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Abstract we have analyzed the data of the world neutron monitor network for the first ground level
enhancement of solar cycle 24, the ground level enhancement (GLE) on 17 May 2012. A newly computed
neutron monitor yield function and an inverse method are applied to estimate the energy spectrum,
anisotropy axis direction, and pitch angle distribution of the high-energy solar particles in interplanetary
space. The method includes the determination of the asymptotic viewing cones of neutron monitor stations
through computations of trajectories of cosmic rays in a model magnetosphere. The cosmic ray particle
trajectories are determined with the GEANT-based MAGNETOCOSMICS code using Tsyganenko 1989

and International Geomagnetic Reference Field models. Subsequent calculation of the neutron monitor
responses with the model function is carried out, that represents an initial guess of the inverse problem.
Derivation of the solar energetic particle characteristics is fulfilled by fitting the data of the global neutron
monitor network using the Levenberg-Marquardt method over the nine-dimensional parameter space. The
pitch angle distribution and rigidity spectrum of high-energy protons are obtained as function of time in
the course of the GLE. The angular distribution appears quite complicated. It comprises a focused beam
along the interplanetary magnetic field line from the Sun and a loss-cone feature around the opposite
direction, possibly indicative of the particle transport in interplanetary magnetic field structures associated
with previous coronal mass ejections.

1. Introduction

The Earth is constantly bombarded by high-energy particles—cosmic rays. Those primary particles,
which are not deflected away by the geomagnetic field, enter the atmosphere and undergo interactions
with atoms and molecules of the atmosphere. While low-energy primary particles (below ~ 450 MeV)

are completely absorbed in the atmosphere and do not reach sea level, those with high energies pro-
duce new particles throughout interactions with air nuclei leading to the development of atmospheric
nuclear-electromagnetic-muon cascade [e.g., Bazilevskaya et al., 2008]. In such a cascade a small fraction
of the energy of the initial primary particle reaches the ground as energetic secondary particles. Most of
the primary particle energy is released in the atmosphere by collisions, ionization, and excitation of the air
molecules, resulting in ionization of the ambient air.

Most of the primary particles are of extrasolar origin known as galactic cosmic rays (GCR). They are always
present in the vicinity of Earth. Their intensity is affected by solar activity, following the 11 year solar cycle
and responding to long- and short-time scale solar wind variations. Some solar flares and eruptive events,
such as coronal mass ejections (CMEs), can accelerate protons and other ions to high energies [Cliver et al.,
2004; Aschwanden, 2012, and references therein]. Such solar energetic particles (SEPs) enter the atmosphere
sporadically, with a greater probability during periods of high solar activity [e.g., Shea and Smart, 1990]. Sim-
ilar to GCR cascades described above, they could lead to an increase of the intensities recorded by neutron
monitors on the surface of the Earth, known as ground level enhancements (GLEs).

Analysis of the characteristics of the primary solar particles causing GLEs, such as energy spectra and
anisotropy, from ground-based data records is a serious challenge [Dorman, 2006; Ruffolo et al., 2006;
Aschwanden, 2012]. The energy spectra and anisotropy bring crucial information for understanding the
acceleration mechanisms of SEPs and their propagation in the interplanetary medium [Debrunner et al.,
1988; Reames, 1999]. A convenient instrument for the determination of the GLE characteristics is the net-
work of standard neutron monitors (NMs), [Simpson et al., 1953]. The purpose of a NM is to detect, deep
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within the atmosphere, variations of the cosmic ray intensity in the interplanetary medium [Hatton, 1971;
Dorman, 2004].

The trajectory of a primary cosmic ray particle that reaches the Earth’s atmosphere is governed by the geo-
magnetic field, which results in geomagnetic cutoff rigidity varying from a minimum at the magnetic poles
to a vertical cut-off rigidity of about 15 GV in the equatorial regions. In high-latitude regions, where the
geomagnetic cutoff is low, the lower threshold response of the neutron monitor is controlled by the atmo-
spheric mass which is about 1030 g cm= at sea level. This limits the response threshold of the neutron
monitor to primary particles of about 430 MeV/nucleon. In regions like Central Antarctica, at the elevation
of ~ 3 km above sea level, the reduced atmospheric mass lowers the threshold to ~ 300 MeV/nucleon. At
midlatitudes or equatorial latitudes, the detection threshold is totally controlled by the geomagnetic cut-
off. Neutron monitors at high altitudes have higher counting rates than those at lower altitudes because of
the atmospheric attenuation of the secondary particles generated in the atmosphere, but they are sensitive
to the same energy range as the corresponding sea level NMs but with slightly different spectral response
[McCracken, 1962; Dorman, 2004].

