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Abstract. Ha full disk observations and radio interferometry at decimetre and metre wavelengths are used to
probe the dynamics of ejecta and electron acceleration during a solar eruptive event on 1990 September 14. An
erupting prominence and a moving type IV radio source are shown to trace a common magnetic structure during
its rise from ~10 Mm to 3 R above the limb. The height-time plot excludes a purely ballistic flight in the height
range (0.5-3) Rw, but is consistent with both constant acceleration and constant velocity at heights >0.5 Ro. A
plasma model of the radio emission is used to infer the mass and energetics of the ejected material. Electrons are
accelerated in the surroundings of the rising structure, and in two flares up to 70° away from the prominence.
Radio observations provide evidence for large-scale interconnecting loops, but a physical connection between the

eruption and the remote flares cannot be demonstrated.
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1. Introduction

Erupting prominences (disparitions brusques) and moving
type IV metre wave radio sources reveal the destabilisa-
tion of magnetic structures and their propagation through
the low and middle corona. Both the thermal insulation,
which keeps part of the prominence material neutral so
that it is visible in Ha, and the confinement of electrons
which emit the radio waves, require magnetic fields and
make the respective emissions a tracer of the dynamics of
ejected magnetic field structures. Ha and radio observa-
tions therefore enable one to study the dynamics of more
localised and better defined configurations within a coro-
nal mass ejection (CME) than its white-light signature,
where it is especially difficult to separate the bulk motion
of the plasma from its expansion. Ha and radio observa-
tions have the further advantage of tracing both emission
above the limb and on the disk and to allow studies of
CME-associated activity. A review on prominence erup-
tions is given by Démoulin & Vial (1992).

Moving type IV bursts are observed at metre and
decametre wavelengths. They are emitted by suprather-
mal electrons through either the gyrosynchrotron process
(Dulk 1973) or plasma emission (Robinson 1978; Duncan
1981; Trottet et al. 1981). The radio sources are char-
acterised by systematic outward motions over distances
up to several solar radii, and are often associated with
prominence eruptions (cf. Robinson 1978; Stewart 1985).
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A review of moving type IV bursts is given by Stewart
(1985), and the relationship with prominences is ex-
tensively discussed in MacQueen (1980, and references
therein) (cf. Stewart et al. 1982; Kurokawa et al. 1987,
Gopalswamy & Kundu 1989, for more recent work). From
these analyses it appears that Ha and metre wave radio
observations trace substructures of a CME and are able
to provide valuable information on the dynamics of the
ejecta.

On 1990 September 14 the eruption of a prominence
which could be tracked to unusual heights for ground-
based whole Sun observations, and an unusually long last-
ing moving type IV radio source were observed above the
eastern solar limb together with flares in several active re-
gions in the eastern hemisphere. We present (Sect. 2) the
coronal context of the event (Sect. 2.1), the Ha and radio
observations (Sect. 2.2) during the eruptive event and an
overview on simultaneous activity on the disk (Sect. 2.3).
The observations are summarised in Sect. 2.4. In Sect. 3
we interpret the structure (Sect. 3.1) and dynamics of the
ejecta (Sect. 3.2), derive an estimate of mass and ener-
getics from a plasma emission model of the type IV burst
(Sect. 3.3), and discuss qualitatively scenarii of electron
acceleration associated with the eruption (Sect. 3.4).

2. Observations

The Ha line observations were performed with the 3-A
Heliograph in Meudon. The bandwidth of the filter
(Demarcq et al. 1985) is 0.5 A. The instrument takes one
image of the Sun in the centre of the Ha line and two
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Fig.1. Active regions and coronal structures prior to the
eruptive event on 1990 September 14: a) Meudon Ha spec-
troheliogram (1990 Sep. 14, 07:06 UT) and Mauna Loa K-
coronameter image (1990 Sep. 13, 17:39 UT). North is at the
top, west to the right. Relevant active regions are marked by
their NOAA numbers (Solar Geophysical Data). b) Synoptic
map of filaments and active regions during Carrington rotation
1833 (Meudon Observatory). Dashed-dotted lines show the
eastern solar limb (marked L below the abscissa) and the cen-
tral meridian (marked CM) at 13:30 UT on September 14. The
filament which undergoes the disparition brusque is marked F
in the lower left corner of the map.

b 90° L 120°

in the wings (0.5 A). For the study of prominences one
overexposed image is taken in the line centre every 10 min.
On 1990 September 14 one set of images was taken every
1.5 min from 06:47 to 16:07 UT.

