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We performed an analysis of high-energy particle emissiomfthe Sun in two extreme solar
particle events observed even with ground-based neutrantons (NMs). We model particle
transport and interactions from near-Sun source througlsdfar wind and the Earth’s magne-
tosphere and atmosphere in order to make a deep analysis efvémts. The time profile of
the proton source at the Sun is deduced and compared withveblselectromagnetic emissions.
Several complementary to each other data sets are studirly jwith the broadband dynamic
radio spectra, EUV images as well as other data availabledtr events. We find a common
scenario for both eruptions, including the flare’s dual itsjwe phase, the coronal mass ejection
(CME)-launch-associated burst and the late low-frequéyyy 11l radio bursts at the time of the
relativistic proton injection into the interplanetary maa. The analysis supports the idea that
the two considered events start with emission of relate/mtotons previously accelerated during
the flare and CME launch, then trapped in large-scale magloetps and later released by the
expanding CME.
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1. Introduction

Thu study of high energy solar particles events followinseruptions is important in order
to understand their acceleration at the Sun as well as ttagisport in the interplanetary medium
[1, 2, 3]. A major solar eruption comprises both a graduaarsfibre, observed in X-rays and
other electromagnetic emissions, and a wide and fast CMEreThre evidences that the high-
energy & 50 MeV) protons can be produced by both flare and CME, whilgtike contributions
of the eruption stages to particles arriving at 1 au are stitler discussion [4, 5, 6]. Detection
of solar protons of above 0.4 GeV/nucl produced in stronghevis possible with ground-based
detectors as NMs, when the energy of the solar energeticlea(SEP) is enough high to produce
an atmospheric cascade. The ground level enhancement EveRjs are considered extreme [7]
and occur roughly one per year with greater probability mrnaximum and decline phase of the
solar activity cycle [8]. Modern space-borne instrumerga measure high-energy nuclei with a
good resolution in both energy and arrival direction, bug thutheir low orbits, they suffer regular
gaps in the solar particle observations.

As example, SOHO carries a set of solar telescopes and amagptts in addition to particle de-
tectors. Hence, the about 20 years of SOHO operation have ihpdssible the multi-wavelength
observation a common practice. Nowadays, it is usual to eoenfine timing of the "first particle”
emission from the Sun with observed electromagnetic eomssi However, such consideration
could not be sufficient, because in the major (gradual) SERtsythe particle injection from the
Sun is a prolonged process. Therefore, the entire time erofithe SEP source should be con-
sidered in order to build a clear picture. For the preserdystwe have selected two apparently
similar GLEs, namely GLE 56 on 2 May 1998 and GLE 67 on 2 Novan0®3. Here, we per-
form an analysis of particle data and corresponding partielnsport modelling, from the Sun to a
detector on the ground, in order to deduce the particle sqonafile at the Sun. Then, the inferred
source profile is compared to the multi-wavelength data tHrsabservations, hence a possible
solar origins of the extreme particle events are investijat

2. Observations and modelling

We consider two events: GLE 56 on 2 may 1998 and GLE 67 on 2 Nbge2003. Those
events were moderately strong, with a step-like onset ddlayith respect to the impulsive phase
of the corresponding flare. Figure 2 illustrates the assetiactive regions and structures. On 2
May 1998 the flare was not far from the disk center, (region Kign1), and the active region was
interconnected (N25E25; region B) by a large-scale loapcatre that was later observed to form
part of the CME. Accordingly the 2 November 2003 flare waselde west limb, at S14W56 in
AR10486. Coronal dimming areas, seen in the EIT differentgges between regions A and B, are
footprints of departing CMEs. The two eruptions are quiiigdy similar to each other, but they
strongly differ in the total energetics. The GLE 56 is asataa with the X1.1/3B solar flare and
moderately fast CME, while the GLE 67 is associated with ti83XB solar flare and very fast
CME. In Fig. 1 are shown the EUV images before the eruptioreratthe flaring active regions
are labelled with A. Coronal dimming area is seen betweerathige regions A and B. On 2003
November 2, the dimming is seen also above the west limb aadthe south pole.
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2 May 1998 2 Nov 2003

Figure 1: Global structure of the two eruptions as obserye8®HO/EIT. The upper row depicts
the difference images revealing the post-eruption dimnairegs, while the second row depicts the
EUV images before the eruption. The flaring active regioesanelled with A. Coronal dimming
area is seen between the active regions A and B.

