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Abstract Solar energetic particles (SEPs) detected in space are statistically associated with
flares and coronal mass ejections (CMEs). But it is not clear how these processes actually
contribute to the acceleration and transport of the particles. The present work addresses
the question why flares accompanied by intense soft X-ray bursts may not produce SEPs
detected by observations with the GOES spacecraft. We consider all X-class X-ray bursts
between 1996 and 2006 from the western solar hemisphere. 21 out of 69 have no signature in
GOES proton intensities above 10 MeV, despite being significant accelerators of electrons,
as shown by their radio emission at cm wavelengths. The majority (11/20) has no type III
radio bursts from electron beams escaping towards interplanetary space during the impulsive
flare phase. Together with other radio properties, this indicates that the electrons accelerated
during the impulsive flare phase remain confined in the low corona. This occurs in flares
with and without a CME. Although GOES saw no protons above 10 MeV at geosynchronous
orbit, energetic particles were detected in some (4/11) confined events at Lagrangian point
L1 aboard ACE or SoHO. These events have, besides the confined microwave emission,
dm-m wave type II and type IV bursts indicating an independent accelerator in the corona.
Three of them are accompanied by CMEs. We conclude that the principal reason why major
solar flares in the western hemisphere are not associated with SEPs is the confinement of
particles accelerated in the impulsive phase. A coronal shock wave or the restructuring of
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the magnetically stressed corona, indicated by the type II and IV bursts, can explain the
detection of SEPs when flare-accelerated particles do not reach open magnetic field lines.
But the mere presence of these radio signatures, especially of a metric type II burst, is not a
sufficient condition for a major SEP event.

Keywords Corona, radio emission - Energetic particles, acceleration - Energetic particles,
propagation - Flares, energetic particles - Flares, relation to magnetic field

1. Introduction

The role of flares and coronal mass ejections (CMESs) in the acceleration and propagation
of solar energetic particles (SEPs) detected in space is a subject of ongoing debate. SEP
events, as routinely monitored with the Geosynchronous Operational Environmental Satel-
lites (GOES) operated by NOAA, are statistically associated with both flares and fast and
broad CMEs (Cane, Erickson, and Prestage, 2002; Gopalswamy et al., 2004). More detailed
statistical analyses that attempted to correlate SEP parameters with those of the associated
flares and CMEs did not establish an unambiguous conclusion so far. In this situation it
appears useful to investigate events where the association is less ambiguous than usual.

Previous studies showed that CMEs without radio signatures of electron acceleration
in the corona (Marqué, Posner, and Klein, 2006) and strong flares without CMEs (Klein,
Trottet, and Klassen, 2010) are not accompanied by major SEP events, the term “major”
meaning SEP events detected by patrol observations with the GOES spacecraft. Here we
address the more general question under which conditions large solar flares do not produce
SEP events. We select large flares by their peak soft X-ray emission in order to have a promi-
nent identifier of solar activity and thereby to minimise any chance coincidence. As a handy
criterion we use the peak soft X-ray flux and limit ourselves to X-class events, where the
peak soft X-ray flux in the 0.1—0.8 nm band is 10~* W m~2 or higher. There need not be a
direct physical relationship between soft X-ray peak intensity, which is a parameter referring
to the thermal plasma, and the non thermal particle intensity in space. But in the sense of
Kahler’s “big flare syndrome” (Kahler, 1982b) there is a rough expectation that flare/CME
events with a prominent manifestation in one spectral domain have a better chance to have
prominent signatures in other domains, too. Therefore the restriction to X-class flares is a
practical starting point. Indeed Belov et al. (2007) showed that the association of SEP events
increases with increasing importance of the soft X-ray burst, but that 30 —40% of bursts of
class X lack an SEP event. They are the target of the present study.

In order to identify potential accelerators and conditions for charged particle propaga-
tion in the corona, we employ radio emissions from cm to km wavelengths, emitted by non
thermal electrons between the low corona and the Earth. The present paper is organised
as follows: in Section 2 the list of flares with X-class soft X-ray emission is established,
and SEP signatures are searched for in the particle data of the GOES spacecraft. 21 X-class
flares without SEP detection are identified. Details are given in Appendix A. The association
of these events with radio emission and CMEs is analysed in Section 3 (details in Appen-
dix B), and electron and proton signatures are searched for in measurements near the L1
Lagrangian point. Results are discussed in Section 4 with respect to the confinement of par-
ticles accelerated during the impulsive phase and the role of acceleration in coronal shock
waves and during the restructuring of the magnetically stressed corona in the course of a
CME. A summary is given in Section 5.
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2. Strong Soft X-Ray Bursts and SEP Events

Starting with the list of GOES soft X-ray bursts between 1996 and December 2006 compiled
by NOAA! we identified all X-class bursts located between longitudes WO0° and W90°.
The detailed procedure, references and the event list are described in Appendix A. The
flare location was identified through the associated Ha signature in the event list or in the
Comprehensive Reports of Solar Geophysical Data (henceforth abbreviated SGD), or using
the location of an EUV brightening observed by the Extreme Ultraviolet Telescope (EIT)
aboard the Solar and Heliospheric Observatory (SoOHO; Delaboudiniere et al., 1995). A total
of 69 X-class flares were observed in the western solar hemisphere.

We then searched for SEP events in the observations by the GOES Space Environment
Monitor’s Energetic Particle Sensor (EPS) at proton energies above 10 MeV. The majority
of the flares was followed by a GOES SEP event, although only 21 are contained in the
SEP event list maintained at NOAA.> Many events are eliminated by the threshold criteria
applied by NOAA for the event identification.

21 GOES X-class flares (30% of the sample) in the western solar hemisphere were found
to have no SEPs in excess above the background of GOES/EPS. In the following we shall
use the term “SEP-less” for these flares. The fraction of SEP-less flares agrees with the one
reported by Belov et al. (2007) who used slightly different criteria (a longitude range from
E20° to W90°) and a larger event sample. The intensities of the SEP-less X-class flares in our
sample range from X1.1 to X2.7. Flares of class X3 and higher in the western hemisphere
did produce SEP events detected at GOES. Belov et al. (2007) found that all soft X-ray
bursts in classes above X6.2 west of E20° were accompanied by SEP events.

3. Radio Emission and CME Association of SEP-Less X-Class Flares

Why does a strong flare in the western hemisphere of the Sun not produce SEPs detected at
geosynchronous orbit by the GOES monitors? Possible reasons include the limited sensitiv-
ity of the GOES detector, conditions of acceleration at and escape from the Sun, or else a
poor magnetic connection of the flaring active region to the Earth, despite the fact that our
restriction to flares in the western hemisphere should reduce this problem.