Radio maps were provided by the Nancay
Radioheliograph (NRH; Radioheliograph Group 1989).
In 1990 each of its two orthogonal interferometer arrays
measured one-dimensional brightness distributions of the
corona: the north-south array at five frequencies (in the
event studied: 164, 237, 327, 408, 435 MHz, corresponding
to wavelengths of 1.83, 1.27, 0.92, 0.73, 0.69 m), and the
east-west array at 164 MHz. This provides the localisation
of the centroid and the dimension of the source projected
onto the interferometer baselines, i.e. determination of
the complete plane-of-the-sky position at 164 MHz, but
of only one coordinate at higher frequencies. Spectral
identification of the emissions was provided by the
spectrographs of the Astrophysical Institute Potsdam in
Tremsdorf (H. Aurass) and of the Space Research Dept.
of Paris Observatory in Nangay (M. Poquérusse).
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2.1. Prolog: Pre-eruptive structures in the eastern
hemisphere on 1990 September 14

The prominence eruption occurred near 13 UT on the
south-eastern limb. Structures of the corona and active
regions are presented in Fig. 1.

In the pre-event Ha spectroheliogram (Fig. 1a) the
prominence is seen above the limb east of active re-
gion NOAA 6267. Judging from the synoptic map of fila-
ments and active regions during Carrington rotation 1833
(Mouradian & Zlicaric 1998, Fig. 1b), the prominence is
the north-western end of a filament that lay at and beyond
the limb, in an old plage at Carrington longitude L = 88°,
latitude ¢ = —28° (marked F in the lower left corner of
Fig. 1b). The active region was decaying from a very com-
plex configuration in the preceding rotation. A pivot point
was located at the north-western end of the prominence
(¢ = —19.5°, L = 93°). Such pivot points (Mouradian
et al. 1987) are regions where magnetic flux emerges, and
are frequently associated with the disconnection of mag-
netic field structures during the dynamic disappearance
of filaments (e.g. Mouradian et al. 1998). The filament in
Fig. 1b is actually the one which reformed after the erup-
tion. It became first visible on September 16. The newly
formed filament usually has the same shape as the one
that disappeared.

2.2. The prominence eruption and moving type IV
radio burst

Comparison of the white-light corona before (Fig. 1a) and
after the eruptive event (Fig. 4d) shows that material was
blown out above the site of the filament between 17:39
on September 13 and 17:47 on September 14. Although
we have no simultaneous coronographic observations, we
therefore conclude that the eruptive event under discus-
sion was part of a coronal mass ejection (CME).

2.2.1. Ha observations

The time history of the prominence eruption is shown by
the sequence of line centre images of Fig. 2. The first sig-
nature of the prominence liftoff was observed at 12:56 UT,
when its height started to increase. Subsequently the
north-western leg became more dilute (e.g. 13:15:45)
and eventually invisible (13:29:13), whereas, as usual
(Mouradian et al. 1995), the other footpoint remained an-
chored until the end of the eruption process. From the
latitude of the stable leg seen above the limb and the syn-
optic map in Fig. 1, this footpoint is probably rooted at
¢ ~ —26°, L ~ 90°. During its initial rise (until 13:30 UT)
the prominence was seen to untwist, as in other events (cf.
Kurokawa et al. 1987; House & Berger 1987; Vrsnak et al.
1993; Plunkett et al. 2000). Between 13:35 and 13:46 UT
a bright blob detached from the leading edge of the rising
prominence. The snapshot at 13:35:28 UT shows the still
connected south-eastern leg of the prominence, on top of
it the partially detached blob, and below a bright surge
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at the place where the north-western leg was rooted be-
fore the eruption. Since surges usually occur at sites with
a parasitic magnetic polarity, this gives further evidence
that the disconnected leg of the prominence was previously
anchored at a site of magnetic flux emergence, where mag-
netic reconnection likely occurs (Mouradian et al. 1998).
The snapshot at 13:46:59 UT shows the prominence near
the time of its largest extent in Ha. Its body has straight-
ened, and the detached blob is rising ahead of it, while
other material seems to fall back to the Sun. This may
reveal either the actual downflow of cool material or its
heating and ionisation, which make an increasing part of
the prominence body invisible in Ha. The prominence and
blob faded from view in Ha near 13:50 UT, when the blob
had reached an altitude of 0.5 R above the photosphere.

A system of arches with summits at increasing height
was observed underneath the rising prominence since
13:42 UT (Fig. 2). The alignment of multiple arches in the
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Fig.2. The erupting prominence
(12:46:08-13:46:59), surge (13:35:28)
and flare loop system (13:46:59—

16:03:43) above the eastern solar limb
on 1990 September 14 (3\ Heliograph,
Meudon). Solar north is at the top,
east to the left.

last image in Fig. 2 suggests that they formed an arcade
bridging the location of the former prominence. Following
work on eruptive events on the disk (cf. McAllister et al.
1992; Hanaoka et al.1994; van Driel-Gesztelyi et al. 1997;
Khan et al. 1998; Mouradian et al. 1998; Czaykowska et al.
1999), we identify these arches with the flare loops that
form below the ejected structure and connect the flare
ribbons which are expected to lie behind the limb in the
present event. At the end of our Ha observations the loop
tops were at a height of 45000 km and still slowly rising.

