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Abstract

Coronal mass ejections (CMEs) are composed of multithermal plasmas, which make them produce
different radio signatures at different wavelengths. The prominence core of CMEs are of the lowest tem-
perature and hence optically thick at microwave frequencies and hence are readily observed. The Nobeyama
Radioheliograph has exploited this fact and observed a large number of prominence eruptions over most of
solar cycle 23 and parts of cycle 22. This paper reviews recent studies on prominence eruptions and their
contributions for understanding the CME phenomenon. In particular, the following issues are discussed: (i)
the statistical and physical relationship between CMEs and the radio prominence eruptions, and how this
relationship manifests as a function of the solar cycle; (ii) The asymmetry of prominence eruptions between
northern and southern hemispheres; (iii) the relationship between prominence eruptions and CME cores;
(iv) the implications of the cessation of high-latitude PEs before the reversal of the global solar magnetic
field, and (v) the implications of the high-latitude PEs and CMEs for the modulation of galactic cosmic
rays. Finally, the importance of the Nobeyama Radioheliograph data to future missions such as STEREO

and Solar-B are discussed.
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1. Introduction: Sun in Microwaves

A microwave imager such as the Nobeyama
Radioheliograph (NoRH, Nakajima et al., 1994) ob-
serves a large number of features on the Sun occurring
at various layers of the solar atmosphere: (1) the quiet
solar disk at 10,000 K, which is the upper chromospheric
layer of the Sun, optically thick in microwaves. (2)
Active regions, which appear as small bright patches due
to free-free emission from the active region loops and
gyroresonance emission from sunspots. The sunspots
appear as the strongest features in active regions when
there is no flaring. (3) Filaments are cool (~8000 K)
features suspended in the hot corona against a brighter
(Tb ~10,000 K) solar disk and hence appear as dark
linear features, somewhat similar to what is seen in Ha.
(4) Prominences are the same as filaments observed above
the solar limb, but appear bright because the background
now is not the solar disk, but the cold sky. The corona
itself is optically very thin in microwaves and contributes
only a few 100 K to the observed brightness temperature.
(5) Sometimes mounds consisting of AR loops (Tb
>10,000 K) are seen at the limb. (6) Bright post-eruption
loops are observed when active regions erupt. When
quiescent filaments erupt, the post-eruption loops take
the form of an arcade. The brightness temperature of
the post-eruption structures depends on the emission
mechanism. Gyrosynchrotron emission from flare loops
can exceed 1 MK. (7) On rare occasions, one can also
observe dimming (deficit of free-free emission) above the
limb (Gopalswamy, 2003). Many of these features can be
seen in the 17 GHz microwave image obtained on 2000
February 26 at 23:51:24 UT (see Fig.1). Various features
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discussed above are marked. This snapshot illustrates the
wealth of information the microwave images provide on
the Sun. Time series of such images capture the dynamic
Sun and provide quantitative measurement of many
physical parameters corresponding to the chromosphere
and corona of the Sun. The prominence seen above the
northeast limb in Figure 1 is eruptive as part of a coronal
mass ejection (CME) also shown superposed. Hundreds of
such eruptions have been documented on the NoRH web
site (http://solar.nro.nao.ac.jp/norh/html/prominence/).
Filament eruptions are similar to the “disparition
brusques” observed in Ha. Both case studies (e.g.,
Hanaoka et al., 1994; Gopalswamy et al., 1996; 1999;
Hanaoka and Shinkawa, 1999; Uralov et al., 2002; Kundu
et al. 2004) and statistical investigations (Gopalswamy
et al., 2003a; Hori, 2000; 2002) have been performed
on these eruptions. This paper provides a summary of
the important results on solar eruptions, especially in
conjunction with data from the Solar and Heliospheric
Observatory (SOHO) mission.

2.
2.1.

Case Studies of Solar Eruptions
Studies in the pre-SOHO Era

When routine NoRH observations of the Sun com-
menced in 1992, there was no spaceborne coronagraph
available for comparing microwave eruptions with white
light CMEs. Fortunately, the soft X-ray telescope (SXT)
on board the Yohkoh satellite was observing solar erup-
tions, so most of the early studies involved coronal changes
in X-rays in association with prominence eruptions (PEs).
The X-ray and microwave signatures have been reviewed
before (Gopalswamy, 1999; Cliver and Hudson, 2002).
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NoRH: Feb 26, 2000 23:51

Fig. 1.

C2: Feb 27, 2000 00:06

Left: A NoRH image at 17 GHz obtained on 2000 February 26 at 23:51 UT with various observed features marked: QS -

quiet Sun at 10,000 K, F - filament, AR - active region, AF - post-eruption arcade formation, and P - prominence. The beam size
of NoRH is shown at the top left. Right: The image on the left superposed on a white light coronal image taken by SOHO’s Large
Angle and Spectrometric Coronagraph (LASCO) at 00:26 UT on 2000 February 27. Note the good position angle correspondence

between the CME and the eruptive prominence.

