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Abstract

Based on ground-level data and on satellite data we determine in this work the observational spectrum of both, the Ground Level
Enhancement of May 17, (2012) the so-called GLE71 and the Ground Level Enhancement of September 10, 2017 (GLE 72). We describe
a simplified method to obtain the experimental spectrum at ground level. Data of the GLE71 and GLE72 indicate the presence of two
different populations, each one with a different energy spectrum. On the other hand, we explore the kind of phenomena that take place at
the source in these two particular events. In contrast with other methods based on the temporal synchronization between electromagnetic
emissions of flares and coronal mass ejections (CME), here we develop an alternative option based on the study of the accelerated par-
ticles, by adjusting our theoretical spectra to the observational spectra. The main results of this work are the derivation of the source and
acceleration parameters involved in the generation process. These results lead us to construct possible scenarios of particle generation in

the source for each one of the two studied GLEs.
© 2019 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The implications of the study of Ground Level enhance-
ments of solar particles have been addressed long ago (e.g.
Sakurai, 1974, Shea et. al., 1988; Dorman and Venkatesan,
1993; Miroshnichenko and Perez-Peraza, 2008; McCracken
et al., 2012; Miroshnichenko, 2014) due to its incidence at
the astrophysical scale and the effects on the terrestrial
level. In particular, the temporal profile of the particles
provides information about the processes of interplanetary
transport and the structure of the interplanetary magnetic
field, while the energy spectrum provides information
regarding the phenomena at the source, particularly in
the acceleration process(es). As it was shown by Pérez-
Peraza et al. (1985), at least for protons of E <480 MeV
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the modulation of the fluxes may be relatively important
for some events. On the other hand, in Miroshnichenko
(2001), (beginning of section 1 at the end of section 8.1,
there are some arguments (e.g. Reames, 1999) where the
author suggested that Electric fields of the solar wind, in
the first approximation, can be neglected and collisions of
Solar Cosmic Rays with particles of the solar wind are
insignificant. In Section 8.3.2 of the same book, there is
an interesting discussion about the shift in the transport
paradigm. At any event, transport theory is a complicated
matter, out of the scope of this work.

Generally, synchronization of time between the electro-
magnetic emissions of solar flares with those of solar
energy particles and coronal mass ejections (CME) is the
method used to explore the physical conditions and pro-
cesses that take place at the sources of solar particle gener-
ation (e.g., Gopalswamy et al., 2013). Alternatively, the
comparison of the observational and the theoretical energy
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spectra leads us to make inferences regarding the phenom-
ena at the source, particularly the physical parameters of
the source and the type of acceleration mechanisms
involved in the phenomenon (e.g., Gallegos-Cruz and
Perez- Peraza, 1995; Perez-Peraza et al., 2009, 2018). At
present, it is generally envisaged that the particles are accel-
erated due to two types of processes of a different nature: a
deterministic and a stochastic acceleration processes.
Among the more plausible proposals is the magnetic recon-
nection of the field lines in the flare body, or in its sur-
roundings, and on the other hand in the turbulence of
the flare plasma, or behind the shock waves associated with
the coronal mass ejection (ME). Besides, it was observed
that some GLE present two acceleration phases: a Prompt
Component (PC) and a Delayed Component (DC), as was
evidenced long ago by the group of the Polar Geophysical
Institute of Apatity, Russia, (e.g. Vashenyuk et al., 1993,
1994, 2011) and recently designated as early and late phases
of Mishev et al. (2014), or even as episodes (Plainaki et al.,
2014). For the particular case of the Ground Level
Enhancement of May 17, other authors (e.g. Kuwabara,
et al., 2012, 2013; Berrilli et al., 2014) have also indicated
two possible populations, during the GLE71, supporting
the presence of a PC and a DC.

By comparing theoretical and observational spectra we
attempt in this work to develop scenarios that can provide
us with some insights of the phenomenon of particle acceler-
ation during solar flares. It should be emphasized that our
main goal is the study of the particle spectrum at the source
level; therefore, we do not deal here with processes of particle
propagation. Studies of effects of his kind on energy spectra
have been done since many decades ago by a quite number of
groups (Schlickeiser, 1989, Smart and Shea, 1993,
Miroshnichenko, 2014). In fact, since we are dealing with
highly relativistic energy protons able to penetrate the mag-
netosphere, it is expected that interplanetary transport does
not significantly alter the source spectrum of most of
Ground Level Enhancements (GLEs). We will discuss later
the case of satellite data of energies lower than 100 MeV.