3.1. Sensitivity of the GOES Particle Detector — Comparison with SOHO/ERNE

The fact that all X-ray bursts in the western hemisphere with peak flux > 3 x 107* Wm™2
are accompanied by GOES SEP events suggests that sensitivity plays a role. To further
investigate this, we examined the deka-MeV proton measurements of the Energetic and
Relativistic Nuclei and Electron Experiment (ERNE) aboard SoHO (Torsti et al., 1995).3
The ERNE HED detector has an energy-dependent geometric factor decreasing from about
40 cm? sr at 10 MeV to 25 cm? sr near 100 MeV (see Figure 3 of Torsti et al., 1995),
which is two orders of magnitude above that of the GOES/EPS “Dome” device (GOES
Data Book*). ERNE detected significant proton events in four of the 21 cases with no SEP

1 http://www.ngdc.noaa.gov/stp/SOLAR/.

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

3Data provided through http://www.srl.utu.fi/erne_data/datafinder/df.shtml.
4 http://goes.gsfc.nasa.gov/text/goes.databook.html.
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signature at GOES. Ten events had no signature in ERNE data. In the remaining seven
cases the background from previous events was high and might mask minor new particle
injections. In any case, since in most events the upper intensity limit from the GOES SEP
measurements is significantly lower than the value expected from the soft X-ray properties
after Garcia (2004), other explanations must be searched for.

3.2. Radio Emissions as Tracers of Electron Acceleration, Confinement, and Escape

A prime indicator of particle acceleration in the parent flare is the radio emission at cm wave-
lengths (microwaves). It is emitted by mildly relativistic electrons through gyro-synchrotron
radiation in the low corona, where magnetic field strengths are a few hundreds of gauss. The
access of energetic electrons to higher coronal layers can be traced by emissions at longer
wavelengths: since the thermal electron density and hence the electron plasma frequency
decreases with increasing altitude in the corona, emission at dm-m wavelengths comes from
higher altitudes than the microwave emission. The emissions at these wavelengths are mostly
coherent, and are produced by electron beams (type III bursts), electron populations acceler-
ated at travelling shocks (type II bursts) and during magnetic reconnection in the aftermath
of a CME, which generate broadband emissions lasting 10 min to several hours (type IV
bursts). Such broadband emissions can also be generated through gyrosynchrotron radiation
of mildly relativistic electrons. We employ these types of radio emission by electrons as a
tracer of the acceleration and propagation of energetic particles in general. The reader is
referred to the reviews of Bastian, Benz, and Gary (1998), Nindos et al. (2008) and Pick and
Vilmer (2008) for more detailed accounts of the radiation processes.

Five of the 21 X-class flares without SEPs as seen by GOES had no CME. They were
discussed in Klein, Trottet, and Klassen (2010). It was shown in that paper, and previously
in Gopalswamy, Akiyama, and Yashiro (2009) and Klein, Trottet, and Vilmer (2009), that
the flares were efficient electron accelerators, as indicated by conspicuous microwave bursts.
But the events had no simultaneous type III bursts at decametric —hectometric waves (ab-
breviated DH type III bursts in the following). Since DH type III bursts are emitted by
subrelativistic electron beams escaping along open magnetic flux tubes through the high
corona (2 2R, above the photosphere), their non-detection suggests that no electrons actu-
ally escaped towards interplanetary space during these events. Further indicators that the
microwave-emitting electrons remained confined in low coronal magnetic structures are
(Klein, Trottet, and Klassen, 2010): i) a steeply rising low-frequency microwave spectrum,
which indicates emission from a dense plasma, hence from low coronal heights, and ii) the
absence of simultaneous emission at dm-m-wavelengths.

Using spectrographic radio observations at decametre and longer wavelengths by the
WAVES instrument aboard the Wind spacecraft (Bougeret et al., 1995), we were able to
characterise 11/21 SEP-less events as “confined microwave events”, where no DH type III
burst was observed during the impulsive flare phase, i.e. between the start and maximum of
the soft X-ray burst. Note that this term is different from the common use of “confined flare”
as synonymous with “CME-less flare”. 9/21 events were non-confined, one event could
not be classified, because no WAVES data were available. The criterion for confinement
we apply here does not include the prolonged “gradual” or “extended” phase of particle
acceleration evidenced by prolonged microwave emission after the soft X-ray maximum (cf.
Trottet, 1986; Cliver et al., 1986; Kocharov et al., 1994; Bruggmann et al., 1994; Akimov
etal., 1996). In the radio range, these events are usually associated with bursts of type II and
type IV (see also Pick, 1986). Since these acceleration processes operate at different places
from the impulsive acceleration, we will consider type II and type IV radio bursts separately.
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As an additional check of the escape of electrons from the corona we analysed the mea-
surements of electrons at deka-to-hecto-keV energies by the Electron, Proton, and Alpha
Monitor (EPAM) aboard the Advanced Composition Explorer (ACE; Gold et al., 1998) near
the Lagrangian point L1. Only the deflected electron channels were used.

3.3. Magnetic Connection

Although our initial selection was restricted to flares in the western hemisphere, flare-
accelerated particles can still go undetected by GOES just because the acceleration region
is not magnetically connected to the Earth. This is especially the case since we applied
no restriction on the latitude of the flare. We roughly estimate the quality of the magnetic
connection for each event, evaluating the distance in longitude and latitude between the
reported flare position and the footpoint of the nominal Parker spiral. We assume that the
Earth-connected Parker spiral is rooted at the apparent latitude of the solar equator as seen
from Earth, By, and longitude W57°, regardless of the actual solar wind speed. The criterion
is very rough, because flare-accelerated particles can be transported over tens of heliocen-
tric degrees in longitude and latitude along diverging open magnetic flux tubes in the corona
(Klein et al., 2008), because the time-varying interplanetary magnetic field broadens the
range of possible connections (Ippolito et al., 2005), and finally because deviations from
constant solar wind expansion speed and the radius of the actual source surface introduce
further uncertainty (Nolte and Roelof, 1973).

3.4. Results

A detailed account of the observations is given in Appendix B. From this analysis we derived
a rough characterisation of the X-class flares without GOES SEPs in terms of localisation,
radio properties and CME association, given separately for confined and non-confined mi-
crowave events in Tables 1 and 2, respectively. The entries in the tables are the following:

e The heading ‘SEP at L1’ indicates if a proton event was observed or not (entry N) by
SoHO/ERNE or an electron event by ACE/EPAM. From visual inspection of the intensity
time histories we characterise the events as “clean” (C) when the intensity shows a clear
rise corresponding in time with the flare, or “marginal” (M) when the signature is weak or
appears just as the flattening of the decay of a previous event. See Figure 5 of Klein, Trot-
tet, and Klassen (2010) for an illustration of the marginal 9 June 2003 event. Questionable
cases, especially those where a preceding event created a strong and variable background
on top of which a new release is difficult to identify, are indicated by a question mark,
data gaps by a hyphen. The clean events on 23 November 1998, 11 June 2003, 13 and 18
August 2004 have peak electron intensities of about 103 to several 10° (MeV cm? srs)~!
in the 3853 keV range, while the events on 29 May 2003 and 30 October 2004 attain
several 10* to 10° (MeV cm?srs)~!. For comparison, the major events studied by Hag-
gerty and Roelof (2002, their Figure 3) range from 10° to 10° electrons (cm? srsMeV)~!.
The 9 July 1996 event occurred before the launch of ACE, but the entry has to be ‘C’
because energetic electrons were clearly observed in space by Ulysses/HISCALE (Pick
et al., 1998) and SOHO/COSTEP (Laitinen et al., 2000). It was also a clear proton event
on a very low solar minimum background, with a peak proton intensity in the 12 —-20 MeV
range, slightly below 2 x 1073 (cm? s sr MeV) ™! (see Figure 2 of Laitinen et al. (2000)).
If we assume a power-law energy spectrum with index 4, this implies an integral intensity
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Table 1 Properties of GOES SEP-less X-class flares: confined microwave events.

