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ABSTRACT

We present a detailed study of a coronal mass ejection (CME) \th high temporal cadence ob-
servations in radio and extreme ultraviolet (EUV). The radi o observations combine imaging of the
low corona with radio spectra in the outer corona and interplnetary space. The EUV observations
combine the three points of view of the STEREO and SOHO spaceeaft. The beginning of the CME
initiation phase is characterized by emissions that are sigatures of the reconnection of the outer part
of the erupting con guration with surrounding magnetic el ds. Later on, a main source of emission
is located in the core of the active region. It is an indirect sgnature of the magnetic reconnection
occurring behind the erupting ux rope. Energetic particles are also injected in the ux rope and the
corresponding radio sources are detected. Other radio soces, located in front of the EUV bright
front, are tracing the interaction of the ux rope with the su rrounding elds. Hence, the observed
radio sources enable us to detect the main physical steps ohé CME launch. We nd that imaging
radio emissions in the metric range permits to trace the extasion and orientation of the ux rope
which is later detected in the interplanetary space. Moreoer, combining the radio images at various
frequency with fast EUV imaging permits to characterize in pace and time the processes involved in
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the CME launch.

Subject headings:Sun: corona | Sun: coronal mass ejections (CMESs) | Sun:

radiation

1. INTRODUCTION

The kinematic evolution of coronal mass ejections
(CMEs) associated to ares are typically described into
four phases: build-up, initiation, impulsive, and propa-
gation phases. These phases almost coincide with the
energisation, pre- are, rise and decay phases of the solar
ares (Zhang et al. 2001). During the build-up phase the
magnetic con guration is stressed by photospheric mo-
tions (including emergence of new magnetic ux), and
the free magnetic energy increases. The initiation phase
refers to a period of slow ascension of the magnetic con-
guration and it has a smoother and lower acceleration
than the impulsive phase. The impulsive phase is char-
acterized by fast acceleration and expansion. Its onset
occurs almost simultaneously with the are's onset. Dur-
ing this phase, the CME acceleration is temporally cor-
related with the hard X-ray ux and the derivative of
the soft X-ray ux of the solar are (Zhang et al. 2004;
Temmer et al. 2010; Milligan et al. 2010). After complete
acceleration, the CME travels at a nearly constant speed
or with a smooth deceleration (propagation phase).

Most CME initiation models are based on the premise
that the CME/ are derives energy from the coronal mag-
netic eld (e.g. Forbes et al. 2006). The magnetic en-
ergy is built-up by shearing motions, ux emergence,
ux cancellation and sunspot rotations during the build-
up phase (e.g., see Aulanieet al. 2010, and references
therein). Then, part of the free magnetic energy is trans-
ferred to the CME/ are during the initiation and accel-
eration phases (e.g. Gopalswamt al. 2006). Magnetic
reconnection plays a key role in the processes of CMEs
and ares, both in releasing part of the stored magnetic
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energy and in transforming the erupting con guration
(build-up of a ux rope from a sheared arcade).

Recently, several investigations have conrmed the
presence of large-scale narrow structures behind an
erupting CME, which are suggestive of a current sheet
(Schwennet al. 2006). Ciaravellaet al. (2002) and Ko
et al. (2003) have reported narrow, bright features in Fe
XVIII at 974 A with spectroscopic observations. They
concluded that a current sheet is present behind the
CME. Webb et al. (2003) have analyzed the bright rays
of CMEs recorded by Solar Maximum Mission (SMM)
spacecraft, including their heights, lengths, widths, algn-
ments, and motions, all as functions of time. They found
that these bright rays are consistent with the existence
of current sheets lasting for several hours and extending
more than ve solar radii into the outer corona.

Pick et al. (2005) have analyzed the multi-wavelength
radio images from the Narcay Radioheliograph to trace
the dynamic evolution of the reconnecting current sheet
behind an ejected ux rope on 2002 June 2. The peak
uxes of both the quasi-stationary source (located below)
and the fast-moving radio source (located above) were co-
incident with the hard X-ray ux, which suggested that
the energetic electrons producing both bursts were com-
ing from the same acceleration site. The quasi-stationary
source was produced by the particles injected downward,
while the fast-moving source was emitted by the parti-
cles injected upward. The two radio sources are plausibly
located at the top of the are loops and at the border
of the twisted ux rope, respectively. This provides an
upper length estimation of the current sheet. Finally,
Aurass et al. (2009) provided also indirect diagnosis of
the presence of a current sheet both with X-ray and radio
sources observed in the 2002 May 17 CME/ are.
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Kuperus (1974) rst proposed a ux rope con guration
to explain the inverse polarity of a prominence. Since
then, many studies have focused on observational evi-
dences and modeling of magnetic ux rope con gurations
(e.g. van Ballegooijen & Martens 1989; Forbes & Isen-
berg 1991; Chen 1996; Liret al. 2000; Chenet al. 2001).
Flux ropes are partially emerging from the convective
zone during the formation of active regions (ARs, e.g. Ar-
chontis & Hood 2010, and references therein). However,
a more common way of ux-rope formation in the corona
is via shearing and converging motions around a Polar-
ity Inversion Line (PIL) of the photospheric magnetic
eld. Such motions induce magnetic reconnection which
transforms a sheared arcade into twisted eld lines, thus
building a ux rope (e.g. Amari et al. 2003; Mackay &
van Ballegooijen 2006). Such a con guration can support
the dense plasma of a lament (e.g. Aulanier & Demoulin
1998; Guoet al. 2010) before getting unstable at some
point of its evolution and forming a CME (e.g. Forbes et
al. 2006; Aulanier et al. 2010, and references therein).

In order to set further observational constraints on
the CME mechanism, we analyzed the well documented
CME/ are event of 2008 April 26. This CME was pre-
viously analyzed using a density model de ned by two
shells of plasma: the rst one has an hemispherical shape,
while the second one has a ux rope geometry and is lo-
cated on the concave side of the rst one. The compar-
ison of the model with the coronagraphic observations
of STEREO permits to estimate the free parameters of
the model, such as the launch direction of the CME (Th-
ernisienet al. 2009; Wood & Howard 2009). They found
that the CME consists of two elements: an internal struc-
ture outlining the shape of a ux rope and a bright lead-
ing edge outlining the shock ahead of the CME. Cheng
et al. (2010) have presented a multi-wavelength analysis
of this CME/ are event and separate the full evolution
of the CME into four-phases: build-up, initiation, main
acceleration and propagation phases.