Since the intensity of cosmic rays is not uniform around the Earth, it is important to place neutron moni-
tors at multiple locations in order to obtain a complete picture of cosmic rays in space [Bieber and Evenson,
1995]. This is particularly important for GLEs, which typically possess an essential anisotropic part. The
measurements performed by the worldwide network of NMs are used to determine the spectral and angu-
lar characteristics of SEPs near Earth causing GLEs [e.g., Mavromichalaki et al., 2011]. In order to build a
reconstruction method to assess the GLE characteristics, a relationship between NM count rates and the
primary particle flux needs to be established. There are several crucial points: particle transport in the
geomagnetosphere (an appropriate magnetospheric model), particle transport in the Earth atmosphere
(direct simulation with Monte Carlo methods, theoretical computations of coupling function or yield func-
tion), and detection efficiency of NM to secondary particles (mostly neutrons and protons) [Hatton, 1971;
Dorman, 2004]. In this study, we apply our recently computed NM yield function [Mishev and Usoskin, 2013;
Mishev et al., 2013] and an approach similar to that used by Cramp et al. [1997], Bombardieri et al. [2006],
and Vashenyuk et al. [2006, 2008] (see details below). Here we demonstrate an application of the method to
the analysis of the GLE on 17 May 2012.

On 17 May 2012 the active region NOAA 11476 at the Sun produced a coronal mass ejection and an associ-
ated moderately strong (class M5.1) flare at 01:25 UT. The active region was located near NO7 W88, implying
that the Earth was magnetically connected to the eruption core. At around 01:50 UT the worldwide NM net-
work detected the first ground level enhancement since December 2006. The flux of particles with energy
effective for NM detection, viz., above 500 MeV, remained above the GCR background for about 1 hour. The
enhancement was registered by several NM stations. The highest increases in the count rates were observed
at South Pole, Oulu, and Apatity NMs with the maximal count rate increase of about 22% (Figure 1). The
remaining NM stations registered only moderate increase of a few percent, therefore a large anisotropy at
the beginning of the event was observed.

2. Modeling the Neutron Monitor Response

Methods for modeling the neutron monitor response during a GLE have been developed over many years.
In general, the standard analysis of GLE events is based on an inverse problem solution, considering data
from several NM stations [Shea and Smart, 1982; Cramp et al., 1997; Bombardieri et al., 2006; Vashenyuk et al.,
2006, 2008]. Data from stations with different cutoff rigidities (geomagnetic latitudes) provide information
necessary to determine the spectral characteristics. Responses of stations over a wide range of geographical
locations are required to determine the particle anisotropy and its axis of symmetry. The pitch angle dis-
tribution (PAD) and the rigidity spectrum are determined simultaneously using a convenient optimization
procedure [e.g., Cramp et al., 1994, 1997]. The fractional increase of the count rate of a NM station represents
the ratio between the NM count rate due to GLE and the GCR counting rate, the latter defined as an average
over a complete hour before the GLE onset [Shea et al., 1987]. The relative count rate increase of a given NM
at given time t can be expressed as

ANCL.0) P:::ax Jisep(Ps Y (P)G(a(P), t)dP 0

N@® Sy Joca (P OY (PYAP

MISHEV ET AL.

©2014. American Geophysical Union. All Rights Reserved. 671


http://dx.doi.org/10.1002/2013JA019253

@AG U Journal of Geophysical Research: Space Physics 10.1002/2013JA019253

S — where N(t) is the count rate due to GCR,

—— Apatity AN(P,,.t) is the count rate increase
20 " o gOLllth Pole due to solar particles, considering all
Iy ulu . . .
R Kerguelen allowed trajectories (see equation (4)
| Yakutsk below), J, , is the primary solar parti-