e & & & & g = 2 § = =
S = 8 g = & £ E 8 8 B
2 & 8 8 2 8 8 8 & £ &
— — N N N N N N N N N
SEP at L1
ERNE protons C N - N ? N N ? N C C
EPAM electrons © N N N N N N M N C C
Magnetic connection
Longitude M w M w - w P - P P P
Latitude w M M M - M M - M M M
Microwave burst
Peak frequency L H H H H H L H L L H
Peak flux density H L H M L M H M L L M
LF spectral slope F F F - S S M S S S
DH type III
DH III Y N Y N Y Y Y Y N Y Y
during impulsive phase N N N N N N N? N N N N
at microwave peak N N N N N N N N N N N
II, IV-DH III
m-A type II Y N Y N N N N Y N N Y
DH III with m-A II Y N Y N N N N Y N N Y
m-A type IV Y N Y? N N N N N N Y Y
DH III with m-A IV Y N ? N N N N N N Y Y
CME/dimming Y ? - N N Y N N N Y Y
CME speed M - - - - S - - - M M

above 10 MeV of 3.5 x 1072 pfu, which is consistent with the upper limit of 0.19 pfu
inferred from GOES observations (Table 3).
e The magnetic connection of the flare to the Earth is characterised in the two following
lines. The flare is labelled ‘well connected’ (entry W) if it occurred within &+ 15° of the
nominal connection, while the connection is called ‘moderate’ (M) for distances in the

range + (15°—30°) and ‘poor’ (P) for larger distances.

e The microwave burst spectrum at the time of maximum emission is characterised by the
peak frequency, the peak flux density and the low-frequency spectral slope. Peak fre-
quency is high (H) when above 10 GHz, low (L) otherwise. 10 GHz is often quoted as
the typical peak of solar microwave bursts. The peak flux density is considered high (H)
when >2000 sfu, moderate (M) between 800 and 2000 sfu, low (L) for flux densities
below 800 sfu. There is no objective criterion for these numerical values, they have been
selected such as to divide the 20 flares in three groups with about equal numbers of events.
The low-frequency spectrum is called steep (S) when the power law spectral index oy was
above 2.5 (flux density ~ frequency®f), moderate (M) when 2.0 < o < 2.5, and flat (F)
when oy < 2. oy = 2.5 is expected for self-absorbed synchrotron emission of relativistic

51 pfu (particle flux unit) = 1 cm™
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Table 2 Properties of GOES SEP-less X-class flares: non-confined microwave events.

S g & S 3 IS & = R
= 8 8 = 5 =2 8 g
g & & & g8 g8 g8 g8 §
— — — N N N N N N
SEP at L1
ERNE protons N N C ? N N ? N ?
EPAM electrons C ? M N M N C C
Magnetic connection
Longitude P w P P M w M w P
Latitude P M P M w M W w w
Microwave burst
Peak frequency L H L L H H L L H
Peak flux density L M H L M M H L H
LF spectral slope F F F F F M F M F
DH type III
DH III Y Y Y Y Y Y Y Y Y
during impulsive phase Y Y Y Y Y Y Y Y Y
at microwave peak N Y Y Y Y Y Y Y Y
II, IV-DH III
m-A type II N Y Y Y Y Y Y? Y Y
DH III with m-A II N Y Y Y Y N ? N Y?
m-A type IV Y? ? N N Y N Y N Y
DH III with m-A IV ? ? N N Y N Y N Y
CME/dimming - Y Y Y Y Y Y Y
CME speed - S M F F S F - M

electrons, but most often much flatter spectra are observed (Nita, Gary, and Lee, 2004),
probably due to the magnetic field variation across the source.

e The existence and timing of DH type III bursts and metric type II and type IV bursts are
indicated in the following lines. Type IV bursts may have a smooth spectrum that does
not stand out in a dynamic spectrogram and is more easily missed in a routine analysis
than a type II burst. So the entries about type I'V bursts are probably to be considered with
more caution than those on type II bursts.

e The last two lines of the tables indicate whether a CME was associated with the event
or not, and give a speed estimate. The association with a CME is considered to be given
if the flare is in the vicinity of the CME as seen by the Large Angle and Spectrometric
COronagraph (LASCO) aboard SoHO (Brueckner et al., 1995), and if the height—time
diagram of the CME front extrapolates backwards to the solar limb and the disk centre
near the time of the flare, or if a localised EUV dimming occurred during the flare in
the same active region. The CMEs with LASCO observations are indicated as “slow” (S;
<400 kms™!), “fast” (F; > 800 kms~!) or “moderate” (M).

3.5. Mlustrative Examples

In this section we present some illustrative examples. Figure 1 displays the soft X-ray (top)
and radio observations during a confined microwave event. The dynamic spectrum in the
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Figure 1 Time histories of X-ray and radio emissions on 27 November 1999. From top to bottom: (1) soft
X-ray flux (GOES; solid line 0.1 —0.8 nm, dashed-dotted line 0.05 -4 nm), (2) and (3) dm-m wave (Nancay
Radiohelograph, NRH; 1D brightness distribution projected onto the solar east—west direction; axes in units
of the solar radius, from —2R@ (east) to 2R (west); inverse grey scale); (3) decametre-to-hectometre (DH)
wave emission (Wind/WAVES; inverse grey scale).

1-14 MHz range (bottom panel) shows two faint DH type III bursts near 11:49 and
12:01 UT, but no signal during the soft X-ray burst.

The Nangay Radioheliograph (Kerdraon and Delouis, 1997) observed only long lasting
emission that started well before and continued well after the flare. Time histories of the one-
dimensional brightness distribution, obtained by summing 10 s integrated snapshot maps
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over all pixels in the solar north—south direction, are plotted in the two central panels of
Figure 1 (inverse grey scale). At dm waves (432 MHz, A = 69 cm) a dark band, signifying
bright emission, is seen at a projected distance of about 0.4 R west of central meridian. The
light grey background displays the emission of the quiet corona. The overplotted curve is
the whole-Sun flux density. It shows little variation, and especially nothing peculiar during
the soft X-ray burst. At metre wavelengths (164 MHz, A = 1.83 m) numerous bursts are
observed on top of a continuous emission at a similar position as at dm wavelengths. This
emission is a noise storm. The two DH type III bursts are clearly related in time with two
bursts of this noise storm. No dm-m-wave emission is observed from the X-class flare.

