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Abstract Flares and coronal mass ejections (CMEs) contribute to the acceleration and prop-
agation of solar energetic particles (SEP) detected in the interplanetary space, but the exact
roles of these phenomena are yet to be understood. We examine two types of energetic par-
ticle tracers related with 15 CME-less flares that emit bright soft X-ray bursts (GOES X
class): radio emission of flare-accelerated electrons and in situ measurements of energetic
electrons and protons near 1 AU. The CME-less flares are found to be vigorous accelerators
of microwave-emitting electrons, which remain confined in low coronal structures. This is
shown by unusually steep low-frequency microwave spectra and by lack of radio emission
from the middle and high corona, including dm – m wave type IV continua and metre-to-
hectometre type III bursts. The confinement of the particles accelerated in CME-less flares
agrees with the magnetic field configuration of these events inferred by others. Two events
produced isolated metric type II bursts revealing coronal shock waves. None of the seven
flares in the western hemisphere was followed by enhanced particle fluxes in the GOES
detectors, but one, which was accompanied by a type II burst, caused a weak SEP event
detected at SoHO and ACE. Three of the CME-less flares were followed within some hours
by SEP-associated flares from the same active region. These SEP-producing events were
clearly distinct from the CME-less ones by their association with fast and broad CMEs,
dm – m wave radio emission, and intense DH type III bursts. We conclude that radio emis-
sion at decimetre and longer waves is a reliable indication that flare-accelerated particles
have access to the high corona and interplanetary space. The absence of such emission can
be used as a signal that no SEP event is to be expected despite the occurrence of a strong
soft X-ray burst.
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1. Introduction

The acceleration of energetic electrons and ions that escape to the interplanetary space
is a well-known manifestation of solar activity. But the origin of enhanced fluxes of so-
lar energetic particles (SEP) detected in space is difficult to identify. This is because the
events are usually associated with complex coronal activity. When the different observ-
ing conditions for the detection of flares and coronal mass ejections (CMEs) are taken
into account, it turns out that large SEP events, routinely monitored by the Geosynchro-
nous Operational Environmental Satellites (GOES) operated by NOAA, are associated
with both fast and broad CMEs and flares, as seen, e.g., by soft X-ray patrol observa-
tions (Cane, Erickson, and Prestage, 2002; Gopalswamy et al., 2004). Statistical corre-
lations of SEP parameters and the associated activity are ambiguous. For instance, there
is some correlation between the SEP peak flux and the plane-of-the-sky speed of CMEs,
but SEP fluxes can vary by several orders of magnitude for a given speed (Kahler, 2001;
Gopalswamy et al., 2004). Similarly, there is a more or less pronounced correlation between
the peak fluxes of SEP and soft X-rays (Gopalswamy et al., 2004), which is well improved
when only SEP events in the western hemisphere are considered (Belov et al., 2007). Cher-
tok (1990) has also shown a clear correlation between SEP peak fluxes at energies above
10 MeV and the fluence of gamma-ray emission in the (4 – 7) MeV range, which is domi-
nated by nuclear lines from accelerated protons and ions.

It appears that statistical correlations will not allow us to decide which role flares and
CMEs actually play in SEP events. A useful approach to study particle acceleration and
escape under well-defined conditions would be the identification of ‘pure’ events, i.e. fast
CMEs without flares or powerful flares without CMEs. It was shown (Marqué, Posner, and
Klein, 2006) that the few fast CMEs with no radio signature of flare-related particle acceler-
ation did not produce conspicuous SEP events detected at Earth, even when they were well
connected. The authors concluded that a CME shock alone was not a sufficient condition
for an SEP event. Here we address the opposite question: do strong flares without CMEs
produce SEP events? CME-less strong flares were identified by Wang and Zhang (2007)
and Gopalswamy, Akiyama, and Yashiro (2009). In the present paper we analyse the associ-
ated manifestations of energetic electrons in the corona through the radio emission, and also
investigate if the Earth-connected events are followed by energetic particles in space.

In Section 2 we briefly summarise the identification of CME-less flares (Section 2.1) by
Wang and Zhang (2007) and Gopalswamy, Akiyama, and Yashiro (2009), present the asso-
ciated radio emission from centimetre-to-hectometre wavelengths (Section 2.2), and search
for SEP signatures in space (Section 2.3) using the GOES, SoHO and ACE spacecraft. In
Section 3 we study SEP-associated flares that occurred a few hours after three of the CME-
less flares in the same active region, and compare the radio properties of the two event types.
The results are discussed in Section 4 with respect to the magnetic confinement of the flare-
accelerated particles (Section 4.1). The origin of type II coronal shocks and their role in
SEP acceleration is briefly addressed in Section 4.3. The relevance of the findings for SEP
forecasting is alluded to in Section 4.4. A preliminary account of this research has been
published by Klein, Trottet, and Vilmer (2009).
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2. Radio Emission from CME-Less Flares

2.1. The Identification of CME-Less Flares

A set of CME-less strong flares, where the soft X-ray emission at the event peak exceeded
10−4 W m−2 (GOES X class), was identified by Wang and Zhang (2007). Flares that are not
accompanied by a coronal mass ejection are usually called “confined”. The denomination
already presumes an explanation. We prefer the neutral term “CME-less” flare in this paper.
Wang and Zhang (2007) considered a flare as CME-less when i) no CME lifted off – as
inferred from the linear backward extrapolation of its time – height trajectory – within a
60 min window centred on the soft X-ray onset, ii) no EUV dimming was observed with
the flare brightening. EUV dimmings are indeed statistically related with CMEs (Bewsher,
Harrison, and Brown, 2008) and can be related to the outflow of material in the course of
the CME (Jin et al., 2009), although remarkable exceptions have also been reported (e.g.,
Robbrecht, Patsourakos, and Vourlidas, 2009). Wang and Zhang (2007) found that eleven
out of a total of 104 GOES X class flares during the last solar cycle (1996 – 2004) were not
accompanied by CMEs.

Another list of CME-less flares was compiled by Gopalswamy, Akiyama, and Yashiro
(2009). They used a slightly different method, as described in Yashiro et al. (2008): X class
flares were identified where no CME was listed within a window of ±1.5 hrs around the flare
onset in the SoHO/LASCO CME catalogue (http://cdaw.gsfc.nasa.gov/CME_list/index.html)
of Yashiro et al. (2004). Then presumably false associations were eliminated by visual in-
spection of the LASCO and EIT movies. These authors identified 13 CME-less X class flares
between 1996 and 2005.