Let us remember here that (GLEs) are events observed
by detectors on the earth’s surface when there is an abrupt
increase in the cosmic particle count. The scientific interna-
tional community recognizes at least 72 GLEs events from
February 28, 1942, to September 10, 2017; currently, there
is a worldwide network of neutron monitors at the earth
level (NMDB, http://www.nmdb.eu). It has been well
known for approximately the last seven decades that GLEs
are characterized by a rapid increase of their maximum
intensity, taking place within a few minutes, with decay
being much slower than the increase; flows are highly ani-
sotropic at the beginning and sometimes throughout the
GLE (e.g. Moraal and Caballero-Lopez, 2014). The energy
spectrum is softer than that of galactic cosmic radiation,
and as the event progresses, it softens. The first four figures
show the time profiles of both events being considered
(NMDB and satellites data).

2. Data

There is a debate about which stations have registered
the GLE of May 17, 2012, and given the smallness of the
event at Ground level, however, according several works
as for instance those of Poluianov et al. (2017) and Shea
et al. (1985), there exist a standardized format for deter-
mining cosmic ray ground-level event data. On this basis,
we claim that only nine NM stations have discernibly
recorded this GLE as is shown in Fig. 1, (from the
NMDB). However, based on to the arguments that we will
mention later, we reduce our study to two stations, SOPO
and SOPB, assuming that the spectrum derived using these
two high altitude polar neutron monitors give a reasonable
description of the energetic flux that reach the earth ground
level.

2.1. GLE of May 17, 2012

This event took place due to a medium intensity solar
flare (1F/M5.1, N12W83) and a high-speed CME
(1582 km s~ '). Many researchers were involved in the study
of the different characteristics of this event and its mother
solar flare (e.g., Gopalswamy et al., 2013; Li et al., 2013;
Balabin et al., 2013; Augusto et al., 2013; Papaioannou
et al., 2014, Kuwabara et al., 2013) and so on.

High energy solar protons during this event were
recorded not only by high latitude Neutron Monitor sta-
tions but also by several spacecraft close to Earth: WIND,
GOES, ALTEA and ACE, Berrilli et al. (2014), and some
ground-based neutron monitors. The event was quite
small, highly anisotropic and was only observed at high lat-
itudes and at a few stations at lower latitudes with a geo-
magnetic cutoff <3 GV. The maximum increase was 24%
according to one minute (NMDB) was recorded in the
South Pole stations, Fig. 1.

One of the interesting features about the acceleration of
solar protons is to compare the behavior of the energy
spectrum of low energy protons with that of relativistic
protons that reach ground level. Such behavior may give
some insights regarding whether the low and the high
energy populations proceed from the same, or, different
sources.

In the case of the GLE71, the time profile of low energy
protons was given in terms of differential flux by Li et al.
(2013) based on GOES-13 data (their Fig. 3). To obtain
the spectrum value at the four different energies, we use
the Time of Maximum (TOM) flux (Forman et al., 1986;
Lietal., 2013); Fig. 2: illustrates that for 30.6 MeV, the dif-
ferential flow becomes ~7.9 protons/(cm?s sr MeV), for
63.1 MeV the differential flow becomes ~2.0 protons/
(cm? s st MeV), for 165 MeV the differential flow becomes
~0.18 protons/(cm” s sr MeV) and for 433 MeV the differ-
ential flow becomes ~0.058 protons/(cm*s sr MeV). The
corresponding spectra values obtained in this way are
shown in the section of Results.
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Fig. 1. Increase of the proton flux of 9 stations (NMDB) including SOPO and SOPB during the GLE of May 17, 2012.
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Fig. 2. Differential flux of low energy solar protons as seen by the GOES-
13 satellite on May 17, 2012 during the GLE 71 (Fig. 3 in Li et al., 2013).

2.2. GLE of september 10, 2017

It has been globally disseminated that at the beginning
of September 2017 there was a period of extreme solar
activity, precisely at the minimum of the solar cycle 24,
in the Active Region AR2673 which produced four power-
ful class X flares, including the strongest flare of the Solar
Cycle 24 (X9.3, SO8W83) on September 6, 2017. This was

the one that produced intensive solar-terrestrial distur-
bances including a severe geomagnetic storm on September
07 and 08. The corresponding solar activity center also
included the second strongest flare (X8.2) of Cycle 24, on
September 10, 2017, when the GLE was generated
(Augusto et al., 2018; Zhao et al., 2018; Gopalswamy
et al., 2018, Cohen and Mewaldt, 2018). The event was
observed mainly in high-latitudes (NM) neutron monitors
and stations in lower latitudes with a geomagnetic cut <4
GV. It was also a low intensity and highly anisotropic
event: the increase at SOPB was ~8% according to one min-
ute NMDB data was recorded at the South Pole station,
Fig. 3.