Irkutsk cles rigidity spectrum, J.,(P, t) is the
rigidity spectrum of GCR, Y(P) is the NM
yield function, and G(a, t) is the SEP pitch
angle distribution. In equation (1), P_,, is
A N the minimum cutoff rigidity of the sta-
o bw_{?'// : tion and P__, is the maximum rigidity
considered in the model, assumed to be
20 GeV, which is sufficiently high for solar
" 0040 0130 0220 0310 0400 particles even in major events. We apply
UT [H:m] a parameterizations of the GCR spectrum
Figure 1. NM count rate enhancement for several NM stations during GLE 71 on based on the force field model [Gleeson
17 May 2012. and Axford, 1968; Caballero-Lopez and
Moraal, 2004; McCracken et al., 2004;
Usoskin and Kovaltsov, 2006], using an approximation of the local interstellar spectrum [Burger et al., 2000;
Usoskin et al., 2005], and reconstruct solar modulation parameter according to Usoskin et al. [2011]. A mod-
ified power law in rigidity is assumed for the spectrum of GLE-causing solar particles [cf. Cramp et al., 1997;

Bombatrdieri et al., 2006; Vashenyuk et al., 2008]:

Relative increase, %
S
1

Jy(P) = Jop e @

where J, is the particle flux arriving from the Sun along the PAD axis of symmetry defined by geographic
coordinate angles ¥ and A, y is the power law spectral exponent at rigidity P = 1 GV, §y is the rate of
the spectrum steepening. The pitch angle distribution is modeled as a superposition of two Gaussians
(similar to Cramp et al. [1997], Bombardieri et al. [2006], and Vashenyuk et al., 2008).

G(a) = exp(—a’/c?) + B+ exp(—(a — a’)z/azz) , (3)

where «a is the particle’s pitch angle, o, and o, are the width parameters of the pitch angle distribution, and
Band a' are parameters of the flux from a possible second direction. The pitch angle is defined as the angle
between the asymptotic direction and the axis of anisotropy. Therefore, according to equations (1)-(3),
nine model parameters have to be determined: J,, v, 7, ¥ and A, &', o,, 5, and B. According to equation (3)
the PAD is assumed to be azimuthally symmetric with its maximum in the forward propagation direction
(away from the Sun), with zero pitch angle defined along the axis of symmetry. Equation (3) allows us to
consider a bidirectional anisotropy [Cramp et al., 1997], which could result from bouncing particles inside

a looped magnetic field structure (magnetic bottle) [Saiz et al., 2008] or by particles scattered beyond the
Earth [Bieber et al., 2002].

Therefore, an analysis of GLEs based on NM data consists of several consecutive steps: definition of asymp-
totic viewing cones of the NM stations by computation of particle trajectories in a model magnetosphere;
calculation of the NM responses, i.e., an initial guess of the inverse problem; application of an optimization
procedure (inverse method) for the determination of primary solar proton parameters: energy spectrum,
anisotropy axis direction, and pitch angle distribution.

Access of low-energy cosmic rays to any position on the Earth depends on the state of the magnetosphere
[e.g., Kudela and Usoskin, 2004; Kudela et al., 2008]. The problem of defining the asymptotic directions for a
specific NM was of great interest over the years. Several models, tools, and algorithms to calculate geomag-
netic cutoff rigidities, particle trajectories, and the asymptotic viewing cones were proposed [McCracken

et al, 1962, 1968; Shea et al., 1965; Smart et al., 2000]. In the present work we consider the International
Geomagnetic Reference Field (IGRF) geomagnetic model (epoch 2010) as the internal field and the Tsy-
ganenko 89 model as the external field. This combination provides the most efficient computation of
asymptotic directions [Cramp et al., 1997; Buetikofer et al., 2008]. The IGRF model is a mathematical model
of geomagnetic field and its annual secular variation, that is mathematically described by Gauss coeffi-
cients, which define a spherical harmonic expansion of the magnetic scalar potential [Langel, 1987]. In fact,
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it represents the most precise model of the geomagnetic field, in which the coefficients are derived from
magnetic field measurements with geomagnetic stations, magnetometers, and satellites. The model by
Tsyganenko [1989] is a semiempirical model based on a large number of satellite observations. The model
takes into account the contributions from external magnetospheric sources: the ring current, the magneto-
tail current system, magnetopause currents, and the large-scale system of field-aligned currents. It accounts
for seasonal and diurnal changes of the magnetospheric field as well as for changes in the geomagnetic
activity level indicated by the Kp index. The Tsyganenko 89 model provides seven different states of the
magnetosphere corresponding to different levels of geomagnetic activity. It is driven only by the geomag-
netic activity index Kp and provides perfect balance between simplicity and realism [Kudela et al., 2008;
Nevalainen et al., 2013].