The use of NoRH for the study of eruptive events
started with the observation of a spectacular PE observed
during 1992 July 30-31 (Hanaoka et al., 1994). This event
displayed all the signatures of a major eruption: erup-
tive prominence followed by post-eruption arcade extend-
ing along the neutral line, and two-ribbon structure in
Ha (see Fig.2). The prominence ascended with a speed
of ~100 km/s, and had an appearance very similar to
what was observed in Ha, especially when the Ha im-
ages were degraded to the resolution of the microwave
images. Unfortunately, there was no white light coron-
agraphic observation at that time, so the full picture of
the eruption including the CME could not be obtained.
However, a linear soft X-ray feature was observed moving
away from the neutral line before the arcade formation
(see Fig.2), which is likely to be part of the associated
CME owing to its higher speed (160 km/s) and motion
ahead of the prominence. The post-eruption arcade, nor-
mally observed in X-rays and EUV, was also detected in
microwaves owing to the enhanced free-free emission from
the hot dense loops making the arcade. The soft X-ray
arcade had a temperature of ~3.6 MK and a density of
~ 2.4 x10° cm™2. This hot dense plasma produced a 17
GHz brightness temperature of ~7500 K above the quiet
Sun level (~10,000 K) via free-free emission. This event
also demonstrated that it is possible to obtain quantitative
information on various features in the eruption region. For
example, the observed brightness temperature and the di-
mensions of the arcade can be used to infer the kinetic
temperature of the post-eruption structure. The com-
bined X-ray and microwave observations were found to be
consistent with the Carmichael-Sturrock-Hirayama-Kopp-
Pneuman (CSHKP) model (Svestka and Cliver, 1992) of
prominence eruptions. A version of the model from Anzer
and Pneuman (1982) is shown in Fig.2. The nested he-
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lices marked “prominence” may be taken to represent the
cavity identified in CMEs as flux ropes.

Another very slow microwave prominence eruption (see
Fig.3) was observed during 1993 July 10-11, which had an
average speed of only 3.7 km/s over a period of ~6 hours
(Gopalswamy et al., 1996). Fortunately, the Yohkoh ob-
servations were extensive in this case and the frontal struc-
ture of the CME, which moved with a speed of 15 km/s,
was observed in soft X-rays. A post-eruption arcade (AF)
was also observed in Ha and microwaves (see Fig.3). The
mass of the X-ray frontal structure was estimated to be
~ 2.6 x10™ g, only slightly lower than the average mass of
SOHO CMEs (Vourlidas et al., 2002). It must be pointed
out that SOHO has observed many CMEs with mass of
only ~ 10! g. The event also showed post eruption struc-
ture in X-rays, Ha and microwaves (Gopalswamy et al.
1997). Some of the important conclusions of this study
were that a coronal volume much larger than that of the
prominence was involved in the eruption and that the pre-
eruption position of the leading edge was ~0.3 R above
the solar surface. Another event with the opening of an
X-ray structure 5 times as large as the microwave erup-
tive prominence was reported (Gopalswamy et al., 1998a).
Thus the microwave observations have started contribut-
ing to the study of the early phase of CMEs, typically not
observed by coronagraphs due to the occulting disk they
employ.

Gopalswamy and Hanaoka (1998) tracked a long
(~475,000 km) north-south filament during its disk pas-
sage for 2 weeks until it erupted above the west limb at
a height of 175,000 km. At the start of the eruption, the
prominence was massive (~ 6 x 1016 g). The eruption was
slow and the height-time measurements of the prominence
could be fit to a second order polynomial (constant accel-
eration, ~11 m/s?). The final speed was only ~70 km/s
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Fig. 2. The prominence eruption event of 1992 July 30-32 studied by Hanaoka et al. (1994). Left: Three stages of the prominence
(P1 at ~ 00:35, P2 at ~00:45, and P3 at ~01:25 UT) superposed on a Yohkoh SXT image showing the post eruption arcade (AF)
under the eruptive prominence. A fragment of the falling prominence material (FM) is identified. The SXT structure at 00:37 is also
shown, which was ahead of the prominence. Right: A version of the CSHKP model from Anzer and Pneuman (1982) that fits the
observation. The helical structure may actually be more than just the eruptive prominence. It may represent the CME cavity. The
Ha flare ribbons form the footpoints of the SXT post-eruption arcade (AF). Ha flare loops are the cooled form of the SXT loops in
AF. There was no white light observation to provide information on the overlying CME.

when the prominence reached the edge of the NoRH field
of view. There was no simultaneous white light observa-
tion, but the difference between white light images taken
on consecutive days clearly indicated a major change in
the streamer, confirming an associated coronal eruption.
An extensive coronal dimming was observed in associa-
tion with the prominence eruption (see Fig.4) with a long
post-eruptive arcade formed close to the limb. From the
dimming, the mass of the depleted coronal material was
estimated to be ~ 2 x 10'® g, which is the typical mass
of large CMEs. This is smaller than the initial promi-
nence mass, but there was large down flow of material as
the prominence rose. Thus even if only a small fraction
of the prominence material escaped, it must have carried
a mass comparable to the hot material ejected from the
corona. Based on the extent of the dimming region and
the north-south orientation of the pre-eruption filament,
Gopalswamy and Hanaoka (1998) suggested that the cav-
ity of the CME is not expected to be seen above the north-
west limb in such a configuration and that an east-west
filament would show the cavity. This was confirmed in a
recent study involving a large number of CMEs (Cremades
and Bothmer, 2004).

Eruptions occurring close to the limb are easy to observe
because of the weak coronal background at many wave-
lengths. This is usually not the case for disk eruptions.
Hanaoka and Shinkawa (1999) studied two NoRH erupt-
ing filaments (1992 November 5 and 1994 February 20) at
17 GHz. Shortly after the apparent disappearance, a tran-
sient reduction occurred in the brightness of the nearby
plage regions. The disappearance of the filament is due
to the heating of the filaments at least to the temperature
of the microwave disk, but to a temperature below that
of the plage region. This is because the plages returned
to their original brightness after the passage of the heated
filament. It was also found that after the initial increase,
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Fig. 3. Microwave eruptive prominence (P) and the

post-eruption arcade (AF) presented as contours overlaid on
an Ha picture. The Ha loop prominence (post-flare loops)
can be seen faintly above the limb, partly coinciding with the
AF contours (adapted from Gopalswamy et al. 1997).

the brightness temperature of the filaments was rather
constant during their motion. Once heated, the filament
disappears in Ha because of the spectroscopic nature of
the observation. The microwave emission is via thermal
free-free emission, which is a continuum emission, so the
filament does not disappear. The lower limit of the en-
ergy supplied to the filament in the heating process was
estimated to be ~ 3.6 x 10?6 erg, a few orders of magni-
tude smaller than the kinetic energy of the filament or the
energy of the associated flare. In some cases, the filament
shows expansion but the average brightness temperature
decreases due the increased area of the filament, but still
remains optically thick (Gopalswamy, 1999).
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Fig. 4. The 1994 April 4-5 NoRH eruptive prominence (contour) overlaid on a soft X-ray difference image from Yohkoh showing
the coronal depletion (DEP) and post-eruption arcade (A) at the limb at 1:20 UT (left) and the arcade late (6:41 UT) in the event

(right) (adapted from Gopalswamy and Hanaoka, 1998).

