
A&A 590, A135 (2016)
DOI: 10.1051/0004-6361/201528015
c© ESO 2016

Astronomy
&Astrophysics

Coronal mass ejection-related particle acceleration regions
during a simple eruptive event

Carolina Salas-Matamoros1, 5, Karl-Ludwig Klein1, 2, and Alexis P. Rouillard3, 4

1 LESIA-UMR 8109 – Observatoire de Paris, PSL Research. Univ., CNRS, Univ. P & M Curie and Paris-Diderot, 92190 Meudon,
France
e-mail: carolina.salas@obspm.fr

2 Station de radioastronomie – Observatoire de Paris, PSL Research Univ., CNRS, University Orléans, OSUC, 18330 Nançay, France
3 Institut de Recherche en Astrophysique et Planétologie, Université de Toulouse (UPS), 31028 Toulouse Cedex 4, France
4 Centre National de la Recherche Scientifique, UMR 5277, 31300 Toulouse, France
5 Space Research Center, University of Costa Rica, 2060 San Jose, Costa Rica

Received 20 December 2015 / Accepted 23 March 2016

ABSTRACT

An intriguing feature of many solar energetic particle (SEP) events is the detection of particles over a very extended range of longitudes
in the heliosphere. This may be due to peculiarities of the magnetic field in the corona, to a broad accelerator, to cross-field transport
of the particles, or to a combination of these processes. The eruptive flare on 26 April 2008 provided an opportunity to study relevant
processes under particularly favourable conditions since it occurred in a very quiet solar and interplanetary environment. This enabled
us to investigate the physical link between a single well-identified coronal mass ejection (CME), electron acceleration as traced by
radio emission, and the production of SEPs. We conduct a detailed analysis, which combines radio observations (Nançay Radio
Heliograph and Nançay Decametre Array, Wind/Waves spectrograph) with remote-sensing observations of the corona in extreme
ultraviolet (EUV) and white light, as well as in situ measurements of energetic particles near 1AU (SoHO and STEREO spacecraft).
By combining images taken from multiple vantage points, we were able to derive the time-dependent evolution of the 3D pressure
front that was developing around the erupting CME. Magnetic reconnection in the post-CME current sheet accelerated electrons,
which remained confined in closed magnetic fields in the corona, while the acceleration of escaping particles can be attributed to
the pressure front ahead of the expanding CME. The CME accelerated electrons remotely from the parent active region, owing to the
interaction of its laterally expanding flank, which was traced by an EUV wave, with the ambient corona. SEPs detected at one STEREO
spacecraft and SoHO were accelerated later, when the frontal shock of the CME intercepted the spacecraft-connected interplanetary
magnetic field line. The injection regions into the heliosphere inferred from the radio and SEP observations are separated in longitude
by about 140◦. The observations for this event show that it is misleading to interpret multi-spacecraft SEP measurements in terms of
one acceleration region in the corona. The different acceleration regions are linked to different vantage points in the interplanetary
space.

Key words. acceleration of particles – Sun: coronal mass ejections (CMEs) – Sun: particle emission – Sun: radio radiation –
solar-terrestrial relations – Sun: flares

1. Introduction

A correct theory of the acceleration and subsequent transport of
solar energetic particles (SEPs) in the heliosphere must explain
the wide range of heliolongitudes over which a given SEP event
can be detected in the inner heliosphere. While this fact was
known before (Wibberenz & Cane 2006), the comprehensive
imaging and in situ measurements taken by the Solar Terrestrial
Relations Observatory (STEREO) mission have demonstrated
that the release of energetic particles over a very broad range of
longitudes is neither an exceptional fact nor is it restricted to par-
ticularly strong events (Wiedenbeck et al. 2010; Dresing et al.
2012, 2014; Lario et al. 2013; Gómez-Herrero et al. 2015). Be-
sides interplanetary transport across field lines (Dröge et al.
2014) or the expansion of open magnetic field lines in the corona
(Klein et al. 2008), a spatially extended accelerator is often con-
sidered. For instance, the shock produced by the high-speed
expansion of a fast coronal mass ejection (CME) can accel-
erate particles to high energies (Zank et al. 2000; Lee 2005;
Afanasiev et al. 2015). The prime evidence of the existence of

these shocks in the corona are type II radio bursts (Smerd et al.
1962; Nelson & Melrose 1985; Mann et al. 1995; Nindos et al.
2008). Extreme ultraviolet (EUV) and white-light imaging can
be used to track the effect of the strong pressure fronts, which
disrupt the low (e.g., EUV waves) and upper corona during the
formation and eruption of CMEs (see, for example, the recent
review by Warmuth 2015). The CME shock is a convenient ex-
planation of why SEPs are detected at spacecraft that are poorly
connected with the solar active region where the activity orig-
inates (Torsti et al. 1999; Krucker et al. 1999; Rouillard et al.
2012; Park et al. 2015). When EUV waves alone are considered,
however, the onset time of SEPs measured near 1AU cannot al-
ways be explained by the spatio-temporal evolution of the wave
(Miteva et al. 2014).

In this work, we use non-thermal radio emissions as tracers
of electron acceleration and transport during the eruption of a
CME on 26 April 2008, during otherwise very quiet solar condi-
tions in the deep solar minimum between cycles 23 and 24. This
enables a study that does not suffer from coincidental associa-
tions of phenomena related with different events that happen at
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the same time. To map the plasma environment of the CME and
its parent active region, we use EUV imaging and white-light
coronagraphy from the STEREO and SoHO spacecraft, and ad-
vanced techniques of detailed modeling based on complemen-
tary sets of remote-sensing observations (Rouillard et al. 2016).

An overview of the event is given in Sect. 2, followed by a
detailed description of the imaging and spectrographic observa-
tions of the radio emission (Sect. 3). The radio emission con-
sisted of a broadband continuum from trapped electrons above
the parent active region, and electron beams and a shock wave
at remote locations. The connection between the regions is pro-
vided by an EUV wave. Its relation to the remote radio bursts
is described in Sect. 4. SEPs were seen by one of the STEREO
spacecraft and by SoHO (Sect. 5). The multi-spacecraft CME
observations are modelled in Sect. 6, and used in a compari-
son with the radio imaging and spectrography to establish the
relationship with the type III and type II bursts, and to derive
parameters of the type II shock. A qualitative discussion of the
most plausible mechanisms for particle acceleration during the
development of this event is given in Sect. 7.

2. Overview of the event on 26 April 2008

On 26 April 2008, during the minimum of solar cycle 24,
the Large Angle and Spectrometric Coronagraph experiment
(LASCO; Brueckner et al., 1995) of the Solar and Heliospheric
Observatory (SoHO) recorded a CME at 14:30 UT. This CME
was associated with a weak B 3.8 soft X-ray (SXR) burst that
occurred in an unnumbered spotless active region at N10◦E10◦.
The STEREO spacecraft were located at 14◦ east (STEREO B –
henceforth STB), and 35◦ west (STEREO A – STA), from
the active region. The EUV imagers on board the SoHO
(Delaboudinière et al. 1995) and STEREO (Wuelser et al. 2004)
spacecraft observed the initial development of the event. The
CME appeared some time later as a halo CME in coronagraphic
images from STB and as an east limb event in STA images. Us-
ing a reconstruction technique, Wood & Howard (2009) inter-
preted the white-light images of the CME as a flux rope driving
a bright shock.