Here we use asymptotic viewing cones, i.e., the set of asymptotic directions of all allowed trajectories (the
arrival direction of a charged particle of specified rigidity coming from interplanetary space is allowed or
forbidden if such a particle can or cannot reach a given location on the Earth through the geomagnetic
field, respectively [Cooke et al., 1991].) Computations of the asymptotic viewing cones and cutoff rigidi-
ties of NM stations considered for analysis are performed with GEANT 4 [Agostinelli et al., 2003] based code
MAGNETOCOSMICS [Desorgher et al., 2005], which allows us to compute propagation of charged particles
through the Earth’s magnetosphere. For convenience of numerical implementation, we recast equation (1)
as a sum over the nine asymptotic directions i and the appropriate rigidity grid:

N 29: AP, 0, ) ep (P, DY (PG((P), AP "
CND 9 & met AP, 6, $)Jgcn (P, DY(P)AP ’

where AN(P_, t) is the absolute count rate increase due to GLE, N(t) is the background count rate due to GCR,
P is the particle’s rigidity, P_,, and P, are the minimum and maximum rigidity of considered particles for a
given station, A(P, 6, ¢) is a parameter equal to 0 and 1 for forbidden and allowed trajectories, respectively,
Jsp 1 the solar particle spectrum according to equation (2), Jo, is the flux of GCR at 1 AU calculated for the
corresponding level of solar modulation, and 8 and ¢ are the zenith and azimuth angle of arriving particles.
The nine directions correspond to # = 0°, 15°, and 30° and ¢ = 0°, 90°, 180°, and 270° [Clem, 1997; Cramp et
al., 1997; Vashenyuk et al., 2006]. As it was demonstrated originally by Rao et al. [1963], the increasing solid
angle for nonvertical particle directions partly compensates the increasing mass overburden (also Cramp et
al., 1997; Bombardieri et al., 2006). In this model we consider P, = 20 GV for each NM station and accord-
ingly set P_ = 1TVin (4) for the computation of GCR background. The summation over rigidity in (4) is
performed with step size of 0.001 GV.

The optimization is performed for the difference between modeled and measured responses of m NM sta-
tions, i.e., minimization of the functional F over the vector of the nine unknown parameters described

above after equation (3):
S [/ AN, AN, :
F = _i — (== . 5
; [( Ni ) mod. < Ni > meas,:| ( )

For the solution of the inverse problem we apply a procedure of nonlinear optimization using the
Levenberg-Marquardt algorithm (LMA) [Levenberg, 1944; Marquardt, 1963] with Minpack code [More et al.,
1980]. The LMA provides a numerical solution to the problem of minimizing a nonlinear function over the
space of parameters of the function. The LMA interpolates between the Gauss-Newton algorithm and the
method of gradient descent. The advantage of the method is that it finds a solution even if the initial guess
is away from the final solution [Dennis and Schnabel, 1996]. During the analysis, zero excess counts from
different stations are included along with data from stations with significant increases.

3. Results and Discussion

For the analysis of the GLE on 17 May 2012, we consider data from 21 different NMs around the globe (Alma
Ata, Apatity, Baksan, Fort Smith, Inuvik, Irkutsk, Jungfraujoch, Kerguelen, Kiel, Magadan, McMurdo, Moscow,
Norilsk, Oulu, Rome, South Pole, Terre Adelie, Thule, Tsumeb, Tixie Bay, and Yakutsk), representing the cutoff
rigidity range from 0 GV to 6.12 GV. The considered NM stations allow derivation on the rigidity spectrum of
GLE over the range 0.8 GV —7 GV.
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Figure 2. Calculated NM asymptotic directions during GLE 71 at 02:00 UT on 17 May 2012. The directions are for the rigidity interval
from 1 GV to 3 GV for polar NMs, from R_ to 5 GV for midrigidity cutoff NMs and from R_ to 8 GV for high-rigidity cutoff NMs. The asterisk
shows the direction of heliospheric magnetic field (HMF) derived from the ACE satellite measurements. The cross represents the derived
apparent source position (anisotropy axis of GLE 71). The lines of equal pitch angles relative to the derived anisotropy axis are plotted
for 15°, 30°, 60°, 165°, 150°, and 120°. The asymptotic directions of polar NMs are plotted with solid lines, while midlatitude NMs are
plotted with dashed lines.