In complement of previous studies of this CME/ are
event, we provide additional diagnostics obtained from
radio observation combined with MDI/SOHO and
EUVI/STEREO images. We provide further diagnosis
of the initiation and early development of this CME. A
summary of the event and a description of the analyzed
data are presented in Section 2. Section 3 presents the
interpretation of the observations. Finally, the discussion
and conclusion are provided in Section 4.

2. OBSERVATIONS OF THE 2008 APRIL 2006 EVENT
2.1. Instruments

The radio images are provided by the multifrequency
Narcay Radio Heliograph (NRH) at four frequencies
(432, 327, 228, 150.9 MHz, Kerdraoet al. 1997). The ra-
dio spectral data are obtained by the Narcay Decameter
Array (DAM, Lecacheux 2000) in the frequency range
70-20 MHz and by the WIND/WAVES spectrometer
(WAVES, Bougeret et al. 1995) in the frequency range
13.8 MHz-20 kHz.

The Solar Terrestrial Relations Observatory
(STEREO) consists of two spacecraft drifting ahead of
and behind the Earth in their orbit. The separation of
the two spacecraft enables us to monitor CMEs from
two di erent perspectives. On 2008 April 26, the A and
B spacecraft were respectively 24 ahead and 26
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Fig. 1, From top to bottom: the radio spectrum from

WIND/WAVES (RAD 1 and RAD 2) and from DAM, the radio
ux at 150.9, 228, 327 and 432 MHz from NRH/Narcay, and the

soft X-ray ux at 1-8 A. The vertical-axis scale for radio observa-
tions is logarithmic. The ve phases of the radio bursts are o  utlined

in grey.

behind from the Earth. The Extreme Ultra Violet
Imager (EUVI) is part of the SECCHI (Sun-Earth
Connection Coronal and Heliospheric Investigation)
instrument onboard the STEREO spacecraft. EUVI
observes the solar chromosphere and the lower corona at
four frequencies 'wavelengths' with high temporal and
spatial resolutions (Howard et al. 2008). We used only
the 171 A channel because of the high cadence (150s)
available during this event.

The emission of coronal loops is also analyzed using
data from the SOHO/Extreme-Ultraviolet Imaging Tele-
scope (EIT, Delaboudinere et al. 1995). Full Sun maps
of the longitudinal magnetic eld in the photosphere
are provided by the Michelson Doppler Imager onboard
SOHO (MDI, Scherrer et al. 1995).

The soft X-ray light curves at 1-8 A are obtained from
the Geostationary Operational Environmental Satellites
(GOES) spacecraft. The X-ray emissions are imaged
over a broad energy range by the Reuven Ramaty High
Energy Solar Spectroscopic Imager (RHESSI, Liret al.
2002).

2.2. Overview of the 2008 April 26 event

Figure 1 shows, in a broad frequency range, the evo-
lution with time of the dynamic radio spectrum (70-0.05
MHz) and of the radio ux measured by the NRH at
432, 327, 236 and 150.9 MHz (no spectral observation is
available at these frequencies). The bottom plot show the
time pro le of the soft (1-8 A, GOES) X-ray ux. This
CME event is associated with a B 3.8 soft X-ray are, so
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a weak are which has no detectable hard X-rays. The
are starts before 13:54 UT and peaks at 14:08 UT in
soft X-rays.

According to the evolution of the radio and X-ray emis-
sions, we distinguish two main phases: the initiation and
eruptive ones. The onset of the initiation phase is char-
acterized by the occurrence of an interplanetary type Il
burst. During this phase a few radio sources, only de-
tected at 432 MHz, are seen on the images (Figure 2).
However, these sources are too weak to be seen on the to-
tal ux curve (Figure 1). Later on, the radio emission in-
creases progressively at 432 and 327 MHz. The eruptive
phase starts with an increase of the soft X-ray ux and
of the radio ux in the four NRH channels. This increase
is accompanied by a few interplanetary type Ill bursts
that are also detected in the DAM frequency range. A
strong sporadic activity starts in the DAM frequencies
around 13:57 UT. This is followed by the build-up of a
coronal type Il burst and of a group of type Il bursts
(after  14:05 UT). We shall see in the next sub-sections
that the spatial evolution of the radio sources leads us to
distinguishing two parts (I and I1) in the initiation phase
and three parts (I, Il and Ill) in the eruptive phase.

The observations of STEREO A&B are rotated to-
wards the SOHO point of view before comparison with
the EIT images and identifying the relative position of
the radio sources. The EUVI image taken at 13:41:00
UT is the base of our base-di erence images. During this
CME/ are event, the nearest in time MDI magnetogram
is at 14:24:00 UT. The temporal di erence between MDI
and NRH data introduces a spatial shift that has been
corrected.

2.3. The initiation phase |

The most striking feature of this phase is the presence
of an interplanetary type Il burst which starts at about
8 MHz (Figure 1). A burst source, observed by the NRH
at 432 MHz, is located at the southern border of the neg-
ative magnetic polarity (Figure 2(a)). The time duration
of this radio source, from 13:47:58 UT to 13:49:31 UT,
de nes the extension of the initiation phase I. The radio
source is located above the northern end of bright EUV
loops located at the south of the AR (Figure 2(b)). This
base di erence image shows a slight increase of the loop
brightness, in time coincidence with the radio source.

The EUVI base di erence images also show the pres-
ence of a bright front around a pair of dimmings, as well
as brightenings around the PIL. These features are char-
acteristics of CME initiation.