2.2.  Case Studies in the SOHO Era

2.2.1.  Radio Prominence and White-Light CME

Direct comparison between NoRH prominence erup-
tions and white-light CMEs became possible when SOHO
data became available in 1996. One of the well-observed
events by various instruments was the 1997 February 6-7
CME, which consisted of all the standard features of an
eruptive event. Several fragments of a filament located on
a long neutral line erupted and became the core of a CME
observed by SOHO/LASCO (Gopalswamy et al. 1998b).
The location of the eruption on the southwest quadrant is
evident from the spectacular soft X-ray post-eruption ar-
cade (Fig.5) with the associated dimming (Gopalswamy,
1999). Figure 6 shows the CME at 03:30 UT with its
familiar three-part structure. The leading edge had al-
ready crossed the LASCO FOV, but was clearly ahead
of a bright blob with an extended component parallel
to the limb. Superposed on this LASCO image is a 17
GHz NoRH image taken at 1:40 UT, showing that the
microwave prominence was identical to the double struc-
ture in the bright core. The bright core was observed as
a filament moving westward towards the limb for many
hours before appearing as a prominence above the limb.
The continuation of the radio prominence into the CME
as its core is clear from the height-time plot of the frontal
structure and the prominence core (see Fig.6). The radio
and white light prominences fit to a constant accelera-
tion curve. The frontal structure was accelerating (~17
m s~2), resulting in a speed of ~730 km/s at 25 Re. The
prominence had a smaller acceleration (~4 ms~2) and had
attained a speed of only 390 km/s at 25 Rg. The sepa-
ration between the prominence and the frontal structure
remained large all the way to 1 AU, as confirmed by in
situ observations in the solar wind (Gopalswamy et al.,
1998b).
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2.2.2.  Nonradial Motion of an Eruptive Prominence

A prominence core with nonradial motion on 1997
December 14 CME was studied by Gopalswamy et al.
(2000). The prominence erupted from within a soft X-ray
structure (ABC in Fig.7) above the southeast limb. As
the eruption proceeded, the centroid of the prominence
shifted equatorward with a speed of ~27 km/s. The loca-
tion of the prominence was at the southern foot of a hel-
met streamer observed by SOHO/LASCO at 00:30 UT.
As the prominence erupted, the streamer showed a bulge
roughly above the prominence, but the CME was fully
formed with its leading edge at a CPA of 90 deg (see the
LASCO image at 07:23 UT in Fig.7). Weak activity was
also noted in the northern foot point of the streamer. The
initial position angle of the 17 GHz prominence was ~120
deg, while the white light observations placed the core at
a position angle of ~90 deg. That is, there was a 30 deg
offset between the PE and CME position angles. The non-
radial motion of the prominence suggests that the overly-
ing streamer must have guided the eruptive prominence.
Filippov et al. (2001) were able to model the eruption us-
ing a magnetic structure shown in Fig.8. They solved the
equations of motion numerically to obtain the trajectory
of the current carrying filament in the corona. The non-
radial motion was also inferred in a statistical study by
Plunkett et al. (2001) who found a bimodal distribution
for the location of eruptions observed in EUV as com-
pared to the equatorial position angle for the associated
white light CMEs. It will be shown later that this bimodal
distribution is confined to the solar minimum period.

2.3. A Microwave CMFE

A very fast eruption was detected by NoRH on 2001
April 18, originating from an active region behind the limb
(9415 located about 30 deg behind the limb: S23W120).
This active region had produced many energetic CMEs
during its disk passage (Gopalswamy et al., 2002). The
eruption in microwaves very much resembled a white light
CME, with a diffuse frontal structure and a compact core.
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Fig. 6. Left: The NoRH 17 GHz eruptive prominence observed on 1997 February at 01:40 UT and its evolved form as the core
of the CME observed by SOHO/LASCO/C2 at 3:30 UT. Right: Height-time plots of the leading edge of the CME (marked *), the
NoRH prominence (diamonds) and the CME core in white light (squares).