Another, but more complex, confined microwave event is plotted in Figure 2. Both the
soft X-ray burst and the high-frequency microwave emission (15.4 GHz, green curve) have
two components, with the microwave peaks during the rise phases of the two soft X-
ray bursts. The microwave burst is visible down to a few GHz, but has no counterpart at
610 MHz (red curve) and 245 MHz (black). No DH type III burst is observed during this
time either. So the microwave event is confined according to our criterion. The first emis-
sion at metre wavelengths (245 MHz, A = 1.22 m) is a slow rise, starting after the decay of
the 15.4 GHz emission, to a long-lasting plateau that extends beyond the plotted time inter-
val. At still lower frequencies (20—70 MHz) a well-defined type II burst with fundamental
and harmonic bands and further band splitting is observed. Shortly after its onset a short
burst emanates from its low-frequency side and continues as a DH type III burst into the
1-14 MHz band. It shows that electrons accelerated during the metric type IV burst and the
type II burst, unlike those accelerated during the impulsive phase, have access to the high
corona and interplanetary space.

The third example (Figure 3) shows a non-confined microwave event with strong radio
emission from microwaves to kilometric waves. It is accompanied by a major electron event
seen by ACE/EPAM. The microwave emission (c¢f. 15.4 GHz; green curve) starts during
the impulsive phase. It has counterparts across the dm-to-km wavelength range, as shown
by the RSTN, NRH, and WAVES observations. Clearly the electrons accelerated during the
impulsive phase are not confined during this event. The radio source at 164 MHz is complex,
with successive brightenings in different regions. The entire phase of bright microwave-to-
metre-wave emission is accompanied by an intense group of DH type III bursts.

The confined microwave event of 13 August 2004 (Figure 4) needs a more detailed dis-
cussion, because its association with enhanced particle intensities measured at L1 is am-
biguous. A type III storm was observed by Wind/WAVES during the whole day. It was
accompanied by a noise storm at metre wavelengths, whose time evolution is shown by
the black curve (245 MHz) in the second panel from top in Figure 4. The event quoted as
“type IV” burst in Table 1 is actually the enhancement of this noise storm appearing since
about 18:15, and best seen as a succession of strong peaks near 18:40 UT, 20— 30 min after
the peak of the soft X-ray burst. It was accompanied by a hectometric —kilometric type III
burst that was distinctly brighter at frequencies below 1 MHz than the others. Although the
NRH observations (before 15:30 on 13 August and after 08:25 on 14 August) show that the
noise storm was located above the active region where the flare occurred, the relationship
of the noise storm enhancement with the X-class flare is questionable. But the acceleration
process that gives rise to the noise storm enhancement is a plausible source of the particle
events observed by ERNE and EPAM.

3.6. Summary of Observational Results

Using Tables 1 and 2, we summarise the observational results of this study as follows.

@ Springer



318 K.-L. Klein et al.

— 10"+ E
E 10_52 E
2 10 =
¥ 10°
R [
-E'S' 100—§ E
'g"u‘, ] C
x‘—' - |-
= B L
u TR
= 60
T
Z 50
g
o 40
=0
3
I 30
50 Green Bank

Frequency [MHz]

\

17:20 17:40 18:00 18:20
Universal time on 2004 August 18

Figure 2 Time histories of X-ray and radio emissions on 18 August 2004. From top to bottom: (1) soft X-ray
flux (GOES; solid line 0.1 —0.8 nm, dashed-dotted line 0.05-4 nm), (2) fixed frequency flux density time
profiles (RSTN Network; frequencies indicated in MHz); (3) dynamic spectrum at long metre waves (Green
Bank Radio Spectrograph); (4) decametre-to-kilometre wave emission (Wind/WAVES). The depression of
the metre wave spectrum seen during the strong soft X-ray emission is due to absorption in the Earth’s
atmosphere.

1. The western X-class flares that produce no SEP events at GOES are significant sources
of microwave (cm-wave) emission: with respect to the statistical study of Guidice and
Castelli (1975) who grouped their events into categories with peak flux densities below
50 sfu, above 500 sfu, and in between, 18/21 events are in the category of strong emitters,
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Figure 3 Time histories of X-ray and radio emissions on 30 October 2004. From top to bottom: (1) soft
X-ray flux; (2) fixed frequency flux density time profiles (RSTN Network); (3) time histories of the 1D
brightness distribution at m-wavelengths (inverse colour scale); (4) decametre-to-kilometre wave emission
(Wind/WAVES).

and three in the intermediate category. While the bias towards strong events is expected,
because our event sample is based on strong soft X-ray flares, this finding shows that
most X-class flares without GOES SEPs are efficient electron accelerators.

2. 11/20 events where radio observations at decametric and longer wavelengths were avail-
able displayed no type III burst during the time of the most intense microwave emission,
i.e. no evidence of electron beams escaping from the corona at that time.
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Figure 4 Time histories of X-ray and radio emissions on 13 August 2004. From top to bottom: (1) soft X-ray
flux; (2) fixed frequency flux density time profiles (RSTN Network); (3), (4) decametre-to-kilometre wave
emission (Wind/WAVES).

3. Using the presence or absence of a DH type III burst during the impulsive phase for the
distinction of confined and non-confined microwave events, we find further systematic
trends as follows.

i) Peak flux density: as seen from the tables, both categories of events have comparable
distributions of peak flux densities.

ii) Peak frequency: most confined events have high peak frequency (7/11), while the
numbers of low-frequency and high-frequency events are comparable in the non-
confined cases.

iii) Low frequency spectral slope: All steep low-frequency spectra are found in the con-
fined events. Nearly half of the confined events (5/11) do have this signature. In
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contrast, the non-confined microwave events have flat or intermediate low-frequency
spectra.

4. The confinement of microwave emitting electrons is not equivalent with the absence of a
CME. 5/11 confined microwave events are indeed CME-less. These events were already
discussed in Klein, Trottet, and Klassen (2010). One further case might be CME-less, but
four others are clearly accompanied by a CME. CMEs are found with all non-confined
microwave events where adequate data were available.

5. Metre-wave radio emission that persists after the impulsive flare phase, especially type 11
bursts associated with coronal shock waves and type IV bursts associated with electron
acceleration during post-eruptive reconnection in the corona, is detected in the majority
of events, but more rarely with confined (5/11) than with non-confined (8 or 9/9) mi-
crowave bursts. In some events a DH type III burst during the type II or type IV emission
indicates that electrons can escape to interplanetary space. This is especially the case of
the confined events during which SEP are detected near L1.