The NM data are retrieved from the Neutron Monitor Database (NMDB) website (http://www.nmdb.eu)
[Mavromichalaki et al., 2011]. We consider the 10 min averaged data for the analysis. The NM count rates are
normalized to sea level applying a correction of high-altitude station responses using the two-attenuation
length method [McCracken, 1962]. A plot of the asymptotic viewing directions of all NMs considered in our
analysis is shown in Figure 2 with a sample of several selected rigidities along the asymptotic curves of
Kerguelen, Peawanuck, and Oulu. Figure 2 also shows the direction of the heliospheric magnetic field
(asterisk) as derived from the ACE satellite measurements as well as the derived anisotropy axis (cross).
Contours of equal pitch angles relative to the derived anisotropy axis are also plotted. The time evolution of
the estimated axis of symmetry of particle arrival and the heliospheric magnetic field direction measured on
board the ACE satellite during the event are presented in Figure 3. The offset between the anisotropy axis
and the magnetic field varies through the event by up to 30°.

The cutoff rigidity of each station has been evaluated by the backward trajectory-tracing technique [Smart
et al., 2000]. The neutron monitors considered here possess different asymptotic cones. A combination of
different cutoff rigidities and asymptotic cones leads to different profiles of the NM count rates observed at
different stations. The Oulu and Apatity NMs, which recorded a strong increase, have asymptotic directions
close to each other. The South Pole NM
90° . L . also recorded a strong increase, while
] —*— Derived source position the other stations do not. More than a
60° © HMF direction L half of the NM stations used in this anal-
ysis are located at high latitudes. The
30"+ %“T - cutoff rigidity of a high-latitude NM is
] 03:00UT ;Lw;ﬁ_— : determined mostly by the atmospheric
— * r absorption rather than the geomagnetic
oz00uT shielding. This results in nearly identi-
307 i cal energy thresholds. Therefore, the
observed differences in counting rates of
different high-latitude NM stations can
) generally be attributed to the anisotropy
o 00° o0c  of the GLE. In addition, polar NMs have
GSE Longitude greater directional sensitivity com-

Figure 3. Derived axis of symmetry of particle arrival and heliospheric magnetic pared to midlatitude NMs [Bieber and
field direction as a function of time throughout the event. Evenson, 1995].
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GSE Latitude
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Figure 4. Derived rigidity spectra of solar high-energy particles during GLE 71 for eight successive 10 min intervals. Plotted is the particle

flux along the symmetry axis, _/”52p in equation (4). Time (UT) refers to the start of the corresponding 10 min interval.

The GLE on 17 May 2012 had a hard rigidity spectrum and a strong anisotropy. This is specifically demon-
strated by the sharp pulse-like enhancement at Apatity, Oulu, and South Pole NMs during the initial phase
of the event. These three polar NM stations responded to fluxes with small pitch angles as their asymptotic
cones were close to the heliospheric magnetic field (HMF) that was well connected to the eruption core.
Applying the techniques described above we obtained the spectral and anisotropy characteristics of the
solar particles with a time resolution of 10 min. Figure 4 (left) demonstrates the derived rigidity spectrum
during the early phase, while Figure 4 (right) corresponds to the late phase of the event. One can see that
the spectrum gradually softened throughout the event. The steepening of the spectrum during the early
phase was moderate, while it was weak in the late phase. The corresponding fluence (integrated flux over
the pitch angle and time) for two periods of the event is presented in Figure 5. The derived pitch angle dis-
tribution reveals two peaks and broadens gradually throughout the event (Figures 6 and 7). The spectral and
anisotropy characteristics are summarized in Table 1.