In the next section, we derive the energy spectrum at the
ground level of this event; we are able to obtain a compar-
ative frame by using the spectrum at low energies from
the time profiles in units of differential flux, taken
from: https://www.swpc.noaa.gov/products/goes-proton-flux
(Fig. 4). As in the case of the GLE 71 we take the
flux for four different energies at the Time of Maximum
flux (TOM) (Forman et al., 1986): for 7.5 MeV, the differ-
ential flow becomes ~44.6 protons/(cm”s sr MeV), for
20 MeV, the differential flow becomes ~70 protons/(cm? s
sr MeV), for 40 MeV, the differential flow becomes ~7 pro-
tons/(cm” s st MeV), and for 75 MeV the differential flow
becomes /2.0 protons/(cm?”s st MeV). The corresponding
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Fig. 3. Increase of the proton flux of 14 stations (NMDB) including SOPO and SOPB during the GLE of September 10, 2017.
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Fig. 4. Differential flux of low energy solar protons as seen by the GOES-
13 satellite on September 10, 2017 during the GLE 72. These profiles, in
units of differential flux, were obtained from: https://www.swpc.noaa.gov/
products/goes-proton-flux.

spectra values obtained in this way are shown in the section
of Results.

3. Analysis of the cosmic ray spectrum

The counting rate N of a neutron monitor at cutoff
rigidity P. and atmospheric depth x is calculated from
the following equation:

N(P.,x) = /P OC

Here, S (P, x) is the atmospheric yield function given in
Caballero-Lopez and Moraal (2012) and J(P) is the pri-
mary cosmic-ray spectrum at the top of the atmosphere.
For the solar cosmic rays, the counting rate, Ny, is usually
assumed as a power-law spectrum of the form J = J,P 7 at
the top of the earth’s atmosphere. The fractional increase,
dN/N, is given by the ratio N/N,, where N, and N, are the
counting rates due to solar and galactic cosmic rays,
respectively. Pc is the well-known geomagnetic threshold
(cutoff rigidity), which determine the minimum energy for
cosmic rays reaching the top of the atmosphere at the neu-
tron monitor location (Smart and Shea, 2005).

In this work, we analyze both GLEs based on data from
two neutron monitors at South Pole station. They are
SOPO NM which is a standard 3NM64 neutron monitor
and SOPB NM, a lead-free neutron monitor (LFNM),
both located at an altitude of 2820 m a.s.l. with a cutoff
rigidity of about 0.1 GV (see, for instance, Oh et al., 2012).

One of the most distinctive features of a GLE is its ani-
sotropy. Therefore, if one compares the increases observed
by different neutron monitors, the anisotropy must first be
subtracted before spectral information is inferred. With
this in mind, several techniques have been used (e.g.
DeKoning 1994; Bieber et al., 2002; Ruffolo et al., 2006;

S(P,x)J (P)dp (1)
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and references therein). Moraal and Caballero-Lopez
(2014) and Caballero-Lopez and Moraal (2016) have used
the method proposed by Stoker (1985) and used in many
works by the University of Delaware group (see for
instance, Bieber and Evenson 1991; Oh et al., 2012;
Bieber et al., 2013) to minimize the effect of the anisotropy
from the spectral sensitivity. This method analyzes the
ratio of increases in two neutron monitors with different
rigidity response functions, but in the same location. This
scenario eliminates the uncertainties due to different atmo-
spheric pressures, temperature and other environmental
conditions. Therefore, the method is much more sensitive
to small anisotropies. In this work, we will use this tech-
nique based on reducing the effects of anisotropy by ana-
lyzing the ratio of increase in two neutron monitors, with
different response functions, but in the same location.
Specifically, we will use the information from the pair of
neutron monitors of the South Pole station: SOPO
(NM64) and SOPB (LFNM). It should be mentioned that
another two pairs of neutron monitors at the same location
are in SANAE and DOMC stations.

According to Eq. (6) of Caballero-Lopez and Moraal
(2016), the ratio of the fractional increases, observed by
these two neutron monitors at the South Pole station,
can be written as follows:
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Yield functions in this expression, Syass and Sy rwvas
are from Caballero-Lopez and Moraal (2012) and
Moraal and Caballero-Lopez (2014), respectively. Eq. (2)
means that the spectral index can be calculated from a ratio
that is independent of the direction of arrival of particles.
We want to emphasize that this technique has been wild
used by several authors to estimate the spectrum of solar
cosmic rays during a GLE. Caballero-Lopez and Moraal
(2012) yield function properly reproduces the neutron
monitor counting rate and is in good agreement with other
yields obtained from Monte Carlo simulations (see their
comparison in Caballero-Lopez, 2016).

Table 1 shows the results of applying Eq. (2) to the
observed ratio at South Pole station, during GLE 71 and
GLE 72. In our analysis, we have used 15 min moving aver-
ages of the data shown in Fig. 1 for SOPO and SOPB.
Fig. 5 shows the spectral index as a function of time for
both GLEs.