2.4. The initiation phase Il

At 13:49:37 UT, the ux increases at 432 MHz by a
factor up to 1:5 (Figure 1). This corresponds to a
new radio source located over the PIL of the AR (Fig-
ure 3(a)) between the two dimmings (Figure 3(b)). Since
this source is located in the internal part of the AR we
call it IN. After about 50 seconds, a 327 MHz source is
located at a similar location. During the period from
13:49:31 to 13:51:30 UT, the radio bursts are mainly
present at these two high frequencies and the locations
are almost stationary. This de nes the initiation phase
Il.

In EUV, this phase is seen mostly as a continuation
of the previous one, so EUV observations have not suf-
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Fig. 2.| The initiation phase I. The centers of the radio sources

(orange crosses at three times) are over plotted (a) on the magne-
togram from MDI, and (b) on EUV based-di erence image from
STEREO-B rotated to the Earth view point. The soft X-ray sour ce
centroid at 3-12 keV, integrated from 13:53:00 UT to 13:54:0 0 UT
(eruptive phase 1), is indicated with a yellow cross as the re ference
of the main region of the solar are. In this gure, and all the
following ones, the Stonyhurst system of coordinates as see n from
Earth is used.

cient cadence to response to the change of location for
this weak energy release (Figure 3(b)). Finally, in the
interplanetary frequency range, this phase has no new
radio emission.

2.5. The eruptive phase |

This phase, from 13:51:30 UT to 13:57:00 UT, is char-
acterized by an increase of the radio uxes at the four
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Fig. 3.] The initiation phase II. The centers of the radio sources

(symbols) are over plotted (a) on the magnetogram from MDI, and
(b) on EUV based-di erence image from STEREO-B rotated to
the Earth view point (b). The position of the source centers a re
measured every 1 s. There is no coherent shift of centers with time.
The plotting format is the same than in Figure 2.

NRH frequencies (Figure 1). Several type Il bursts are
detected in the radio spectrum at DAM and WAVES
frequencies at the end of this phase. The distribution of
the radio sources observed at the four NRH frequencies
overlie the AR magnetic eld and are aligned along a
dominant east-west direction (Figure 4).

More precisely, the mean location of the source at 432
MHz is the same as in the initiation phase Il (source IN)
and is near the soft X-ray source. Double sources are
observed at both 327 MHz and 228 MHz (Figure 4(c,d)).

One is close to source IN and the other one is located
in the east part of the AR, so we called it the source
E. With an Earth view point, Figure 4(b) shows that
most of the radio sources at 150.9 MHz are located, in
projection, above the observed EUV bright front, and
a few sources are located ahead of the front (which is
moving eastward).

All together the radio sources are aligned along the di-
rection that joins the dimming pair. The IN sources are
observed at all NRH frequencies, except 150.9 MHz, and
the source positions are not signi cantly dependent on
the frequency. The E sources are observed at all NRH
frequencies, except 432 MHz; their positions at 150.9
MHz are in average located eastward of the positions
at 228 MHz. However, at both frequencies, their dis-
tributions overlap the sources at 327 MHz. Then the
IN sources trace the internal energy release, while the E
sources trace the erupting magnetic con guration.

2.6. The eruptive phase Il

In the time interval 13:57:00-14:04:30 UT, very few
type lll-like bursts are observed in the 70-20 MHz fre-
quency range; these bursts are barely detected by the
WIND/WAVES instrument. The most signi cant spec-
tral evolution is the appearance of bursty activity of nar-
row bandwidth around 35 MHz (Figure 1). Details of
this activity are shown on an expanded time scale in
Figure 5. This gure displays the DAM spectrum, the
corresponding integrated radio ux in the 30-50 MHz
frequency range and the ux at 150 MHz. This phase is
also characterized by the evolution of the radio sources
observed by the NRH, as summarized in Figure 6.

Similarly to the previous two phases, there are almost
stationary radio sources over the PIL located near the
soft X-ray source (sources IN, Figure 6). However, at
228 and 150.9 MHz, two newer groups of sources appear
as marked in Figure 6(b). One is located at the south-
east of the AR (called S). The other one is located at the
north-east of the AR (called N). We notice that there
was a spatial gap between the sources E of the previous
phase and the new sources N at both 228 MHz and 150.9
MHz, hence, the sources N are newer ones.

Figure 7(a) shows that at 228 MHz, the brightness tem-
peratures of both N and S sources are correlated when
both of them are detected. The ux evolution has sev-
eral main episodes of emission. The S sources are more
intense than the N sources. This very variable radio emis-
sion is also present at 150.9 MHz during the entire time
interval of the eruptive phase II.

In Figure 7(b), the sources N1 and N2 at 150.9 MHz
(red stars) move towards north-west (indicated by an ar-
row). At 228 MHz, the sources N1 and N2 have the same
projected positions as at 150.9 MHz. Simultaneously the
sources S1 at 228 MHz (green square) and S2 at 228 and
150.9 MHz (green and red stars) move toward south-east.
This evolution trend continues at 150.9 MHz for N3 in
the eruptive phase Il (yellow stars).

2.7. The eruptive phase llI

The radio spectrum changes suddenly after 14:04:30
UT (Figure 1), as summarized below.

A coronal type Il burst is present at DAM frequen-
cies, while it is later not detected below 10 MHz (not
shown). Two groups of type Il bursts are observed in
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the DAM and WIND/WAVES data (Figure 1). They
are also detected at 150.9 MHz. Their positions mea-
sured at 150.9 MHz coincide with the sources called N3
and S3-S3'in Figure 7(b). The direction nding capabili-
ties of the WIND/WAVES receiver (Manning & Fainberg
1980) shows also that the N3 bursts are observed in an
azimuthal direction of the order of 5 and with an eleva-
tion angle measured from the ecliptic plane of about 5
(courtesy of S. Hoang, private communication); so the
IP type Il bursts are coming from a solar source located
to the north-east.