The height-time trajectories of the highest points of
the prominence, surge and flare loops are plotted in Fig. 3.
The tops of the flare loops rose at an apparent speed that
gradually decreased from 20 to 2 km s~!. The prominence
trajectory is plotted by open triangles. The curved line
represents a quadratic least squares fit to the measure-
ments after 13:10 UT. Usually the liftoff of a prominence
proceeds in two phases, consisting of a slow rise due to the
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Fig. 3. Height-time plots and radiative time histories during
the event. Vertical grey stripes highlight different episodes
of radio emission: impulsive centimetre wave burst (12:54—
13:02 UT), metric type III/V bursts (13:26-13:31 UT), met-
ric continuum emission (13:37-14:10 UT). The lower half of
the figure displays the height-time diagrams of the tips of the
surge (open squares), flare loops (diamonds) and the erupting
prominence (triangles), and of the centroids of radio sources at
164 MHz (continuum: open squares, filled triangles, open dia-
monds as in Fig. 4; moving type IV source: x). The whole Sun
metric radio emission in the centre of the panel is dominated
by type III/V bursts. The soft X-ray flux (dashed line) and
its time derivative (solid line labelled “D(flux)”) are plotted in
the upper half, together with time intervals and locations of
Ha flares (after Solar Geophys. Data).

straightening of the arch-shape and a subsequent ejection
of the plasma and magnetic field into the corona. We sur-
mise from other observations (Mouradian et al. 1995) that
the pronounced accelerated rise after 13:10 UT was actu-
ally the second phase of the prominence ascent, and that
the early phase was only partly visible in our data, because
the body of the prominence lay behind the limb. A num-
ber of height-time trajectories of disappearing filaments is
shown in Fig. 50 of Rompolt (1990).
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2.2.2. Moving type IV radio source

Radio sources observed during and after the rise of the
prominence are overlaid in Fig. 4 on about time-coincident
Ho images. We defer discussion of the events on the disk
(Figs. 4a,b) to Sect. 2.3. A moving radio source was ob-
served between about 14:13 and 14:40 UT at 164 MHz
(Fig. 4c).

Trajectory of the radio source

The centroid position and size of a radio source were
identified as the position of the maximum and the half-
width of a Gaussian fitted to the one-dimensional scans
of the NRH. Scans integrated over 30 s were used, from
which an average post-event image (14:40-14:50 UT)
had been subtracted. The trajectory and size of the
source at 164 MHz are plotted as connected crosses in
Fig. 4c. The source emerged out of a complex of sta-
tionary and moving sources whose centroids are plotted
by various symbols above the erupting prominence (cf.
Sect. 2.2.3). The moving type IV source first moved east-
ward (14:13-14:24 UT), and then turned south-eastward
(14:24-14:40 UT). Comparison with the post-eruptive
corona (Fig. 4d) shows that material was evacuated above
the erupting prominence and in the region where the radio
emission occurred.

The height of the moving type IV source centroid as
a function of time is plotted by crosses (x) in Fig. 3.
The directional change of the source motion is not visible
in this plot, because the north-south coordinate, where
this change is conspicuous, only gives a minor contribu-
tion to the source height. The straight line through the
measured points corresponds to a projected radial speed
~630 km s~ 1.

Spatial structure of the radio source

The time evolution of the source configuration is dis-
played in Figs. 5a—c at four frequencies of the NRH north-
south branch. In each panel the images are represented as
grey scales of equal 1D-brightness at 237 MHz, and over-
layed as a contour plot at a different frequency. The ver-
tical axis gives the distance from disk centre, which is the
zero of the axis in each plot, measured towards terrestrial
south.

The moving radio source is the feature marked “M” in
Fig. 5a. The centroid positions at 164 MHz and 237 MHz
are indistinguishable with the available data. Figure 5d
shows this in heliographic coordinates for three positions
measured at 5.5 min intervals. Although emission from the
moving radio source is close to the noise level at and above
327 MHz, Figs. 5b and c suggest that a faint trace of the
moving source existed at the same north-south coordinate
as at 237 and 164 MHz. The emission faded the earlier,
the higher the frequency. Extrapolation of the trajectory
at 435 MHz (the frequency that provides the best spatial
resolution with the north-south array) suggests that the
moving source could be distinguished between 13:45 and
13:50 UT. But only at 164 and 237 MHz was the signal
intense enough for a detailed study.
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Fig. 4. Radio source positions (crosses, lines) and visible light
images during the eruptive event. From top to bottom: Ha
13:30:50 UT, showing the flare in AR 6263 and the ris-
ing prominence above the eastern limb. Emission from above
the limb has been artificially enhanced. a) Type III burst
(13:28:09 UT), b) type V continuum (13:28:55 UT). Cross:
centroid and half widths at 164 MHz; sources at higher fre-
quencies lie on the solid (237 MHz), dashed (327 MHz) and
dotted (435 MHz) lines. ¢) Ha at 13:40 UT, 164 MHz contin-
uum sources 13:37-14:10 UT (squares, diamonds, triangles),
centroids of a moving type IV source at 164 MHz (14:13-
14:41 UT; continuous line), with dimensions at selected times
(crosses). d) Ha (15:15:50 UT), Mauna Loa K-coronameter im-
age (17:47 UT), radio source positions (~14:20 UT) during a
stationary type IV burst. The continuum positions at 164 MHz
from c¢) are overplotted for comparison.