Accordingly the time profiles of the two soft X-ray flares, CMBnd GLEs are compared in
Fig.2. Here, we have selected for each event a low rigidityoffiypolar NM that reveals the earliest
rise of the count rate. In the considered event pair, the dieteys between the flare impulsive phase
(steep rise of the soft X-ray emission), on the one hand, lEa@ME arrival at a particular altitude
and the GLE rise time at the Sun, on the other hand, are oeghmizcording to the reciprocal of
an average speed of CME.

The most important is that neither re-scaling would regulthie profile coincidence, if the
reference time was taken not at the flares’s impulsive pHaghe two considered events, the flare
pulse precedes CME, being a kind of triggering event. Thespraing to shown measurements on
Fig.1 and Fig.2 the two eruptions are morphologically hargols.

The comparison of the energetic particle production withdhsociated solar electromagnetic
emissions is necessary to infer from the 1 au observatiotfsegbarticle source profile at the Sun.
Generally, the source profile can be derived by fitting theenlel particle time-intensity profile
and pitch angle distribution with a particle injection anterplanetary transport model. However,
the GLE 56 is very anisotropic event and the interplaneteagisiport modelling can be replaced
with a simple shifting of the 1 au profile back to the Sun coesity the flight time appropriate
to the particle energy. The time shifting method can repcedihe rise and the maximum phase
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Figure 2: Time profiles of the NM count rate (GLE) and soft X-flare. The timescale of GLE 67

event is either stretched out with scaling factor r = 1.8 GME and GLE, or compressed with the
same scaling factor, for the soft X-ray flare. The abbresretiGB and TA correspond to Goose
Bay and Terre Adelie NMs. For a comparison with the 1 au olegskrtectromagnetic emissions,
timing of each GLE is corrected for a difference of the Sunfieaansport time between protons
and photons the correction depends on the interplanetamgport conditions in a particular event.

of the solar source in strongly anisotropic events but shatlbe used for the decay phase [9].
Accordingly the GLE 67 was characterized by a significans@inopy as observed by global NM
network (Oulu NM count rate rose early in the event, despite dnti-Sun viewing direction).
Obviously, the proton angular distribution was not veryroarand hence, the modelling of the
particle transport from the solar source to 1 au is perfornieel details are given elsewhere [10].
The summary of the electromagnetic observations is predentdetails in [10]. The SEP spectral
and angular characteristics are derived using global NMawt data and convenient optimization
method [11, 12], the details are given in this volume and 0.[1

3. Discussion

At recent was found that mostly all of the proton events aeeg@ded by type Il bursts and all
are preceded by CMEs, where the open field lines extend framnid.5R, into the interplane-
tary medium and the burst-generating electrons origirrata the reconnection regions below fast
CMEs [13]. However, it was shown that they typically do noincide and the high-energy protons
and the type 1l electrons could not originate from one argdsime source [14]. Here, we perform
analysis of the entire time profile of the SEP source. We hadriced the source profile of the
> 400 MeV/n protons leading to a GLE. The type Il bursts ocedrwhen CME reaches the top
sections of highest loops and expands in the lateral dinectHence, the magnetic reconnection
with open filed that is responsible for the type Il emissiauold occur at the CME flank.
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The impulsive phases of both flares comprise two pulses, BIFar(Fig.3, 4). The sources
are situated at close but still different locations and kas#hrich in hard X-rays as compared to
microwaves. The first pulse F1 triggers the Moreton wave #itiier causes or just visualizes
the eruption widening. After F1, both eruptions develop sirailar way but with different rates.
At recent was shown a statistical evidence that large-smai@nal eruptions associated with EIT
waves exhibit characteristics that are consistent withastbivave originating from a localized
region [15]. There is theoretical evidence that in fast CMitzre reconnection is the primary
mechanism responsible for both flare and CME [16]. After theosad pulse, F2, the soft X-ray
flare has reached its maximum and further develops as a draflughe time of the soft X-ray
maximum, the microwave-rich burst C1 starts to rise and thece is situated beneath the CME
and outside of active region.