The selection criteria of CME-less flares differ slightly between the two papers, but nine
events are common to the two lists. The combined list of 15 CME-less X class flares is
displayed in Table 1. Column 1 gives the date, start time and importance of the GOES
soft X-ray burst and the location of the associated flare, from Wang and Zhang (2007),
Gopalswamy, Akiyama, and Yashiro (2009), and Solar Geophysical Data – Comprehensive
Reports published by NOAA. The events only contained in the list of Wang and Zhang
(2007) are labelled “W” (end of col. 1), those only contained in the list of Gopalswamy,
Akiyama, and Yashiro (2009) are labelled “G”.

The events on 09 June 2003 and 16 July 2004, 13:49 UT were not retained by Gopal-
swamy, Akiyama, and Yashiro (2009). These authors justified the exclusion of the latter
event by the identification of an uncatalogued CME. But this CME was already in the
LASCO field of view beyond 2.5 R� at the time of the start of the soft X-ray burst, which
shows that it lifted off well before the flare. The 09 June 2003 event occurred during a very
active period of the solar corona, as shown by the daily SoHO/LASCO difference movies
and also by Figure 1 of Wang and Zhang (2007). However, the CME identified in the LASCO
images at the time of the flare started several hours earlier, and no EUV dimming was seen
by SoHO/EIT with this flare (Zhang, personal communication). So the inclusion in the event
list is consistent with the selection criteria. Several events of Gopalswamy, Akiyama, and
Yashiro (2009) were not considered by Wang and Zhang (2007): 25 November 2001, 31 Oc-
tober 2002, and the two events of 2005 (15 January, 15 September) that were not within the
time frame used by Wang and Zhang (2007). We analyse in the following all events of Ta-
ble 1.

2.2. Characteristics of the Radio Emission

Information on the microwave emission was derived from the patrol data especially of the
RSTN network (observing frequencies: 15.4, 8.8, 4.995, 2.695, 1.415, 0.610, 0.410 and

http://cdaw.gsfc.nasa.gov/CME_list/index.html
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Figure 1 Time history of the soft X-ray (top panel; GOES – solid line 0.1 – 0.8 nm, dashed-dotted line
0.05 – 4 nm, respectively), microwave (middle; Nobeyama Radio Polarimeter, NoRP; frequencies listed
in units of GHz) and decametre-to-hectometre (DH) wave emission (bottom; Wind/WAVES) around the
CME-less GOES X class flare on 26 February 2004 01:50 UT.

0.245 GHz, provided by NGDC/WDC Boulder1) and the Nobeyama Radio Polarimeter2

with observing frequencies 80, 35, 17, 9.4, 3.75, 2.0, 1.0 GHz (Nakajima et al., 1985). Most
of the data were available on line. In some events data from the University of Bern patrol
observations (courtesy A. Magun) were also used.

A representative example of the soft X-ray and radio time histories of CME-less flares
is shown in Figure 1. The soft X-ray burst (top panel) has a rapid rise, on which a sec-
ond event may be superposed shortly before the peak. The microwave emission at 3.75 and
17 GHz shows a pronounced impulsive peak during this phase, followed by a monotonical
decay at 3.75 GHz and a new, more gradual rise, probably of thermal origin, at the higher
frequency. The weak counterpart at 2 GHz has a different time profile, and no event was
seen at 1 GHz (not shown here). This suggests that the microwave spectrum is cut off some-
where between 1.0 and 3.75 GHz. The bottom panel of Figure 1 displays the decametre-
to-hectometre (DH) wave spectrum (14 – 1 MHz). The type III bursts shown by the nearly
vertical light blue traces are produced by electron beams that travel through the high corona

1http://www.ngdc.noaa.gov/stp/SOLAR.
2http://solar.nro.nao.ac.jp/norp/.

http://www.ngdc.noaa.gov/stp/SOLAR
http://solar.nro.nao.ac.jp/norp/
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Figure 2 Left: Time history of the microwave emission (RSTN/Learmonth: green 4.995 GHz, black
15.4 GHz; Nobeyama Radio Polarimeter – NoRP: red 9.4 GHz, light blue 35 GHz) during the 26 Febru-
ary 2004 01:50 UT flare. Right: Flux density spectra at selected times, as indicated by the arrows in the left
figure. RSTN measurements are connected by solid lines, NoRP data by short-dashed lines.

(typically 3 – 10 R� in this frequency range). Type III bursts in this range will be referred
to as DH type III bursts in the following. A key feature of this and other CME-less flares
is that no DH type III burst is detected during the impulsive flare phase, at the time of the
pronounced peak of the microwave emission.

The microwave time history during the impulsive flare phase is shown in more detail in
the left hand panel of Figure 2. Flux density spectra at selected times during the event are
plotted in the right panel. The spectrum has a well-defined and rather steep rise (∼ν5.8) at
low frequencies to a maximum near 9 GHz. The low-frequency cutoff and steep spectrum
are again typical features of these CME-less flares, as will be shown below.

The radio characteristics of the entire set of CME-less X class flares are listed in Ta-
ble 1. Parameters of the microwave spectrum at the maximum of the event are listed in
columns 2 – 5. In the events of 06 June 2000, 02 April and 25 November 2001, where no
data were available on line, the information in the table is quoted from RSTN observa-
tions reported in Solar Geophysical Data – Comprehensive Reports. Columns 2 and 4 give
the extension of the microwave spectrum towards high and low frequencies, respectively.
The high-frequency cutoff CO(HF) is only a rough indication, because most often the event
was seen at all frequencies of patrol observations, depending on the available instruments:
the Nobeyama Radio Polarimeter also monitors the Sun at 80 GHz, and Bern at 50 GHz,
whereas the highest frequency of RSTN is 15.4 GHz. The low-frequency limits CO(LF)
were easier to identify. Column 4 gives the lowest frequency where the microwave burst
was detected, and the subsequent lower frequency where it was not seen. Column 3 re-
lates the time, frequency and flux density of the maximum of the microwave burst. The flux
density is the value after subtraction of the pre-event background. It is given in solar flux
units (1 sfu = 10−22 W m−2 Hz−1). Column 5 gives the spectral index of the low-frequency
microwave spectrum, computed between the two frequencies within parentheses.

Columns 6 and 7 contain a brief description of the decimetre-to-metre wave emission,
which here means frequencies from about 600 MHz to the ionospheric cutoff near 30 MHz.
The information was derived from catalogues and quick look plots at the web sites of dif-
ferent radio observatories (Table 2), and from inspection of RSTN single frequency records,
when available. In one case the emission was that of the quiet corona, because no isolated
source was seen in images of the Nançay Radioheliograph (NRH; Kerdraon and Delouis,
1997). Most often a noise storm was observed, as is common in periods of high solar ac-
tivity. Noise storms are time-extended (hours to days), flare-independent dm-m wave radio
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Table 2 Decimetre-to-metre wave radio observatories.