Fig. 5. Temporal evolution of the position and structure of
radio sources above the south-eastern limb: a)—c) Contours of
1D brightness at three frequencies superposed on the grey-scale
representation at 237 MHz. Ordinate: distance from disk cen-
tre (bottom) towards terrestrial south, over 3.8 Ro a), b) and
2.8 R c), respectively. The vertical bar near the right bor-
der has length 1 R. The darkest shading and highest contour
correspond to 20% a) and 50% b), c) of the brightness maxi-
mum within the plotted field, respectively. In a) “M” refers to
the moving type IV source, “S” to a stationary type IV, and
“A” to another moving source within a complex continuum.
d) Ha image at 13:40 UT, moving type IV positions at
237 MHz (dashed lines) and 164 MHz (crosses) at 14:13:15,
14:18:45 and 14:24:15 UT (from right to left).
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Fig. 6. a) Evolution of the 1D brightness distribution in circu-
lar polarisation (Stokes parameter V; grey scale, negative levels
in white) and total brightness (contours) at 164 MHz. Vertical
axis in instrument units from the disk centre (bottom) along
the terrestrial east. b) Positions and half widths of the sources
in total intensity (solid crosses) and circularly polarised inten-
sity (dashed crosses) at 14:13:45 UT (right) and 14:35:15 UT,
respectively.

The source at 164 and 237 MHz was most of the time
much broader than the beam of the NRH. In the north-
south scans the source was larger at 164 MHz than at
237 MHz (by ~50%). The high-frequency source appeared
to be surrounded by the low-frequency source while both
rose in the corona. The source size decreased during the
event at 164 MHz, especially along the terrestrial east-west
direction, as illustrated by the size of the crosses in Fig. 4c
(2.4 x 10° km to 9.4 x 10* km in 25 min). The decrease
was slower in the north-south direction at 164 MHz (from
2.9%10° km to 2.2 x 10° km in 25 min), and unmeasurable
at 237 MHz (1.8 x 10° km). Besides the general trend of
decrease of the east-west dimension, fluctuations of the
source size were observed, which point to some unresolved
structure.

Circular polarisation and brightness temperature

A contour plot of total brightness of the 164 MHz emis-
sion is overlaid on a grey scale representation of circularly
polarised brightness in Fig. 6a. The white shading between
~14:10 and 14:22 UT shows right-handed circular polar-
isation of about 15%. The polarised source is located in
the north-eastern (i.e., leading) part of the moving radio
source (rightmost dashed cross in Fig. 6b). No significant
polarisation was seen in the trailing part. The 237 MHz
emission was also right-hand polarised until it faded from
view near 14:25 UT. The 164 MHz emission persisted,
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but its polarisation changed to zero between 14:22 and
14:26 UT and eventually to left-handed (dark shading in
Fig. 6a) until the source became invisible. During this
late phase the whole 164 MHz source was polarised, as
illustrated by the dashed cross in the lower left corner of
Fig. 6b. The average degree of left-handed polarisation was
35%. The change of polarisation and the change of trajec-
tory at 164 MHz occurred within a few minutes, together
with the fading of the emission at 237 MHz. The config-
uration of Fig. 6b suggests two distinct sources which are
only partly resolved in total intensity maps outline differ-
ent parts of a rising structure, i.e. a north-eastern right-
hand polarised component that dominated initially, but
faded earlier than the south-western left-hand polarised
component (cf. Sect. 3.1).

At 164 and 237 MHz the moving radio source is suffi-
ciently well defined in individual scans that the bright-
ness temperature can be determined. Since only one-
dimensional measurements are available at 237 MHz, we
suppose that the source has circular cross section. The
brightness temperatures at the three instants plotted in
Fig. 5d are in the range (10-13) x 10° K at 164 MHz, and
(4.2-6.1) x 10° K at 237 MHz.

2.2.3. Radio emission around and below the rising
prominence

As seen in Fig. 5, the moving type IV source emerged from
a complex set of sources of broadband (continuum) emis-
sion which dominated during the time interval marked
by the rightmost grey stripe in Fig. 3. The emission is
hardly visible in the whole Sun flux. This period cor-
responds to the early stages of the flare loop formation
in the low corona, to the early and most intense phase
of a “gradual rise and fall” at microwave frequencies,
type II radio emission from a coronal shock below 90 MHz
(Tremsdorf Observatory of the Potsdam Astrophysical
Institute; H. Aurass, pers. comm.), and to continued en-
ergy release as traced by the time derivative of the soft
X-ray flux in Fig. 3.