Microwave emission appeared initially at 2:13 UT as a
compact source and spread on either side of the location
of initial appearance covering a position angle extent of
~32 deg by 02:16 UT. The rapid expansion is evident in
Fig.9 (left) where the loop-like appearance of the CME is
the shell representing the expansion over just one minute
(2:16 to 2:17 UT). When the CME first appeared in the
LASCO/C2 FOV at 02:30 UT, it had an angular width
of ~70 deg at a distance of ~5 Rg. Such early expansion
is well known, and is also reflected in the mass increase
up to a height of ~8 R before attaining a constant value
(Vourlidas et al., 2002). The previous LASCO image at
02:06 UT had no sign of the CME. The CME had already
left the C2 field of view by 02:54 UT, but appeared above
the C3 occulting disk at 02:42 with the leading edge at a
heliocentric distance of 7.7 Rg. Figure 9 (left) is a com-
posite picture showing the microwave CME at 02:17 UT,
becoming the white light CME at 02:30 UT (LASCO/C2)
after the rapid expansion. In Fig.9 (middle), the 02:42 UT
LASCO/C3 image is added, showing that the expansion
has stabilized with very little increase in angular width
between the C2 and C3 images. The images are 12-13
minutes apart and provide three snapshots of the rapid
evolution of the CME. The microwave difference image
at 02:17 UT clearly shows a core distinct from the main
body of the CME. The thickness of the leading edge cor-
responds to the expansion in one minute. The leading
edge of the microwave CME was not visible after 2:17 UT
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because it faded to the background level. However, the
core was observed for the next 7 minutes (Fig.9 (right)).
The speed of the core was ~1635 km/s, while the average
speed of the white light CME was ~2500 km/s. It was
also possible to track the core in white light. Both the
core and the outer structure seem to be nonthermal mi-
crowave emission, probably due to accelerated electrons
trapped in the CME magnetic structures. The core was
also briefly observed in hard X-rays (Hudson et al. 2001)
from lower energy electrons, while the microwave emission
is from higher energy electrons.

Both the hard X-rays and microwave emission from the
CME were observed because the main flare emission was
occulted. Very high dynamic range would be needed to ob-
serve the diffuse CME for front side eruptions. Systematic
search of such occulted fast events could provide addi-
tional information on the near surface evolution of very
fast CMEs.

2.4. Ewvolution of a Complex CME

A filament eruption on 2001 November 17 with an un-
usually fast acceleration was reported by Kundu et al.
(2004). NoRH was able to track the filament both on the
disk and above the limb. The filament started moving
outward from the southeast quadrant of the Sun around
3:30 UT with a constant acceleration (~15 m/s?) until
about 04:45 UT, and then underwent a rapid acceleration
from about 70 km/s to 425 km/s during the impulsive
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Fig. 7. The two panels on the left show the NoRH prominence (contour at 00 UT on 1997 December 14) within the soft X-ray
structure (ABC at 22:42 UT on the previous day) above the southeast limb. The two panels on the right show the white light
coronal streamer at 00:30 UT (December 14) and the CME with the prominence core (P) about 7 h later (07:23 UT, with the image

at 06:23 UT subtracted).

Fig. 8. The global magnetic field configuration considered
by Filippov et al. (2001) to model the nonradial motion of the
eruptive prominence from the location S towards the equato-
rial plane first and then in the equatorial plane (the trajec-
tories shown by thick arrows). The X-ray structure ABC
was located at S, while there was a dimming at N associated
with the eruption. N and S were located at the northern and
southern base, respectively of the streamer observed in white
light.

phase of the associated flare (during 4:45 to 4:55 UT).
Although the GOES X-ray flare onset was given as 4:49
UT, there was a slow rise around the time of the fila-
ment motion (see Fig.1 of Subramanian et al., 2003). The
slow soft X-ray increase seems to be associated with a
brightening below the filament, different from the post
eruption loops in the associated active region. Kundu et
al. (2004) also reported soft X-ray features moving in the
direction of the filament and an X-ray dimming near the
filament region around 4:31 UT. The CME first appeared
in the SOHO/LASCO FOV at 3.8 Rg at 5:30 UT and
had a speed of ~1380 km/s in the sky plane. Linear ex-
trapolation of the height-time plot (see Fig.10) gives an
onset time of 4:49 UT or slightly earlier when the projec-
tion effects are taken into account. Extrapolation of the
constant speed part of the prominence trajectory yields
an onset time just before 4:45 UT, coinciding with the
white-light CME onset. Kundu et al. (2004) suggested
that the rapid acceleration of the filament (and the asso-
ciated CME) due to the flare process in the active region,
similar to the scenario proposed by Zhang et al. (2001).
Another possibility is that the filament might have under-
gone rapid acceleration due to the impact of the fast CME
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observed by LASCO (see Gopalswamy et al., 2001 for an
example of a prominence core deflected by a fast CME).
The onset of the filament eruption well before 04:00 UT
and the soft X-ray loop motion followed by the dimming
around 4:30 UT suggest a possible slow CME well before
the observed fast CME. This would imply that the fast
CME had overtaken the slow one within the occulting
disk, so only a single CME was observed in LASCO field
of view. Several examples of CME interaction below the
occulting disk have been reported by Gopalswamy et al.
(2004D).

3. Small-scale Ejecta

In addition to the CMEs and PEs, NoRH also observed
other eruptive signatures such as coronal radio jets and
blobs. These eruptions are generally of smaller spatial
scale, some of which may be associated with PEs.

