 2003].

Type II bursts have a high-frequency cutoff at ~ 150 MHz, attributed to the fact that
the Alfven speed is very high in the core of the active regions and falls off rapidly as
one goes away from the active region radially as well as laterally [Gopalswamy et al.,
2001a]. Considering only type II bursts in which the fundamental component can be
clearly identified, Gopalswamy et al. [2005] obtained a distribution of metric type II
starting frequencies that had an average starting frequency of ~101 MHz. The last bin in
the distribution was 250 MHz. Only < 8% of the events had type II starting frequencies
above 150 MHz. Occasionally one observes type II bursts at higher frequencies [see, e.g.
Pohjolainen et al. 2008], but these are exceptions. Some type II bursts start and end
within the metric (m) domain (> 20 MHz) with no counterpart at lower frequencies. These
are known as purely m type II bursts. Others start and end within DH wavelength domain
(14-1 MHz). Bursts starting and ending in the km wavelength domain are referred to as
purely km type II bursts. Some bursts have counterparts in all the wavelength domains
(m - km type II bursts). In many events, one finds an m or m - DH component and a DH
- km component as separate features, but starting nearly simultaneously (as in Figures 2
and 5). Figure 6 (a) summarizes these variants of type II bursts.

The close connection between CMEs and type II bursts can also be seen from the hierarchi-
cal relation between CME energy and the wavelength range of type II bursts [Gopalswamy
et al., 2005]. The average speed of CMEs progressively increases as one goes from purely
m to DH to m - km type II bursts: 610, 1068, and 1490 km/s, respectively. The halo
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fraction (average width of non-halo CMEs) also increases from 3.8% (85°) for m type II
bursts, 48% (130°) for DH type II bursts and 71% (171°) for m - km type II bursts. The
average speed, width, and halo CME fraction are 480 km/s, 45°, and 3%, respectively
for the general population of CMEs [see, e.g., Gopalswamy, 2004b]. The purely km type
IT bursts have speeds (average ~ 539 km/s) similar to those of the purely m type II
bursts, but their acceleration is negative [Gopalswamy, 2006]. This means that the CMEs
associated with the purely km type II bursts continue to accelerate and drive shocks only
beyond ~ 10 Rs. If the metric type II bursts are not related to the associated CMEs,
there is no reason as to why they should have the hierarchical relationship.

Another property of the type II bursts is the frequency (f) dependence of the drift rate
(df/dt) measured over different wavelength domains [Vrsnak et al., 2001; Aguilar Ro-
driguez et al., 2005; Gopalswamy et al., 2009b]:

df/dt oc f7, (3)

where ¢ ~ 2. Figure 6b shows that € = 1.8 for frequencies from 0.1 to 250 MHz (valid
over six orders of magnitude in df /dt). The f — df /dt relationship is referred to as the
universal drift-rate spectrum [Gopalswamy et al., 2009b], which suggests that there must
be something common for the type II bursts at different wavelength regimes: the CME-
driven shock. The exponent € can be readily derived assuming that the emission occurs
at the local plasma frequency (f,) [Vr$nak et al., 2001]. Equation (2) can be rewritten as,

df/dt = (V f/2n)dn/dr, (4)

with V' being the shock speed. If the radio source moves at an angle 6 to the density
gradient, then V must be replaced by Vcosfl. Assuming that the density falls off with
distance according to: n(r) oc 7~ and hence f o< 7~%/2 s0 one can write equation (3) as

|df /dt] oc Vi—17e/2 oc V fLt2/e (5)

In the IP medium, a ~ 2, so the right hand side of Eq. (5) becomes V f? explaining the
overall drift rate spectrum, provided V' is constant. Fig. 6b shows that in the individual
spectral domains, € deviates significantly from 2: the km part shows a steeper slope
(e ~ 2.7) while the m-DH part has a shallower slope (¢ ~ 1.5) [see also Aguilar-Rodriguez
et al. 2005]. These deviations can be explained if we note that V' is not constant: the
speed rapidly increases near the Sun and then decreases for most of the CMEs that drive
shocks. The speed variation can be introduced in Eq. (5) by assuming a radial dependence
for V:

Vocr P or Vo f2/e (6)

resulting in
c=(a+20+2)/a. (7)

In the IP medium, o ~ 2, so Eq. (6) becomes,
e=2+p. (8)

With e = 2.7 in the km domain (see Fig. 6b), we get 5 = 0.7, which means that the CME
speeds decline in the IP medium.
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Figure 7: CME speeds (left), IP shock speeds (middle), and CME accelerations (right) for the
radio-quiet and radio-loud events.