Observatory and homepage Frequency

range [MHz]

Phoenix-2, ETH Zurich (Messmer, Benz, and Monstein, 1999) 4000 – 100

www.astro.phys.ethz.ch/catalog/catalog_nf.html

Tremsdorf Observatory, AI Potsdam (OSRA; Mann et al., 1992) 800 – 40

www.aip.de/groups/osra/

ARTEMIS, University of Athens (Caroubalos et al., 2001) 650 – 20

www.cc.uoa.gr/artemis/

IZMIRAN Moscow 270 – 25

helios.izmiran.rssi.ru/lars/LARS.html

Nançay Decametric Array (NDA; Lecacheux, 2000) 70 – 20

www.obs-nancay.fr/a_index.htm

Green Bank Radio Spectrograph (GBSRBS; White, 2007) 70 – 18

gbsrbs.nrao.edu/

Hiraiso Radio Spectrograph (HiRAS) 2500 – 25

sunbase.nict.go.jp/solar/denpa/index.html

Culgoora Radio Spectrograph (Type II list) 1800 – 18

www.ips.gov.au/Solar/2/6/1

emissions associated with active regions. Whether or not this is the active region where the
CME-less flare occurred cannot be decided without imaging observations. When a noise
storm was clearly seen by the NRH a few hours from the CME-less flare, and no other re-
liable data source was available, the dm – m emission during the flare was qualified as a
noise storm with a question mark. In two events flare-related radio emission was observed:
a type III burst and a type II burst with a precursor. The presence or absence of a metric
type II burst is noted in column 7.

Column 8 reports the detection or not of a type III burst at decametric-to-hectometric
wavelengths (frequency range 14 – 1 MHz) with the WAVES spectrograph aboard the Wind
spacecraft (Bougeret et al., 1995). The digital data were plotted and compared with the soft
X-ray and microwave time profiles. A complication arises because noise storms at metre
wavelengths are often associated with storms of DH type III bursts. Storm type III bursts are
usually faint and occur in uninterrupted series during several hours or more (Kai, Melrose,
and Suzuki, 1985; Kayser et al., 1987), while flare-related DH type III bursts occur during
the impulsive phase, characterised by the rise of the soft X-ray flux and bright microwave
emission. Since they are not flare-related, storm type III bursts were not marked in the Table.
This ambiguity will be addressed again in the Discussion (Section 4.1).

We now proceed to summarise the results of Table 1.

2.2.1. Centimetre Wave Bursts

In order to put the microwave emission of the CME-less X class flares into the broader
context, we compare the results with those of two statistical studies: that of 412 microwave
bursts observed during the years 2001 and 2002 with the small antennas of the Owens Valley
Solar Array with excellent frequency coverage in the 1.2 – 18 GHz range (Nita, Gary, and
Lee, 2004), and the study of Guidice and Castelli (1975) of more than 2400 bursts at RSTN

http://www.astro.phys.ethz.ch/catalog/catalog_nf.html
http://www.aip.de/groups/osra/
http://www.cc.uoa.gr/artemis/
http://helios.izmiran.rssi.ru/lars/LARS.html
http://www.obs-nancay.fr/a_index.htm
http://gbsrbs.nrao.edu/
http://sunbase.nict.go.jp/solar/denpa/index.html
http://www.ips.gov.au/Solar/2/6/1
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frequencies (and 35 GHz) between 1968 and 1971. In both papers a distinction was made
between pure centimetric spectra, referred to as “C class”, pure decimetric spectra, and
combined cm and dm spectra.

The CME-less bursts of Table 1 are among the pure centimetric events. The lowest fre-
quency where the microwave bursts were detected was 1.4 GHz in cases where we could
analyse the data in detail (i.e. all events but 06 June 2000, 02 April 2001, 25 November
2001).

2.2.1.1. Peak Flux Density

• The peak flux densities of the CME-less flares range between 100 and 6800 sfu. Six of
the 12 events have peak flux densities above 1900 sfu.

• In the sample of Nita, Gary, and Lee (2004) the median peak flux density is 52 (−26,
+85) sfu (the ±values indicate the range of values comprising 50% of the events). In
pure cm spectra the median peak flux is 46 (−22, +59) sfu, in the centimetric component
of two-component spectra (i.e. where also a dm component was detected) the median is
much higher: 98 (−47, +373) sfu. Guidice and Castelli (1975) showed that only 20% of
the microwave bursts with pure cm spectra have peak flux density above 50 sfu, and 3%
above 500 sfu.

Clearly the peak flux densities measured during the CME-less flares are much higher than
in average microwave bursts. This is at least partly due to our selection of strong soft X-ray
bursts, because there is an overall correlation between the average flux density of microwave
bursts and the average flux of soft X-ray bursts (Benz and Güdel, 1994), as well as between
the peak values of the two emissions (Spangler and Shawhan, 1974). But while soft X-rays
are of thermal origin, the conclusion here is that the studied flares give rise to strong electron
acceleration to mildly relativistic energies.

2.2.1.2. Peak Frequency

• The peak frequency of the CME-less flares ranges between 8.8 and more than 35 GHz.
Seven of the 12 events have peak frequencies above 15 GHz.

• In the sample of Nita, Gary, and Lee (2004) the median peak frequency is 6.6 GHz (−1.7,
+2.4). It is well known (Fürst, 1971; Guidice and Castelli, 1975), and confirmed by
Nita, Gary, and Lee, that the bulk of the emission shifts to higher frequencies as peak
flux increases. The highest peak frequency found by Nita, Gary, and Lee (2004) was
9.0 GHz (−3.5, +3.5) in the case of the pure centimetric events with peak flux densities
above 1000 sfu. Their sample extends to 18 GHz. Correia, Kaufmann, and Magun (1994)
showed that 25% of the radio bursts that are observable at 19 and 35 GHz have peak
frequencies above 19 GHz.

The peak frequencies measured during the CME-less flares are significantly higher than
those of average bursts, even if one restricts oneself to microwave bursts with peak flux den-
sity above 1000 sfu. Since the microwave radiation comes from the gyrosynchrotron mech-
anism, this finding supports high numbers of energetic electrons and sources with strong
magnetic fields, in line with the high peak fluxes.