3.1. Jets

The motivation to the study of jets in microwaves came
from the soft X-ray jets detected by Yohkoh (Shibata et al.
1992). Case studies of 17 GHz emission from X-ray jets
were first performed by Kundu et al. (1997). The radio
emission originated either from the base of the X-ray jets,
or from the base and the lower part of jets. In a statistical
study, Kundu et al. (1999) found an almost one-to-one
correspondence between the X-ray and radio manifesta-
tions of the jets. There was also good correlation between
the X-ray and microwave fluxes from the jets. The ob-
served brightness temperature and polarization of the ra-
dio emission is generally consistent with free-free emission
from the jet plasma. One of the jets showed motion in
microwaves, amounting to a speed of ~55 km/s, similar
to the speeds of Ha surges. Jets are also known at other
wavelengths: Wang and Sheeley (1998) found EIT coun-
terparts of all 27 narrow (angular width 3-7 deg) CMEs
observed by LASCO. Yashiro et al. (2003) identified a
large number of narrow CMEs (up to 22% of all CMEs
during solar maximum) when the angular width was in-
creased to 20 deg. These narrow CMEs were similar to
the normal CMEs in some respects and differed in others.
Studies involving limb jets in X-rays, microwaves, EUV,
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Fig. 9. Left: 17 GHz NoRH difference image at 2:17 UT (with the image at 2:16 UT subtracted) showing the expansion of the
CME above the southwest limb. A contour image of the white light CME observed by SOHO/LASCO/C2 at 2:30 UT is superposed.
The two linear features on either side of the CME are the displaced streamers. Middle: Same as in the left, but the NoRH image is
a direct image and the LASCO/C3 image at 2:42 UT is also superposed. The position angle extent of the CME is shown by pairs
of straight lines marking the edges of the CME in microwave, C2 and C3. Right: A small section of the corona above the southwest
limb showing the microwave CME at 2:17 UT (the leading edge is marked as LE). The core at 2:17 UT is marked “17”. The location
of the core at subsequent times is superposed as contour images. The numbers near the contour images show the minutes after 2:00
UT. The speed (1635 km/s) and the direction of motion of the core are also indicated.
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Fig. 10. Left: Height-time plot of the NoRH eruptive prominence on 2001 November 17 as it moved from the disk to above the
limb (from Kundu et al., 2004). There was a sudden increase in speed around 4:45 UT. Right: Height-time plot of the LASCO CME.

and white light are needed to understand the connection
between narrow CMEs and jets. The microwave data pro-
vide additional information to study the small-scale en-
ergy release, which may be similar to large eruptions, but
observed with a lot of clarity.

3.2. Blobs

The appearance of compact microwave sources above
a flaring loop was first reported by Shibasaki (1996) for
the 1993 January 2 event. The blob was much smaller
than the post flare loop in size and brightness. The blob
appeared to grow out of a mound. Hori (2000) studied
a few more blobs with sizes ranging from 90 to 320 arc-
sec. The brightness temperature was typically ~20,000
K. Some blobs were flare remnants, while others were
formed by chromospheric evaporation (or new activity).
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Unfortunately, some of these early events did not have
CME observations to understand the overall event. Two
of the events studied by Hori (2000) overlapped with
SOHO observations. The 1998 May 19 event was clearly a
prominence eruption and was associated with a fast CME
at 1:27 UT (speed ~600 km/s and width ~100 deg). The
CME association of this eruption was missed in the study
of Gopalswamy et al. (2003a). The second event was a fil-
ament activation event with no clear ejection, and was not
associated with a CME. Sometimes, blobs appeared to in-
dicate magnetic connectivity between two mounds (Hori,
2000) and magnetic reconnection in the space between the
mound and the blob. Most of the flare ejecta occur under
the overall envelope of the CME, so the blob studies need
to be performed again with the inclusion of CMEs to place
them in the context of typical eruptions.
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The EIT brow wave of 1997 September 24 (marked EIT on the EIT difference image at 02:51 UT) with the associated

white light corona from SOHO/LASCO at two times (02:55 and 03:38 UT). New material appears above the southeast limb only in
the 3:38 UT LASCO frame. The height-time plot of the CME is shown on the right. The CME had an average speed of 535 km/s
in the sky plane. The actual speed of the CME is likely to be much higher because of projection effects (location of the eruption at

S31E19).

4. Microwave Manifestations of EIT Waves
Coronal waves in EUV, first detected by Neupert
(1989), are now routinely observed by the Extreme-
ultraviolet imaging telescope (EIT) on board SOHO (EIT
waves - Thompson et al., 1999). The EIT waves are
very helpful in identifying inner-coronal manifestations
of CMEs in the spatial domain not accessible to coro-
nagraphs. The EIT “brow waves” (so named because of
their arc-like appearance in EIT images - see Gopalswamy,
2000; Gopalswamy and Thompson, 2000) are spatially
and temporally coincident with metric type II radio bursts
(Gopalswamy et al., 2000d). Biesecker et al. (2002) later
classified the brow waves as “events with sharp brighten-
ings” and found them to be associated with metric type
IT bursts, flares, and CMEs. They also found an unam-
biguous correlation between EIT waves and CMEs, but
a significantly weaker correlation between EIT waves and
flares. The brow waves are also highly likely to be as-
sociated with Moreton waves, which are chromospheric
signatures. Recently, White and Thompson (2005) re-
ported the microwave counterpart of the 1997 September
24 EIT wave using the NoRH data. They interpreted the
microwave disturbance as the thermal free-free emission
(optically thin) from material swept up or otherwise dis-
turbed by the EIT wave. They also found a higher speed
(835 km/s) for the microwave disturbance than for the
EIT wave (500 km/s, Thompson et al., 2000).

The eruption occurred at S31E19, and the associated
CME was accordingly moving in the SE direction. The
sky plane speed of the CME was ~ 530 km/s (see Fig.11),
consistent with the EIT wave speed also measured in the
sky plane. However, this speed is likely to be much smaller
than the true speed due to projection effects. The true
speed could exceed 1000 km/s. The CME onset has been
estimated to be ~02:33 UT, about 10 minutes before the
onset of the EIT wave. The onset is likely to be earlier
if initial acceleration and projection effects are taken into

88

account. But the main point is the CME was expand-
ing from the eruption site at least 10 minutes before the
wave observed in EUV and microwave. At present there
is no consensus on the driver of the EIT waves. Although
EIT waves correlate better with CMEs than with flares,
CMEs are either ignored or dismissed in some studies deal-
ing with these waves (Hudson et al. 2003; Warmuth et
al., 2004; White and Thompson, 2005). The assumption
is that the EIT waves are flare blast waves. For example,
White and Thompson (2005) argue that the radio emission
from the EIT wave should increase if it is CME-driven,
rather than the observed decrease. However, the CME is
expanding and the CME brightness decreases even for ac-
celerating CMEs. If an EIT wave surrounds the CME, the
wave also expands and the radio brightness may not in-
crease. The presence of the CME poses a problem for the
blast wave scenario: since the CME is in progress when the
flare starts beneath the CME, the blast wave has to move
through the fast-moving CME material. This makes the
shock formation difficult. Otherwise, one has to assume
that the blast wave propagates only through coronal re-
gions not occupied by the CME. Irrespective of the source
of the EIT waves, their identification in microwaves is sig-
nificant for further investigations (see also Aurass et al.,
2002).