The formation and evolution of the flux rope were studied
by Huang et al. (2011), Temmer et al. (2011), and Cheng et al.
(2012). Huang et al. (2011) argue that the formation of the flux
rope could be traced by radio and EUV observations. The flux
rope expanded and erupted leaving two footprints in the low
corona imaged as two EUV dimmings on either side of the active
region, where an arcade of loops formed. Temmer et al. (2011)
describe in detail the propagation of the EUV waves away from
the dimming.

The observations of the CME by the Sun-Earth Connection
Coronal and Heliospheric Investigation (SECCHI) telescopes
aboard STEREO permitted reconstructions of the CME structure
and kinematics in and beyond the COR-2 field of view, above
about 10 R� (Wood & Howard 2009; Thernisien et al. 2009;
Temmer et al. 2011). From their 3D reconstruction, using the
coronographs on board STEREO spacecraft, Wood & Howard
(2009) find an average CME velocity of 676 km s−1, while
Thernisien et al. (2009) find 741 km −1. The studies cited above
make no attempt to reconstruct the morphology of the solar erup-
tive event in the EUV field of view. Such a reconstruction is pre-
sented in this paper, in combination with the coronographs.

Fig. 1. Time series of the soft X-ray and radio emissions: a) soft X-ray
profile; b) microwave profile at 5 GHz; c), d) 1D images projected onto
the solar east-west direction at 150 and 327 MHz (y axis graded in so-
lar radii from the eastern to the western limb); e), f) dynamic spectra
between 70 MHz and 10 kHz.

3. Time evolution of the SXR and radio emission

3.1. Overview

The multifrequency plot in Fig. 1 provides a complete visualiza-
tion of the event. The soft X-ray burst observed by the Geosyn-
chronous Operational Environmental Satellites (GOES; NOAA)
in the bottom panel starts at 13:50 UT and peaks at 14:08 UT.
The smooth microwave profile at 5 GHz in Fig. 1b is similar to
the soft X-rays. The usual gyrosynchrotron emission that reveals
mildly relativistic electrons in the low corona during flares is
lacking, which suggests that there was no substantial electron ac-
celeration to energies above 100 keV in the flaring active region.

The two central panels, Figs. 1c and d, show the
space-time imaging by the Nançay Radio Heliograph (NRH;
Kerdraon & Delouis 1997) at 150.9 and 327 MHz, respectively.
1D brightness scans as a function of the east-west position on
the Sun are calculated from images integrated over 10 s. The 1D
scans are then scaled to show both weak and strong emissions.
They are stacked and plotted as a grayscale image with time on
the abscissa and the position on the solar east-west axis on the
ordinate. The position is given in multiples of the solar radius,
from the east limb (−1) to the west limb (+1). The gray surface
before 13:50 UT shows the quiet corona. A broadband emission
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Fig. 2. 4D multifrequency plot showing the time evolution of the peak
position in each image of the NRH at four frequencies. Time is rep-
resented by the color of the plot symbol, as indicated in the color bar
at the top. The positions of the type III bursts (S3) near 14:07 UT at
150.9 MHz are enclosed in the red circle

(type IV burst) starts shortly after the SXR onset, and persists
until the end of the observation (15:18 UT). This emission is
detected at both frequencies. This source is located in the east-
ern hemisphere and presents an apparent movement westwards
at 150.9 MHz until around 14:30 UT when it becomes more sta-
tionary, with only a slight movement at 327 MHz. A different
source, located to the east of the type IV burst, appears around
14:06:30 UT at 150.9 MHz.

Figure 2 shows how the position of the brightest pixel
evolves in the course of time at four frequencies. The color
of the plotted points denotes the time as indicated in the color
bar at the top. The figure shows that the type IV source at the
higher frequencies (228, 327, 432 MHz) behaved differently
from 150.9 MHz: at the higher frequencies the source appeared
simple, with a slight north-eastward motion during the burst.
At 150.9 MHz, three distinct sources were seen: two appeared
throughout the burst, both north-eastwards and south-westwards
of the source at higher frequencies. As discussed by Huang et al.
(2011), the type IV sources outline the expansion of a flux rope
at 150.9 MHz and emissions related to the current sheet below
the flux rope at higher frequencies. Also, Fig. 2 shows the dis-
tinct locations of the bursts near 14:07 UT at 150.9 MHz (S3,
enclosed in the red circle). The green diamonds mark the po-
sitions of three successive peaks in NRH data using a cadence
of 1 s.

The dynamic spectrum observed by the Nançay De-
cametre Array (NDA; Lecacheux 2000) at long metre-waves
(20−80 MHz) in Fig. 1e, shows few faint type III bursts
that extend down to at least 20 MHz (13:50−13:58 UT) fol-
lowed by bursts that show a clear low-frequency cut-of, which
was observed between 13:58 and 14:02 UT. The most promi-
nent features in the spectrum are a group of broadband bursts
between 14:04 and 14:09 UT and a type II burst, which starts

during or immediately after this group and lasts until 14:21 UT.
These two radio features will be discussed in the following sec-
tions. The WIND/Waves instrument (Bougeret et al. 1995) de-
tects three interplanetary type III burst groups at low frequencies
(see Fig. 1f). The first starts before 13:50 UT, which is before
the type IV burst, at the start of the SXR and microwave bursts.
Subsequently, two weak bursts accompany the faint type III
bursts observed by NDA. A strong type III burst is associated
with the bright broadband emission (14:04−14:09 UT) in the
20−80 MHz range. Because of the similar timing, we assume
that these spectral features are the low-frequency counterpart of
the radio source S3 detected far from the eruptive active region
in the NRH images.

The type IV emission suggests that electrons are accelerated
in the post-CME current sheet up to some keV or some tens
of keV. The exact energies of electrons producing the broadband
plasma emission are not known. While some electrons escape to
the high corona and the interplanetary space in the early phase
of the type IV burst (faint type III bursts between 13:50 and
13:58 UT), others are injected into closed expanding magnetic
structures, emitting the bursts with the drifting low-frequency
cut-off between 13:58 and 14:02 UT. Unusual features are the
broadband and type II bursts seen by NDA, because they occur
late during the event, 15 min after the start of the type IV burst,
and because the source of the broadband bursts seems to be far
from the eruptive active region.

3.2. Remote type III burst

The differential spectrum of Fig. 3c reveals that the bright
20−80 MHz emission between 14:04 and 14:09 UT is a group
of type III bursts. We can identify individual bursts that start at
about 70 MHz and continue beyond 20 MHz. The burst group
is time-related with the 150.9 MHz source S3 in Fig. 2. On the
low frequency side the source is accompanied by type III bursts
observed by WIND/Waves (Figs. 1e and f).

The spinning of the Wind spacecraft can, in principle, be
used to infer the direction of radio emission arrival (Reiner
2001). This direction finding technique can be applied in the
low-frequency channel RAD1, at frequencies below 1.075 MHz.
Until 14:00 UT, the direction finding observations (courtesy
S.Hoang) show an azimuth at 1.04 MHz slightly east of cen-
tral meridian (fluctuating around 2◦) and an elevation north
of the ecliptic, with a broad scatter around an average of 4◦.
The type III burst, observed between about 14:06 and 14:12,
is clearly seen above the decaying flux density at 1.04 MHz,
but with less and less contrast as the frequency decreases. At
548 kHz it is hidden in the decaying flux of the previous bursts.
This burst is the low-frequency counterpart of the strong type III
group seen by NDA and of the burst at 150.9 MHz that was ob-
served by NRH (S3, Fig. 2). At the time of this burst, the direc-
tion finding at 1.04 MHz shows a peak at about 6◦ azimuth, east
of the previous type III bursts. As expected, no distinct position
can be identified at lower frequencies, given the low contrast of
the burst.