6. A number of events without GOES SEPs were found to be associated with particle events
detected at the L1 Lagrange point: 10/20 with electron events at tens to hundreds of keV,
and 4/20 with proton events at deka-MeV energies. Electrons were detected from 4/11
confined and 6/9 non-confined microwave events, deka-MeV protons in 3/11 confined
microwave events and 1/9 non-confined ones. Some uncertain cases exist, mostly be-
cause of a high background from previous events. 7/11 confined and 2/9 non-confined
microwave events have no electron event detected by ACE/EPAM.

4. Discussion
4.1. Electron Confinement

A little more than half of the western X-class flares without GOES SEPs show evidence
that flare-accelerated electrons are confined in magnetic structures of the low corona. The
initial criterion of confinement we used, namely the absence of DH type I1I bursts during the
impulsive phase comprising the strong microwave emission, is corroborated by other proper-
ties. A prominent one is the frequent occurrence of steep low-frequency microwave spectra
that we only found during flares without a DH type III burst. Steeper spectra than predicted
by gyrosynchrotron self absorption are generally ascribed to suppression of the microwave
emission by the ambient medium. The plasma suppresses the transfer of energy from the
energetic electrons to electromagnetic waves, an effect known as Razin suppression. This
was already discussed in Klein, Trottet, and Klassen (2010) who estimated that Razin effect
becomes significant at a few GHz in ambient densities of at least a few 10'® cm~? for plausi-
ble magnetic fields of a few hundred gauss. Thermal coronal densities as high as 10'! cm™3
were reported for thick target hard X-ray emission from coronal loops by Veronig and Brown
(2004), and still higher densities are required to explain the steep low-frequency microwave
spectrum of the burst analysed by White et al. (1992). Melnikov, Gary, and Nita (2008)
showed that Razin suppression may actually operate in a significant fraction of microwave
bursts. We note that the event where no WAVES data were available (10 June 2003), and
which was therefore excluded from the present discussion, also has a steep low-frequency
spectrum, and may therefore also be a confined microwave burst.

The statistically higher peak frequency of confined microwave events is to some extent
a direct consequence of the suppression of the low-frequency emission, although events
with high peak frequency do not systematically display a steep low-frequency spectrum

@ Springer



322 K.-L. Klein et al.

(2/9 events with relevant data combine a high peak frequency with a steep low-frequency
spectrum, while two have a high peak frequency and a flat low-frequency spectrum). In cases
where the low-frequency spectrum is flat, high peak frequencies indicate strong magnetic
fields. This is a further indication that the radiating electrons are confined in compact coronal
structures.

It was noticed in the past that flares accelerating electrons may lack dm-m wave emission:
Cliver, McNamara, and Gentile (1985) presented statistical studies of microwave bursts, and
Simnett and Benz (1986), Benz et al. (2005) and Benz, Brajsa, and Magdaleni¢ (2007) of
hard X-ray bursts. These authors showed that a fraction of 15-20% of the microwave or
hard X-ray bursts lacked a dm-m wave counterpart. Rieger, Treumann, and Karlicky (1999)
discussed an intense gamma-ray flare without dm-m wave counterpart in its initial phase,
and proposed that the copiously accelerated particles remained confined in low coronal
structures during the impulsive phase of the flare. Trottet et al. (1998) showed the stepwise
extension towards successively lower frequencies of the metre wave radio emission associ-
ated with another gamma-ray flare, and proposed a scenario of successive acceleration steps,
during which electrons are injected into more and more extended coronal structures. Sim-
ilarly, electrons accelerated during the first minutes of the large flare on 20 January 2005
remained confined in the corona (Masson et al., 2009). The interpretation in terms of parti-
cle confinement during the impulsive phase provides a consistent picture with the absence
of SEP events at GOES in the present study. It is in line with Kahler’s finding (1982a) that
a significant number of microwave bursts in the western solar hemisphere that were not
followed by an SEP event lacked microwave emission below about 9 GHz.

The fact that the presence or absence of DH type III bursts reveals if particles can escape
or not to space underscores the role of these bursts in SEP forecasting. Cane, Erickson, and
Prestage (2002) concluded that long-lasting groups of DH type III bursts accompany most
major SEP events. Laurenza et al. (2009) included a measure of the type III radiation at
1 MHz into their SEP forecasting scheme.

4.2. Metre-Wave Radio Emission During Confined Microwave Events

5/11 confined microwave events are accompanied by metre wave type II or type IV busts,
or both. The metric radio bursts signal acceleration sites in the corona other than the
region of impulsive phase acceleration. The four electron events observed during con-
fined microwave flares all occur when these alternative accelerators exist. The acceler-
ation of the marginal electron and proton event of 9 June 2003 at the coronal shock
revealed by its type II emission was discussed by Klein, Trottet, and Klassen (2010).
The three other electron events are much clearer. The related activity in the corona was
a type IV burst or a noise storm enhancement. Both radio emissions are likely related
to magnetic reconnection in the aftermath of a CME (Kahler and Hundhausen, 1992;
Aurass, Landini, and Poletto, 2009), and CMEs were indeed observed during all three
events. They had speeds up to at most 600 kms~' and are therefore not expected to act
primarily by their shock, although type II bursts accompanied two of them.

A detailed discussion of the relationship between different electromagnetic emissions and
particles in space during the confined microwave event of 9 July 1996 was given by Laitinen
et al. (2000). Successive electron releases could be traced back in time to discrete events of
acceleration revealed in the type IV burst emission, and part of the proton acceleration, too,
while another, later part, was ascribed to the interaction of the CME with the high corona and
interplanetary medium. The most prominent signatures of high-energy electrons and protons
in the solar atmosphere, namely microwaves, hard X-rays and nuclear gamma-rays, occurred
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at a time when no type III burst was observed at lower frequencies that would have signalled
the escape of particles accelerated in the impulsive flare phase. Along with the gamma-ray
events cited earlier, this case illustrates particle acceleration in an evolving magnetic field,
comprising a confined population in the initial phase of the flare and subsequent acceleration
episodes in the higher corona, occurring as the magnetic field configuration evolves in the
course of the CME.

4.3. Non-Confined Microwave Events

The detection of electron events with non-confined microwave flares, from which the flare-
accelerated particles apparently have ready access to the high corona, is of course expected
if the spacecraft is magnetically well connected to the flare site. Only two of the nine cases
are not associated with an electron event (24 November 2000, 21 August 2002). Both were
accompanied by relatively weak microwave bursts, so that these flares might be weak parti-
cle accelerators. But both had a metre wave type II burst. This confirms that the shock wave
associated with the metre wave type II burst is not a priori an efficient particle accelerator
(see Klein et al. (2003) and references therein). The two cases with large electron events (29
May 2003, 30 October 2004) are associated with intense microwave bursts and metre wave
bursts of type II and type IV.