The 164 MHz scans (Fig. 5a) show three different com-
ponents after 14:10 UT: the moving type IV source “M”
discussed above, another moving source (“A”) and a sta-
tionary source (“S”). The source complex was also seen at
237, 327 and 435 MHz (Figs. 5b,c), with about simultane-
ous start (~13:37 UT) at all frequencies. Since individual
sources cannot be distinguished in the two independent
1D scans before 14:10, the positions of only the bright-
est source in each 164 MHz scan are plotted in Figs. 4c
and d. They scatter above the site where the prominence
erupted (Fig. 4¢) and where the post-event coronographic
image (Fig. 4d) showed a depletion. The height-time plot
in Fig. 3 brings order into the complex pattern: sources
with different types of radial motion were observed be-
fore (~13:37-13:48 UT; open squares in Figs. 3, 4c), dur-
ing (~13:50-13:58 UT; filled triangles) and after (~13:59—
14:11 UT; open diamonds) the passage of the prominence



K.-L. Klein and Z. Mouradian: Dynamics of an erupting prominence

as extrapolated by the parabolic height-time curve. The
13:50-13:58 UT interval shows emission from the rising
prominence or its immediate neighborhood, while the ear-
lier and later emissions came from regions above and below
the prominence, respectively.

The stationary type IV source “S” (Fig. 5a) appeared
at lower height than the moving sources. It was discern-
able at 435 MHz since the start of the complex emission
at 13:37 UT. In Fig. 4d the radio positions are overlaid on
the Ha image showing the flare loops, and on the post-
eruptive image of the corona. Contrary to sources A and
M source S displayed a clear frequency dispersion of its
centroid positions: the higher the frequency, the closer
was the source to the solar limb. The stationary radio
source lay over the flare loops, but apparently in a large
scale structure which in projection extended northward
from the site of the flare loops and the filament eruption.
The radio sources project to the border of a streamer seen
in the Mauna Loa image of Fig. 4d. Radio emission at
the NRH and lower frequencies (Tremsdorf Observatory)
became invisible around 14:40 UT, while the flare loops
continued growing.

2.3. Flaring activity during the eruption

Comparison of the height-time plot in Fig. 3 with radia-
tive signatures shows that the eruption is accompanied by
flares. The relative timing resembles the timeline of CME
events derived from SMM observations (cf. Harrison et al.
1990, and references therein): a “minor” soft X-ray event
occurs at the rise of the mass ejection and is followed by
a “major” event after the liftoff. We briefly present the
observations and discuss the possibility of a physical link
between the flares and the eruptive activity on the limb.

While the prominence started its early rise near 12:56,
an impulsive soft X-ray and centimetre wave burst oc-
curred (first grey stripe in Fig. 3) during a flare 70° away in
active region NOAA 6257 (~12:55 UT; SGD; cf. Fig. 1a).
The centimetre burst was observed at frequencies >3 GHz
(Bern & Tremsdorf Observatories; courtesy A. Magun,
H. Aurass), but no signal was detected at 435 MHz or
lower frequencies by the NRH. This implies that electrons
were accelerated locally, and remained confined within
low-lying structures of AR 6257. There is no evidence for
a physical relationship with the prominence eruption be-
sides the time coincidence.

A second flare occurred near 13:26 UT in AR 6263,
57° away from the prominence, during its early acceler-
ated rise and at the start of the surge at the eastern limb
(Fig. 3, second grey stripe). The Ha flare (Figs. 4a,b)
was accompanied by a group of intense type III bursts
from upward travelling electron beams in open magnetic
flux tubes. They occurred mainly below 350 MHz (20 to
25 bursts from 13:26:30 to 13:28:50 UT), extending oc-
casionally to ~450 MHz. The type III emitting electrons
were accelerated in the flaring active region, as shown by
the source locations during the representative example of
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Fig. 4a: the projected one-dimensional locations of the
source centroids fall in between the Ho flare site and the
164 MHz source. Since the emission at decreasing frequen-
cies comes from regions of ever lower thermal electron
density, this points to a a flux tube rooted in AR 6263.
A short, diffuse broadband emission (type V continuum,
13:28:45-13:29:05 UT) in the same spectral range as the
type III bursts had two sources (Fig. 4b): the north-
western one was similar to the type III source, but the
projected distance between the sources at different fre-
quencies was greater. This means that the magnetic flux
tube had stronger inclination to the line of sight than that
of the type III bursts. A second group of sources in the
south-eastern quadrant displayed the same ordering as a
function of frequency. This geometry is consistent with
transequatorial loops connecting AR 6263 and 6267 (cf.
Fig. 1a). The loops are about 5 x 10°> km long. The source
at 164 MHz brightened again for a few seconds at 13:41,
i.e. shortly after the start of the continuum around the
rising prominence.