The direction finding observations by Wind/Waves are con-
sistent with the location S3 of the bursts at 150.9 MHz: both
show radio emissions from sources that are well to the east
of the earlier emission, which is related to the flaring active
region. The temporal association with the type III bursts ob-
served by NDA thus suggests that the 150 MHz emission of
source S3 is also produced by electron beams which propagate
outward, or else by downward-propagating electron beams. A
third possibility are metric spikes, which are often found near
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Fig. 3. Time history of the metre-wave radio emission during the late
type III and type II bursts: a) 1D images projected onto the solar east-
west direction at 150 MHz (y-axis graded in solar radii from the east-
ern to the western limb) showing a continuum emission and a sporadic
source on its eastern side at around 14:07 UT, b) dynamic spectrum
between 70 and 20 MHz and c) time-difference spectrum of b). The
dashed lines are fits of the upper and lower borders of the type II burst
in b).

the starting frequencies of type III bursts (Paesold et al. 2001).
We cannot differentiate between these possibilities, because we
have no detailed spectrum around 150 MHz. But in all cases the
acceleration region in the corona is near S3. The relation be-
tween this electron acceleration and the eruptive activity will be
discussed in the following sections.

3.3. Type II burst

The type II burst (14:10−14:21 UT) follows the group of
type III bursts. The dynamic spectrum in Fig. 3b shows a
regular drift, which suggests that the exciter travels along a
smooth density gradient. The exciter of a type II burst is con-
sidered to be a region of a shock wave where electrons that
are able to produce radio emission via plasma instabilities are
accelerated (Holman & Pesses 1983). We determined the drift
rate of the low-frequency (νLF) and high-frequency (νHF) bor-
ders by identifying ten points in each band with the cursor

between 14:10 and 14:19 UT, and fit straight lines in the time-
log(frequency) plane, minimizing the absolute deviation. The
drift rate of the low-frequency band of the type II burst is
d
dt ln ν = −7.0 × 10−4 s−1, and of the high-frequency band
−7.4 × 10−4 s−1. The uncertainty of the drift rate is about 10%,
if we assume an uncertainty of 5% of the cut-off frequencies in-
ferred visually from the dynamic spectrogram. The dashed white
lines overplotted on the differential dynamic spectrum in Fig. 3c
are the fits in the time-log(frequency) plane.

To transform the frequency drift into the propagation speed
of the exciter, we consider an isothermal hydrostatic density dis-
tribution with scale height H(ro) developed around the height ro,
which corresponds to the central frequency of the type II burst,
νo = 30 MHz. If the exciter travels at speed VII along a direction
that is inclined to the radial direction by an angle θ, the drift of
the logarithm of the frequency ν is

d
dt

ln ν = −
VII cos θ
2H(ro)

· (1)

In the isothermal hydrostatic model,

H(ro) =

(
ro

R�

)2

H(R�) = 50 × 106
(

ro

R�

)2 T
1 MK

[m]. (2)

So, for a temperature T = 1.5 MK the radial speed of the ex-
citer at the height ro inferred from the drift of the low-frequency
type II band is

Vrad = VII · cos θ = 105 ·
(

ro

R�

)2

[km s−1]. (3)

The uncertainties from the fit of the type II drift rate formally
carry over to an uncertainty of about 10% in all speed estimates.
Using the fitted values of the upper and lower frequency limits
of the type II burst, we find that the frequency ratio is on average
1.39, and that the relative bandwidth is on average 0.32 with a
statistical uncertainty of ±0.01 of both values.

4. Magnetic configuration and EUV-wave
observations

The PFSS extrapolation of Schrijver & De Rosa (2003) based
on SoHO/MDI magnetic field measurements of the entire solar
disk shows closed magnetic structures in a wide region around
the flaring active region. Only the open field lines are plotted in
Fig. 4a. The type III burst sources S3 at 150.9 MHz were found
in the red square. They project onto open magnetic field lines
at the south-eastern border of the large region with closed fields
around the flare site. These open field lines correspond to a nar-
row coronal hole seen in EUV images (SoHO/EIT) and in NRH
Earth-rotation synthesis images (C. Mercier, priv. comm.).

From the 3D coordinates of the open PFSS magnetic field
lines through the square, the radial distance of the type III burst
source at 150.9 MHz is found to be 1.7 R�. This heliocentric dis-
tance is very high compared to usual estimates of type III burst
source heights at 150 MHz (Saint-Hilaire et al. 2013), and ap-
pears especially high in the present event where the magnetic
field configuration is far from the active region. A possible ex-
planation is that the open magnetic field lines are affected by the
impinging CME, as will be discussed below. The above value
should not be considered as the real altitude of the source S3.

The two open PFSS lines through the type III source plotted
in Fig. 4b are connected to the source surface at longitudes E69◦
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Fig. 4. a): Source region of the type III bursts (red square) over the open
magnetic field lines (in green) inferred using the PFSS extrapolation
model by Schrijver & De Rosa (2003). b): Superposition of two open
magnetic field lines (in green) close to the positions of three successive
individual type III bursts (red diamonds) on the 19.5 nm EUVI synoptic
map from STEREO B. The blue lines outline the EUVI wave front at
different times: 13:56, 14:06 (near the time of the type III burst), and
14:16 UT.

and E77◦. The interplanetary Parker spirals rooted there are plot-
ted as dashed curves in Fig. 5. They were computed using a solar
angular speed of 1.664 × 10−4 ◦ s−1 (rotation period 25.3 days)
and an average solar wind speed of 420 km s−1. The direction
to the interplanetary type III burst measured by WIND/Waves is
plotted by the solid line in Fig. 5. This line crosses the Parker
spiral field lines at a heliocentric distance of around 19 R�. The
comparison with the locations of the STEREO, SoHO, and Wind

Fig. 5. Schematic configuration of the three spacecraft positions: L1
(SoHO and WIND), STEREO A, and STEREO B. The curved lines cor-
respond to the Parker spiral connecting the source surface to STEREO B
and to Earth. The dashed lines represent the Parker spirals connected at
the source surface (2.5 R�) to the open magnetic field lines through the
type III source at 150 MHz. The solid line shows the line of sight from
the Wind/Waves experiment to the type III burst source at 1.04 MHz.

spacecraft in Fig. 5 shows that the electron beams accelerated
near source S3 are released onto interplanetary field lines, which
are not connected to any spacecraft.

The acceleration of these electrons far from the active re-
gion requires an alternative accelerator to the flare process. An
EUV wave observed by STEREO/EUVI is a possible candidate.
The lateral expansion of the EUV wave was tracked. Its front
is traced at three different times by light and dark blue lines in
Fig. 4b. The propagation speed along the solar surface is found
to be 207 km s−1. The central (medium blue) line shows the wave
front as measured at 14:06 UT. This observation implies that
the CME flank reaches the footpoints of the open magnetic field
lines through the radio source S3 near the time when the type III
bursts appear. This is evidence that the interaction of the EUV
wave with the open magnetic field lines triggered the accelera-
tion of the electron beams that caused the type III bursts far from
the flaring active region.