The effect of magnetic connection on the association of the X-class flares with SEP events
is hard to assess in our data set. The only flare/CME that is well connected both in longitude
and in latitude produced an electron event, despite its relatively weak microwave emission.
On the other hand the poorly connected weak microwave event on 23 November 1998 also
produced an electron event at ACE. The small number of cases precludes firm conclusions.

The electron events related with confined microwave flares underscore the presence of
different electron (particle) accelerators in the corona. In non-confined events we are not able
to distinguish the contributions of the different acceleration regions to the escaping particle
populations. It may be that the combined contribution, with variable proportions, of differ-
ent acceleration regions blurs the relationship between electron spectral parameters derived
from the hard X-ray emission in the low solar atmosphere and from in situ measurements of
electrons discussed by Droge (1996) and Krucker et al. (2007).

4.4. Coronal Mass Ejections, Particle Acceleration and Particle Confinement

While CME-less X-class flares are confined microwave events (Gopalswamy, Akiyama, and
Yashiro, 2009; Klein, Trottet, and Vilmer, 2009; Klein, Trottet, and Klassen, 2010), the
present study shows that microwave events may be confined even when they are associated
with a CME. Particles accelerated in the impulsive flare phase hence may remain magneti-
cally confined while the overall magnetic structure is erupting. This is not a surprise, because
the reconnection with open magnetic field lines is not necessary during the early phase of a
CME, although it may occur at some later time (see, e.g., the scenario of Gosling, Birn, and
Hesse (1995); also Démoulin et al., 2007). The confinement of flare-accelerated particles
in the presence or absence of a CME suggests that the key condition for escape during the
impulsive phase is the possibility to get access to pre-existing open magnetic field lines in
the parent active region. This is in line with the analogous conditions for the occurrence of
a CME documented by Wang and Zhang (2007) and for the occurrence of type III bursts
with a given flare shown by Axisa (1974), Zlobec et al. (1990), and Hofmann and Ruzdjak
(2007): the occurrence of both a CME and a type III burst seems to be favoured when the
energy release takes place in the outskirts of the parent active region.
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The presence of a CME is likely the essential condition for particle acceleration to occur
elsewhere in the corona, as shown by the metric type IV bursts. Type IV bursts have long
been recognised as a signature of SEP-associated flares (see the historical review of Pick and
Vilmer (2008) and the statistical investigation of Kahler (1982a)). They show how CMEs
can play a role in SEP acceleration that is probably not related to their capacity to drive
large-scale shock waves, but rather to the perturbation of the coronal magnetic field and its
subsequent relaxation.

5. Conclusions: Flares, CMEs, Shocks, and the Production of SEP Events

The results of the present paper and its companion (Klein, Trottet, and Klassen, 2010) high-
light the roles of flares and CME:s in the acceleration and coronal propagation of SEPs:

e Strong flares without CMEs do not produce SEP events detectable by the GOES patrol ob-
servations, mostly because the energy release occurs in a region from where the energetic
particles have no access to open field lines.

e Particles accelerated in the impulsive flare phase may remain confined in the corona even
when the flare is accompanied by a CME.

e CMEs themselves may create the conditions for particle acceleration in the corona af-
ter the impulsive flare phase, so that SEP events can be produced even when particles
accelerated in the impulsive phase remain confined in low coronal structures.

e The effect of a CME on SEPs is not restricted to its role as the driver of a large-scale
shock wave. The relaxation of magnetic stress built up in the course of a CME appears at
least as relevant in the events under discussion.

These results confirm in many respects earlier work, especially by Kahler (1982a). They
have been established here under cleaner observational conditions than in the past, because
the confinement of particles accelerated during the impulsive flare phase allowed us to ad-
dress separately acceleration scenarios related with flares and CMEs.
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Appendix A: Strong Soft X-Ray Bursts and SEP Events: Observations

Table 3 gives the list of X-class flares in the western solar hemisphere and the related find-
ings of SEP from the GOES Space Environment Monitor’s Energetic Particle Sensor.® The
columns give the date (1) and characteristic times (2) of the X-ray burst, the location in-
ferred from Ha observations as also given in the GOES X-ray list or, if there is a difference,
in Solar Geophysical Data (SGD) Comprehensive Reports (when put within parentheses).
In some cases without flare patrol, we just indicate the quadrant where the flare was seen in
SoHO/EIT daily movies.

Columns 5 -7 give the SEP signature related to the X-ray burst. Protons of 10 MeV need
about 70 min to travel a distance of 1.2 AU. When a significant rise in the GOES integral
proton intensities above 10 MeV’ was visible within a few hours after the X-ray burst, the
start of the rise was evaluated, whenever possible, as the time when the exponential fit of
the early rise intersects the pre-event background. If the event is in the SEP list compiled
at NOAA, this is indicated in col. 7, together with the start time reported in that list. This
start time differs in general from our estimate, because NOAA defines the start as the time
when the intensity exceeds 10 pfu, which is most often well above the pre-event background.
The difference is rarely significant, with the exception of 28 May 2003. In this case it took
nearly 20 hours for the intensity to rise from background to the 10 pfu level. In col. 6 the
peak integral proton intensity at energies above 10 MeV I, is listed in pfu. It may be
different from the NOAA list, which gives the maximum during the entire event, possibly
including the Energetic Storm Particles (ESP) accelerated close to the spacecraft more than
a day after the flare/CME. An ESP event usually shows up as a renewed gradual rise from
the high SEP level. In this case the value of I,,,x quoted in col. 6 is the pre-ESP intensity.

A number of SEP events are actually not in the NOAA list. NOAA has two criteria to
identify an event (see, e.g., Balch, 2008): the integral intensity at energies above 10 MeV
must exceed 10 pfu and the pre-event level must be smaller than 10 pfu. An example of a SEP
event not listed by NOAA because it is too weak is 2 April 2001 10:56 UT. In some weak
events it was not possible to accurately evaluate the start time. In these cases an estimated
start from visual inspection is indicated. Other events were missed by NOAA because the
pre-event threshold was above 10 pfu, due to a previous event. These cases are labelled
‘threshold’ in col. 7 (e.g., 20 January 2005).

The event identification may be difficult due to enhanced flux from a previous SEP event
or from an ESP event. This is then noted in cols. 5—7. Whenever the previous event was
decaying at the time of the X-ray burst of interest, we attempted to adjust the decay by an
exponential and to identify an excess above the extrapolated exponential profile that could
come from the new solar event. In these cases the onset time of the start of the excess is
listed (e.g., 3 November 2003).

In a number of events, as on 9 July 1996, no excess above background was observed
by GOES. In those cases we evaluated the background and root mean square deviation o
of the integral intensity above 10 MeV measured by GOES in an interval of 2—4 hours
starting at the onset of the soft X-ray burst. The 3o value is given as the upper limit of the
GOES intensity in col. 6, and is complemented within parentheses by the expected value
of the integral intensity above 10 MeV as defined, based on the soft X-ray properties, by
Equation (6) of Garcia (2004); see also Klein, Trottet, and Klassen (2010).