Things are more complicated in the metric and DH domains because both oo and  change
with heliocentric distance. For a set of type II bursts in the metric domain, Gopalswamy
et al. [2009b] found that ¢ = 1.07. Since a ~ 6 in the inner corona, one gets § = -0.79
(increasing speed). Individual CME events with observations in the metric domain did
show such [ values [Gopalswamy et al., 2009b]. In the outer corona, o ~ 4, so ¢ = 1.5
(see Fig. 6) implies § ~ 0 because CMEs attain their maximum speed here and their
speeds remain roughly constant before decelerating due to the drag force. The universal
drift rate spectrum thus reflects the CME evolution consistent with the suggestion that
all the type II bursts can be attributed to CME-driven shocks.

3.1 Type II bursts and IP shocks

Type II bursts are the earliest indicators of CME-driven shocks. Many of these shocks
originating on the front-side of the Sun continue to survive in the IP space and are detected
by spacecraft in the solar wind. Starting from IP shocks Gopalswamy et al. (2010b) found
a surprisingly large fraction (34%) of them to be radio-quiet (lacked type II emission).
Radio-quiet and radio-loud shocks differed in a number of ways. 1. Radio-quiet shocks
had an average CME speed of ~ 535 km/s, compared to ~1237 km/s for the radio-loud
ones; the in-situ shock speeds, on the other hand, were similar (see Fig. 7). The difference
between the radio-quiet and radio-loud events seems to be erased as the CMEs exchange
momentum with the ambient solar wind. 2. The radio-quiet CMEs accelerate on the
average, while the radio-loud CMEs decelerate. The predominant acceleration found in
the radio-quiet CMEs is somewhat similar to that in the CMEs associated with purely
km type II bursts; the radio-quiet shocks are even weaker than the shocks responsible
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without > 1 pfu SEP events). (right) SEP association rate as a function of CME speed and
width for western hemispheric CMFEs with DH type II bursts.

for the purely km type II bursts. 3. Among the radio-loud CMEs, some are radio loud
only near the Sun (associated with purely metric type II bursts), some only near Earth
(associated with purely kilometric type II bursts), and others throughout the IP medium.
Shocks producing purely metric and purely kilometric type II bursts have the lowest CME
kinetic energy, but have opposite sign of acceleration on the average. 4. Soft X-ray flares
associated with radio-quiet shocks are generally weaker than those associated with radio-
loud shocks, consistent with the corresponding CME kinetic energies. 5. The CME source
locations of radio-quiet shocks are concentrated near the central meridian, while those of
radio-loud shocks are more widely distributed. This suggests that the radio-loud shocks
are more extended than the radio-quiet ones.

3.2 Type II bursts and SEP events

Type II bursts are closely related to the SEP events because the same shock is responsible
for both the phenomena. Studying a set of nearly 500 fast (speed > 900 km/s) and
wide (width > 60°) CMEs Gopalswamy et al. [2008a,b] found that if a CME is radio
quiet, it also lacked a large SEP event, suggesting the importance of a strong shock
in producing an SEP event. Statistical studies have shown that nearly all large SEP
events are accompanied by type IT bursts [Gopalswamy 2003; Cliver et al., 2004]. CMEs
associated with purely metric type II bursts are the weakest among radio-loud CMEs, so
only 13% of them are associated with SEP events with intensity > 1 pfu. If we consider
CMEs with DH type II bursts (no metric type II burst), the association rate jumps to 42%.
Finally, when we consider CMEs with type II bursts in the metric and longer wavelength
domains, the SEP association attains the maximum value of 56% [Gopalswamy et al.,
2008b]. The CME properties are nearly identical for m - km type II bursts and for
large SEP events because the same shock produces the SEP event and the type II burst.
Figure 8 shows the source locations of radio-loud CMEs with and without an associated
SEP event. There is a clear western bias for CMEs associated with SEP events because
western sources are well connected to an Earth observer. Most radio-loud CMEs with
their solar sources in the eastern hemisphere are not associated with SEP events. There
are occasional eastern sources with SEP events and several western hemispheric sources
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Figure 9: (left) Composite dynamic spectrum from RSTN and Wind/WAVES showing the type
IV burst on 2005 January 17 extending from above 180 MHz down to ~3 MHz. Accompanying
type Il and type I1I bursts are marked. The vertical white line marks the time when the type IV
is emitted at the lowest frequency. (middle) GOES soft X-ray light curve in two energy channels
showing the X3.8 flare associated with the type IV burst. The vertical solid line marks the time
when the type IV burst descends to the lowest frequency. (right) White-light CME near the
time when the type IV descended to the lowest frequency.

without SEP events. These exceptions can be explained by the additional speed and
width dependence of the radio-loud CMEs. The histograms in Figure 8 show that the
SEP association rate reaches 100% only for the fastest CMEs (speeds > 1800 km/s).
Similarly, the association rate steadily increases with CME width, reaching a maximum
of 80% for full halo CMEs.