5. Solar energetic particles

The Solar Electron and Proton Telescope (SEPT;
Müller-Mellin et al. 2008) aboard STB detected a tiny electron
event in close time relationship with the eruption. Figure 6b
shows that the intensity of electrons streaming away from the
Sun starts to rise near 14:00 UT, peaks around 16:00 UT, and
then decays until 18:00 UT, when a new rise starts. Even though
this weak peak is time-related with the eruption, a similar peak
was observed near 06:00 UT without an associated flare. This
casts doubt on the association of the enhancement between 14
and 16 UT with the eruptive flare.

The radio observations suggest that some electrons might
escape from the type IV source region. This is consistent with
the weak electron event. The electrons from S3 have no mag-
netic connection through the nominal Parker spiral with STB
(Fig. 5). An association between the electron intensity enhance-
ment seen at STB with this type III burst is hence not plausible.
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Fig. 6. Time evolution of solar energetic particle (SEP) intensities as
seen by the sunward looking detectors of STEREO B/SEPT. a) Dy-
namic spectrum representing the 30 channels of the SEPT instrument.
The dashed curves give the expected arrival time of protons at the space-
craft for three different solar release times (SRT) assuming an interplan-
etary path length of 2 AU. b) Electron intensity.

The electron enhancement could also be associated with the
type II burst, but we argue below that the type II source is at
a similar location as S3.

The STB/SEPT also observed an ion event. Figure 6a shows,
in the form of a dynamical spectrum, the ion intensities normal-
ized to their pre-event background. The ions detected by SEPT
are considered to be mostly protons unless the proton spectrum
is steep (Müller-Mellin et al. 2008), and protons are expected to
arrive at the spacecraft before the heavy ions. Therefore, in the
following, we consider that the first ions arriving at the detector
are protons. A weaker, but significant SEP event was also ob-
served in the (4−7) MeV channels of the Electron Proton Helium
Instrument (EPHIN, Müller-Mellin et al. 1995) aboard SoHO.

The three dashed curves in Fig. 6a show the expected arrival
times of protons at STB as a function of their energy, for three
different solar release times. We assume that the protons travel
a path of 2 AU. This is longer than the Parker spiral, but may
account for a prolonged travel path owing to particle scattering
by the turbulent interplanetary magnetic field (see Laitinen et al.
2015, and references therein). These curves suggest that a pro-
ton injection starting near 14:00 UT is not consistent with the
data. A more plausible solar release time is 16:00 UT, but this
value is of course only a rough estimate. The SXR and mi-
crowave profiles do not show any other burst on 26 April. Neither
do the observations of WIND/Waves present any interplanetary
type III burst that would reveal fresh particle injections after

Fig. 7. Comparison of running-difference images (rows a), c), e)) of
the eruptive event observed by STA (left hand-column) and STB (right-
hand column) with the results of applying the fitting technique (rows b),
d), f)) developed by Rouillard et al. (2016). The images are all from the
EUVI instruments, except the left-hand image shown in row f) obtained
by COR1-A. Red crosses superposed on the fitted ellipsoids show the
contour of the propagating front observed in the running difference im-
ages and are used to constrain the extent and location of the ellipsoid at
each time.

14:10 UT. Therefore, the most plausible candidate for the ion
acceleration and later electron acceleration is the CME high in
the corona. The height-time trajectory of the CME front seen by
STA, shown in Fig. 7 of Cheng et al. (2010) and also in Fig. 6 of
Temmer et al. (2011), suggests a distance from the solar surface
of 7 R� at 16:00 UT.

6. Comparison with 3D CME modeling
Rouillard et al. (2016) present a new technique to derive the
properties of the 3D expansion of pressure fronts forming in the
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Fig. 8. 3D evolution of the CME at different times from 14:00 UT to 14:25 UT. The color code shows the distribution of the speed (left panel) and
the angle between the normal on the front and the direction of the upstream magnetic field lines (right panel). The open magnetic field lines are
plotted in red (positive polarity) and blue (negative polarity). The thick black line is the line of sight (LOS) from Earth to the type III source at
150 MHz. The green lines are the open field lines intercepted by the LOS.

corona during eruptive events. The technique uses a combination
of EUV and white-light images and maps of the outermost extent
of the coronal region perturbed by the CME as a function of time.
In this respect, the technique is similar to the technique proposed
by Lario et al. (2014). Rows a, c, and e of Fig. 7 present images
covering the first 20 min of the CME eruption as viewed along
the Sun-STA and Sun-STB lines. The surface of the pressure
front generated around the expanding CME is visible in these
EUV and white-light images, it is initially fairly regular and we
found that an ellipsoid fits the outermost extent of this perturbed
region very well. We manually extracted the location of the out-
ermost extent of the pressure front formed around the CME for
all cameras and at all available times. These points are plotted as
red crosses in the images given in rows b, d, and f, and are used
to outline the contour of the ellipsoids fitted in this study.

Just as for other CME events, we found that the ellipsoid
that passes through the contour of the pressure front observed
in coronagraphic images intersects the solar surface at the loca-
tion of the EUV wave. The EUV wave is here considered the
low-coronal counterpart of the expanding front surrounding the
erupting flux rope.

Our technique goes beyond previous studies (e.g.,
Kwon et al. 2014) in the following manner: once the parameters
of the successive ellipsoids are obtained, we interpolate these
parameters at regular time steps of δt = 300 s to generate a
sequence of regularly time-spaced ellipsoids. To compute the
3D expansion speed of the surface of the pressure wave, we find
for a point P on the ellipsoid at time t + δt, the location of the
closest point on the ellipsoid at previous time-step t. We then
compute the distance travelled between these two points, which

we divide by the time interval δt = 300 s to obtain an estimate
of the speed of the disturbance at point P.

The left panel in Fig. 8 presents the results of extracting the
normal speed of the pressure front at these six successive times
displayed as a color-coded speed distribution over the front sur-
face. In addition, we show the location of open magnetic field
lines derived using the same PFSS model as in Fig. 4. In this
computation, the source surface was set at 2.5 R�.

Only open field lines derived from the PFSS extrapolation
are shown in Fig. 8. They trace the location of the streamer out
of which the CME emerges, with (in red/blue) inward/outward
pointing field lines. Also shown, in green, are the open field lines
that are located along the line of sight of the type III burst im-
aged by the NRH instrument. The line of sight from the Earth to
the source S3 of type III bursts is shown as a black line labeled
“NRH LOS” in these figures.

6.1. CME and type III bursts

It had been shown in Sect. 4 that the type III bursts occur far
from the flaring active region, when the EUV wave impacts onto
the open magnetic field lines shown by the PFSS extrapolation
(see Fig. 4).

The triangulation at 14:00 UT in Fig. 8 shows that no mag-
netic field line open to the interplanetary medium is connected
with the pressure front. At this time the CME presents an elon-
gated shape, with a speed of just under 1000 km s−1 near its
so-called nose. The speed decreases along the flank towards
200 km s−1 in the low corona near the location of the EUV wave.
The CME is hence expected to drive a shock wave at and around
its nose, but not at the lower parts of its flanks. At 14:05, near
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the onset of the type III bursts in the NDA spectrum, and two
minutes before the start at 150 MHz, the pressure front is just
about to pass through the open field lines situated near the south-
eastern flank. This confirms the idea that the type III bursts occur
at the interface between the expanding CME and the open field
lines of the coronal hole. At 14:10 UT, the speed of the front in-
tersecting the green lines is greater than 700 km s−1 and the front
has by then almost certainly steepened into a shock.