5. Statistical Studies of CME-PE Relationship
The case studies of solar eruptions reviewed above con-
firm the close relationship between CMEs and PEs. This
relationship was already known from pre-SOHO observa-
tions of CMEs and Ha PEs (Webb et al., 1976; Munro et
al, 1979; Webb and Hundhausen, 1987; St Cyr and Webb,
1991). However, doubts remained on this relationship un-
til recently because some studies indicated only a minority
of PEs from the disk and limb were associated with white
light CMEs (Wang and Goode, 1998; Yang and Wang,
2002). Hori and Culhane (2002) and Gopalswamy et al.
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constant speed, (b) accelerating, and (c) decelerating. The
heights were measured from the Sun center.

(2003a) revisited this issue using NoRH PEs. Hori and
Culhane (2002) studied 50 NoRH PEs using simultane-
ous data available from SOHO and Yohkoh. Gopalswamy
et al. (2003a) used all the 226 PEs detected automati-
cally in NoRH images. Both confirmed the high degree of
association between PEs and CMEs. These two studies
used microwave PEs as the primary data set and searched
for CME association, unlike most of the previous studies,
which used CMEs as the primary data set. In addition to
the PE-CME association, some global properties of PEs
and CMEs were also investigated: latitude distribution
of PEs and CMEs, position angle and onset correspon-
dence, relation between CME cores and PEs, and solar
cycle variation of PE and CME latitudes.

5.1. CME-PE Association Rate

Out of the 226 PEs were detected automatically from
NoRH images between 1996 January and 2001 December,
186 overlapped with SOHO observations. The four years
of NoRH data in the pre-SOHO era (before 1996) were not
used due to lack of CME data. The leading edges of the
PEs were tracked to the edge of the NoRH FOV (around
2.5 R from the Sun center). The height-time trajectories
of the PEs fell into two groups: radial (R) and transverse
(T), as indicated in Fig.12. For the T events, the height
remained roughly the same in time, but the prominence
clearly moved horizontally from the initial location to a
nearby location on the limb. It was possible to fit the
trajectories either to first order or to second order poly-
nomials (see curves marked (a), (b), (c¢) in Fig.12. The T
events had trajectories of type (¢). Linear fits were also
made to all trajectories to get an average speed for sta-
tistical comparisons. The R and T events correspond to
the classical “eruptive” and “active prominences”, respec-
tively (see e.g., Tandberg-Hanssen, 1995). There were 152
(or 82%) R events, while the remaining 34 (18%) were T
events. The R events typically attained larger final heights
or left the NoRH FOV, while the T events were confined
to lower heights and never left the NoRH FOV.

Out of the 186 PEs, 144 (or 72%) were associated with
SOHO/LASCO CMEs. If we consider the R events alone,
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the association rate increased to 83%. Clearly 52 (or 28%)
events lacked white light CMEs. The CME-PE association
rate is slightly lower than that (92%) obtained by Hori and
Culhane (2002), but these authors used a smaller sample
selected with a more restrictive criterion. The statisti-
cal results clearly confirm the close relationship originally
found by Munro et al. (1979). A detailed investigation of
the 52 PE events without CMEs revealed that 11 of them
had changes taking place in the overlying coronal streamer
(Gopalswamy et al. 2004a). The majority (7/11 or 64%)
of the streamer-change PEs belonged to T events; in the
R events, the PEs showed sudden stalling after travers-
ing a small distance. The average speed and final height
of the streamer-change PEs were 13 km/s and 1.19 Rg,
respectively. These were intermediate between the R (65
km/s, 1.4 Rg) and T (10 km/s, 1.16 Rg) events.

5.2. PEs With and Without CMFEs

The primary differences between PEs with and without
associated CMEs are shown in Fig.13. On the average,
PEs without CMEs attained a height of ~1.2 Rg com-
pared to 1.4 R for those associated with CMEs. Munro
et al. (1979) had found 1.2 Ry as the threshold height:
virtually all prominences reaching this height had CME
association. The CMEless PEs were also much slower (av-
erage speed ~20 km/s) compared to the CME-associated
PEs (average speed ~70 km/s). There was also a good
correlation between the final height attained and speed of
PEs (correlation coefficient 0.62, see Gopalswamy et al.,
2003a).

5.8.  Spatial Comparison of PEs and CMFEs

The NoRH images provide the exact locations of PEs,
making it easy for spatial comparison between PEs and
CMEs. Since the central position angle (CPA) is one of
the basic attributes of CMEs, the heliographic coordinates
of PEs were converted to CPAs. The CPAs of PEs and
CMEs also give their respective latitudes. Since the pro-
jection effects are minimal for the limb events considered
here, the latitudes derived from CPAs are expected to be
accurate. Figure 14 shows that the latitude distributions
of PEs and CMEs do not agree well. The latitude distri-
bution of PEs is bimodal, whereas that of the CMEs is
single peaked. This means a lack of position angle cor-
respondence between PEs and CMEs. In order to inves-
tigate this further, the offset between the PE and CME
latitudes was computed and is shown in Fig.14. The dis-
tribution of the offsets is clearly biased towards positive
values suggesting that the PEs were typically located pole-
ward of the CMEs (positive offset means the PE latitude
is larger than the CME latitude). However, this offset did
not occur always: it was mainly concentrated during so-
lar minimum years, when the polar field strength is high
and the global dipole of the sun is strong. It has been
suggested that the strong dipolar field guides the inner
coronal eruptions so that the CME observed in the coron-
agraphic FOV has its leading edge at lower latitude than
the solar source latitude. In other words, the CMEs do
not move radially away from the solar source region, as