Only slowly rising, presumably mainly thermal, mi-
crowave emission (“gradual rise and fall”) was reported
during the type III/V bursts (Tremsdorf Solar Radio
Observatory, court. H. Aurass, and SGD), indicating that
no or few mildly relativistic electrons were injected in the
low corona. We note in passing that the soft X-ray time
profile steepened during this interval in the same way it
does during microwave and hard X-ray emission of im-
pulsive flares (Neupert 1968; Dennis & Zarro 1993). This
suggests a close link between the electron acceleration and
plasma heating.

The large-scale loop may suggest a connection between
the prominence and the remote flare. The flare occurred
after the prominence started to rise and cannot be the
trigger, contrary to the CMEs studied by Khan & Hudson
(2000). The converse is not impossible: a trigger launched
in the vicinity of the prominence would have to propagate
at ~800 km s~! along the solar surface or at ~1200 km s+
along a semi-circular loop. These values are within the
range of shock speeds in the corona. But there is no sign
of a driver of such a shock, and type II bursts reported
by patrol instruments (SGD 559-11) started after the flare
and type III/V burst.

2.4. Summary of observational results

The Ha and radio imaging observations of the eruptive
event on 1990 September 14 showed the following features:

1. A prominence rose with uniformly accelerated motion
up to a projected height of ~0.5 R above the photo-
sphere. Its uppermost feature was a blob that detached
from the body of the prominence in the course of its
ascent. Flare loops formed during several hours above
the former prominence site.

2. Broadband decimetre-to-metre wave emission started
in the vicinity of the detached Ha blob about simul-
taneously with the appearance of flare loops in the
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underlying corona. The source complex displayed var-
ious kinds of motion superposed on a general trend of
rise similar to the prominence.

3. A moving type IV radio source emerged out of the pre-
vious source complex. It was brightest at metre waves,
and moved at about constant speed up to ~3 R above
the photosphere. The direction of outward motion
changed in the course of the event. This was proba-
bly due to successively brightening source components
with different time evolution and different circular
polarisation.

4. To within the limits of one-dimensional interferometry
the centroids of the type IV sources were identical at
164 and 237 MHz, and the source was broader at the
lower frequency.

5. While the moving type IV source rose through the
corona, a stationary source developed at lower height
above a system of flare loops in Ha. These structures
were seen on one side of a coronal streamer. The dura-
tion of the stationary and moving type IV bursts were
comparable at 164 MHz.

6. The various eruptive signatures above the solar limb
were accompanied by flares in two active regions on
the disk, at heliocentric distances of up to 70° from
the prominence. The configuration of radio sources re-
vealed a large-scale magnetic connection between one
of these active regions and another one closer to the
erupting prominence.

3. Interpretation and discussion
3.1. Structure of the moving radio source

The common centroid position of the moving radio sources
at 237 and 164 MHz suggests that a confined electron
population, e.g. in a cylindrical volume, was rising as
a whole. Since the source was broader at 164 than at
237 MHz, the high-frequency emission appears to come
from a shell embedded within the low-frequency source.
The observed configuration is clearly different from an ex-
panding loop, where the upward decrease of the magnetic
field (gyrosynchrotron emission) or of the thermal electron
density (plasma emission) implies that low frequencies are
emitted at greater height than high frequencies.

In the following quantitative discussions we approx-
imate the radio emitting structure by a cylindrical vol-
ume. But the evolution of polarisation and the trajectory
suggest that after ~14:25 UT a different region of the ris-
ing structure radiated at 164 MHz, i.e. that the moving
type IV emission comes successively from two different re-
gions within a large rising structure. The different senses
of polarisation can be explained by opposite directions
of the magnetic field along the line of sight, as expected
for a flux rope type geometry, but also by different ra-
diation processes with opposite intrinsic polarisation, e.g.
gyrosynchrotron emission and a plasma process. Former
work attributed polarisation reversals to the transition
from optically thick to thin gyrosynchrotron emission.
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This would be expected to occur at all frequencies, with a
delay at progressively lower frequencies (Dulk 1973). But
only the 164 MHz emission reversed polarisation, while
the 237 MHz emission faded at that time. Moreover, the
low-frequency emission (164 MHz) was brighter than the
high-frequency emission (237 MHz). Hence there is no in-
dication for a change from optically thick to thin emission
in the observed frequency range. Alternative interpreta-
tions exist for the changing trajectory as well. E.g., direc-
tional changes of moving type IV bursts were attributed
to guiding of the ejecta by the ambient magnetic field
(e.g. Dulk et al. 1971; McLean 1973). However, no struc-
ture with the appropriate orientation was visible in the
pre-event corona (Fig. 1a). The advantage of the picture
of two neighbouring radio sources is its ability to explain
several features that occur in time coincidence by a com-
mon cause.

3.2. Dynamics of the ejecta

The close temporal relationship between the prominence
and the moving type IV radio burst is similar to several
earlier observations. McLean (1973), Stewart et al. (1978)
and Kurokawa et al. (1987), as well as publications re-
viewed by MacQueen (1980), report events where height-
time plots of Ha and radio sources connect continuously
to each other, although counter-examples were provided
by Riddle (1970) and other work discussed by MacQueen
(1980).