4. The observational solar particle spectra

Regarding the obtained values of (), it can be appreci-
ated that in both GLEs there is no definite tendency of the
value as time elapses, which leads us to consider that there
are two different acceleration phases in both GLEs, a first
one designated as the Prompt Component (PC) and a sec-
ond one namely the Delayed Component (DC).

(ON/N) s NN [ Spm (P, x)P~7dP FOP) We must notice that if we want the flux (Jg) respect to
= e —— = f(y,P. e . . -1 2 —1 1
(ON/N) ares NéFNM f;o Swares (P, x)P'dP e proton kinetic energy (E) in units of GeV m s s
then we must multiply the flux respect to rigidity in units
(2) of GV'! m2 s7! sr! by p! (where § is the ratio of
Table 1
Spectrum parameters at Ground Level.
Data GLE UT Stage Jo (Proton/GV m? sr s) Gamma (y)
17-may-12 02:00-02:30 PC 3.80 E+04 5.3
17-may-12 02:31-03:30 DC 2.39 E+04 5.6
10-sep-17 16-56-18:14 PC 1.43 E+04 5.2
10-sep-17 18:15-20:24 DC 1.85 E+04 5.7
6.5 7
a) 17 May, 2012 A b) 10 September, 2017
6.5 f
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Fig. 5. Time series of the 15 min simple moving average of the parameter gamma.



668

particle speed to speed of light). Therefore, we should use
the following expression:

where Jj is the flux respect to rigidity for 1 GV protons
(and shown in column 4 of Table 1), E is in MeV,
E,=938MeV and Jz is in units of MeV™' cm™2 57!
st~ . To deduce expression (3), we used the relationship
between rigidity, P, proton kinetic energy, F, and as indi-
cated in the next expression:

P = \/E(E +2E,) = B(E + E))

From the data obtained in the Table 1 we have con-
structed the following energy spectra at ground level. For
both events we have derived the spectrum Jy, (P, t)
=JyP™7 by the method mentioned above of Caballero-
Lopez and Moraal (2016). The results are illustrated in
Fig. 6.

In Perez-Peraza et al. (2018), the observational spectra
given by different authors (Balabin et al., 2015;
Kuwabara et al., 2012; Plainaki et al., 2014; Mishev
et al., 2014) were exhaustively studied for the GLE71.
The authors shown in Fig. 7 published their spectra in
terms of flux. The satellite data used by Matthid et al.
(2018), is shown by us in Fig. 7c and d. Relative to the
GLE71 (Fig. 7a and b) it should be noted that our spec-
trum is included in the order of magnitude of that of other
authors, who used a large number of stations; this may be
understood from the use of many response functions, and
that each author resorted to a different yield function.
Although in the case of Kuwabara et al. (2012), the stations
are the same as ours, they do not use response and yield
functions as those derived Caballero-Lopez and Moraal
(2012). For the GLE72 our spectrum is very close to that

E+E,

Je(E) =107"J,
=(E) * VE(E + 2E,)

(3)

E(E+2E))
1000

(4)

N(E) PROTONS/(MeV cm? s sr)
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of Matthid et al. (2018), specifically at satellite energies,
which correspond to the data used by these authors.
Regarding Mishev et al. (2018) it can be seen in Fig. 7c that
the PC of the three spectra are of the same order, while the
DC differs, particularly at low energies (Fig. 7d).

5. The source spectrum

The study of the energetic distribution of non-thermal
particles is a fundamental problem in Cosmic Ray Astro-
physics. The particle energy spectrum contains the infor-
mation about particle generation processes, the source
location, and physical conditions therein. To determine
particle spectra at the level of their sources several methods
have been worked out; by demodulation of the observa-
tional data back to the source, taking into account the pro-
cesses that may take place during the interplanetary
transport (Perez-Peraza et al., 1985, Alvarez et al., 1986),
or alternatively, by inferring the particle source spectrum
from the deconvolution of the non-thermal electromagnetic
emissions produced by the interaction of the accelerated
particles, with the local matter and electromagnetic fields.
Both mentioned methods lead to a source spectrum that
may be fitted by an exponential or inverse power law in
energy, which by itself does not contain great information
about the source phenomenology and physical conditions,
but this must be inferred from additional theoretical work.

For this later goal, usually two different approaches
have been worked out in the literature.; the first one con-
sists in developing an acceleration mechanism for the par-
ticles to gain energy- in the proposed electromagnetic field
configuration and deriving the corresponding energy distri-
bution predicted by the mechanism (Perez-Peraza et al.,
1978; Gallegos and Perez-Peraza, 1987; Gallegos et al.,
1993; Perez-Peraza et al., 1993) and on the other
hand a more general method consists in solving a
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Fig. 7. Energy spectrum derived in this work (in black), as compared with the spectra of other authors.