2.2.1.3. Low-Frequency Spectral Index

• The low-frequency spectral index of the CME-less X class flares ranges between 1.7
and 5.8. Eight of the 12 events have a spectrum that is steeper than ν2.5, which is the
slope of the self-absorbed synchrotron spectrum emitted by ultrarelativistic electrons in
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a uniform magnetic field. The spectrum is a little steeper for gyrosynchrotron emission
from mildly relativistic electrons, depending on the spectral index of the energy spectrum
of the radiating electrons (cf. eq. 37 of Dulk, 1985). Six of the 12 CME-less events have
a low-frequency spectral index between 4.0 and 5.8.

• In the sample of Nita, Gary, and Lee (2004) the median low-frequency spectral index is
found to be 1.8 (−0.5, +1.0) for the whole sample of cm components, a little flatter (1.6)
in the sample with both cm and dm components. The spectra become flatter as the peak
flux density increases.

The low-frequency spectra of the microwave bursts in CME-less flares are significantly
steeper than those of an average sample, and also much steeper than the slope predicted for
uniform self-absorbed gyrosynchrotron spectra. Such steep low-frequency spectra can be ex-
plained by Razin suppression of gyrosynchrotron radiation, which requires a dense plasma.
Since the frequency below which Razin suppression becomes noticeable is roughly 20ne/B

(ne: ambient electron density, B: magnetic field strength; cgs units) (eq. 4.10 of Pacholczyk,
1970), and since the high peak frequencies of the CME-less flares suggest emission from
relatively strong fields, Razin suppression requires high thermal electron densities. With the
above expression: ne > 3 × 1010 ν

2 GHz
B

300 G cm−3 in order that Razin suppression operates at
frequency ν. Given that the steep spectra are observed in the range of a few GHz, a radio
source with ambient density well above 1010 cm−3 is required, which can only be located in
compact loops in the low corona.

2.2.2. Bursts at Decimetre-to-Hectometre Wavelengths

The confinement of flare-accelerated electrons in low coronal structures is confirmed by
the absence of flare-associated radiation at decimetric and longer wavelengths: 12 out of
15 CME-less flares displayed no related dm – m wave emission, and 13 out of 15 were
not accompanied by a DH type III burst. We now look in more detail into the events that
display radio emission at decimetric and longer wavelengths, to check if they contradict the
confinement of the flare-accelerated electrons.

2.2.2.1. Type III Emission at Metric-to-Hectometric Wavelengths DH type III bursts were
seen by the WAVES spectrograph during the soft X-ray bursts on 25 November 2001 and
31 October 2002. On 25 November 2001 the type III burst occurred after the soft X-ray
maximum. It is labelled “late” in Table 1. The timing of the different emissions in the 31 Oc-
tober 2002 burst is shown in Figure 3. The 245 MHz emission (middle panel) appears as the
high-frequency counterpart of the DH type III burst, but occurred in the decay phase of the
microwave burst. This time delay shows that the type III emission does not trace electrons
escaping directly from the microwave source. The escaping electrons are rather accelerated
independently. The disconnection between microwave and metre wave emission is further
supported by the absence of burst signatures at 410 MHz and by the steep low-frequency
spectrum of the microwave burst (Table 1). We can therefore sharpen our earlier statement:
none of the microwave bursts had a simultaneous type III burst at metre and longer waves
that would have signalled the escape of electrons from the microwave source to the high
corona or the common acceleration of microwave producing and escaping electrons.

2.2.2.2. Radio Bursts from Coronal Shock Waves Two of the CME-less flares were ac-
companied by coronal shocks as shown by metre-wave type II bursts. One (16 July 2004,
13:49 UT) was restricted to a narrow range of low frequencies. But the type II burst of
09 June 2003 had a broad frequency extent and a well-defined spectral structure, with a
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Figure 3 Time history of the soft X-ray (top panel; GOES), microwave (middle; RSTN/Sagamore Hill
0.245 and 15.4 GHz; flux density at 15.4 GHz multiplied by 0.03) and decametre-to-hectometre (DH) wave
emission (bottom; Wind/WAVES) around the CME-less GOES X class flare on 31 October 2002 at 16:52 UT.

fundamental and a harmonic lane (Figure 4). Since, as we will see below, this flare was fol-
lowed by a minor SEP event, we discuss the observation of the type II burst in some detail.
The WAVES spectrograph detected a DH type III burst, which started between 21:45 and
21:46 UT at 14 MHz, i.e. during the metric type II burst.

The harmonic lane of the type II burst is split into two bands. If this band splitting is
interpreted as a signature of simultaneous emission from both downstream and upstream of
the shock (Vršnak et al., 2001), the frequency ratio of the split bands reflects the density
compression ratio at the shock. This ratio is in the range 1.2 – 1.3 on 09 June 2003, implying
a compression ratio of about 1.6. This corresponds to an Alfvenic Mach number MA = 1.5, if
the plasma has low beta, and 2 for β = 1, in the case of a perpendicular shock (after Eq. 5.35
of Priest, 1982). The fast magnetosonic Mach number is 1.4 – 1.5. The compression ratio
places this peculiar shock in the subcritical regime for a plasma beta below about 0.4 (Mann,
Classen, and Aurass, 1995).

We estimate the exciter speed under the hypothesis that the type II burst source travels
radially outward through a hydrostatically structured corona. This hypothesis may be ques-
tioned (cf. discussions in Nelson and Robinson, 1975; Gergely, Kundu, and Hildner, 1983;
Gergely et al., 1984; Klein et al., 1999, 2003; Dauphin, Vilmer, and Krucker, 2006), but is
widely used. The two split bands of the harmonic type II lane have a relative drift rate in
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Figure 4 Dynamic spectrum
(Culgoora Radio Observatory) of
the type II burst on 09 June 2003.
The dashed lines show two split
bands of the fundamental and
harmonic lane, for the model of
an exciter moving outward at
speed 606 km s−1 through a
hydrostatically stratified plasma.
The parameters of the model are:
T = 1.4 MK, heliocentric
distance of the harmonic level at
130 MHz 1.5 R�, frequency
ratio of the split bands 1.23.

the vicinity of 130 MHz of � lnν
�t

= −1.93 × 10−3 s−1. In a hydrostatic isothermal density
model, i.e. an exponential law in the vicinity of the heliocentric distance r0, this implies an
exciter speed of

υ = 195
T

1 MK

(
r0

R�

)2

km s−1. (1)

If the heliocentric distance of the level of harmonic emission at 130 MHz is assumed at
r0 in the range (1.2 – 1.5) R�, and the temperature is 1.4 MK like in the Newkirk density
model (see also Koutchmy, 1994), the exciter speed is about 390 – 610 km s−1. An example
of such a fit is shown by the four dashed (black and white) lines in Figure 4. They represent
the fundamental and harmonic lane (frequency ratio 1:2) with the respective split bands,
supposed to have a frequency ratio of 1.23. The low exciter speed is in line with the low
Mach number derived above.