N. Gopalswamy

25 40

# of Events = 52 (without CME)
Avg Height = 1.21 Rg

# of Events = 43 (without CME)
Avg Speed = 21 km/s

V

201

30

20

0 100 200 300

PE Speed [km/s]

.001.251.501.75 2.00 2.25 2.50 400

Final Height [Rg]

25 40

# of Events = 134 (with CME)
Avg Height = 1.41 Rg

# of Events = 129 (with CME)

20F Avg Speed = 68 km/s

0

100 200 300
PE Speed [km/s]

1.001.251.501.75 2.00 2.25 2.50 400

Final Height [Re]

Fig. 13. Comparison of final heights (left) and speeds (right)
of eruptive prominences without CMEs (top panels) with
those with CMEs in the bottom panels. The average val-
ues of the distributions are marked. The final heights of
prominences without CMEs never exceeded ~0.5 R from the
surface, while those with CMEs reached larger heights. The
CME-associated PEs were much faster than the PEs without
CMEs. The speed could not be measured for all the PEs.

was demonstrated in a case study in section 2.2.2.
5.4. PEs and CME Core

Case  studies presented here and elsewhere
(Gopalswamy et al.  1998b; Hori, 2000; Srivastava
et al., 2000) have clearly shown that eruptive promi-
nences observed in the NoRH FOV become the core
of the white light CMEs eventually observed at larger
heights. Out of the 134 PE-associated CMEs, 98 (or
73%) had clear white-light cores (Gopalswamy et al.,
2003a). This rate is slightly higher than the 65% reported
by Hori and Culhane (2002) for a smaller sample. The
white-light core speeds were always greater than those of
the corresponding PE speeds. This is expected because of
the continued acceleration (PEs generally have positive
acceleration in the NoRH FOV). The average speed of
PEs (~81 km/s), white-light cores (348 km/s) and CME
leading edges (609 km/s) had a definite order for all
the events (Gopalswamy et al., 2003a). An exception to
this was reported by Srivastava et al. (2000), in which
the CME and prominence core had roughly the same
speed. A scatter plot between NoRH PE speed and
the speed of the corresponding white light cores showed
a weak correlation: the faster the PEs the faster were
their white light counterparts. As was pointed out by
Hori (2000), a PE becomes a core when it remains dense
enough during the transit from NoRH to LASCO FOV.
PEs in streamer-change events and PEs with transverse
trajectory are less likely to have cores in the LASCO
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FOV.

5.5. CMEs and Solar Polarity Reversal

During solar minima, most of the closed field regions
(from which CMEs originate) are confined to the equato-
rial streamer belt. As the solar cycle progresses, closed
field regions spread to all latitudes. This trend continues
all the way to the solar maximum years. This pattern is
clearly seen in the latitude distribution of PEs and the
associated CMEs shown in Fig.15 (right). The spread-
ing of PEs to higher latitudes is due to the “rush to the
poles” of polar crown filaments (PCFs) starting in the
rise phase of the solar cycle and ending somewhere during
the maximum phase (see e.g. Cliver et al., 1994). The
occurrence of PEs abruptly ended at high northern lati-
tudes in October 2000 (indicated by the short vertical line
between 60 and 90 deg latitudes in Fig.15 (right)). After
this time, the PEs were located generally below 60 deg. In
the southern hemisphere, the high-latitude PEs suddenly
ended in May 2002 (indicated by the short vertical line).
Clearly, there was an asymmetry in the number of PEs in
the northern and southern hemispheres. The cessation of
PEs at high latitudes coincided with the time of polarity
reversal (Gopalswamy et al., 2003b). When all the CMEs
(not just the PE-related) are grouped into high-latitude
(HL, >60 deg) and low-latitude (LL, >40 deg) CMEs,
the rates of HL and LL CMEs show different solar cycle
variations (see Fig.15, top-left). The rate of HL. CMEs is
clearly related to the migration of PCFs to the poles, and
the sharp decline in HL rate coincided with the polarity
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(shown circled).

reversal in each pole. This close relationship between the
cessation of high-latitude activity and the polarity rever-
sal at the solar poles in cycle 23 was also found to hold
for solar cycle 21 (Gopalswamy et al., 2003b). A precur-
sor activity to the polarity reversal is the disappearance
of the polar coronal holes (Harvey and Recely, 2002). In
NoRH data, this precursor is seen as the cessation of po-
lar brightenings (see the region circled in the bottom-left
part of Fig.15). The microwave brightness enhancement
in coronal holes is a distinct signature and may be indica-
tive of conditions in the chromosphere favorable for solar
wind acceleration (Shibasaki, 1999; Gopalswamy et al.,
1999). The southern reversal occurred in 2002, beyond the
data period considered by Gelfreikh et al. (2002). Thus,
the high-latitude PEs and the associated CMEs provide a
natural explanation for the disappearance of PCFs, which
need to be removed before the poles can acquire open field
structure of the opposite polarity. It must be pointed out
that all the HL. CMEs are PE-related, while the LL. CMEs
are mostly sunspot related. The LL. CMEs follow the lat-
itudinal variation of Sunspot number (SSN) because most
of these CMEs originate in active regions, which contain
the sunspots (confined to latitudes <45 deg). One can
see that the L. CME rate is generally flat during solar
maximum in contrast to the HL. CME rate, which shows
a sudden cessation at the time of polarity reversal in each
pole. No sunspots are associated with the PCFs, so the
PCF-related CMEs (or HL. CMEs) are not expected to be
correlated with sunspot activity.