6.2. CME and type II burst

The type II burst starts at or immediately after the time of the
type III emission, and is also observed much later than usual
during the event. We therefore assume that the type III bursts
and the type II burst are physically related, and the type II burst
is another consequence of the interaction of the south-eastern
CME flank with the open coronal magnetic field lines. Since the
type II burst starts at lower frequency than the type III bursts,
this interaction most likely takes place at a greater altitude than
the type III source at 150 MHz. This is also consistent with the
modeling result that the CME expansion is probably too slow
to drive a shock wave at the low coronal altitude where the
type III bursts originate, whereas speeds able to drive a shock
are found at greater height (Fig. 8). The six right-hand panels
in Fig. 8 present, in a similar format to the left-hand panels, the
angle between the normal vector of the front and the direction of
the ambient magnetic field lines derived from the PFSS model.
Both open and closed magnetic field lines are considered for this
derivation. The angle is close to 90 degrees, shown by red col-
ors, over a large part of the south-eastern flank of the front at
14:10 UT. The quasi-perpendicular region rapidly shrinks, how-
ever, to the lower parts of the front as it proceeds to higher alti-
tudes. We conclude that at 14:10 UT the shock surface is mostly
quasi-perpendicular on the south-eastern flank of the CME.

Assuming the type II source is related to a shock wave at the
south-eastern CME flank, we compared the height profiles of the
radial component of its outward speed derived from the dynamic
spectrum (Eq. (3)), plotted by the solid line in Fig. 9a, and of the
radial component of the expansion speed on the south-eastern
CME flank inferred from the 3D modeling, plotted by filled tri-
angles and fitted by a parabola, as shown by the dashed curve.
The gray band represents the ±10% uncertainty of the type II
speed discussed above. The two curves intersect at heliocentric
distance ro = 2.1 ± 0.3 R�. We recall that r0 denotes the height
where the central frequency of the type II burst (30 MHz) is emit-
ted. At this distance, the angle between the CME surface and the
radial direction, whose height profile is plotted in Fig. 9b, is 54◦
with a range of uncertainty (42◦−63◦) induced by the uncertainty
of the height where the two parabolas intersect in Fig. 9a. These
quantities are listed in Table 1, together with the parameters de-
rived from the dynamic spectrum of the type II burst.

Table 2 summarizes the model-dependent derivation of fur-
ther parameters of the shock wave. We do not include error es-
timates, since a considerable uncertainty comes from various
model assumptions, such as a hydrostatic isothermal electron
density at a temperature of 1.5 MK. The quantitative indica-
tions are meant to give an idea of how consistent the results are
with respect to other work. Their relevance to coronal physics
has to be discussed in the framework of the model assumptions.
The start height of the type II source (line 1) is deduced from
the hydrostatic density model. Since the low-frequency side
of the type II spectrum is generally assumed to come from the
upstream plasma, which has not yet been disturbed by the CME,
the hydrostatic assumption is not unreasonable. The upstream

Fig. 9. a) Radial speed of the CME and the type II exciter. Solid line:
type II exciter from Eq. (3). Symbols: radial component of the expan-
sion CME speed on the south-eastern flank. The dashed line: quadratic
fit of these points. The gray band shows the ±10% uncertainty of the
type II exciter speed. b) Height profile of the angle between the normal
to the CME front and the radial direction. Symbols: angles inferred from
the CME modeling. Inclined solid line: linear fit of the points around the
reference height ro. Vertical solid line: corresponding angle at the refer-
ence height ro = 2.1 R�. The gray band presents the uncertainty of the
height owing to the type II exciter speed.

Table 1. Parameters of type II burst.

Type II burst spectrum
Centre frequency ν0 30 MHz
Start frequency νst 40 MHz
High-to-low frequency ratio 1.39
Frequency drift rate (log) (−7.0 ± 0.7) ×10−4 s−1

CME modeling
Central height r0 (2.1 ± 0.3) R�
Angle (n, radial) 54◦ (42◦−63◦)

electron density and mass density (lines 4 and 5) are directly de-
termined by the low-frequency limit of the type II burst. The
values given in the table refer to the emission frequency of
ν0 = 30 MHz, hence to a plasma frequency of 15 MHz in the
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Table 2. Inferred parameters of the type II shock.

(1) Start height rst = r0

(
1 +

2H(r0)
r0

ln νst
ν0

)−1
1.9 R�

(2) Height extent ∆r ≤ 2H(r0) ln νHF
νLF

≤0.32 R�

(3) Exciter speed VII VII = −
2H(r0)
cos θ

d
dt ln ν 800 km s−1

(4) Upstream electron density (r0) neu =
4π2ε0me

e2

(
ν0
2

)2
2.8 × 1012 m−3

(5) Upstream mass density (r0) ρu = 1.14neump 5.3 × 10−15 kg m−3

(6) Density compression X =
(
νHF
νLF

)2
1.9

(7) Alfvén Mach number MA =

√
X
2

5+5β+X
4−X 1.9

(8) Upstream Alfvén speed (r0) cAu = VII
MA

400 km s−1

(9) Upstream magnetic field (r0) BAu =
√
µ0ρucAu 0.33 G

(10) Upstream plasma β (r0) 2
γ

(
cs

cAu

)2
0.25

usual assumption that when a single type II band is seen, the
emission is harmonic.

The instantaneous width of the type II burst spectrum can
be used to estimate the height extent in the same hydrostatic
model (line 2). This is an upper limit, where we assume that the
entire type II burst emission comes from the upstream region.
The estimate suggests that the type II source only occupies a
fraction of the surface of the CME. This is consistent with the
general assumption that type II emission comes from the quasi-
perpendicular region of a shock. The right panel of Fig. 8 shows
that in the snapshots during the type II burst (14:10−14:20 UT)
the quasi-perpendicular region, shown by the red color, covers a
substantial, but decreasing, part of the CME flank. It is tempting
to relate the well-defined end of the type II burst near 14:21 UT
to the development of an increasingly large quasi-parallel geom-
etry on the CME front in regions of high expansion speed. At
14:25 UT the quasi-perpendicular part of the CME front is ex-
clusively at low altitudes, where the expansion speed is probably
too low to drive a shock wave. The exciter speed of the type II
shock follows from Eq. (3) and the parameters in Table 1.

If we adopt the interpretation of band splitting in type II
bursts as revealing simultaneous emission from the upstream and
downstream plasma (Smerd et al. 1974; Vršnak et al. 2001), the
frequency ratio of the split bands gives the density compres-
sion ratio at the shock (Table 2, line 6). This determines the
Alfvénic Mach number (line 7), where the polytropic index γ
and the β of the plasma are undetermined. We assume γ = 5/3
and leave β as an unknown. Using the exciter speed VII, we can
then calculate the Alfvén speed and the magnetic field strength
upstream of the shock, still with an unknown β. The relation-
ship between the plasma beta and the Alfvén and sound speeds
is given in the last line of the table. Since we know the sound
speed, we can insert the upstream Alfvén speed into this expres-
sion, with β as an unknown, then determine β, and use its value
to quantify the Alfvénic Mach number, the Alfvén speed, and the

magnetic field strength. All these parameters refer to the height
ro = 2.1 ± 0.3 R�.

6.3. CME shock and SEP acceleration

Particles accelerated in the quasi perpendicular shock (revealed
by the type II burst) will not be observed by any spacecraft be-
cause of their location in the interplanetary space (Fig. 5). These
particles reach 1 AU at a heliolongitude of around –137◦ relative
to L1 and the Earth. All spacecraft are magnetically connected
to the western regions of the flare-CME system.