In conclusion, the two events with type II bursts are again consistent with the confinement
of flare-accelerated electrons in low coronal structures, while the coronal shocks accelerate
electrons in different regions. The association of the type II burst with a DH type III burst
suggests that electrons escape to interplanetary space from the coronal shock on 09 June
2003.

2.3. A Search for SEP Signatures in CME-Less Flares

Seven of the CME-less X class flares occurred in the western solar hemisphere. If energetic
particles were released to interplanetary space, they would be expected to be detected by
spacecraft in Earth orbit (e.g., GOES) or at the Sun-Earth Lagrange point (e.g., SoHO and
ACE). But the plots of GOES proton fluxes at energies above 10, 50 and 100 MeV (pro-
vided with the CME catalogue at http://cdaw.gsfc.nasa.gov/CME_list/index.html) show no
SEP event for any of the flares.

We evaluated the background and standard deviation of the GOES 5 min proton fluxes
in the energy channel above 10 MeV during several hours after the soft X-ray burst (2 hrs
on 2 April 2001, 4 hrs during the other events where the GOES SEP signal was at its back-
ground level). The data are provided by OMNIWeb at NASA Goddard Space Flight Cen-
ter (http://omniweb.gsfc.nasa.gov/html/omni_source.html#flu). The upper limit of the GOES
proton intensity, taken as three standard deviations above background, is given in column 2

http://cdaw.gsfc.nasa.gov/CME_list/index.html
http://omniweb.gsfc.nasa.gov/html/omni_source.html#flu
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Table 3 A search for SEP in CME-less flares from the western hemisphere.

Flare GOES SoHO/CoSTEP

p(≥10 MeV) e(≥200 keV) p(≥4.3 MeV)

[pfu]

(1) (2) (3) (4)

2000

30 September 23:13 <0.2 (9) faint none

2001

02 April 10:04 <1 (10) previous/none previous/none

25 November 09:51 previous (7) previous/none previous/none

2002

31 October 16:52 <0.9 (6) rise previous/none rise previous/none

2003

09 June 21:31 <0.3 (12) previous/excess previous/excess

2004

26 February 01:50 <0.3 (7) none (CIR)

2005

15 September 08:38 previous (5) previous/none previous/none

of Table 3 in particle flux units (1 pfu = 1 cm−2 s−1 sr−1). The value within parentheses is
the expected value, estimated with the empirical relationship that Garcia (2004 his Eq. 6)
derived between proton peak intensities in space and parameters of the associated soft X-ray
burst:

log�10 = 2.34(log EM − 49.432) − 0.1055PX + 0.44�t. (2)

�10 is the proton intensity integrated over all energies above 10 MeV, in pfu. EM is the soft
X-ray emission measure in units of cm−3, PX the peak flux in the (0.1 – 0.8) nm channel,
in units of 10−4 W m−2, and �t the time lapse in hours between the onset of the X-ray
burst and the time when the flux has decayed to 25% of its maximum level in the (0.05 –
0.4) nm channel. The emission measure was evaluated using standard software available in
the SolarSoft3 package, based on version 6.0.1 of the Chianti model. It appears that a weak,
but significant GOES SEP event would be expected in association with these flares, but that
none was detected in five of the seven events.

The analysis is difficult in the two other cases, where the flare occurred during the decay
of a previous SEP event. No new injection on top of the decay was found in the 15 Sep-
tember 2005 event. The situation is more ambiguous on 25 November 2001, where minor
fluctuations occurred on top of the decaying count rate in the GOES detector channels above,
respectively, 10 and 50 MeV, shortly after the flare. However, they show no indication of a
velocity-dependent start, which argues against the interpretation in terms of a fresh solar
particle release.

We checked this result with the electron and low-energy proton measurements of
SoHO/CoSTEP and ACE/EPAM. Columns 3 and 4 of Table 3 show the results of inspection
of the CoSTEP data (Müller-Mellin et al., 1995) for electrons at energies above 0.25 MeV

3http://www.lmsal.com/solarsoft/.

http://www.lmsal.com/solarsoft/
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Figure 5 Time histories of soft X-ray flux (GOES) and particle intensities (SoHO/CoSTEP) during three
CME-less flares. In the top figure of the middle panel (09 June 2003) the original electron intensity is plotted
together with the exponential fit to the measurements between 17 UT and 21 UT (dashed-dotted line) and the
difference between the original intensity and this fit. Dashed-dotted vertical lines in the top and middle panels
indicate the start time of the CME-less soft X-ray burst.

and protons above 4.3 MeV. The same results are obtained by ACE/EPAM (Gold et al.,
1998). In all but two cases the background near the time of the CME-less flare was en-
hanced by the decaying (in one case rising) count rate produced by a previous event. In
four cases no new particle injection is discernible in conjunction with the CME-less flare. In
the three other cases there are indications for faint enhancements of the particle intensities
following the flare. The CoSTEP intensity – time histories of electrons (250 – 750 keV) and
protons (4.3 – 7.8 MeV) are plotted in Figure 5. The SEP intensities plotted in the top and
middle panels may show a spike at the time of the soft X-ray burst. This spike is not due to
particles, but is produced by X-ray photons at energies ≥30 keV. An enhanced intensity in
electrons above 250 keV is detected on 30 September 2000 and 09 June 2003, and enhanced
intensity of protons on 09 June 2003 and 26 February 2004. The travel time of these parti-
cles along an interplanetary path of 1.2 AU, similar to the length of a standard Parker spiral,
is between 11 and 13 min for the electrons in the (250 – 700) keV range, and 1.5 hr for the
low-energy protons.

• On 30 September 2000 the electron intensity rose rather abruptly near 23:40 UT, stayed
on a roughly constant level, and decreased abruptly about an hour later. The time profile
is not that of a typical electron event with a rapid rise and slow decay. ACE magnetic
field data4 show successive opposite rotations that give evidence of interacting ICMEs
(P. Démoulin, personal communication). Since both ACE and SoHO are located near the
Lagrangian point (L1), the magnetic field configuration is similar at both spacecraft. One
may therefore suspect that the electron intensity enhancement is not the effect of a solar
acceleration related to the CME-less flare.

4http://www.srl.caltech.edu/ACE/ASC/DATA/level3/summaries.html.

http://www.srl.caltech.edu/ACE/ASC/DATA/level3/summaries.html
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• During the 09 June 2003 event (central column in Figure 5) the new electron release
shows up as a reduced rate of decay of the SEP intensity from the previous event. We
represented the decay between 17 and 21 UT by an exponential and subtracted this fit
from the time profile after 17 UT. The difference time profile is the lower curve in the
top middle panel of Figure 5. It shows indeed a rise of the electron intensity shortly after
the flare. A few hours later a new rise is also seen in the proton intensities above 4 MeV.
These time profiles are consistent with a weak SEP event associated with the flare.

