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Study of solar energetic particles (SEPs) provides impbkaowledge to understand their accel-
eration and propagation in the interplanetary space. Irt gas®es the maximum energy of SEPs
is several tens of MeV/nucleon, but in some cases it exce@@deV/nucleon or even reaches
several GeV/nucleon. In that case the energy is sufficiegeteerate an extensive air shower in
the Earth’s atmosphere, whose secondary particles readjrétund, subsequently registered by
ground based detectors, specifically neutron monitors (NM&is particular class of events is
known as ground level enhancements (GLES). Historicallystinongest GLE #5 was registered
on 23 February 1956, with peak increase of the count rate of Bbbve 5000 %. The solar cycle
23 provided several strong GLES, including the second &irgeent in the observational history
observed on 20 January 2005 (GLE #69). Here, we derive thergpand angular features of
the strongest GLEs using data from the world-wide NM netwd¥le model the global NM net-
work response including the particle propagation in thetEmmagnetosphere and atmosphere.
The method includes several consecutive steps: detaileghe@tion of asymptotic cones and
rigidity cut-off of each NM station used in the analysis, aitial guess of the inverse problem by
assuming the apparent source position location in a coeméniay, application of the NM vyield
function for detector response modelling and optimizapoocedure in order to derive spectral
and angular characteristics of SEPs. The SEP spectra aidgpigle distributions are obtained
in their dynamical development throughout the events.
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1. Introduction

Sporadically, violent energy releases occur on the Sum atigarelated to eruptive process as
solar flares and coronal mass ejections (CMES). Such evesudistd transient phenomena in the
interplanetary space and in particular produce solar etiergarticles (SEPs) [1, 2]. Occasionally,
the energy of SEPs can reach about 1 GeV/nucleon and eveer igji4], leading to development
of an extensive air shower of secondary particles in thehBsagtmosphere. The secondaries in
the cascade can increase the count rate of ground-baserodgtespecifically neutron monitors
(NMs). This particular class of events is called grounctlesnhancements (GLES) [5, 6]. They
can be considered as extreme class of SEP events [7] angtilndyris important in order to clarify
the particle acceleration on the Sun [3, 8] as well as spaegheeapplications [9].

GLEs are routinely studied using NM records [10, 11], theadathived at the International
GLE databasétt ps:// gl e. oul u. fi [12]. There are 72 registered events so far, quantified
as NM count rate increase above the background due to gataagmic rays (GCRs). The two
strongest events are GLE #5 on 23 February 1956 and GLE #60 darfiary 2005. These events
are remarkable with their considerably greater NM courg ratrease compared to the bulk of
events. In this study we derive, on the basis of NM records,rigidity spectra and anisotropy
distribution of GLE #5 (Fig.1a) and GLE #69 (Fig.1b).
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(a) GLE #5 on 23 February 1956. (b) GLE #69 on 20 January 2005.

Figure 1. NM count rate variation during two extreme GLEs.eTorizontal axis represents UT
time, while the vetical axis represents NM count rate insega %.

2. Model for analysis of GLEs using global NM records

A realistic modelling of the global NM response allows onassess the GLE particles spectra
and anisotropy [10]. Here, we use a model described witht gtetails in [13, 14, 15, 16]. In
general, the method involves computation of cut-off ritigdi and asymptotic viewing directions of
NMs, making an initial guess of the unfolding procedure ofdelcover the experimental records
[17, 18] and optimization of a set of unknown parameters tvedifference of experimental and
modelled NM responses. The count rate of a NM is modelledgusiNM yield function:

N (Powt) = /J(P,t)S(P)G(a(P,t))A(P)dP 2.1)
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whereJ(Pt) is the rigidity spectrum of the primary CR of galactic or sotaigin at given mo-
mentt, S(P) is the specific NM yield functionG(a (Pt)) is the anisotropy i.e. the pitch angle
distribution (PAD), A(P) is a discrete function, which acots for allowed A(P)=1), accordingly
forbidden trajectoriesA(P)=0). Here, we used a recently computed specific yield fundi®],
which provides a very good agreement with experimental dathmodels [20, 21, 22, 23] and
it is suitable for GLE analysis [22, 23]. The background doe&sCRs was computed using the
force-field model [24, 25, 26], where the modulation poirnig computed similarly to [27]. The
asymptotic trajectories and cut-off rigidities of NMs we@mputed using MAGNETOCOSMICS
code [28] employing a combination of IGRF model as interreltdfand the Tsyganenko 89 model
[29] as the external field, respectively.

The spectra of GLE particles are modelled with a modified pdese rigidity spectrum [30,
31]:

J(P) = JoP~(r+ov(P-1)) (2.2)

whereJ(P) is the particle flux with a given rigidit? in [GV], yis the power-law spectral exponent
at rigidity P = 1 GV, accordinglydy in [GV 1] is the rate of the spectrum steepening. Note that
in the case of significant steepenidg, the modified power-law spectrum (2.2) is very similar to
exponential shape.