A few bursts are observed at 150.9 MHz at 14:06:20
UT during about 15 s in the sources called S3 (Fig-
ure 7(b)). A new sporadic source S3' at 150 MHz is
detected from 14:06:51 UT to 14:07:16 UT. This time co-
incides precisely with the onset of the type Il burst and
the strong type Ill-like emission seen by WIND/WAVES.
Note that S3' is located in projection near the EUV
bright/dark features in Figure 7. The comparison in
time with STEREO-A running dierences EUVI and
CORL1 images (Figure 8, see also Figure 5 of Chengt
al. (2010)) strongly suggests that this type Il burst is
associated with the onset of the coronal wave near the
southern ank of the CME. This is coherent with Cheng
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STEREO-B. There were three groups of radio sources: the inte rnal (IN), the south (S) and the north (N) ones, as labelled in

et al. (2010) who noted that, during the CME eruption, a
streamer disturbance was triggered at the southern side
as indicated by a black arrow in the running di erence
image (14:25-14:15 UT) shown in their Figure 5.

3. ANALYSIS AND RESULTS
3.1. Global evolution of the active region

Active regions are formed by new magnetic ux com-
ing from the convective zone. After a time period of
a few days to a week, this magnetic ux starts to be
dispersed by the convective motions. This ux disper-
sion leads to convergent ows towards the PIL, increasing
the magnetic shear and forcing ux cancellation (e.g. van
Driel-Gesztelyi & Culhane 2009, and references therein).
From various observations, this ux cancellation is one
of the primary features associated with ares and CMEs
(Livi et al. 1989; Kosovichevet al. 2001; Somovet al.
2002; Lin et al. 2004; Wang 2006).

3.2. Initiation phase I: magnetic tension decrease

In the studied AR, Cheng et al. (2010) have found a
continuous ux cancellation near the PIL lasting for sev-
eral days. Such cancellation implies the build-up of a
ux rope with coronal loops transformed by reconnec-
tion into S-shaped loops (e.g. Mooreet al. 1995; Green
& Kliem 2009). This also implies that the whole AR
magnetic con guration increases in size (since reconnec-
tion of sheared eld lines removed one anchorage to the
photosphere, see e.g. the MHD simulations of Aulanier
et al. 2010, and references therein). This expanding mag-
netic con guration is expected to reconnect with the sur-
rounding magnetic eld (e.g., see Bakeret al. 2009, and
references therein).

In order to precise the surrounding magnetic eld, the
potential eld extrapolation of the longitudinal photo-
spheric eld from Mount Wilson Observatory is com-
puted with a source surface at 25 R (Wang & Sheeley
1992). We nd an open positive ux westward of the AR,
as shown by the example of the enhanced blue eld line in
Figure 9(b). As the AR core magnetic eld is expanding
(as shown by the bright front and dimming appearance),
a current sheet is necessarily formed in between the core
eld and the open ux passing on the side and above
the AR because both magnetic elds have a large dif-
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ters are over plotted on EUV based-di erence image from
panel (b).

ference of orientation and they are pushed against each
other. At some point of the evolution, when the current
sheet is too extended, magnetic reconnection occurs as
found in the MHD simulation studied by Masson et al.
(submitted).

From the observed photospheric evolution (ux can-
cellation, Chenget al. 2010), the computed coronal mag-
netic eld and the present theoretical knowledge on mag-
netic reconnection, we deduce the following theoretical
scenario, illustrated in Figure 9(a). As the AR core eld
grows in size, the magnetic connections located at the
external border of the core, thus between the positive
(C) and negative (B) polarities, reconnect with the open
eld lines anchored at the positive polarity (A) outside
the AR. An example of these pre-reconnection eld lines
is shown in Figure 9(a) with blue eld lines (a close one
connecting C to B and an open one anchored at A). A
pair of reconnected eld lines is shown in red.

Next we confront the above theoretical expectations to
the coronal observations which trace the consequences
of energy input in both sets of reconnected eld lines.
As expected, the open reconnected eld lines have no
counter part in EUV because the volume of the associ-
ated magnetic ux tubes is too large to permit a sig-
ni cant increase of plasma density after the heat in-
put (since the EUV emission depends on the square of
the density). However, the close reconnected eld lines
are seen in EUV as a faint loop (Figure 2(b)). The
loop is formed both by evaporation and heating of chro-
mospheric plasma to coronal temperatures. Moreover
a source at 432 MHz is co-spatial with the northern
footpoint of the faint EUV loop (Figure 2(b)). This
source is probably a consequence of the non-thermal elec-
trons accelerated during the reconnection and propagat-
ing downward. The non-thermal electrons travelling, up-
ward along the newer open eld lines, produce the type
I burst when the conditions for radiation emission are
met. It starts at about 8 MHz, which corresponds typi-
cally to a radial distance of 2-3 solar radii (Leblancet al.
1998).

In summary, the magnetic reconnection scenario, ex-
pected theoretically, is supported by the observed evi-
dences of the energy input in the coronal plasma: a radio
source on the footpoint of an EUV loop and interplane-
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Fig. 7.] The eruptive phases Il and Ill. (a) Time correlation

between the brightness temperatures of the N (asterisks and dash-
dotted line) and S (continuous line) sources at 228 MHz detec ted
during two intervals of Eruptive phase Il.  (b) Positions at succes-
sive times of the radio sources N (see the arrow) and S overplo tted
on an EIT 195 A dierence image. Eruptive phase Il : The red and
green colors refer to the sources observed at 150.9 and 228 MHz
respectively. As the projected positions at the two frequen cies co-
incide, we have simply indicated N1 and N2 at 228 MHz by a green
contour. At 228 MHz, N1 and N2 correspond to the rst and sec-
ond periods (see panel (a)) in which these sources are correl ated
with sources S1 and S2. At 150.9 MHz, the N sources are present
during the entire time interval of this phase, while there is no S1
source during the N1 time interval.  Eruptive phase Il : N3 and
S3-S3' are exclusively detected at 150.9 MHz (yellow color) .

tary type Il bursts.

This reconnection reduces the downward magnetic ten-
sion, so it decreases the stabilizing e ect of the upper
magnetic arcade located over the AR. This is expected to
favor the later eruption of the core magnetic eld located
below the arcade. This is similar to the breakout model
proposed by Antiochoset al. (1999) in a closed quadrupo-
lar con guration, but here it involves open elds for the
larger-scale connectivity region. However, from the ob-

Fig. 8.|

The eruptive phase Ill. STEREO-A running di erence
EUVI and CORL1 images at two times.

servations we cannot tell if this process contributes only
marginally, or if this process is rather a key process in
the initiation the eruption.