91

5.6.  High Latitude Eruptions and Modulation of Galactic
Cosmic Rays

The increased high-latitude activity prior to the polar-
ity reversal at solar poles has additional implications for
the modulation of galactic cosmic rays (GCRs). Newkirk
et al. (1981) identified CMEs as the solar origin of
the low-frequency power in the interplanetary magnetic
field fluctuations and suggested that the solar-cycle de-
pendent modulation of GCRs can be explained by the
presence of CME-related magnetic inhomogeneities in the
heliosphere. However, the rate of CMEs known at that
time (maximum rate ~3 per day) and the minimum-to-
maximum variability (by a factor of ~6) were inadequate
to cause significant GCR modulation (see the review by
Wagner, 1984). Recent studies indicate that the maxi-
mum rate is as high as 6 per day and the minimum to
maximum variability (by a factor of ~10) is much higher
(Gopalswamy, 2004; Lara et al., 2005). Furthermore,
Newkirk et al. (1981) considered only LL CMEs (lati-
tudes below 60 deg). As Fig.15 shows, the HL. CME rate
becomes almost comparable to the LL rate during solar
maximum. When we consider the NoRH PEs alone, this
is quite evident: The LL and HL PE rate is roughly the
same during solar maximum, while the LL rate dominates
during solar minimum (see Fig.16, where the NoRH PE
rate is plotted since 1992). The HL CME rate may play
an important role in modulating GCRs during the A>0
epochs (when the north-polar magnetic field of the Sun is
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northward) because the cosmic rays enter the heliosphere
in the polar direction (Jokipii et al., 1977) thereby di-
rectly encountering the HL. CMEs. On the other hand,
the HL. CMEs may not pay a role during the A < 0 epoch
(when the north-polar magnetic field of the Sun is south-
ward) because the cosmic rays enter the heliosphere along
the equatorial current sheet (and hence mainly encoun-
tered by LL CMEs). The HL CME rate was found to be
better (anti)correlated with the GCR intensity than the
LL CMEs for the SOHO CMEs during the A>0 epoch
of cycle 23 (see Fig.16). When the available CME data
for the A <0 epoch in cycle 21 were examined, the rela-
tive importance was reversed: the LL. CMEs were better
(anti)correlated with the GCR intensity. While this work
is preliminary, it certainly suggests the possibility of ob-
taining a better physical picture of the GCR modulation
process. The continued operation of NoRH through the
A j0 epoch will provide uniform PE data to confirm this
important result. The role of CMEs is also bolstered by
the recent result that global merged interaction regions
(GMIRs) did not form (Richardson et al., 2005) during
the intense eruptive activity during October November
2003 (Gopalswamy et al., 2005). When GMIRs do not
form, the HL. CMEs represent a major alternative for GCR
modulation in the polar region.

6. Concluding Remarks

The NoRH observations have provided several key in-
puts to the ongoing study of CME initiation by observ-
ing one of the essential substructures of CMEs, viz., the
prominence core. This is especially important because
NoRH can observe both the per-eruptive and eruptive
phases of prominences. Additional information simulta-
neously available on the post-eruption arcades has proved
to be extremely useful in deriving physical conditions pre-
vailing at the eruption site. The uniform and uninter-
rupted observation of NoRH for ~8 h per day has en-
abled better comparison with data at other wavelengths
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(such as X-rays and EUV) obtained in overlapping fields
of view. Although the spatial resolution of microwave im-
ages is not as high as that in Ha images, they can provide
much better information on eruptive prominences because
of the continuum nature of the radiation. Estimating the
prominence mass from radio observations is a useful tool,
which when compared with the CME core can provide
early information on CMEs. A quantitative comparison
between PEs and the associated white-light cores should
help understand the fraction of prominence mass escaping
the Sun and how it compares with the overlying frontal
structure observed in white light. Although the microwave
PEs and the white-light cores had little spatial overlap at
present, future instruments such as the CORI1 telescope
on board the STEREO mission are expected to have a
reasonable overlap with NoRH FOV. Thus, continued op-
eration of NoRH during the STEREO mission will greatly
enhance CME studies. For example, one should be able to
observe the nonradial motion of CMEs overlying the non-
radial PEs commonly observed by NoRH. Another im-
portant quantity will be the starting heights of CMEs.
Combination of NoRH and Yohkoh data has shown that
CMEs start typically from a height of ~0.3 Rg from the
surface. This can be verified when CME observations be-
come available from COR1, whose inner edge of the field
of view is close to this (0.4 Rg from the solar surface).
Continued operation of NoRH is also important for joint
studies with the Solar-B data. One of the weaknesses of
CME studies is the magnetic properties of CMEs at and
before the eruption. Since Solar-B will provide such in-
formation, combining it with filament data from NoRH
should be able to fill this gap. While the limb data from
NoRH have been well utilized for CME studies, the disk
data have not been fully exploited. With the aid of sophis-
ticated imaging techniques, it may be possible to identify
filament signatures indicative of potential eruptions. Such
information will also be useful for space weather purposes
because disk CMEs are the ones that impact Earth.
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Quantitative information on the high-latitude PE rate
became available for the first time during the A>0 epoch
during cycle 23, which led to the discovery of the coin-
cidence between solar polarity reversal and the cessation
of high-latitude activity. In order to confirm this result,
NoRH PE data are needed at least through the next so-
lar maximum (around the year 2012), when the Sun will
reverse its polarity and enter into the A>0 epoch. In ad-
dition, this will also provide an opportunity to verify the
tandem influence of high and low-latitude activities on
cosmic rays presented with noisy data in Fig.16.
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