We applied the same triangulation technique as used in Fig. 8
to locate the extent of the pressure front much higher in the solar
atmosphere when the CME has sufficiently expanded to inter-
sect the nominal Parker spiral connected with STB. The trian-
gulation work was carried out by considering both the COR-2
coronagraph, as well as the inner heliospheric imager (HI-1).

To infer how STB connects with the low corona at the time
of the event, we must verify that the solar wind situated be-
tween the corona and STB is not significantly disturbed. To do
so, we considered the STEREO catalogs of CMEs and corotat-
ing interaction regions (CIRs), which were made available by
the Heliospheric Cataloguing, Analysis and Techniques Service
(HELCATS) FP7 project. Since STA was directly imaging the
Sun-STB line (see Fig. 5), the catalogs are perfectly suited for
this analysis. The analysis reveals that (1) the CME of interest
to the present paper was the only one observed by STEREO for
many days before and after the event; (2) a CIR was also pass-
ing in the field of view of HI at the same time and should have
hit STB at roughly the same time as the CME shock. Compari-
son of the location of both structures during their propagation to
1 AU shows that the magnetic connectivity of STB to the west-
ern part of the shock (Fig. 5) could not have been altered by the
formation of the CIR on 26 April 2008. The CIR was forming
well upstream of the CME but was not present near the heights
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Fig. 10. Pressure wave triangulated from STEREO/COR2 observations
at 15:38 UT and at 16:08 UT, as seen by an observer above the north-
ern solar pole. The three labeled lines represent the Parker spiral field
lines in the ecliptic plane that connect the parent active region to the
spacecraft.

and longitudes of the shock at 15:38 UT and at 16:08 UT on
26 April 2008. For more details, see the analysis presented in
Appendix A.

The triangulation work carried out high up in the corona
using COR-2 and HI-1 confirms the gradual southward and
eastward shift of the central axis of the pressure front that was
already detected in EUVI and COR-1 (Sect. 6). The longitudinal
shift goes from 216◦ at 13:55 UT to 200◦ at 16:08 UT.

The derived position of the propagating front at these later
times reveals that the western CME flank intercepts the inter-
planetary field lines connected with the STB spacecraft after
15:38 UT (Fig. 10). This is consistent with the injection time,
which was estimated by considering the measured ion time pro-
file discussed in Sect. 5 (Fig. 6). A similar configuration between
the CME shock and the Parker spiral has been analysed and mod-
elled in Rouillard et al. (2011). Careful analysis of the magnetic
connectivity of the shock with the particle detectors also showed
a delayed onset of the SEP event (about 16 h), which was at-
tributed to the time for the modelled shock to intersect the rele-
vant magnetic field lines.

7. Discussion

The eruptive event on 26 April 2008 illustrates different ener-
getic particle populations associated with different acceleration
sites related to a CME. The observations are summarized as
follows:

1. The event showed no evidence of electron acceleration to
mildly relativistic energies in the low corona: the microwave
emission had a purely thermal character.

2. Electron acceleration was first observed above the flaring
active region, most likely related to the post-eruptive cur-
rent sheet, through the type IV continuum seen over a
broad range of dm-to-m-waves. Spectrography from longer
metre-wavelengths to kilometre-wavelengths suggests that

few electrons could escape. This is consistent with the large-
scale closed magnetic configuration revealed by the PFSS
extrapolation.

3. Type III bursts from electron beams and a type II burst from
a coronal shock wave were observed unusually late, more
than 15 min after the start of the eruptive event. The type III
source could be imaged at 150 MHz, and was found to be
located far south-eastward of the flaring active region, on
open field lines revealed by the PFSS extrapolation and indi-
rectly by a coronal hole in EUV and radio images. An EUV
wave was found to arrive at the open field lines related to the
type III bursts near the time of the bursts. The 3D modeling
of the stereoscopic CME observations confirms the occur-
rence of the type III bursts, and therefore the acceleration of
the electron beams, as the south-eastern flank of the later-
ally expanding CME impacted the open magnetic field lines
of the coronal hole. At 1 AU the Parker spirals connected to
those PFSS field lines which traverse the type III burst source
are separated by ∼110◦ in heliolongitude from the nearest
spacecraft, STB.

4. Parameters of the shock wave were derived from the com-
bination of the spectrographic observations and the CME
modeling under the assumption that the type II burst also
occurred on the south-eastern flank of the CME. This leads
to a fairly complete, but model-dependent, description of
the shock and the upstream plasma. The geometry of the
CME flank at the presumed site of the type II burst is
quasi-perpendicular.

5. The shock at the front of the CME is not observed di-
rectly, but its presence is strongly suggested by the high
speed ∼1000 km s−1. Its geometry is quasi-perpendicular
during the first 5−10 min of the CME rise. Thereafter it be-
comes quasi-parallel, and the quasi-parallel geometry occu-
pies an increasing fraction of the CME surface as the event
progresses.

6. SEPs up to several MeV are observed by the best-connected
spacecraft, STB. Their intensity starts to rise nearly two
hours after the start of the eruption. The Parker spiral through
the spacecraft originates westward of the eruptive active re-
gion. The expanding CME reaches this field line near the
time when the SEPs seen at the spacecraft were released at
the Sun.

7. The radio observations of electron acceleration at the Sun
and of SEPs near 1 AU reveal particle acceleration at differ-
ent regions of an expanding CME. They cover a remarkably
extended range of heliolongitudes of about 140◦.

The high cadence of the data and the multiple view points during
this event give us a unique opportunity to see different particle
populations from different acceleration sites linked to the same
CME. The observations allow us to discuss qualitatively differ-
ent acceleration mechanisms involved.

7.1. Type III burst and particle acceleration during
the interaction of the CME with the coronal hole

STEREO and SoHO images have shown an EUV wave reach-
ing a coronal hole close to the type III burst source posi-
tion at 150 MHz (S3). The observed speed of the EUV wave,
207 km s−1, and the expansion of the CME front inferred from
stereoscopic modeling at heliocentric distances of <1.5 R�, are
unlikely to be fast enough to reveal a shock. The shock traced
by the type II burst likely occurred at a greater height than S3.
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Thus, we can conclude that even though both sources, S3 and the
type II burst, are most likely located in the coronal hole region
and are linked to the expansion of the CME, they are independent
manifestations of the CME impact on the coronal hole. There-
fore, an alternative accelerator is needed to explain the electron
acceleration near S3 taking into account the interaction of the
EUV wave with its surroundings.

In solar plasmas, the magnetic reconnection process is nor-
mally related to the energy release in flares that can acceler-
ate energetic particles (e.g., Aschwanden 2002). Nevertheless,
the magnetic reconnection can also happen when the expanding
magnetic structure of the CME that formed in the active region
interacts with the surrounding field lines (Dasso et al. 2006).
Magnetic reconnection can inject energetic electrons onto open
magnetic field lines in two ways.

On the one hand, if the CME magnetic structure is filled
with energetic electrons, the reconnection with the surround-
ings will give them access to open magnetic field lines. This
was envisaged by Schatten & Mullan (1977) and modelled by
Masson et al. (2013). Evidence of electrons confined in the flux
rope was presented in Sect. 3. However, radio emission from
these accelerated electrons was observed only north-eastward
and south-westward of the active region (see Fig. 2), far from
region S3. So the scenario is not supported by the observations,
although we cannot exclude it definitely, because we do not fully
understand the radiation process.