3.3. Initiation phase II: ux rope further build up

Magnetic ux cancellation was detected at the PIL of
the AR during a few days before this CME (Chenget al.
2010). The coronal activity associated to this slow recon-
nection is typically di cult to detect. However, Cheng
et al. (2010) reported several jets and activity in the I-
ament located over the PIL, up to two days before the
CME. They also reported EUV brightenings one hour
before the eruption start. Just at the beginning of initia-
tion phase 1, a radio source, called IN, is observed at 432
MHz over the PIL, where ux cancellation was observed.
However this new radio source indicates a location in the
low corona rather than in the photosphere, which implies
that a newer reconnection occurred. Indeed, such recon-
nection is expected to start behind an erupting ux rope
since a current sheet is formed above the PIL in MHD
models (e.g. van Ballegooijen & Martens 1989; Forbes
& Isenberg 1991; Amariet al. 2000). Such reconnec-
tion continues the transformation of the sheared arcade
to twisted eld lines (as also present in the pre-eruptive
phase due to ux cancellation). Then, the magnetic ux
involved in the ux rope is expected to signi cantly grow
during the initiation phase (as well as later on).

After about 50 seconds, the radio burst at 327 MHz
appears at the same location. The shifting of the ra-
dio burst from high frequency to lower frequency implies
a lower plasma density for a radio emission occurring
at the plasma frequency (or its harmonic). Since the
density is typically decreasing with height, this is an in-
dication that the reconnection site is moving to greater
heights as expected in the above MHD erupting mod-
els, and in agreement with the observed growing of are
loops (formed below the reconnection site).

3.4. Eruptive phase I: acceleration of the CME

The eruptive phase | is characterized by the appear-
ance of new radio sources E at 327 MHz, 228 MHz and
150.9 MHz (Figure 4), while the source IN was contin-
uously present at 432, 327 and 228 MHz. This phase is
also characterized by a peak in the acceleration of the
CME leading edge (see Figure 7 of Chengt al. 2010),
and by the development of strong twin dimmings.

In another CME, observed on 2002 June 2, Picket
al. (2005) concluded that both observed radio sources
are due to the accelerated particles in or nearby the re-
connecting current sheet located below the erupting ux
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Fig. 9./ The initiation phase I.
reconnect and are transformed to the red eld lines. During t
the new connections. The newer loop (red line) is the EUV loop

electrons travelling along the newer open line produced the type Il burst (Figure 1).
ue open eld line, corresponding to the open eld line of the |

the photospheric magnetogram (courtesy of Y-M Wang). The bl
enhanced.

Fig. 10.] The eruptive phase II.
image of EUVI from STEREO-B at 13:59:03 UT. A pair of arrows po
positions of STEREO A and B, the Earth and the direction of the

rope for a CME which was a limb event. We propose the
same mechanism for the present event. A part of these
particles is expected to be accelerated downward creat-
ing the IN radio source, while the other part is injected
upward, at the border of the ux rope, creating the east-
ward radio sources E (Figure 4). However, as described
below, the geometry of the observations is di erent than
in the 2002 June 2 event.

The dierence in the perspective is illustrated in
Figure 10(a,b) by the based-dierence images from
STEREO-A at 13:58:30 UT and from STEREO-B at
13:59:03 UT (we select the beginning of eruptive phase
Il simply because the asymmetry is even more visible as
the CME develops). The double ribbons, the dimmings

(a) Sketch of the magnetic eld structure. The original coronal
he reconnection process, electrons are accelerated and propagate along
recorded by the EUVI/STEREO-B (Figure 2(b)) and the acceler

(a) The based-di erence image of EUVI from STEREO-A at 13:58:30
ints to the double ribbons in both panels.
CME.

and open eld line (blue lines)

ated
(b) The potential magnetic eld computed from
eft panel, is

UT. (b) The based-di erence
(c) The sketch map of the

and the bright front are present in both images, but their
structures in STEREO-A were much more asymmetrical
than in STEREO-B. Wood & Howard (2009) concluded
that STEREO-A observed this CME from the side and
STEREO-B observed it almost along its ejecting direc-
tion (Figure 10(c)). The Narcay Radioheliograph on the
Earth observed this CME with a perspective in between
the STEREO spacecraft, so the radio sources viewed in
projection on the disk are shifted toward the east direc-
tion proportionally to their coronal heights.

The radio source IN, observed typically at higher fre-
quency, is expected to be at lower height, and so moder-
ately shifted by the side view from the Earth. This source
is indeed always located close to the soft X-ray source
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Fig. 11.| Time evolution of the brightness temperature of the
IN source measured at 432 MHz during the eruptive phases. The
smooth component is outlined with the lower continuous curv e,
shifted downward to not overlap with the data.

and to the two eruptive are ribbons (Figures 4,10).
Both series of impulsive bursts and a smooth component
are distinguished (Figure 11), then, we interpret this ra-
dio source as the emission of particles accelerated down-
ward from the reconnection region (or possibly from the
shock associated with a downward jet), and we locate it
above the observed are loops. Note that the brightness
temperature of the smooth component is smaller than
2 1P K, so the emitting mechanism can be thermal or
non thermal within are loops.

The radio source E is the counter part of the radio
source IN, as we interpret this radio source as the emis-
sion of particles accelerated upward. This interpretation
implies that, during the impulsive phase I, the magnetic
structure is small enough so that the radio emission level
is around (or even above) the top of the erupting struc-
ture. Then, the radio source is observed up to the CME
bright front (Figure 4(b)).

At 150.9 MHz, part of the sources E is located in
front of the bright EUV front observed by STEREO B
(Figure 4(b)). The dierence of perspective has been
corrected, and we also over-plotted the radio data on
SOHO/EIT data (as in Figure 7(b)) to check that the
easternmost sources E are truly in front of the bright
EUV front. So it is plausible that part of sources E
at 150.9 MHz is due to the reconnection of the erupt-
ing magnetic con guration with the surrounding mag-
netic eld, in particular open magnetic eld lines since
several type Il bursts are detected at lower frequencies
(DAM and WIND/WAVES, Figure 1). The electrons
accelerated along large or open eld lines can excite ra-
dio sources located signi cantly ahead of the front of the
CME.