The height-time curves of the tip of the prominence
(e.g., of the ejected blob) and the centroid of the moving
type IV source are to first approximation consistent with
the rise of a single magnetic structure seen successively
through the Ha emission of the neutral prominence gas
and the radio emission of suprathermal electrons. Three
different models are used in Fig. 7 to represent the tra-
jectory: uniformly accelerated motion of the prominence
and the type IV source (a) and a uniformly accelerated
rise of the prominence followed by motion of the type IV
source at constant speed (b) or with zero mechanical en-
ergy once the gravitational escape speed is attained (bal-
listic flight; ¢). The deceleration expected in case (c) is
incompatible with the observations, which demonstrates
that continuous upward acceleration is required up to a
height ~3 R above the photosphere. Decreasing accel-
eration is of course expected for a magnetically driven
eruption in the corona, and was seen in some observations
with Yohkoh-SXT (Klimchuk et al. 1994), LASCO/SoHO
(Sheeley et al. 1999; Srivastava et al. 1999; Wood et al.
1999, Fig. 10) and in the combination of Ha and white-
light observations (Vrsnak 2001). While Fig. 7b is consis-
tent with this expectation, comparison with Fig. 7a illus-
trates the difficulty to distinguish between trajectories at
constant speed and at constant acceleration in the height
range 0.5 to 3 Rg.

The amount of acceleration measured for the promi-
nence lies in the range of values reported by Vrénak (2001)
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Fig. 7. Height-time plot of the prominence tip in Ha and the
centroid of the moving type IV radio source at 164 MHz,
compared with different least-squares fits of the trajectory:
a) quadratic weighted least squares fit to the prominence and
moving type IV source; b) independent quadratic fit to the
prominence (solid line) and linear fit to the type IV source
(dashed-dotted); ¢) quadratic fit to the prominence as in b)
followed by a ballistic flight after the time when the kinetic
and potential energy are equal. Only the prominence measure-
ments after 13:10 UT were included in the quadratic fits. Equal
weight has been attributed in the fit to the measurements of
the prominence and radio positions in a). o is the prominence
liftoff time inferred from the quadratic fits, ho the height at to.

for erupting prominences and inferred from combined
Mauna Loa and SMM observations of CMEs at heights
>0.5 Rg (St. Cyr et al. 1999), as well as from individual
LASCO and EIT analyses (Zhang et al. 2001). The ma-
jority of those CMEs had trajectories which were better
fit by constant acceleration than by constant speed, and
the measured values of acceleration ranged from —200 to
+3000 m s~2. The strongest accelerations were measured
in CMEs associated with active regions. LASCO observa-
tions at heights >1 Rg (St. Cyr et al. 2000) show a differ-
ent picture: only 17% of the height-time plots are better
fit by constant acceleration than by constant speed, and
the accelerations lay within the range (1.4-49) m s~2. Like
the 1990 September 14 event most moving type IV bursts
are consistent with constant speed at altitudes >1 Rg
(Riddle 1970; Sheridan 1977; McLean 1973; Kurokawa
et al. 1987), although changes of the intrinsic source struc-
ture introduce some uncertainty. Hence the bulk of the
Ha, white-light and radio observations suggests that mag-
netised ejecta are continuously accelerated, but that the
acceleration decreases with height.

3.3. Estimate of the mass and energetics of the
ejected plasma blob from a radio model

Provided the moving type IV burst arises through plasma
emission, we can estimate the mass and mechanical energy

691

Table 1. Estimated parameters of the ejected plasma blob.

Central electron density 3 x 10% cm™®
Mass 4x10% g
Kinetic energy 9 x 10%° erg
Potential energy 8 x 10%° erg

of the ejected plasma. For gyrosynchrotron emission the
identical sense of polarisation at 164 and 237 MHz implies
optically thin emission. For a simple homogeneous source
(Dulk & Marsh 1982) the observed brightness tempera-
tures then require a very flat spectrum of mildly relativis-
tic electrons, e.g. a power law with index 1.5 + 0.7. This
appears unrealistic (but the model may be oversimplified).
Plasma emission explains easily the different source sizes
at 164 and 237 MHz by a thermal electron density that
decreases from the axis to the border of the confining vol-
ume. Because of the moderate circular polarisation we as-
sume in the following that the observing frequency is twice
the local electron plasma frequency (harmonic emission).
Sources at 237 and 164 MHz hence outline electron den-
sities of, respectively, 1.7 x 108 and 8.3 x 107 cm™3. We
represent these sources by two concentric shells and as-
sume a Gaussian density profile. The diameters of the
radio sources measured by the NRH north-south array
(1.8 x 105 km at 237 MHz, 2.6 x 10° km at 164 MHz)
provide measurements of the widths of the Gaussian at
two density levels, from which the central electron density
(3.4 x 10% ecm™3) and the width at half maximum of the
Gaussian (1.8 x 10° km) are inferred. Assuming arbitrar-
ily that the cylinder has a length of 2 x 10° km (the size
of the 164 MHz source measured with the east-west ar-
ray) we calculate the mass of the confined electron-proton
plasma. The resulting values for the ejected material, com-
puted from measurements between 14:18 and 14:24 UT,
are listed in Table 1. The kinetic energy was evaluated as-
suming constant mass and using the constant speed of the
moving type IV source (Fig. 7b). The potential energy is
the energy required to lift this mass from the initial height
of the prominence (1.4 x 10* km) to the final height of the
moving type IV source at 164 MHz (2.1 x 10% km).