The accuracy of the derived GLE characteristics is about 5-8%. Here we use a conservative approach to
the accuracy, i.e., the maximum residual of the derived final solution [More et al., 1980]. The construction
of the covariance matrix in this case is

10° , N — Early phase , quite sensitive, since it is dependent on
E Late phase |3

the proximity of the solution to the local
minimum. Therefore, the stopping cri-
teria of the inverse problem solution
are based mostly on the residual viz.,
actual and predicted relative reductions
in the sum of squared residuals and rel-

Fluence [Particles m™sr'GeV™]
=
wl

10° 4 ative errors between two consecutive
102 iterations [Aster et al., 2012; Dennis and
Schnabel, 1996]. The accuracy of the
10'4 estimation of the apparent source direc-
10° . ; . . ———r ] tion (geographic latitude and longitude)
! E [GeV] 0 depends on the particle anisotropy as

. well as on the asymptotic direction of
Figure 5. Angle-averaged proton fluence of GLE 71 for two phases of the event.

The fluence for the early phase is integrated for 02:00-02:40 UT, while the the considered NM stations. It Changes
fluence for the late phase is integrated for 02:40-03:20 UT. throughout the event. The uncertainty
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BOXI increases as particle flux declines. The
- __8§§?g g 3 derived apparent source direction is not
z 25010°1 . N - = 02220 UT|[ far from the direction of the IMF near
o o N\ 02:30 UT|L Earth (Figures 2 and 3). Figure 8 shows a
'-; 2,0x10°+ comparison of the observed and calcu-
"g lated relative increases at stations with
£ 1.5x10° 1 maximum responses as well as at sev-
g eral stations with moderate responses
X 1.0x10' throughout the event. A good agree-
© ment is achieved. Similar agreement
5,0x10* o

between the observed and calculated
— fractional increase is achieved for all

v T v v
0° 30° 60° 90° 120° 150° 180° other NMs.
Pitch Angle

Figure 6. Derived pitch angle distribution of high-energy SEPs during early The derived angular distribution reveals
phase of GLE 71 for 10 min intervals. The flux is given for 1 GV rigidity, assuming  tWO peaks. The main peak at @ =~ 0°-30°
constant shape as function of the rigidity. Time (UT) refers to the start of the is the direct particle stream anng the
corresponding 10 min interval. interplanetary magnetic field line from
the Sun. The second, counterstreaming
flux peaks at @ ~ 120°-150°. The event is most likely observed inside a large-scale interplanetary magnetic
field structure of an old coronal mass ejection. There are several remote and in situ indications that late in
the day of 16 May 2012, the Earth had entered an interplanetary structure of a previous coronal mass ejec-
tion (ICME) and stayed inside for about 1 day. That CME was launched from the Sun toward the Earth at
around 23:40 UT on 11 May with the speed of only ~ 370 km s~ arriving at the Earth at around 16:30 UT on
16 May 2012, according to the lateral observations of the HI-1 telescope of the Sun-Earth Connection Coro-
nal and Heliospheric Investigation (SECCHI) on the STEREO A spacecraft situated about 115° west from the
Earth. From the expected ICME arrival time onward, in situ plasma and magnetic field instruments onboard
ACE registered the ICME signatures as a gradual increase of magnetic field intensity, slow rotation of the
magnetic field vector, and decrease of the proton temperature. The old CME results in an unusual structure
of the interplanetary magnetic field. It could affect the particle transport conditions and hence the angular
distribution of high-energy particles arriving from the new and fast CME of 17 May 2012.

In application to the 22 October 1989 GLE, Ruffolo et al. [2006] considered two types of the interplane-
tary magnetic field structure that might be associated with a previous CME and could affect the directional
distribution of solar protons around the Earth: (i) draping of open interplanetary magnetic field lines
around the CME edge, forming a magnetic bottleneck configuration near the Earth and (ii) a closed
magnetic loop of the CME itself extending from the Sun to the Earth, as illustrated by their Figure 7. The first
suggestion implies a loss cone-type fea-
ture in the proton distribution in the
N antisunward hemisphere, which would
—02:40 UT be similar to our distribution shown in
15:10° == - 85388 ﬂ Figure 6 if we had no particles arriv-
— <03:10 UT ing exactly from antisunward direction,
a = 180°. In application to the 2 May
1998 event, Kocharov et al. [2005] pro-
posed a mixed magnetic configuration
suggesting that the bottleneck was
formed in a section of closed magnetic
loop of the previous CME, with an oppor-
tunity to inject solar particles either to
one or to both foot points (legs) of the
0 30° 60° 0 1200 150°  180° loop and reflect some of the particles at
Pitch Angle the bottleneck near the Earth’s orbit.