Fokker-Planc Type equation of continuity in the energy
space, Perez-Peraza and Gallegos (1987), Perez-Peraza
and Gallegos-Cruz (1994) and Gallegos-Cruz and Perez-
Peraza (1995), for several types of plasma turbulence and
including adiabatic energy losses (Perez-Peraza et al.,
2009). Those works have been summarized in the Appendix
of the present work.

To infer about the physical parameters of the source
and the different acceleration mechanisms involved in the
GLE phenomenon, for both events, we compared the
obtained observational energy spectra in this work (Figs. 6
and 7) with the theoretical energy spectra. In Perez-Peraza
et al. (2018) an exhaustive study of the source spectra of
the GLE71 has been done by means of the comparison
of the theoretical source spectra with the experimental
spectra, that several authors had published up to the end
of 2017. Basically, we have dealt with stochastic
acceleration, either in its time-dependent or steady state
approaches. As an injection process, we are considering
two options: pre-acceleration by monoenergetic flux of
protons and reconnection in a Magnetic Neutral
Current Sheet (MNCS) typical of flare plasma regions
(Perez-Peraza et al., 1977).

6. Results

The comparison of the theoretical and experimental
spectra is shown below: Figs. 8 and 9 was done on basis
of the theoretical energy spectra, obtained by Gallegos-
Cruz and Perez-Peraza (1995), Perez-Peraza et al. (2009),
and summarized in the Appendix. To determine the physi-
cal parameters prevailing at the source, as well as the accel-
eration and deceleration from adiabatic cooling during
particle generation in the two GLEs under study we
employed several sets of parameters that susceptibly pre-
vail in the sources of solar particles (e. g,
Miroshnichenco and Perez-Peraza, 2008). The meaning of
the symbols is described in the Appendix.

It should be observed in Fig. 6 that our spectra are quite
close to the satellite data of GOES-13. It should also be
noted in Fig. 7c and d that most of spectra are close to
the data of GOES-15.

Fig. 8a and b show the fitting of the equations, appear-
ing in the works indicated just above, to our observational
Prompt and Delayed spectra illustrated in Fig. 6a. The
obtained source and acceleration parameters for both com-
ponents are indicated in the body of Figures.
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Fig. 8. The comparison of the theoretical spectra to the observational
spectra of this work is shown for the GLE of May 17, 2012. Fig. (a)
corresponds to the PC of the GLE event and Fig. (b) corresponds to the
DC of the same event, when it is reaching the stationary state.

Similarly, Fig. 9a—f show the fitting of our observational
Prompt and Delayed spectra illustrated in Fig. 6b. The
source parameters for both components of the spectrum
are indicated in the body of the Figures.

The corresponding parameters are summarized in
Table 2. Column 7 indicates the parameter of the accelera-
tion efficiency of the stochastic process. Column 8 indicates
the efficiency of the deceleration process of adiabatic cool-
ing. Column 9 indicates the monoenergetic injection energy
to the acceleration process. Column 10 indicates the mean
confinement time of particles in the source. Column 11 is
the acceleration time of particle, which may be assimilated
to the time where the process reaches the steady-state. Col-
umn 12 is the average of the magnetic field in the magnetic
neutral current sheet (MNCS). Column 13 is the average
length of the MNCS. Column 14 is the density number in
the source. Column 15 indicates the kind of injection into
the acceleration process.

The flare conditions in these two small events are quite
similar, in fact, it can be noted that there is not a consider-
able dispersion of the acceleration efficiency values; turbu-
lence must have been quite similar in regions where the

magnetic field strength is in the range of 400-550 Gauss
and density in the range 10''-10">cm™>. Also, upon
observing column 8 one can infer that the adiabatic decel-
eration efficiency (p,) in these two small events is in the
range of 0.01-0.8 s~ !. It should be noted that the acceler-
ated particles escape from the source either with a quasi-
constant mean escape time or, with an inverse dependence
of their velocities (1/f).

7. Discussion

The GLE of May 17, 2012, and September 10, 2017,
were very peculiar in the sense that they were relatively
small, showing a hard spectrum, moving to a softer spec-
trum as time went by. The May 17, 2012 GLE originated
in a flare of class M5.1, occurring at approximately 01:39
UT, with heliolongitude in the range of W20-W90, Li
etal., (2013). According to Omodei et al., (2018) the second
GLE event was associated with a X8.2 type flare in the
solar zone (S08-W83), after 16:30 UT. This increase was
also registered for some non-polar stations, but of high
latitude.