The major uncertainty of the mass estimate comes
from the radiation process. All quantities in Table 1 are
upper limits if the radio emission is gyrosynchrotron emis-
sion. They must be multiplied by 4 if it is fundamental
plasma emission. The incomplete observation of the source
geometry adds to the uncertainty.

The estimated mass is within the range of promi-
nence masses derived from SMM coronagraph observa-
tions (Illing & Athay 1986). For the largest prominence of
this sample, Athay & Illing (1986) estimated a potential
energy of 2x 103! ergs. Hence the parameters derived from
the plasma emission model of the prominence/type IV
burst of 1990 September 14 are comparable to Ha analyses
of large erupting prominences. They are also comparable
to values reported for CMEs by the coronagraphs aboard
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Skylab (Rust et al. 1980), Solwind (Webb et al. 1996),
SMM (Hundhausen et al. 1994) and SoHO (Lyons et al.
1999; Vourlidas et al. 2000), but are an order of magnitude
above estimates from X-ray analyses (Hudson et al. 1996;
Gopalswamy et al. 1997). The kinetic energy is near the
upper limits of CME values.

3.4. Electron acceleration during the eruptive event

Radio signatures appeared in the vicinity of the promi-
nence only when it was at heights >0.5 R, without cen-
timetre wave signatures of electrons from the low corona.
The radio observations are in qualitative agreement with
reconnection in a current sheet below the ejected struc-
ture: the moving type IV emission can be understood as
being produced by accelerated electrons that get trapped
on closed magnetic field lines, while the complex contin-
uum around the rising structure might come from elec-
trons injected onto surrounding open field lines (cf. Scholer
et al. 1984, for observations in the magnetotail of the
Earth). Simultaneously, electrons accelerated in the cur-
rent sheet will be injected into sunward retracting recon-
nected field lines, and may be further accelerated through
betatron and Fermi processes. Hot thermal populations
will emit soft X-rays in the dense lower-lying loops, while
suprathermal electrons produce the stationary type IV
burst at greater altitude. The appearance of the station-
ary type IV source below the rising magnetic structure
and above the Ha flare loops agrees with this.

Earlier traces of electron acceleration were observed
in remote active regions while the prominence was rising
through the corona. It is not clear if there is a physical
relationship between these manifestations of activity, but
there is no evidence for a triggering of one by the other.
The eruption and flares appear as manifestations of lo-
calised energy conversion within a large-scale instability
that implies multipolar magnetic structures (cf. Delannée
& Aulanier 1999; Aulanier et al. 2000).

4. Conclusions

Favourable observing conditions on 1990 September 14 al-
lowed us to track an ejected magnetic structure and elec-
tron acceleration in its vicinity as well as in a remote active
region at Ha and radio wavelengths. Judging from coron-
agraphic images taken ~20 hours before and a few hours
after the event, the observed activity was related with a
coronal mass ejection. The observation and analysis are
summarised as follows:

1. The ejected structure showed up as an erupting promi-
nence at heights <0.5 R above the limb, and later as
a dm-m-wave moving type IV burst at greater altitude.
The moving features in the two spectral ranges could
be represented by a common trajectory. Continuous
acceleration of the ejected structure is required up to
about 3 Ry above the limb. Both constant acceler-
ation throughout this height range and a decreased
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acceleration which just compensates for gravitational
deceleration at heights >1 R are compatible with the
data. A ballistic flight at heights (0.5-3) Ry is ex-
cluded by the measurements.

2. Under the hypothesis that the moving type IV burst
is harmonic plasma emission, the mass carried by the
ejected magnetic structure can be computed. The in-
ferred value of 4 x 10'® g is comparable to the mass of
CMEs and large eruptive prominences. The associated
kinetic and potential energies (~103! erg) are near the
upper limits of values reported in the literature.

3. Electron acceleration leading to the emission of deci-
metric and metric radio waves was localised both in
the vicinity of the rising structure and in an active re-
gion about 60° away. The acceleration near the rising
structure is tentatively localised in the current sheet
which presumably formed underneath. The accelera-
tion of electron beams in the remote active region is
clearly a distinct process, but a physical connection
with the prominence eruption may be suggested by
the close temporal associations and by the existence of
transequatorial loops.
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