1,0x10°

Flux, Proton [m?sr's'GV™"]

5,0x10* o

Figure 7. Derived pitch angle distribution of high-energy SEPs during main
and late phase of GLE 71 for 10 min intervals. The flux is given for 1 GV rigidity,
assuming constant shape as function of the rigidity. Time (UT) refers to the start model [Kocharov et al., 2005, 2007] to
of the corresponding 10 min interval. the analysis of the high-energy proton

We have applied a previous numerical
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Table 1. Reconstructed Spectra and Axis of Anisotropy of GLE 71°

TimeUT  J, (m? s sr' GV™) y &y o} (rad?) B o7 [Rad’] o (Rad) W (Deg) A (Deg)
02:00 201,385 -3.63 0.3 0.42 0.53 1.21 253 -21.44 51.59
02:10 251,800 -4.69 0.68 135 0.75 217 243 -23.51 63.70
02:20 239,980 -5.53 0.6 1.25 0.52 1.51 2.56 -8.71 64.5
02:30 209,857 —6.62 0.2 1.67 0.57 1.01 261 -6.7 58.39
02:40 146,135 -6.9 0.1 2.01 0.64 1.38 25 -10.5 49.2
02:50 142,500 -7.07 0.07 2.05 0.57 1.4 2.39 -10.5 41.2
03:00 130,000 -7.2 0.06 2.1 0.63 1.05 245 -5.7 35.1
03:10 118,000 -7.4 0.001 23 0.55 1.25 2.38 -5.8 32.0

2Time (UT) refers to the start of the corresponding 10 min interval.

distribution inferred from the neutron monitor data of 17 May 2012. The model is able to reproduce a
double-peak distribution of protons over their pitch angle, with the maxima caused by directly arriving solar
particles at @ ~ 0° and by bounced particles at « =~ 130°, assuming a large mean-free path and a bottleneck
with the magnetic ratio ~ 4 at heliocentric distances from 0.9 to 1.2 AU. However, in such a case the loss
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Figure 8. Modeled and observed count rate increases of six NM stations during the GLE on 17 May 2012. The quality of the modeled
responses for other stations is of the same order.
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cone should be empty, i.e., no particles should arrive from the anti-Sun direction (a¢ ~ 180°), which slightly
disagrees with the pitch angle distribution derived here from the NM data. However, the nonempty loss
cone can be an artifact of the assumed shape of pitch angle distribution (equation (3)). On the other hand,
some additional injection along the second leg of the loop could fill the gap up to a level depending on the
assumed rate of the second injection, which would be similar to the assumptions by Ruffolo et al. [2006] for
the GLE of 22 October 1989.

4, Conclusions

We have applied an improved inverse method to analyze neutron monitor observations of the first GLE of
solar cycle 24. The comprehensive data set includes counting rate profiles of 21 neutron monitors, which
are broadly distributed over the globe and thus cover a wide range of particle arrival directions and a range
of geomagnetic cutoff rigidities. This allows derivation of the spectral and angular characteristics of the
high-energy particles arriving from the Sun.

The method consists of determining the asymptotic viewing cones of the NM stations with computation of
particle trajectories in a model magnetosphere and solving of the inverse nonlinear problem for fitting the
world NM network response. Asymptotic viewing directions are calculated for the locations of the neutron
monitors using the IGRF and Tsyganenko 1989 magnetospheric field models. Modeling of NM responses is
performed using the recently published NM yield function. We employ a modified power law rigidity spec-
trum of solar particles and superposition of two Gaussians for their pitch angle distribution. Compared with
previous analyses, the more general pitch angle formalism allows more realistic interpretation of the local
characteristics of the particle propagation. The time evolution of the particle pitch angle distribution is
demonstrated in the included supporting information.

The 17 May 2012 event has revealed a very anisotropic onset observed as a sudden intensity increase at only
three neutron monitor stations. The inferred pitch angle distribution reveals a second stream at 120-150°
apart from the main flux direction. This loss cone-type feature is indicative of a nonstandard mode of the
particle propagation and could be caused by an interplanetary magnetic field structure associated with a
previous CME. The results presented here expands the studies of the GLE on 17 May 2012 [e.g., Li et al., 2013].

Further improvement of the method is possible, namely, extension to a range of spectral forms and pitch
angle distributions. However, more complicated spectral shapes or superposition of several spectral shapes,
as well as more complicated pitch angle distribution function would require more free parameters leading
to less robust results.
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