We also note that there is a region, in which the pro-
jected E source positions, when also detected at 327
MHz, are not located eastward as the radio frequency
decreases; they are observed at three frequencies (327,
228 and 150.9 MHz) along approximately the same line
of sight and they are located close to the PIL. These ob-
servations may suggest that reconnection is driving non-
thermal electrons in a comparable way than in source
IN (i.e. that reconnection occurs at di erent locations
along the PIL). Figure 4 provides some support to this
suggestion since most of the 327 MHz sources are indeed
located close to the PIL. A few other ones are located
near the edge of the ux rope.

Finally, the radio emissions indicate an intensi cation
of magnetic reconnection above the PIL and below the
erupting ux rope. Since part of the magnetic connec-
tions to the dense photosphere is cut during the pro-
cess, it implies a fast growth of the magnetic con g-
uration which is indeed observed as the expansion of
the bright front and the intensi cation of the twin dim-
mings. The bright front is located inside eld lines sig-
ni cantly inclined with respect to the local vertical since
with STEREO-A the western part of the bright front is
intense and thin (viewed edge on), while the eastern part
of the bright front is di use and extended (viewed from
the side, Figure 10(a)). Such dierence is not intrinsic
to the erupting con guration since the eastern and west-
ern parts of the bright front have similar width when
viewed from STEREO-B (Figure 10(b)). Such inclina-
tion, about 50 , is a consequence of the lateral expansion
of the erupting eld.

Both the lateral and vertical expansions also imply an
important increase of the volume of the con guration, so
a decrease of the density and the intensi cation of twin
dimmings (this does not require a true opening of the
magnetic eld lines). Since the plasma density is higher
at low height, as strati ed by the solar gravity, this dim-
ming formation corresponds dominantly to a decrease of
density at low height, so the twin dimmings mainly trace
the locations of the ux rope footpoints.

3.5. Eruptive phase II: propagation of the CME

The eruptive phase Il is characterized by the occur-
rence of new sources N and S (Figure 6), and the ux
measured at 150 MHz which appears to present a vari-
ability similar to that of the ux measured around 35
MHz (Figure 5). The ux at 228 MHz of the sources N
and S is correlated during some time intervals, indicating
that they have a common source of energetic electrons
(Figure 7).

We suggest that the physical origin of sources N and S
is due to reconnection of the erupting ux rope with the
surrounding closed magnetic eld. This interpretation is
consistent with the observations, as follows. First, in the
full-Sun potential extrapolation, large scale eld lines are
present over the eastern part of the AR (orange lines in
Figure 9(b)). Second, during the time period when the
ux of sources N and S are correlated the radio emis-
sions are mainly limited to the DAM frequency range,
so the accelerated electrons are located in closed loops.
The bursty DAM activity could be the signature of the
reconnection region.

3.6. Eruptive phase Ill and CME development in the
Interplanetary Space

The interaction of the CME with the surrounding eld
is pronounced in the eruptive phase Il since a series of
type Il burst is observed (Figure 1). Moreover, the com-
bination of radio and STEREO images shows that the
type Il burst takes its origin near the southern neigh-
boring of the ux rope and of the CME ank. This is
coherent with the results of former studies which showed
the link between the fast CME development and the ori-
gin of coronal shocks in the low corona. These studies
established identi cations of shocks propagating at CME
anks with streamers de ected when the shock impinges
on them (Vourlidas et al. 2003; Yan et al. 2006; Lario &
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Pick 2007). Type Il bursts observed at the same time
originate near the compression region built up between
the expanding CME and the neighbouring open eld line
region (Pick et al. 2005; Yan et al. 2006)

Next, we investigate the global evolution of the ux
rope from the corona to the interplanetary space. The
orientation of the PIL in the central part of the AR (Fig-
ure 2a) and the are ribbons (Figure 10) are all inclined
on the ecliptic plane by about 40 . However, the loca-
tions of the twin dimmings indicate that the ux rope has
footpoints in an east-west direction. The radio sources
also de ne approximatively the direction of the ux rope
(Figure 4(b)). From the comparison of the synthetic
images built from density models with coronagraph ob-
servations by the STEREO spacecraft, Thernisienet al.
(2009) and Wood & Howard (2009) concluded that the
ux rope was tilted in the counter-clockwise direction by
13 and 20, respectively, on the ecliptic plane. This is a
small rotation, at most 20 , between the low corona and
the interplanetary space.

The inverse S-shaped coronal loops before the eruption,
the observed magnetic shear in the are loops (Figure 4
in Cheng et al. 2010), as well as the separation of the
are ribbons along the PIL (Figure 10) all indicate a neg-
ative magnetic helicity (Cemoulin & Pariat 2009). From
MHD simulations (Temk & Kliem 2003), as well as from
observations (Greenet al. 2007), a counter-clockwise ro-
tation is expected in the eruption of a ux rope with
negative magnetic helicity. It is a consequence of a mag-
netic torque present in the erupting con guration, when
the magnetic forces are strong enough, so most of the ro-
tation is expected in the low corona. Then, the observed
weak counter-clockwise rotation of the ux rope is most
probably a simple consequence of the eruption and it is
plausibly present in the low corona in agreement with
the present observational constraints.

4. CONCLUSION

With the high cadence observation from NRH/Narcay
and EUVI/STEREO, we made a detailed study of the
initiation and eruption phases of the CME on 2008 April
26. These observations are complemented by magne-
tograms, soft X-rays data and radio spectra. The inter-
pretation of all these data is in global agreement with the
model of an erupting ux rope, with magnetic reconnec-
tion occurring behind it. This reconnection transforms
arcade eld lines to twisted ones, thus further building up
the ux rope as itis erupting. The results also emphasize
the interaction of the erupting eld with the surrounding
elds, an interaction which is evidenced already at the
beginning of the initiation phase with radio imaging.