• On 26 February 2004 (right column of Figure 5) the soft X-ray flare was followed by a
very slow and faint rise of the proton intensity, which is hardly perceptible in the figure,
but continued until a shallow maximum on 29 February. Along with the particle enhance-
ment ACE solar wind instruments observed a gradual increase of the solar wind speed
from about 300 to 700 km s−1 and of the magnetic field intensity, and a change of the
magnetic field direction. A particle increase with a similar time profile had been observed
in the previous solar rotation by ACE and CoSTEP. This particle enhancement is hence
related to a corotating interaction region at the interface between a slow and a fast solar
wind stream, not to the CME-less flare.

Altogether the CoSTEP and EPAM observations confirm that the CME-less flares do
in general not generate enhanced energetic particle fluxes in space. The only exception is
related to the 09 June 2003 flare. We will discuss the origin of the weak particle event below
(Section 4.3), but recall here that this is the only CME-less flare in the western hemisphere
that was accompanied by a type II radio burst.

2.4. Summary of Observational Findings

• All GOES X class flares without CMEs show prominent microwave signatures of rela-
tivistic electron acceleration.

• The peculiar microwave signatures, such as high peak frequency and flux density, and on
average a steep low-frequency spectrum, suggest gyrosynchrotron emission from compact
sources in the low corona.

• The CME-less X class flares lack coronal radio emission at long decimetre and metre
wavelengths, and DH type III bursts.

• Besides being CME-less, most of the flares have also no metric or DH type II burst. There
are two exceptions: the events of 09 June 2003 and 16 July 2004 (13:49 UT) have metric
type II bursts.

• While small SEP events would have been expected from the characteristics of the soft
X-ray bursts, the only convincing SEP event with a CME-less flare was a weak event
detected on 09 June 2003 by SoHO and ACE, but not by GOES.

3. Eruptive Events Following CME-Less Flares

3.1. Overview

On three occasions the CME-less X class flares were followed within a few hours by SEP
events detected by GOES. Table 4 summarises properties of the SEP events. The start and
peak times, as well as peak intensities, in the proton channels above 10 MeV are given
in columns 2 – 4, together with the expected intensities (Equation (2)) in parentheses. The
highest energy channel where the event was detected is given in column 5, with the peak
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Table 4 SEP in eruptive flares following CME-less ones.

Flare GOES protons

start peak time intensity high energy extent

(>10 MeV)

(1) (2) (3) (4) (5)

06 June 2000 14:58 08 June

X2.3 N20 E14 ∼22:20 ∼10 UT 70 (38) pfu 100 MeV (<0.1 pfu)

02 April 2001 10:55

X1.1 N16 W62 12:50 15:10 3 (22) pfu 100 MeV (<0.1 pfu)

15 January 2005 05:54

M8.6 N11 E06 07:45 ∼11 UT 8 (16) pfu 100 MeV (0.15 pfu)

Table 5 Radio emission and CME from eruptive flares following CME-less ones.

Microwaves dm – m-λ Type II DH

CO(HF) Peak

[GHz]

(1) (2) (3) (4) (5)

06 June 2000 14:58 (CME: 14:50 – 15:03 930 km s−1)

>15 15:19/8.8 GHz/∼3000 sfu IV 550X-30 MHz IIIG, II

02 April 2001 10:55 (CME: 10:50 – 11:00 990 km s−1)

>8.8 11:26/8.8 GHz/∼990 sfu IV(M) F/H 120 – 40 MHz IIIG, II, IV

15 January 2005 05:54 (CME: 05:50 – 06:05 2050 km s−1)

>15 06:30/5 GHz/3000 sfu IV ∼150 – 18 MHz IIIG, II, IV

intensity in parentheses. The intensities are given in particle flux units (pfu). They were not
particularly strong. Only the first event was strong enough to be in the SEP event list at
NOAA.5 The late peak suggests that interplanetary shock acceleration dominated the proton
flux above 10 MeV in this particular event, but during the three events GOES detected pro-
tons in its nominal channels above 100 MeV. All three SEP events can be associated with
soft X-ray bursts from the same active region as the preceding CME-less flares. Character-
istics of the soft X-ray bursts and the position of the associated flares, quoted from Solar
Geophysical Data – Comprehensive Reports, are listed in the first column of Table 4.

All three events were accompanied by fast CMEs detected by SoHO/LASCO and listed
in the CME catalogue. The onset times and speeds of the CMEs from the LASCO catalogue
are summarised in Table 5, together with the radio properties (in the same format as Table 1).
The CME liftoff times and speeds were inferred from the linear fit to the time – height tra-
jectory, also provided by the LASCO catalogue. The two values of the liftoff time refer to
the instants when the extrapolated trajectory projected to disk centre and 1 R�, respectively.
Table 5 further shows that while the frequency extent and peak flux density of the microwave
spectra are similar to the CME-less flares, all three SEP-associated flares produced conspic-
uous emission at decimetre and longer wavelengths, including type IV and type II bursts,

5http://www.swpc.noaa.gov/ftpdir/indices/SPE.txt.

http://www.swpc.noaa.gov/ftpdir/indices/SPE.txt
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Figure 6 Dynamic radio spectrum (Astrophysikalisches Institut Potsdam; inverse colour scale: dark shading
shows bright emission) of the eruptive event on 02 April 2001. The dashed lines show the fundamental and
harmonic lanes, for the model of an exciter moving outward at speed 1630 km s−1 through a hydrostatically
stratified plasma. The parameters of the model are: T = 1.4 MK, heliocentric distance of the harmonic level
at 50 MHz 1.8 R�.

and bright groups of type III bursts at decametre and longer waves. The peak frequencies of
the microwave emission are lower than in the CME-less flares. In particular the 15 January
2005 microwave burst, for which detailed RSTN data were available, had a peak frequency
well below those of the CME-less flares. The result is consistent with the relatively low peak
frequency of CME-associated “gradual” microwave bursts reported by Cliver et al. (1986).

The SEP-associated eruptive flares hence underscore the characteristic properties of
CME-less and SEP-less flares identified in the previous section, besides the absence of a
CME: absence vs. presence of metric radio emission and DH type III bursts, steep vs. flat
low-frequency microwave spectra, and high vs. moderate peak microwave frequencies. All
these differences are consistent with confined particle populations in CME-less flares vs.
particle populations able to escape to more extended coronal regions and interplanetary
space.