This paper demonstrates the effectiveness of the method
developed to calculate the observational energy spectrum,
for the particular case where the involved instruments are
at the same location. This allows to determine the spectra
parameters J, and y during weak events, Caballero-Lopez
and Moraal (2016), and we did this here for both phases
(PC and DC) of each event, and in this way, we generated
the observational spectrum (Fig. 6 and Table 1). We
observe in Table 1 that the spectral indexes for the studied
GLEs are in the order of y ~ 5-6. Also, it should be noted
that the spectrum of the second phase (or Delayed Compo-
nent) is softer than that of the first phase (or Prompt Com-
ponent). The analysis was performed in the energy range
<3 GeV.

As was mentioned in Section |, the phenomena that take
place in the sources of solar energetic particles can be
inferred from different standpoints, most of them appealing
to the temporal synchronization between the various elec-
tromagnetic emissions of flares and coronal mass ejections
(CME). Another option is through the study of energetic
particles, based on the comparison between the observa-
tional and the theoretical spectra. In the work at hand,
we try to infer about source phenomena through this last
option. This is done by adjusting the observational spectra
to our theoretical spectra developed in (Gallegos-Cruz and
Perez-Peraza, 1995; Perez-Peraza et al., 2009, Perez-Peraza
et al., 2018; Perez-Peraza and Marquez-Adame, 2018) and
applied, under the assumptions made of a time-dependent
situation and a stationary one. The corresponding spectra
developed in Gallegos-Cruz and Perez-Peraza, (1995), are
synthesized in the Appendix. Such a comparison leads us
to infer as to plausible scenarios of particle generation in
these two peculiar GLEs (Table 2). In the process of com-
parison of the theoretical spectra with the observational
one, we have employed Eq. (A4), Eq. (A5) and Eq. (A6),
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Fig. 9. The comparison of the theoretical spectra to the observational spectra of this work is shown for the GLE of September 10, 2017. Figures a, c and e

correspond to the PC of the GLE event, including flux values at low energies
the GLE event.

as well as Eq. (A7), assuming that the stochastic accelera-
tion is preceded by an injection process, either by a local
monoenergetic flux of protons of mean energy about
1 MeV, or by an injection from a deterministic process
due to the intense electric fields generated in a Magnetic
Neutral Current Sheet (MNCS) reconnection process
(Perez-Peraza et al., 1978, 2009).

from the GOES-13 and GOES-15. Figures b, d and f correspond to the DC of

In Figs. 8 and 9 it can be seen that the best fitting
Prompt Component phase (PC) of the experimental spec-
tra, occurred when the acceleration is still at a time
t =~ 2-10s, whereas for the Delayed Component phase
(DC) the best fitting is obtained at ¢ > 25 s. It should be
noted that the September 10, 2017, Prompt Component
(PC) is better described with an injection from a
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5

. Perez-Peraza et al. | Advances in Space Research 65 (2020) 663-676

reconnection process; though a monoenergetic injection
process cannot be disregarded, since both options repro-
duce the observational spectrum quite correctly. The
Delayed Component (DC) seems to be systematically bet-
ter described by stochastic acceleration with the injection
from a monoenergetic flux. The steady-state situation
seems to be reached after a time around 40 s in the source.

Figs. 8 and 9 including data from the GOES-13 and
GOES-15 satellite show that, data satellite may be correctly
fitted by our theoretical and our experimental spectra. In
addition to the authors mentioned in the text, it should
be said that no other space detectors have provided public
information on proton fluxes during the occurrence of
GLE71 and GLE72.

Regarding the physical scenarios, in general, we have
found that stochastic acceleration while losing energy by
adiabatic losses during the source expansion compares
much better to the observational spectra in contrast to
the case when adiabatic cooling is ignored. As can be seen
in Figs. 8b, 9b, 9d and 9f, the possible scenario at the
source of the Delayed Component for both GLEs is better
described with a time-dependent spectrum of stochastic
acceleration, with a monoenergetic injection and a mean
confinement time of ~1 s (Eq. (41) in Ap. J. 446, 1995) by
adding losses due to adiabatic cooling; whereas in the
Prompt Component, injection from a MNCS is quite prob-
ably present as can be observed in Figs. 8a, 9a, 9¢ and Je.
The corresponding parameters of the source processes are
shown in Table 2.

We claim thus that our work leads to construct possible
scenarios in the source during the generation of each GLE:
throughout the enhanced solar activity of the first days of
September 2017, due to magnetic field reconfiguration,
strong electric fields were generated together with high
levels of turbulence; consequently, solar protons were
accelerated either by a primary acceleration mechanism
(most probably from reconnection in a MNCS). Alterna-
tively, protons of E > 1 MeV from the high energy tail of
the local plasma Maxwell distribution were accelerated
by a stochastic process, either in the flare body or in its sur-
roundings, or behind the shock wave.