6http://www.ngdc.noala.gov/stp/GuOES.
TProvided by NGDC, http://goes.ngdc.noaa.gov/data/avg/.

@ Springer


http://www.ngdc.noaa.gov/stp/GOES
http://goes.ngdc.noaa.gov/data/avg/

326

K.-L. Klein et al.

Table 3 GOES X-class flares and SEP signatures in the western solar hemisphere.

Date Start, end, max Location Importance GOES SEP

(X rays; UT) (Hou/X) Start Imax [pfu] Comment
M 6) 3) @ §) ©) @)
1996 07 09 09:01 09:49 09:12 S10W30 1B/X2.6 - <0.19(20) (d)
1997 11 04 05:52 06:02 05:58 S14W33 2B/X2.1 06:35 70 NOAA 08:30 (a)
1997 1106 11:49 12:01 11:55 S18W63 2B/X9.4 12:30 500 NOAA 13:05 (a)
1998 0502 13:31 13:51 13:42 SI5WI15 3B/X1.1 13:55 150 NOAA 14:20 (a)
1998 05 06 07:58 08:20 08:09 S11W65 IN/X2.7 08:20 240 NOAA 08:45 (a)
1998 11 22 06:30 06:49 06:42 S27W82 IN/X3.7 07:45 4 (b)
1998 1122 16:10 16:32 16:23  S30W89 2N/X2.5 ~16:50 decay previous (c’)
1998 11 23  06:28 06:58 06:44 S28W89 SF/X2.2 - <071 (34) (d)
1999 08 02 21:18 21:38 21:25 S18W46 1B/X1.4 - <0.26(11) (d)
1999 08 28 17:52 18:18 18:05 S26W14 2N/X1.1 - <0.20 (8.7) (d)
1999 1127 12:05 12:16 12:12 S15W68 2B/X1.4 - <0.17(9.6) (d)
2000 03 02 08:20 08:31 08:28 (S14W52) 2B/X1.1 ~09:30 0.7 (b)
2000 03 22 18:34 18:56 18:48 NI14W57  2N/X1.1 18:20 1 (b)
2000 03 24 07:41 07:59 07:52 N16W82  2B/X1.8 - <0.34(18) (d)
2000 06 18 01:5202:03 01:59 N23W85  SF/X1.0 ~02:50 0.7 (b)
2000 07 14 10:03 10:43 10:24 N22W07  3B/X5.7 10:30 1460 NOAA 10:45 (a)
2000 11 24 04:55 05:08 05:02 (N20WO05) 3B/X2.0 05:55 8 (b)
2000 1124 14:5115:21 15:13 N22WO07  2B/X2.3 14-16 87 NOAA 15:20 (a)
2000 1124 21:4322:1221:59 N21WI14  2N/X1.8 - <11(23) decay previous (d)
2000 1125 18:33 18:55 18:44 N20W23  2B/X1.9 ESP event (u)
2000 1126 16:34 16:56 16:48 NI18W38  2B/X4.0 ~19:30 on top ESP (u)
2001 0329 09:57 10:32 10:15 N20W19  SF/X1.7 11:50 17 NOAA 16:35 (a)
2001 04 02 10:04 10:20 10:14 N17W60  1B/X1.4 - <0.77(9.8) C(d)
2001 04 02 10:58 12:05 11:36  (N16W62) 1F/X1.1 12:30 4 (b)
2001 04 02 21:3222:03 21:51 (NW) EIT/X20.0 22:40 1060 NOAA 23:40 (a)
2001 04 10  05:06 05:42 05:26  S23W09 3B/X2.3 07:35 233 NOAA 08:50 (a)
2001 04 12 09:39 10:49 10:28 S19W43 SF/X2.0 ~11:30 50 threshold (c)
2001 04 15 13:19 13:55 13:50 S20W85 2B/X4.4 13:55 975 NOAA 14:10 (a)
2001 10 19 00:47 01:13 01:05 N16W18  2B/X1.6 01:55 7 (b)
2001 1019 16:13 16:43 16:30 N15W29  2B/X1.6 17:40 11 NOAA 22:25 (a)
2001 1025 14:42 15:28 15:02 S16W21 2B/X1.3 decay previous, new rise 15—17 UT (c)
2001 1104 16:03 16:57 16:20 NO6WI18  3B/X1.0 16:30 3040 NOAA 17:05 (a)
2001 1125 09:4509:54 09:51 (SW) EIT/X1.1 - <29 (6.8) decay previous C (d)
2002 04 21 00:43 02:38 01:51 S14Wg4 1F/X1.5 01:40 1980 NOAA 02:25 (a)
2002 07 03 02:08 02:16 02:13 S20W51 1B/X1.5 - <0.21(10) (d)
2002 07 15 19:5920:14 20:08 N19WO01  3B/X3.0 16/11:20 45 NOAA 16/17:50 (a)
2002 07 18 07:24 07:49 07:44 NI9W30 2B/X1.8 - <2.6(17)  decay previous (d’)
2002 08 03 18:59 19:11 19:07 S16W76 SF/X1.0 ~04/2 0.5 (b)
2002 08 21 05:28 05:36 05:34 S12W51 1B/X1.0 - <0414.2) ()
2002 08 24 00:49 01:31 01:12 S02W81 1F/X3.1 01:20 235 NOAA 01:40 (a)
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Table 3 (Continued.)

Date Start, end, max Location Importance GOES SEP
(X rays; UT) (Ho/X) Start Imax [pfu] Comment
(1) @) 3) ) ) ©) !
2002 1031 16:47 16:55 16:52 (N29W90) /X1.2 - <0.74 (6.1) C(d)
2003 03 17 18:50 19:16 19:05 S14W39 1B/X1.5 ~19:45 0.8 (b)
200303 18 11:51 12:20 12:08 S15W46 1B/X1.5 ~15 0.6 (b)
2003 0527 22:56 23:1323:07 SO07W17 2B/X1.3 cf. following event (u)
2003 0528 00:17 00:39 00:27 (SO08W22) 1B/X3.6 04:20 ~ 10 NOAA 23:35 (a)
2003 0529 00:5101:1201:05 S06W37 2B/X1.2 - <3.5(7.2) rising bg, ESP (d')
2003 06 09 21:3121:4321:39 (NW) EIT/X1.7 - <022(12) C(@)
2003 06 10 23:19 00:12 00:02 N10W40 2B/X1.3 - <0.18 (14) (@)
2003 06 11 20:01 20:27 20:14 N14W57 IN/X1.6 - <024 (23) (@)
2003 1026 17:21 19:21 18:19 NO02W38 IN/X1.2 17:50 294 NOAA 18:25 (a)
2003 1029 20:37 21:01 20:49 S15W02 2B/X10.0 ~21:45 2530 threshold (c)
2003 1102 17:0317:39 17:25 S14W56 2B/X8.3 17:35 1500 threshold (c)