In the following we illustrate the properties of one of these events, for which detailed
radio spectrographic and imaging observations are available, and discuss the timing of the
large-scale magnetic restructuring in the course of the CME and the initial release of elec-
trons to interplanetary space.

3.2. The 02 April 2001 Event

The dynamic radio spectrum from dm-to-m waves during the first 30 min of the eruptive
flare on 02 April 2001, 10:55 UT is shown in Figure 6. Several groups of bursts can be
identified:

• A group of type III bursts in the 40 – 80 MHz range, starting at about 10:59 UT.
• The harmonic lane of a type II burst in the frequency range 90 – 40 MHz, between

11:10 UT (80 MHz) and 11:15 UT (40 MHz); the fundamental is visible between about
60 and 40 MHz. The backward extrapolation of the harmonic lane leads to a group of
short and band-limited bursts between 170 and 130 MHz (11:06 UT). These bursts are a
precursor of the type II burst, as defined by Klassen et al. (1999).
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• A type IV burst, which started in the decimetre range (near 11:02 UT, 700 MHz). The high
and low-frequency borders of this emission drift gradually to lower frequencies. Below
300 MHz the type IV emission brightened at 11:17 UT over an extended frequency range
down to the 40 MHz border of the spectrograph.

The frequency drift rate of the type II burst can be used to infer an exciter speed. Proceed-
ing like in Section 2.2.2 for the 09 June 2003 burst, we measure a relative drift rate d lnν

dt
=

−3.57 × 10−3 s−1. This implies for an exciter that travels outwards in an isothermal hy-
drostatic corona a speed υII = 505 T

1.4 MK (
r0
R� )2 km s−1, where r0 is the heliocentric distance

where the drift rate was measured, i.e. of the source of harmonic emission at about 50 MHz.
If we assume r0 = (1.5 – 2)R�, the exciter speed is about υII = (1130 – 2010) km s−1. It is
well above the speed evaluated in the same way for the CME-less burst on 09 June 2003
(Section 2.2.2). The spectral lanes from one such model are overplotted on the dynamic
spectrum in Figure 6.

The time history of the soft X-ray, decimetre – metre wave and decametre – hectometre
wave emissions during the eruptive and the preceding CME-less flare is shown in Fig-
ure 7. The second and third panels from top display colour-coded 1D intensities (NRH
data have been integrated over the solar south-north direction) in a plane where time is
on the horizontal axis and the solar east-west direction, graded in solar radii, on the verti-
cal axis. Yellow shading corresponds to the background, red to green-blue to bright emis-
sion. At 164 MHz (3rd panel from top) two noise storms, located at (∼1.0 R�) and above
the western limb (∼1.5 R�), provided the dominant emission until 11 UT, including the
time period of the CME-less flare. During the second flare starting 10:55 UT, the dom-
inant emission at the two frequencies was the type IV burst with a delayed onset at the
lower frequency. The radio sources underwent a systematic westward motion. This is a
moving type IV burst (IV(M); Stewart, 1985; Pick, 1986), emitted by non thermal elec-
trons in expanding loops or flux rope (“plasmoïd”), which is a non thermal manifestation
of a CME or an eruptive prominence (see case studies in Gopalswamy and Kundu, 1989;
Klein and Mouradian, 2002; Claßen et al., 2003; Vršnak et al., 2003; Pick et al., 2005;
Raoult-Barbezat and Klein, 2005).

At decametre and longer wavelengths (two bottom panels of Figure 7) the event started
with a bright group of DH type III bursts. They are the low-frequency continuation of the
type III bursts observed in the 40 – 80 MHz range in Potsdam. The DH type III bursts were
followed by a broadband emission in the 14 – 5 MHz range, starting near 11:25 UT. This
is either the low-frequency extension of the type IV burst or a type II burst, which at these
frequencies is generally attributed to the CME shock. The existence of drifting lanes sug-
gests the type II interpretation, while the broad overall bandwidth is more reminiscent of a
type IV burst.

The type III bursts at long metric and longer waves (frequency below about 80 MHz)
occurred during the early rise of the soft X-ray emission, before the start of the type IV burst
at 327 MHz and lower frequencies. The early flare-related energy release and the access
of particles to open coronal flux tubes hence occurred at the time of the early acceleration
of the CME. It is unlikely that the CME already caused a major restructuring of the large-
scale coronal magnetic field connected with the flaring active region so early. The timing
rather suggests that energetic particles escaped through the corona along pre-existing open
magnetic field lines.
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Figure 7 Time history of the soft X-ray (top panel; GOES), decimetre-to-metre wave (middle; NRH) and
decametre-to-hectometre (DH) wave emission (bottom; Wind/WAVES) around the CME-less GOES X class
flare on 02 April 2001 10:04 UT and the subsequent eruptive flare/CME at 10:55 UT. The NRH observations
are represented as colour-coded intensities (from yellow for the background to green-blue for the brightest
emission) as a function of time and the solar east – west coordinate, graded in units of a solar radius. Zero is
at the centre of the disk. Only the western solar hemisphere is shown.

4. Discussion and Conclusions

4.1. CME-Less Flares and the Confinement of Energetic Particles

CME-less flares are generally referred to as ‘confined’. The absence of CMEs in these events
was related by Wang and Zhang (2007) to the location of energy release. These authors
analysed the magnetic field configuration in the neighbourhood of the energy release site
in the low corona and in the overlying corona, dominated by the magnetic structures that
surround the energy release region. They showed that during CME-less flares the energy
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release region, as inferred from the EUV flare brightenings, is closer to the centre of the
magnetic flux concentration in the parent AR, and has relatively more overlying magnetic
flux, than during eruptive flares. This justifies the term ‘confined’ flare for the CME-less
events.

This picture of confinement is corroborated by the radio observations presented here: the
steep low-frequency spectra of the microwave bursts, the absence of emission at decimetre-
to-metre wavelengths at the time of the microwave bursts, and the absence of DH type III
bursts, which would have shown the escape of electrons to the high corona and interplan-
etary space, will all be expected if the flare-accelerated electrons are confined in compact
structures in the low corona.