8. Conclusions

We explored the sources of particles during the GLE of
May 12, 2012, and September 10, 2017 based on the obser-
vational spectrum developed here. For the GLE of Septem-
ber 10, 2017, we have considered also the spectra given by
other authors.

In addition of deriving the observational spectra of both
GLEs, the main results of this work to be emphasized are
the set of source parameters for the generation of particles
and the acceleration processes involved, which lead to
plausible scenarios during the events under study. It is pre-
cisely the comparison of the theoretical source spectra with
the observational spectra that gives us an approximate con-
ception of the production scenarios. The analysis of the
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spectra leads us to consider the presence of two different
particle components during the events. Some authors des-
ignate those two phases as Prompt and Delayed Compo-
nents, other authors use the terms Early and Late Phases,
or even stages. These two components may indicate the
occurrence of two acceleration processes of a different nat-
ure, as is frequently evoked by many authors. In both
phases, the main acceleration mechanism is most probably
of stochastic nature, where the particle injection process to
the stochastic mechanism can come from a monoenergetic
proton flux that may have originated from the high energy
tail of the pre-accelerated protons in the MNCS. However,
in this work another option is opened: a single acceleration
mechanism in two different acceleration stages could be gen-
erated in a deterministic process with a spectrum like that
shown in Eq. (A7), so that a unique stage of acceleration
in a MNCS cannot be disregarded. Finally, we emphasize
that the comparison between the theoretical and observa-
tional spectra gives us an approximate conception of the
production scenarios, that is, of the involved processes of
acceleration and loss of energy, as well as of the plausible
physical parameters that prevail at the source.
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Appendix. By means of the quasi-linear theory, and intro-
ducing the effects of spatial transport in a time escape
(Schlickeiser, 1989), a diffusion equation in moment
space is obtained from the Vlasov equation (collisionless
Boltzmann equation). That can be also derived from
the Chapman-Kolmogorov equation (e.g., Schatzman,
1966).

ofp.t) 10

af (p,1)
ot p* op } (A1)

o™

In Eq. (A1) f'(p, t) is the pitch angle averaged-density of
particles of momentum p interacting with turbulence at
time ¢, and D(p) is the diffusion coefficient characterizing
the interaction dynamics between particles and the specific
type of turbulence, which is assumed to be homogeneous
and time independent (Tsytovich, 1977). Furthermore, an
alternative solution for this diffusion equation may be
found by its transformation into a Fokker-Planck-type
equation in the energy space of particles (Ginzburg and
Syrovatskii, 1964), Eq. (A2):
ON(E,f) 10 )

[DEN(E,1)] = 5 -[BEIN(E, 1))

ot 20E? (A2)
where E is the particle kinetic energy, and N(E, t) is the
number of particles per energy interval at time ¢, D(E) is
the diffusive energy change rate produced by the dispersion
in energy gain around the value of the systematic energy
gain rate, given by B(E) The effect of systematic energy
losses or any other systematic acceleration effect may be
introduced in the second term of the right-hand of the pre-
vious equation by setting A(E) = B(E) * additional sys-
tematic energy change processes (Ginzburg, 1958). Also, a
source term Q(E, t) is added, (indicating external particle
injection into the acceleration region) and a sink term,
assumed to describe any kind of particle disappearance
process from the acceleration volume by means of charac-
teristic disappearance (or scape) time t(E, t), employing
these arguments, the previous equation is usually rewritten
as:

ON(E, ) 1 & 9
T [DEIN(E, 1)] = 5= A(E)N(E, 1)
N(E, 1)
~wEat O(E, 1) (A3)

A(E) being the systematic effect of stochastic accelera-
tion and deceleration processes as any eventual secular
energy change effect. And D(E) being the diffusive effects
due to dispersion around the systematic energy change rate
A(E); D(E) was discussed in Perez-Peraza and Gallegos-
Cruz (1994). There is not at present an analytical time-
dependent solution for the entire particle energy range.
Analytical expressions have been only derived in the
asymptotic ranges, E < mc® and E > mc® (e.g., Melrose,
1976, 1980; Barbosa 1979; Ramaty 1979). However, the
spectrum of protons in the transrelativistic region is very
important for the production of neutrons, pions and
gamma-nuclear lines in solar flares.