Because of their higher time resolution and also higher
sensitivity to lower energy events, radio observations pre
vide a precise trace of the events involved in a CME.
Then, the evolution of the radio emissions at all fre-
quencies are used to characterize the main phases of the
eruption. Accordingly, the initiation and eruption phases
were separated into ve intervals, which indicated di er-
ent physical processes, as follows.

During the initiation phase I, the radio source detected
in the low corona to the south of the CME source AR, as
well as the interplanetary type Il burst, are evidences of
the reconnection of the AR magnetic eld with the sur-
rounding open eld. The open eld found in the vicinity

of the AR, with a full-Sun potential extrapolation of the
magnetic eld, supports the above interpretation. This
process reduces the magnetic tension of the AR magnetic
arcade, and so it is favoring the eruption.

A stationary radio source over the PIL is rst detected
in the initiation phase Il. At the same location a soft
X-rays source appears in the eruptive phase. All these
emissions are interpreted as the consequence of energy
release in a reconnection site located behind the eruptive
ux rope, above the PIL.

During the eruptive phase, characterized in EUV by
the development of a pair of deep dimmings surrounded
by a bright front, radio sources are located on the ex-
panding eld region. In eruptive phase I, they are out-
lining the whole projection of the erupting ux rope on
the disk. We interpret these radio sources as produced by
fast electrons coming from the reconnecting region below
the ux rope. At this early stage of the eruption, the ux
rope is so low in the atmosphere, in so dense a region,
that the accelerated particles can produce radio sources
in the whole ux rope for the NRH spectral range.

Moreover, already in eruptive phase I, a fraction of the
sources at the lowest imaging frequency, 150 MHz, are
located in front of the EUV bright front. While we can-
not totally reject a projection e ect (because the radio
emission is located higher than the EUV bright front),
we rather interpret these sources as due to the interac-
tion of the erupting eld with the surrounding magnetic
eld. Since a series of type Il bursts are detected at
the end of eruptive phase |, some open magnetic eld is
involved.

While stationary radio sources are still present above
the PIL, the two next eruptive phases are characterized
by two groups of radio sources located on and partly
ahead of the northern and southern parts of the EUV
bright front. These radio observations provide evidences
of lateral interaction, probably with reconnection, be-
tween the erupting ux rope and the surrounding mag-
netic eld. The interaction occurs rst with large-scale
close eld lines (emissions limited toward low frequencies
in the DAM range for the eruptive phase Il), and later on
with open eld lines (presence of interplanetary type Ill
bursts detected by WIND/WAVES in the eruptive phase
I11). Finally, we notice that it is only in this last phase
that a type Il is detected, so a signature of a shock is
present relatively late in the event (16 min from the
beginning of the initiation phase.

The studied CME is launched from an AR signi cantly
o set from the center of the disk, but still far from the
limb. At the beginning of the erupting phase, the ra-
dio sources taken at all NRH frequencies are distributed
over the eruptive ux rope. They trace its orientation in
projection on the Sun, in agreement with the EUV dim-
mings that indicate the lower coronal footpoints of the
ux rope. The comparison with the orientation deduced
in the interplanetary space from modeling coronagraph
observations (Thernisien et al. 2009; Wood & Howard
2009) reveal a small counter-clockwise rotation of the
ux rope axis (at most 20 ). Moreover, the direction of
rotation is as expected by theory and previous observa-
tions in an eruptive ux rope having negative magnetic
helicity (as indicated by several proxies: pre-eruptive aml
are loops, are ribbons).

In summary, the imaging radio observations of the low
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corona together with spectral data at lower frequencies
(upper corona and interplanetary medium) brought fur-
ther constraint on the physical processes of the CME
launch. These observations pin-down on the one hand
the emissions induced by fast electrons accelerated both
upward and downward from the main reconnection re-
gion located behind the eruptive ux rope, on the other
hand the emissions which result from the reconnections
of the ux rope with various surrounding magnetic struc-
tures, as the ux rope grows in size during the eruption.

We thank the referee for her/his constructive com-
ments of the manuscript. J. Huang acknowledges the
CNES who provided the support for her three month

stay in Paris Observatory. The authors are grateful
to A. Lecacheux for helpful discussions. This work
was supported by NSFC grants 10921303, 10903013,
10873021, the National Basic Research Program of
MOST (grant 2006CB806301), CAS-NSFC Key Project
(grant 10778605), and the Young Researcher Grant
of National Astronomical Observatories, CAS (grant
0835032002). In France, this work was supported by
CNES and CNRS. The authors thank the GOES, SOHO,
RHESSI and STEREO teams for providing data. The
STEREO/SECCHI data are produced by a consortium
of NRL (US), LMSAL (US), NASA/GSFC (US), RAL
(UK), UBHAM (UK), MPS (Germany), CSL (Belgium),
IOTA (France), and IAS (France).

REFERENCES

Amari, T., Luciani, J. F., Mikic, Z., & Linker, J. 2000, ApJ, 5 29,
L49

Amari, T., Luciani, J. F., Aly, J. J., Mikic, Z., & Linker, J. 2
ApJ, 595, 1231

Antiochos, S. K., DeVore, C. R., & Klimchuk, J. A. 1999, ApJ,
510, 485

Aulanier, G., & Demoulin, P. 1998, A&A, 329, 1125

003,

Aulanier, G., Terk, T., Demoulin, P., & DelLuca, E. E. 201 0, ApJ,
708, 314

Aurass, H., Landini, F., & Poletto, G. 2009, A&A., 506, 901

Archontis, V., & Hood, A. W. 2010, A&A, 514, A56

Baker, D., van Driel-Gesztelyi, L., Mandrini, C. H., Demou lin, P.,

& Murray, M. J. 2009, ApJ, 705, 926

Bougeret, J.-L., Kaiser, M. L., Kellogg, P. J., et al. 1995, S pace
Sci. Rev., 71, 231

Chen, J. 1996, J. Geophys. Res., 101, 27499

Chen, P. F., Shibata, K., & Yokoyama, T., 2001, Earth, Planet s
and Space, 53, 611