The statement on the absence of DH type III bursts may be ambiguous, when it relies
on the distinction of flare-related DH type III bursts and storm type III bursts. We illus-
trate this for the 02 April 2001 flares in Figure 7. The slightly enhanced background (light
green) of the low-frequency channel of WAVES plotted in the bottom panel represents an
uninterrupted series of faint storm type III bursts. The storm is clearly not related with any
of the two flares in the plotted time window, but accompanies the two noise storms seen in
the 164 MHz NRH record (3rd panel from top). The brighter type III burst near 10:15 UT
occurred near the maximum of the CME-less soft X-ray burst, and might be identified as
flare-related. It would then have to be considered as a “late” event in Table 1, and would not
contradict our earlier conclusion on the confinement of the flare-accelerated electrons. But
the type III burst occurs at the time of bursty emission at 164 MHz. The 164 MHz burst is
strongly circularly polarised (80 – 90%), and its source is far above the western limb. The
164 MHz burst is hence part of the noise storm. We also note that this peculiar DH type III
burst is brighter than others in the high-frequency window of WAVES (1 – 14 MHz), but not
in the low-frequency one. So there are several pieces of evidence that show this DH type III
burst to be associated with the noise storm rather than with the CME-less flare. We did
not find similar ambiguities in other events, and therefore believe that there is no confusion
between flare-related DH type III bursts and storm type III bursts in our analysis.

4.2. CME-Less vs. Eruptive Flares: Particle Acceleration and Access to Interplanetary
Space

CME-less flares turn out to be in general efficient electron accelerators, as shown by the
bright microwave bursts. These electrons, and most probably protons accelerated together
with them, do not produce SEP events, because they remain confined in the low corona.
Indeed no SEP event was observed by GOES even from the confined flares in the western
solar hemisphere, where accelerated particles, if they escaped to the high corona, would
usually be expected to be detected by spacecraft near Earth. The weak energetic particle
flux enhancements seen at SoHO and ACE in one event associated with a type II burst will
be discussed in Section 4.3.

The comparison of the SEP-less confined flares with SEP-producing eruptive ones oc-
curring a few hours later in the same active region corroborates the basic difference in terms
of particle confinement: the eruptive flares had prominent dm-m wave emission and groups
of bright DH type III bursts. The associated SEP events were clearly detected by GOES,
even if the particle intensity was weak. This confirms the fact that flares, CMEs, metre wave
type IV bursts and bright groups of DH type III bursts are necessarily associated with major
SEP events, as observed by GOES, in line with earlier findings by Kahler (1982) for the
type IV bursts and Cane, Erickson, and Prestage (2002) and MacDowall et al. (2003) for the
DH type III bursts. The situation is not the same for impulsive SEP events, which may occur
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without type IV emission, as shown in Klassen et al. (2002), Maia and Pick (2004), Klein
et al. (2005) and Klein and Posner (2005). The presence of type III bursts signals primarily
that particles accelerated near the flare site reach magnetic flux tubes that are open to the
high corona.

It is tempting to conclude from the association of SEP with eruptive flares that the CME
is necessary to open the coronal magnetic field and give the particles access to interplan-
etary space. An example for this interpretation was discussed by Démoulin et al. (2007).
But this may not be the adequate interpretation in the cases discussed in the present paper,
because the DH type III bursts started during the impulsive phase of the eruptive flares,
when the CME probably did not yet have the time to re-organise the large-scale coronal
magnetic field connected to the flare site. An alternative interpretation is that CMEs and
type III bursts occur under similar conditions: CMEs are more probable when energy is re-
leased at the periphery of an active region (Wang and Zhang, 2007), and the same condition
was established for type III bursts at metre wavelengths (Axisa, 1974; Zlobec et al., 1990;
Hofmann and Ruždjak, 2007). This suggests that even if large-scale open magnetic flux
tubes exist in active regions hosting confined flares, particles are accelerated too far from
them and are unable to reach them.

4.3. CME-Less Flares and Type II Bursts

Two out of the 15 CME-less flares were accompanied by metric type II bursts, while no
type II emission at decametric or longer wavelengths was detected by Wind/WAVES. Al-
though it is not the subject of the present paper, we briefly address the relevance of this
finding to the understanding of the shock waves that generate metre wave type II bursts. We
believe that these two flares are not just misidentifications. Indeed both flares share most
of the observational indications of confinement of the flare-accelerated electrons with the
whole set of events, especially the absence of type IV emission at dm – m waves and of DH
type III bursts during the impulsive flare phase. We therefore consider that the occurrence
of metric type II bursts with CME-less flares is a significant, albeit rare, feature.

CME-less X class flares are cases where a pure blast wave shock, if it existed in the
corona, could be observed. The high soft X-ray flux of the studied flares suggests that a major
energy release occurred, and the impulsive rise tells us that energy was released rapidly. The
fact that type II bursts were only detected in two out of 15 events confirms that, if ever,
shocks are rarely generated as pure blast waves. We also emphasise that coronal shocks may
be related to drivers, revealed by expanding soft X-ray structures, on smaller spatial scale
than CMEs (Klein et al., 1999). The problem of the origin of coronal (metre wavelengths)
type II shocks that produce metric type II bursts has been discussed elsewhere (see Vršnak
and Cliver, 2008; Nindos et al., 2008 and references therein).

It is worth emphasising that the only CME-less flare on the western hemisphere that was
clearly associated with an increase of the intensities of relativistic electrons and low-energy
protons in space also produced a metric type II burst. Our estimation of the exciter speed and
Mach number shows that the shock was weak, but the well-defined type II emission demon-
strates that it accelerated radio-emitting electrons. The detection of weak fluxes of elec-
trons up to relativistic energies and of MeV protons by particle instruments aboard SoHO
and ACE agrees with earlier results reported from the timing of type II bursts and elec-
tron releases (Hucke, Kallenrode, and Wibberenz, 1992; Klassen et al., 2002; Kahler et al.,
2007), although the interpretation may be equivocal (Cane, Erickson, and Prestage, 2002;
Kahler, 2007). The only available quantitative estimate of electron numbers accelerated at a
coronal type II shock (Klein et al., 2003) implies that metric type II shocks are poor elec-
tron accelerators in the corona, but the constraints are still consistent with moderate electron
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events in space. Therefore the shock provides a plausible explanation for the origin of the
weak SEP event on 09 June 2003.

4.4. Soft X-ray Bursts and SEP Forecasting

The present result has potential importance in the forecasting of SEP events. Despite the
widespread belief that large SEP events result from particle acceleration at CME shocks,
soft X-ray burst characteristics play an important part in operational models used for SEP
forecasting (Garcia, 2004; Balch, 2008). Indeed Belov et al. (2007) showed that the proba-
bility of an SEP event rises with the peak soft X-ray flux of the flare. But they also demon-
strated (their Figure 3) that more than 30% of GOES X class flares westward of longitude
E 20◦ have no SEP event associated with them. Our result gives a simple physical explana-
tion in terms of particle confinement in the corona for at least a fraction of these events. The
absence of dm – m wave radiation and of type III bursts at decametric and longer waves also
provides an easy-to-use observational tool to identify these specific events in real time.
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