An alternative idea is that the particles are locally acceler-
ated near the S3 location. In a magnetic reconnection scenario
related to flares, pairs of oppositely drifting bursts (type III and
reverse slope) are expected. These pairs of bursts that start si-
multaneously and at the same frequency reveal electrons that are
accelerated upwards and downwards from the reconnection re-
gion (Aschwanden 2002). These pairs of bursts are not observed
in the spectrum in Fig. 3, although we cannot exclude the idea
that the bursts at 150 MHz are reverse slope bursts. In addition,
downward-propagating electron beams may not be observed be-
cause the plasma is compressed, so that the enhanced collision
rate or turbulence is able to isotropize the beams, while the en-
hanced magnetic field is able to reflect them.

Another process that must be considered because of the mag-
netic compression is betatron acceleration. Since the magnetic
moment is conserved in a collisionless plasma, the particles gain
perpendicular kinetic energy when the local magnetic field in-
creases (e.g., Baumjohann & Treumann 1996). The increase in
kinetic energy is equal to that of the magnetic field. If the plasma
is slightly collisional or subjected to wave turbulence, the per-
pendicular momentum can be transferred to parallel momentum.

We examine if this process can be effective in accelerating
the electrons through the compression of the open magnetic field
in the coronal hole by the impact of the CME. If we use the ref-
erence height of the type II burst (ro = 2.1 R�, Sect. 6), we find
that the height of the S3 source at 150 MHz is r = 1.2 R�. At
this altitude the magnetic field given by the PFSS extrapolation
is B ' 0.49 G. To estimate the magnetic field compression, we
compare this value with an upper limit reached during the com-
pression, namely the magnetic field required to stop the CME
expansion by the build-up of magnetic pressure at the interface
of the CME and the coronal hole. The compressed magnetic
field (B) was calculated from the condition of equilibrium be-
tween the dynamic pressure of the expanding CME and the mag-
netic pressure in the compressed open magnetic flux tube:

B =
√

2 · µ0ρ · V ' 1.47 [G], (4)

with ρ = 1.14nemp. The electronic density inside the CME (ne)
was taken 12% higher than the ambient density (Kozarev et al.
2011; Schrijver et al. 2011). The ambient electron density was
found to be 6.9 × 107 cm−3, assuming harmonic emission of the
source at 150.9 MHz. The speed of the impact, V , is the velocity
of the EUV wave.

Considering that electrons at speeds around three times
the thermal speed in the ambient plasma can be acceler-
ated by the magnetic field compression, we obtain an en-
ergy of about 3.5 keV. This is less than the energy usu-
ally associated with type III emitting electron beams in the
corona (Alvarez & Haddock 1973; Lin 1974; Poquerusse 1994;
Klassen et al. 2003). In the present case, we can estimate the ex-
citer speed of the type III burst from the drift rate. In fact no drift
is discernible in the type III bursts of the differential spectrum
in Fig. 3 between 70 and 20 MHz. Given that the integration
time is 2.5 s, this implies a lower limit of the absolute value
of the logarithmic drift rate of 0.5 s−1 and a lower limit of the
exciter speed of 0.4c, which corresponds to a kinetic energy of
about 45 keV. This value is higher than the one estimated from
the compression ratio, which was already a generous estimate of
an upper limit. Successive episodes of magnetic pumping might
be more efficient, for instance if the CME expansion produced
large-amplitude fast magnetosonic waves.

In conclusion, both magnetic reconnection and betatron
acceleration can qualitatively account for the acceleration of
type III emitting electron beams, but we have no definite ob-
servational evidence to distinguish between them.

7.2. CME shock

Because of its high speed, the CME is expected to drive a shock
wave. This is consistent with the occurrence of a type II radio
burst. Although only spectral observations of this burst were
available, the combination with the CME modeling gave valu-
able, albeit model-dependent, insights into the type II burst and
its role in the particle acceleration at the CME shock. The phys-
ical relationship between the metre-wave type II burst and the
CME is strongly supported by the timing and the coincidence
with the impact of the south-eastern flank of the CME on the
coronal hole.

7.2.1. CME shock and type II radio burst

The emission of metre-wave type II bursts on the flank of
a CME was reported in a number of recent studies (e.g.,
Magdalenić et al. 2014; Zucca et al. 2014a), although evidence
on a location near the nose is also frequent, especially at alti-
tudes within a solar radius above the photosphere (Dauphin et al.
2006; Zimovets et al. 2012; Zucca et al. 2014b). In the present
case, no imaging observations of the type II burst are avail-
able, but the consistency between the type II spectrum and the
height profile of the expansion velocity derived from the stereo-
scopic CME modeling strongly argues for a source location on
the flank. Using this constraint, we infer that the shock geometry
must be quasi-perpendicular. This again adds evidence to exist-
ing knowledge (Steinolfson 1984; Zimovets et al. 2012), using a
new technique. The observations suggest that the type II emis-
sion ceases as the quasi-perpendicular part of the CME front
shrinks to a small region of relatively low expansion speed in
the low corona. This is a new possible interpretation of the finite
duration of metre-wave type II bursts.
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The Mach number of the type II shock, as inferred
from the hypothesis of simultaneous emission upstream and
downstream of the shock front, is moderate, MA = 1.9.
The value is consistent with previous work (Vršnak et al.
2002; Mancuso & Garzelli 2013; Kouloumvakos et al. 2014;
Vasanth et al. 2014; Zucca et al. 2014b), but it is more closely
constrained in the present event by the combination of the
type II spectrum and the stereoscopic CME modeling. Simi-
lar Mach numbers were derived from white-light observations
(Bemporad & Mancuso 2010, 2011).

The interpretation of band splitting in terms of simultaneous
emission upstream and downstream of the shock was challenged
on theoretical grounds (Cairns 2011), and alternative ideas
were developed (McLean 1967; Treumann & LaBelle 1992;
Sakai & Karlický 2008). Those which localize the split-band
sources in different regions upstream of the shock front have not
been confirmed by imaging observations. Zimovets et al. (2012)
and Zucca et al. (2014b) present two case studies where multi-
frequency imaging show the high-frequency split band to be
slightly, but systematically, displaced inward with respect to the
low-frequency split band, which is in agreement with the hypoth-
esis of simultaneous emissions from the upstream and down-
stream region. Another major support to this interpretation is the
finding that, in type II bursts where the feature was observed in
interplanetary space, the in situ density measurements upstream
and downstream of the shock wave near 1 AU were indeed con-
sistent with the Earthward extrapolation of the type II split bands
(Vršnak et al. 2001). Finally, numerical simulations also show
that shock-accelerated electrons may penetrate into the down-
stream region (Savoini et al. 2005).

7.2.2. CME shock and SEP acceleration
CMEs are thought to accelerate particles over an extended spatial
range. The Mach number found on the south-eastern flank of the
26 April 2008 CME corresponds to a subcritical shock in quasi-
perpendicular geometry (see Fig. 5 of Mann et al. 1995). It is
therefore not clear if this part of the CME shock was able to
accelerate protons. Electrons that were accelerated at this shock
would be expected to be seen about 120◦ eastward of the flaring
active region.

The first protons observed in interplanetary space were ac-
celerated when the part of the shock that was situated close
to the western flank of the Sun was magnetically connected to
the spacecraft. In the present event, this occurred only when
the CME front was far from the Sun. The SEPs detected at
STEREO B and SoHO complete the manifestations of particle
acceleration at this particular CME, demonstrating that physi-
cally different accelerators are at work in different acceleration
regions, so that the remotely observed particle signatures de-
pend on the region of the CME front to which the observer is
connected.