A CME appears at distance of about R4 and then accelerates in the radial direction and
the C1 burst coincides with the main acceleration periodisT®1 is regarded as a signature of the
launch of the wide CME located above it, namely it is part e @ME launch system. Accordingly
on 2 November 2003, when the CME nose reache&2.8he CME also starts a lateral expansion.
Hence, the accelerated particles are released from thestalgpp-like magnetic structures after
the CME-driven magnetic reconnection with open magnetid it the CME flank and/or at tips
of helmet streamers.

Thus, we speculate that those protons are released at ritagmennection between the CME-
loops originating from the flare region (CME core) and thetBamest streamer, as visualized by
the brightening (J). We suggest that the high-energy pestiare produced in the flare, then get
trapped in the CME core and finally escape after magneticnresiion between the CME core
and open field. According our analysis of GLE 67 spectraluies, the observed delays between
the flare, the CME launch, and the GLE make it possible for tiiteally accelerated SEPs to be
re-accelerated during the trapping in coronal and CME Iqdps18].

4. Conclusion

We consider data of multi-wavelength observations caraetby different instruments of
extreme solar particle events, where SEPs are acceleratethtivistic energies and are observed
even in the ground-based NMs. We consider a pair of extremiglpaevents, the events of 2 May
1998 (GLE 56) and 2 November 2003 (GLE 67). We performed alysisaof the data of particle
and electromagnetic observations of the two GLEs. For teetfine, we have deduced the time
profile of the relativistic proton source at the Sun and camgat with data of electromagnetic
observations including both the dynamic spectra and imaifésr a detailed analysis of the global
morphology of involved active regions, magnetic field stuwes, and CMESs reveals a qualitative
similarity between the two eruptions. Time profiles of th& 36ray flare, the CME height, and
the relativistic proton emission of one eruption coincidighvweorresponding profiles of another
eruption after a rescaling of time according to the CME spesth the flares’s first major pulse
being the eruption triggering event, and the soft X-ray flagnitude scaled as a power of the
CME speed. We find a common scenario for both GLE-producingtems, which includes the
flare’s dual impulsive phase, followed by the CME launch.
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Figure 3: Evolution of GLE 67 after 17:25 UT. The rope struet(R) exists already in the low
corona. The jet-like structure (J) appears after 17:30 Uth@tfocation of previous narrow, low
ejections along the streamer.

Two major pulses of the flares’s impulsive phase are stronboih hard X-rays and mi-
crowaves. The first pulse causes a global coronal wave. Tke w@uld trigger, in particular,
a compact, microwave-rich burst C1 situated outside the #8ative region. The C1 burst coincides
with the main acceleration period of CME in the low corona. iddmtify the decimetric-continuum
burst C1 with a CME launch event. Particle transport from fuBarth in the GLE 56 event was
essentially not free of scattering and, therefore, thesgart modelling shall be applied to deduce
the time profile of the relativistic proton injection at thar§ First emission of relativistic protons
from the Sun begins when CME reaches the tips of helmet stearin the GLE 67 the first pulse
of the proton emission also coincides with a well-observeriogl of fast lateral expansion of CME.
The second period of the proton emission may be ascribecttimtéraction of the CME core with
the coronal streamer. The proton emissions coincide witbri@s of the low-frequency type lll
radio bursts, indicative of the magnetic reconnection wiiken magnetic field lines, driven by the
rising CME. According our analysis the observations sufgptre idea that the two considered
events start with emission of relativistic protons preglguaccelerated at the flare and separately
at the CME launch, then trapped in large-scale magneticsloppssibly re-accelerated there by
shock and turbulence, and later released by the expanding Gdthe CME-induced magnetic
reconnection with open field.
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Figure 4: Eruption scenario for the two considered flare-CBIEE events flare. The impulsive

phase of comprises two outbursts, F1 and F2. The first flaruges the global coronal wave
(W). The radio burst C1 is associated with a CME-launch ewshich may be triggered by the

wave. The EUV dimming (D) and the extended radio source (@2jpeoduced by the rising CME.

Injection of protons into the solar wind occurs upon the CMiival at the top sections of helmet
streamers and concurrently with the lateral expansion oEGlits right flank. Interaction (J)

between the CME loops originating from the flare region arelstneamer is responsible for the
second, more prolonged, emission. Protons escape intotiglanetary medium at the CME-
driven magnetic reconnection with an open field.
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