Among the usual simplifications to solve Eq. (A3) are to
assume time independence for the escape and injection
functions as well as time-independent and energy-
independent acceleration efficiency (constant). To avoid
some of these simplifications, we herein propose the use
of the WKBIJ technique to solve the last equation over
the complete energy range of the accelerated particles. In
mathematical physics, the WKBJ approximation Wentze
(1926), Kramer (1926), Brilloui (1926) and Jeffreys (1924)
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is a method for finding approximate solutions to linear dif-
ferential equations with spatially varying coefficients. It is
typically used for a semiclassical calculation in quantum
mechanics in which the wavefunction is recast as an expo-
nential function, semiclassically expanded, and then either
the amplitude or the phase is taken to be changing slowly.
Some people designate it as WBK, BWK or JWKB. An
authoritative discussion and critical survey has been given
by Balson Dingle, (1973) and Kichigin et al. 2019.

Since we have no confident inferences about the time
dependence of the injection process, we retain, for simplic-
ity, the general assumption that the flux N(E, t) is being
injected at a rate Q(E) =q(E)O(t) ~ q(E) [where O(t)
is the step function] and is escaping at a rate 7’
Gallegos-Cruz and Perez-Peraza (1995).

The theoretical spectra used in this work are:

The Time-dependent Spectrum for MHD turbulence,
with monoenergetic injection, = = cst, and D(p) = p°/f
has been given in the Eq. (41) in Gallegos-Cruz and
Perez-Peraza (1995), Eq. (3) in Perez-Peraza et al.
(2009): this formulation with the incorporation of adia-
batic energy losses was employed in Perez-Peraza et al.
(2018) and the inclusion of collisional energy losses will
appear soon.:

e~ (Bo/ B (/20 >// (5)
(%)
32 . }
X <t]?]/2>exp< ath> + (‘12) (af) R5(807 )1

x F(p,) protons/(MeV s cm? str) (A4)

where (£) = «fE (MeV/s) = the stochastic acceleration
rate; and (£) = —p,f°E (MeV/s) =
With  «(s!) the acceleration efficiency and
po = (2/3)(V,/R)(s™")is the deceleration efficiency due to
adiabatic cooling. Furthermore ¥, and R are the expanding
velocity and linear extension of the expanding magnetic
structure respectively; No = protons/4nRs; q, = protons/
4nR%,s and Rgp = 1.5 x 10" cm = sun-earth distance.

Rs(eo, &) = [erf(Z)) — 1]exp[(3af/2oc)Jﬂ
+ lerf(Z,) + 1]exp{—(3a/-/2oc)J/2,}

+ (3a, J4ar)" Jf;

deceleration rate,

Z] (a/t)

ar=(3) <F+M —3p(d— - ﬁg)/za>;

=0.5[p + 38— 28"+ B, + 3B, — 28]

)1/2/80

(s
(=) ()

With ¢, the injection energy

B=(—mc) /e o= (6~

Jp = tan™" B — tan™'BY* +0.5In

. 3p/20
Flpy) = [“540]
(MeV)

The Steady-State Spectrum for MHD turbulence,
monoenergetic injection, t = ¢st., and D(p) = p°/f, has
been given in the Eq. (42) in Gallegos-Cruz and Perez-
Peraza (1995): this formulation was also developed with
the inclusion of adiabatic energy losses:

N(E)~ (a0/2)(as2/3) 2 (Be0) " (Bul )" (/o)

xexp[ (3as /o )1/2 H%zgsﬂ protons/(MeV cm? str)

N (A5)
Where: o, py, ar, F,J s, B, Bo, €0, F(p,) and Rgg are the same
as in Eq. (A4).

The Steady State Spectrum for MHD turbulence,
monoenergetic injection, © ~ 1/, and D(p) ~ p°Ip,
has been given in the Eq. (43) in Gallegos-Cruz and
Perez-Peraza (1995): this formulation with the incorpo-
ration of adiabatic energy losses was employed in
Perez-Peraza et al. (2018):

N(E)=

(90/2)(Bo/ B’ (¢/20)* { o+ pe }M)

(4nR§E)(oc/3)%a%( )a%(EO)ﬁ(%)S() &0+ oo

xexp K )(ﬁ’ —bo )} (p,) protons/(MeV cm’ str)
(A6)

where: o, p07af,1:",,[f757 Bo, €0, F(py) and RSE are the same

as in Eq. (A4).

The Steady-State Spectrum of acceleration by a Direct
Electric Field in a Magnetic Neutral Current Sheet
(MNCS), has been given in Perez-Peraza et al., (1978)
and Eq. (1) in Perez-Peraza eta al. (2009):

N(E):NO(E/EC)"’I‘exp[—l.12(E/EC)3/4] protons/(MeV cm? str)

(A7)
With Ny = 8.25 x 10° (%2)( )/4nR protons/(MeV cm?
str), assuming anomalous E. =

1.792 x 10° (Bz—L> MeV, strength

(gauss), L =length of the MNCS (cm); and n = plasma
number density (cm ).

conductivity;

B =magnetic field
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