8. Summary and conclusions
The occurrence of an eruptive event on 26 April 2008 during
very quiet coronal conditions gave us the opportunity to iden-
tify different energetic particle populations originating in differ-
ent acceleration sites that were triggered by the evolution of the
CME. In summary, we were able to determine the relationship
between the CME expansion, the EUV wave, and the particle
acceleration regions:

1. No non-thermal electrons are seen from the flaring active
region itself. The acceleration occurs only higher in the

corona as was revealed by decimetric and decametric radio
emission.

2. Energetic electrons were accelerated, which produced
type III burst emission at the interaction region between the
south-eastern CME flank and the ambient corona, far from
the active region. Candidate acceleration processes operating
there are magnetic reconnection and compressional acceler-
ation at the interface between the CME flank and the corona.

3. The shock revealed by the type II burst was most likely
also located at the south-eastern CME flank, but at a slightly
greater height (∼1.9 R�). The local geometry was found to be
quasi-perpendicular. While the shock wave was clearly able
to accelerate electrons, its inferred Mach number suggests
that it was sub-critical and therefore not an efficient proton
accelerator.

4. The late SEP event (MeV protons) observed at STEREO B
and SoHO is associated with the shock-acceleration near the
western CME flank, where the geometry was quasi-parallel.
The late onset is consistent with the time when the pressure
wave (CME border) higher in the corona became magneti-
cally connected to the spacecraft.

5. The various acceleration regions identified during this event
released electrons and/or protons over an extended range of
heliolongitudes reaching nearly 140◦.

The observations of this well-defined CME, which occurred in
a rather simple environment that is typical of solar minimum,
reveal the simultaneous or successive action of different accel-
eration regions. These acceleration regions are linked to differ-
ent vantage points in the interplanetary space. While this ex-
ample does show that a CME releases energetic particles into
a broad range of heliolongitudes, it does demonstrate that multi-
spacecraft SEP measurements may not probe one acceleration
region in the corona.
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Vršnak, B., Aurass, H., Magdalenić, J., & Gopalswamy, N. 2001, A&A, 377,

321
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Appendix A: Analysis of interplanetary conditions
between 20 and 30 April 2016

In this section, we evaluate whether the magnetic field line in-
voked in Sect. 6.3 (Fig. 5), which connects STEREO-B to the
western flank of the shock is perturbed by heliospheric struc-
tures, such as CMEs and corotating interaction regions (CIRs).
To do so, we employ the CME and CIR catalogs produced by the
HELCATS1 project using images from STEREO.

The catalog uses the fitting technique developed by
Rouillard et al. (2010a,b), which is based on J-maps. Through
a systematic analysis, Plotnikov et al. (2016) show that all CIRs
measured in situ were also detected in white-light imagery be-
tween 2007 and 2009.

The range of elongation angles shown in the J-maps of
Figs. A.1a and b (vertical axis), goes from 4◦ to 74◦. This angu-
lar range that was imaged by the heliospheric imagers onboard
STEREO-A includes the elongation of STEREO-B, shown by
the dotted horizontal lines near elongation 70◦ in Figs. A.1a
and b. Hence STEREO-A was at the time imaging plasma
flowing between the Sun and STEREO-B (see Fig. A.1c). No
large CME propagated outward in the heliospheric images of
STEREO-A, other than the event of interest in this paper. The
various trajectory estimates listed in the HELCATS Catalogue
confirm that the CME studied in this paper propagated to
within 20◦ of the longitude of STEREO-B at an estimated
speed of around 550 km s−1. This agrees with the speed of
plasma located downstream of the shock, which was measured
by STEREO-B at the impact time. We repeated the trajectory
analysis by combining the fixed-phi model (Rouillard et al.
2008) with the results of the triangulation work given in
Sect. 6.3. The latter gave a longitude of propagation of 200◦
along the central axis and a shock passage time at 10 R�
of 16:00 UT on 26 April with a speed of 550 km s−1. The
time-elongation variation of this hypothetical CME produces
the red track shown in Fig. A.1a. For an average transit speed of
550 km s−1, the track very closely matches the leading edge of
the CME track that was shown to be the time-varying location

1 http://www.helcats-fp7.eu/products.html

of the shock by Wood & Howard (2009). The derived location
of the CME is shown on the view of the ecliptic in Fig. A.1c at
12:00 UT on 27 April 2008.

The J-map in Fig. A.1a also reveals the presence of a pattern
of converging tracks that is typical of a CIR passing in the field
of view (e.g., Rouillard et al. 2008). Each track corresponds to
a density inhomogeneity (or so-called blob) that becomes com-
pressed inside the CIR, acting as a tracer of the CIR progres-
sion along a specific longitude. The CIR corotates and density
blobs are released periodically from the low corona, which pro-
duces this characteristic pattern of tracks in the J-map that acts
as a tracer of the longitudinal and radial progression of the CIR
(Rouillard et al. 2008). The HELCATS Catalogue confirms the
presence of a CIR propagating towards STEREO-B at the time;
the CIR pattern extracted from the J-map is shown as the fam-
ily of black lines overlying the J-map shown in Fig. A.1b. In
this calculation, a reference track (red line in Fig. A.1b) is usu-
ally assumed to reconstruct the pattern of a converging track.
The position of the CIR in the ecliptic plane at 12:00 UT on
27 April 2008, as calculated by the propagation tool, is shown
in Fig. A.1d. The CIR is approaching STEREO-B at the time
and the tool computed an impact time based on radial propa-
gation and corotation on 29 April 2008 at around 7 UT with
a typical uncertainty of 8 h. The interplanetary CME (ICME)
shock clearly identified by Wood & Howard (2009) in white-
light images and tracked in Fig. A.1a arrives at STEREO-B near
13:00 UT, we conclude that the CME must have encountered the
CIR during its radial propagation to STEREO-B.

The complex in situ signature downstream of the shock may
result from the complex interaction that must have occurred be-
tween the CME and the CIR during the propagation of the CME
to STEREO-B. According to Fig. A.1, this complex interaction
should have occurred well after 12:00 UT on 27 April 2008.
Therefore the magnetic connectivity of STEREO-B to the shock
at the time of the early SEP signatures (Sect. 6.3) is not yet af-
fected by that interaction. This is particularly true at the low
heights at which the triangulation work was carried out (<15 R�),
where CIRs have not yet formed.
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C. Salas-Matamoros et al.: CME-related particle acceleration regions

Fig. A.1. a), b): J-maps derived from heliospheric imaging made by STEREO-A showing the state of the interplanetary medium between 16 April
and 6 May 2008. Each track on these J-maps corresponds to a density structure moving radially outward from the Sun and leaving a strong signature
in the white-light images. The horizontal dotted line near the top of the maps shows the elongation of STEREO-B (STB). The inclined red line in
a) is the track of a hypothetical CME launched near the time of the 26 April 2008 event and propagating at constant speed 550 km s−1. The vertical
blue line marks its arrival at STB. c), d): view of the ecliptic plane from solar north with the respective locations of STEREO-A (STA), STB and L1
as well as other planets and probes that are not all labeled for clarity purposes. The angular extents of the J-maps shown in the left-hand columns
are shown as red contour lines emanating from the STA. The locations of the CME (c) and CIR (d); blue band) derived by the J-map analysis are
shown at 12:00 UT on 27 April 2008. These four panels were produced using the IRAP propagation tool (propagationtool.cdpp.eu).
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