2003 1103 01:09 01:4501:30 NI1OWS83  2B/X2.7 decay previous, new rise ~3—4 UT (c/)
2003 1103  09:43 10:19 09:55 NO8W77  2F/X3.9 decay previous, new rise ~ 12 UT (c’)

2003 1104 19:29 20:06 19:50 S19W83 3B/X28.0  22:00 343 NOAA 22:25 (a)
20040226 01:5002:1002:03 NI14W14  SXI/X1.1 - <0.27(74) C@)

200408 13 18:07 18:15 18:12 S13W23 SXI/X1.0 - <0.17@&.7) (d)

2004 08 18 17:29 17:54 17:40 S14W90  SXI/X1.8 - <026 (21) (d)

20041030 11:38 11:50 11:46 NI3W25  SXI/X1.2 - <0.89(7.3) enhanced bg (d")
2004 1107 15:4216:1516:06 NO9W17  SXI/X2.0  17:55 867 NOAA 19:10 (a)
2004 11 10 01:59 02:20 02:13 NO9W49  SXI/X2.5  03:10 71 threshold (c)
200501 15 22:2523:3123:02 NI5SW05  SXI/X2.6  16/00:40 150 NOAA 16/02:10 (a)
200501 17 06:59 10:07 09:52 NI5W25  SXI/X3.8  09:45 270 threshold (c)
200501 19 08:03 08:40 08:22 NI15W51 SXI/X1.3  decay previous, new rise ~ 08:15 (c/)
20050120 06:3607:26 07:01 N14W61  SXI/X7.1  06:45 1700 threshold (c)
200507 14 10:16 11:29 10:55 N11W90  SXI/X1.2  12:55 135 threshold (c)
200509 15 08:30 08:46 08:38 (S11W15) 2N/X1.1 - <63 (4.9)  decay previous C (u)
2006 12 13 02:14 02:57 02:40 SO6W23 SXI/X3.4  02:50 682 NOAA 03:10 (a)
2006 12 14 21:07 22:26 22:15 S06W46  SXI/X1.5  22:50 210 threshold (c)

Some of the soft X-ray bursts are among the ‘confined’ events associated with CME-less
X-class bursts that were analysed in Klein, Trottet, and Klassen (2010). They are indicated
by a capital ‘C’ in col. 7.

In summary, 69 GOES X-class flares were observed in the western solar hemisphere, i.e.
at longitudes between 0° and 90°, between 1996 and December 2006. We distinguish five
categories of events, as labelled at the end of col. 7.

i) 21 had SEP events that were catalogued by NOAA based on GOES observations.
if) 10 had SEP events detected by GOES that were not catalogued because their peak in-
tensity did not exceed the threshold of 10 pfu.
iif) Eight had prominent GOES SEP events that were not catalogued because the intensity
at event onset was already above the threshold of 10 pfu due to a previous event. We
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identified five further weak SEP events on top of previous excess intensities, and labelled
them ‘(¢’)’ in col. 7.

iv) GOES/EPS showed no excess signal above background after 15 X-class flares, and six
further cases where no new rise was detected on top of a high intensity from a previous
event (labelled ‘(d')’).

v) In four cases the GOES SEP detection was uncertain because of the high background
from energetic storm particles (ESP) or because of possible confusion of SEP signatures
with a previous event.

Appendix B: Radio Emission and CME Association of SEP-Less X-Class Flares

Table 4 lists all western X-class flares that were not accompanied by SEP detected by
GOES/EPS. The date, start and maximum time of the X-ray bursts are listed in col. 1.
These times have been re-evaluated using GOES 3 s data. The start time is given as the
time, rounded to the nearest minute, where the derivative of the flux starts to be persistently
positive in either the 0.05—0.4 nm channel or the 0.1 — 0.8 nm channel, depending on which
is earliest. The coincidence of this onset time with a local minimum in the flux profile has
been verified by visual inspection. Properties of the microwave emission were taken from
Solar Geophysical Data or, whenever data were available on line, derived from an analysis
of the whole Sun patrol observations of the RSTN network® (observing frequencies: 15.4,
8.8, 4.995, 2.695, 1.415, 0.610, 0.410 and 0.245 GHz) and the Nobeyama Radio Polarime-
ters’ with observing frequencies 35, 17, 9.4, 3.75, 2.0, 1.0 GHz (Nakajima et al., 1985).
In some events, data from the University of Bern patrol observations (courtesy A. Magun)
were also used. Information on the microwave peak spectra is given in cols. 2 to 5, includ-
ing the high-frequency cutoff CO(HF), the time, frequency and flux density of the spectral
maximum (col. 3), in most cases the low-frequency cutoff CO(LF), and the spectral index
at low frequencies (col. 5), ayr. The low-frequency cutoff is only indicated when a pair of
frequencies could be identified where the event is visible at the higher and invisible at the
lower frequency. These two frequencies are given in col. 4. A rough characterisation of the
radio emission at decimetre-to-metre wavelengths (frequency range 600 —30 MHz) is given
in col. 6, as compiled from Solar Geophysical Data and from observatory web sites. Col-
umn 7 indicates if a DH type III burst was observed, and if so, during which time interval,
with the number of individual bursts within parentheses. This information was inferred from
the Wind/WAVES observations at the highest observed frequency (13.8 MHz), through the
evaluation of the instrument background. The indicated duration is the time interval dur-
ing which the observed flux density was three standard deviations above the background
level. In the 13 August 2004 event no outstanding type III burst was observed by the high-
frequency detector of WAVES, but a delayed one was clearly visible at lower frequencies
(<1 MHz; ¢f: Figure 4). Its onset time is given, although the association with the flare is
questionable because of the long delay and the low starting frequency. Column 8 contains
information on the existence and timing of an associated CME. We used the catalogues of
LASCO CMEs!'? and of EIT dimmings or waves.!! The numerical values are the times when

8Provided by NGDC/WDC Boulder http://www.ngdc.noaa.gov/stp/SOLAR.
9http://solar.nro.nao.ac.jp/norp/.
10http://cdaw.gsfc.nasa.gov/CME,Iist/.

11 http://sidc.oma.be/nemo/catalog/.
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the backwards extrapolated time-height trajectory of the CME frontis at 0 (tp) and 1 R, (),
respectively, with the projected speed V (in kms~!) and angular width W in parentheses. In
cases without LASCO observations or when the estimated CME start was different from the
flare time, the detection or potential detection of a dimming listed in the NEMO catalogue
is indicated by ‘D’ and the reported times in col. 8. The 9 July 1996 CME was only detected
when it was well above the limb, and the backwards extrapolation is uncertain. Values in
the table are quoted from Dryer ez al. (1998) and Pick et al. (1998). A similar uncertainty
occurs with the CME on 3 July 2002. The flare on 27 November 1999 occurred between
several other flare/CME events in the same quadrant. The corona as seen by SOHO/LASCO
is highly variable and makes new CMEs hard to identify.
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