4 Type IV bursts

The low-frequency type IV bursts have not been studied extensively because the frequency
window in which these bursts occur became available only after the launch of the Wind
mission in 1994. Leblanc et al. [2000] reported on the 1998 May 2 type IV burst, which
descended down to ~ 7.5 MHz, similar to the one shown in Fig. 1. Gopalswamy [2004c]
reported on a set of 12 DH type IV bursts observed by Wind/WAVES during 1997 to
2002. They found that the DH type IV bursts are extensions of the well-known metric
continua and lasted typically for ~ 2 hours at 14 MHz with an average lowest frequency
of ~ 7.7 MHz. The type IV bursts are associated with very energetic CMEs (average
speed ~ 1200 km/s), confirming the earlier finding by Robinson [1986] for the continuum
events at metric wavelengths. Chernov et al. [2007] studied fine structures in the low
frequency type IV bursts observed by Wind/WAVES. Melnik et al. [2008] reported on
the properties of type IV bursts observed by ground based radio telescopes operating in
Ukraine in the frequency range 10 — 40 MHz.

Figure 9 shows a type IV burst extending from above 180 MHz down to ~ 3 MHz. The
radio emission should originate from a heliocentric distance 3.5 to 4.5 Rs, depending
on whether the radio emission occurs at the fundamental or harmonic of the plasma
frequency. When the type IV burst attains the lowest frequency, the IP type II burst
occurs at frequencies well below 1 MHz, which means the shock is much farther away as
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Figure 10: Statistics of type IV bursts: (a) annual rate, (b) speed distribution of associated
CMEs, (c) distribution of minimum frequency, and (d) width distribution of the associated
CMEs.

can be inferred from the LASCO image in Fig. 9: the CME-driven shock is at a distance
of 18.84 Rs in sky-plane projection (expected to be larger when projection corrections
are made). Thus there is a separation of at least 14 Rs between the type IV and type
IT emission locations when the type IV attains its lowest frequency. This suggests that
the energetic electrons responsible for the type IV burst might come from the continued
reconnection occurring beneath the CME. The intensity of the associated soft X-ray flare
has already decayed considerably at the time of the lowest frequency of the type IV burst,
suggesting that the higher energy electrons contributing to plasma heating may not be
accelerated in large numbers even though lower energy electrons responsible for the type
IV bursts are accelerated in the reconnection region. Leblanc et al. [2000] suggested that
a shock wave propagating behind the associated CME populated the CME loops with
energetic electrons that emitted the type IV burst. This interpretation once again relies
on blast waves not driven by the associated CME. Ground-based observatories reported
type II burst activity only during a short interval (09:43 to 09:47 UT), which is unlikely
to be providing energetic electrons for the extended type IV burst.

Figure 10 shows some recent statistics on the type IV bursts confirming the earlier results
obtained for a smaller number of events [Gopalswamy, 2004c|. The average speed of CMEs
associated with type IV bursts is clearly very high, similar to that of CMEs associated
with m - km type II bursts and large SEP events. The fraction of halos (78%) and the
width of the non-halos (166°) indicate that very high energy CMEs are involved in these
bursts. The minimum frequency attained by the type IV bursts ranges from ~ 2 MHz to
the maximum frequency (~ 14 MHz) of the WAVES spectral range, with an average value
of 6.6 MHz. Another remarkable result in Fig. 10 is that there is no obvious solar-cycle
variation of the type IV occurrence rate. The rate steadily increases through the declining
phase of solar cycle 23 and drops to zero only during the solar minimum (in the year 2007).
The type IV bursts are the rarest among the three types of low-frequency radio bursts:
only 42 occurred over a period of 12 years (3.5 bursts per year) since the launch of the
Wind mission. Most of the type IV events are associated with SEPs, but large SEP events
such as the famous Bastille Day event of 2000 (July 14) was not associated with a DH
type IV burst. Thus currently it remains an open question as to what circumstances leads
to the extension of the type IV bursts to low frequencies.
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5 Conclusions

The low-frequency radio bursts discussed in this paper are rare, distinct, and prominent
in the dynamic spectrum. All the three types of radio bursts are associated with energetic
CMEs, with the average speeds generally exceeding 1000 km/s. High energy CMEs can
propagate farther into the IP medium and have serious consequences throughout the
heliosphere. Radio bursts can be very useful in indicating SEP events because the radio
waves can travel to Earth in ~ 8.3 min, while ~ 100 MeV protons take ~ 23 min to reach
Earth (assuming a path length of ~ 1.2 AU). There are also important differences among
the radio bursts, especially in the origin of the energetic electrons responsible for the
bursts, and the topology of the magnetic structures into which the electrons propagate.
Unfortunately, these bursts are not spatially resolved, so some of the inferences made
in the paper cannot be confirmed. Future low-frequency imaging arrays are expected to
greatly advance our understanding of the bursts and their relation to CMEs.
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