The PAD is modelled with a Gauss distribution:

G(a(P)) ~ exp(—a?/a?) (2.3)

wherea is the pitch angle and corresponds to the width of the distribution.

3. Spectra and PAD of SEPsduring GLE #5 and GLE #69

The GLE #5 was the largest event observed so far. It occumezBd-ebruary 1956 and was
registered by ground-based detectors (NMs, ionizatiomtless and muon telescopes). This event
was associated with strong solar flare occurred at 03:31 Ufidractive region with coordinated
25°N and 85W, near to the west limb. The event was observed during theveeg phase of a
large Forbush decrease, which was explicitly considengegifically for low latitude stations and
late phase of the event. The GLE #5 was very anisotropicesiriarge asymmetry between Leeds
(LEED), Stockholm (STHM) and Weissenau (WEIS) NMs on onethamd Chicago (CHGO) and
Ottawa (OTWA) NMs on the other hand was observed. Thus, #i@ss in Europe revealed rapid
and very large NM count rate increases, while those in NortteAca were with considerably de-
layed maximum and smaller count rate enhancements (Figrh& observation can be explained
assuming a narrow SEP flux and considering the different psytia directions of the NMs (Fig.2).

Using NM data and the model described in Section 2, we detivedsLE particles rigidity
spectra and PAD throughout the event, as depicted in Fidh&.dErived spectra (Fig.3a) are very
hard, specifically during the event onset and initial phaseprdingly the derived PAD was very
narrow (Fig.3b). The spectra remained hard during the waodat, specifically during the initial
and main phase of the event (when a narrow distribution, S&EPrite and exponentially like
spectra were derived). The SEP spectra was constanthnhsaftéhroughout the event, specifically
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during the late phase, but an essential steepening remeweedn the late phase. Accordingly, the
PAD was very narrow during the event onset and constantlgméd out.
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Figure 2: Asymptotic directions of NMs during GLE #5.
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Figure 3: Rigidity spectra (panel a) and PAD (panel b) dufdid= #5.

The GLE #69 event on 20 January 2005 occurred in complex niegpteeric conditions and
also during the recovery phase of a Forbush decrease. A #aigetropy was observed, since
South Pole (SOPO), Terre Adelie (TERA) and McMurdo (MCMDt&tns registered considerably
greater NM count rate increases than the other NMs.

According to our analysis, we observed SEPs arriving withia fluxes. A very narrow flux
1 with a very hard spectrum, was responsible for the giant MMnt rate increases at SOPO,
TERA and MCMD NMs. Flux 1 was characterized by a hard spectffsign5a) with considerable
steepening, a narrow PAD (Fig.5b), a very high peak SEP sitierspecifically during event onset
and initial phase, which rapidly dropped. Flux 1 vanishedrad8:00 UT.

The second GLE particles flux arrived at about 8fart from maximum PAD of flux 1. It was
characterized by a softer, but still a hard spectrum (F)g\8&h a smaller steepening, a wider PAD
(Fig.6b), a very high peak SEP intensity during the evetiaiphase, which constantly decreased.
During the main and late phase of the event, the steepnesshedrand after 10:30 UT the SEP
spectra were pure power-law. The derived PAD was relatigalyow during the event onset and
initial phase, but rapidly broaden out (Fig.6). Moreovle SEP flux was nearly isotropic during
the late phase of the event (Fig.7).
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Figure 4: Asymptotic directions of selected NMs during GLaED#
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Figure 5: Spectra (panel a) and PAD (panel b) of Flux 1 of GLEigas during GLE #69.
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Figure 6. Spectra (panel a) and PAD (panel b) of Flux 2 of GLEi@as during initial phase of
GLE #69.

4. Conclusion

Using NM records, we derived the rigidity spectra and PAD BPS during the two strongest
GLEs. The SEP characteristics are derived by a detailed limgpef ground-based NM data. In
the case of GLE #5 the best fit of the global NM network respaeseals a very hard spectrum
and single Gaussian PAD. In the initial phase of the event#rved spectrum was with almost
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Figure 7. Spectra (panel a) and PAD (panel b) of Flux 2 of GLEiglas during main and late
phase of GLE #69.

exponential shape. A strong anisotropy, specifically duthe initial phase of the event was de-
rived, which gradually decreased in the course of the elentemained important throughout the
whole event.

In the case of GLE #69 we derived SEP characteristics, whéagict a very complicated
scenario, namely a two independent particle fluxes arrigingpst simultaneously. Flux 1, charac-
terized by a beam like PAD and very hard spectrum, vanishied tife initial phase of the event,
while flux 2, characterized by a wider PAD and a softer spectremained throughout the whole
event. The derived results are with fair agreement with spragious studies, specifically [32, 33].

The derived spectra and PAD of the two strongest GLEs makesiiple to probe different
scenarios of relativistic SEPs acceleration and are vappitant to study radiation effects similarly
to [34, 35].
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