Cheng, X., Ding, M. D., & Zhang, J. 2010, ApJ, 712, 1302

Ciaravella, A., Raymond, J. C., Li, J., et al. 2002, ApJ, 575, 1116

Delaboudinere, J.-P., Artzner, G. E., Brunaud, J. etal. 1~ 995, Solar
Physics, 162, 291

Delanree, C., & Aulanier, G. 1999, sol. Phys., 190, 107

Cemoulin, P., & Pariat, E. 2009, Advances in Space Research , 43,
1013

Forbes, T. G. & Isenberg, P. A. 1991, ApJ, 373, 294

Forbes, T. G., Linker, J. A., Chen, J., et al. 2006, Space Sci. Rev.,

123, 251

Gopalswamy, N., Miki ¢, Z., Maia, D., Alexander, D., Cremades,
H., Kaufmann, P., Tripathi, D., & Wang, Y.-M. 2006, Space Sci
Rev., 123, 303

Green, L. M., Kliem, B., Temk, T., van Driel-Gesztelyi, L o &
Attrill, G. D. R. 2007, Sol. Phys., 246, 365

Green, L. M., & Kliem, B. 2009, ApJ, 700, L83

Guo, Y., Schmieder, B., Bemoulin, P., Wiegelmann, T., Aula
G., Terk, T., & Bommier, V. 2010, ApJ, 714, 343

Howard, R. A., et al.2008, Space Science Reviews, 136, 67

Kerdraon, A., & Delouis, J. 1997, in Coronal Physics from Rad io
and Space Observations, ed. G. Trottet ( Berlin: Springer), 192

Ko, Y.-K., Raymond, J. C., Lin, J., Lawrence, G., Li, J., & Flu dra,
A. 2003, ApJ, 594, 1068

Kosovichev, A. G., & Zharkova, V. 2001, ApJ, 550, L105

Kuperus, M., & Raadu, M. A. 1974, A&A, 31, 189

Lario & Pick, M. 2007, in The Heliosphere through the Solar
Activity Cycle, A. Balogh, L. J. Lanzerotti, S. T. Suess edit  ors,
151

Leblanc, Y., Dulk, G. A., & Bougeret, J.-L. 1998, Sol. Phys.,
165

Lecacheux, A. 2000, in Radio Astronomy at Long Wavelengths, ed.
R. G. Stone, K. W. Weiler, M. L. Goldstein, & J.-L. Bougeret,
321

Lin, J., & Forbes, T. G. 2000, J. Geophys. Res., 105, 2375

nier,

183,

Lin, R. P,, Dennis, B. R., Hurford, G. J., et al. 2002, Sol. Phy s.,
210, 3

Lin, J., Raymond, J. C., & van Ballegooijen, A. A. 2004, ApJ, 6 02,
422

Livi, S. H. B., Martin, S.; Wang, H.-M., & Ai, G.-X. 1989, Sol.
Phys., 121, 197

Mackay, D. H., & van Ballegooijen, A. A. 2006, ApJ, 641, 577

Manning, R., & Fainberg, J. 1980, Space Science Instrumenta tion,
5, 161

Milligan, R. O., McAteer, R. T. J., Dennis, B. R., & Young, C. A
2010, ApJ, 713, 1292

Moore, R. L., Larosa, T. N., & Orwig, L. E. 1995, ApJ, 438, 985

Neupert, W. M. 1968, ApJ, 153, L59

Pick, M., Bemoulin, P., Krucker, S., Malandraki, O., & Maia , D.
2005, ApJ, 625, 1019

Pick, M., Malherbe, J.-M., Kerdraon, A., & Maia, D. J. F. 2005
ApJ, 631, L97

Pick, M., & Vilmer, N. 2008, Astron. Astrophys Rev., 16, 1

Scherrer, P. H., Bogart, R. S., Bush, R. I, et al. 1995, Sol. P hys.,
162, 129

Schwenn, R., Raymond, J. C., Alexander, D., et al. 2006, Spac e
Sci. Rev., 123, 127

Somov, B. V., Kosugi, T., Hudson, H. S., Sakao, T., & Masuda, S
2002, ApJ, 579, 863

Srivastava, N., Schwenn, R., Inhester, B., Martin, S. F., & H
Y. 2000, ApJ, 534, 468

Stone, R.G., Weiler, K.W., Goldstein, M.L., & Bougeret, J.- L.
2000, Washington, DC: American Geophysical Union, 321

Temmer, M., Veronig, A. M., Kontar, E. P., Krucker, S., & Vr
B. 2010, ApJ., 712, 1410

Thernisien, A., Vourlidas, A., & Howard, R. A. 2009, Sol. Phy s.,
702, 901

Temwk, T., & Kliem, B. 2003, A&A, 406, 1043

van Ballegooijen, A. A. & Martens, P. C. H. 1989, ApJ, 343, 971

van Driel-Gesztelyi, L., & Culhane, J. L. 2009, Space Scienc e
Reviews, 144, 351

Vourlidas, A., Wu, S. T., Wang, A. H., Subramanian, P., & Howa  rd,
R. A. 2003, ApJ, 598, 1392

Wang, J.-X. 2006, Adv. Space Res., 38, 1887

Wang, Y.-M., & Sheeley, N. R., Jr. 1992, ApJ, 392, 310

Warmuth, A. 2007, Lect. Notes Phys., 725, 107

Webb, D. F., Burkepile, J., Forbes, T. G., & Riley, P. 2003, J.
Geophys. Res., 108, SSH6-1

Wood, B. E., & Howard, R. A 2009, ApJ, 702, 901

Yan, Y., Pick, M., Wang, M., Krucker, S., & Vourlidas, A. 2006 ,
Sol. Phys., 239, 27

Zhang, J., Dere, K. P., Howard, R. A., Kundu, M. R., & White, S.
M. 2001, ApJ., 559, 452

Zhang, J., Dere, K. P., Howard, R. A.,& Vourlidas, A. 2004, Ap  J.,
604, 420

anaoka,

snak,



