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ESTRUCTURA DE LA TESIS 

La presente tesis se encuentra dentro de la modalidad de artículos publicados. Consta de: 

-Introducción. 

-Objetivos generales del trabajo. 

-Marco Teórico. 

-Resultados. 

-Un capítulo en libro con su respectiva presentación. 

-Cinco artículos con sus respectivas presentaciones. Todos ellos en revistas internacionales arbitradas. 

Tres publicados (incluido uno como primer autor) y dos aceptados para publicación, todos con su 

respectiva presentación. 

-Una discusión y conclusión general. 

-Referencias. 
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Introducción. 

La interdependencia entre la Física Espacial y otras disciplinas científicas, particularmente con los 

plasmas de laboratorio, ha sido ampliamente discutida en la literatura 

Esta complementación se debe al hecho de que ambas disciplinas exploran diferentes regiones de los 

parámetros físicos del plasma, lo que ha permitido aprender acerca de ciertos rangos de parámetros 

que son inaccesibles en experimentos de laboratorio. Las configuraciones de plasma en el laboratorio se 

construyen intencionalmente, mientras que en el espacio los plasmas asumen formas espontáneas. Los 

plasmas de laboratorio son más densos que los plasmas espaciales. Estos últimos están prácticamente 

libres de efectos de frontera, en contraste con los de laboratorio, los cuales están sujetos al efecto de 

los dispositivos contenedores que producen a menudo fuerte contaminación superficial. Debido a la 

diferencia de escalas, el sondeo de los plasmas de laboratorio introduce perturbaciones del sistema, en 

tanto que el sondeo de los plasmas espaciales no los perturba notablemente. Los plasmas calientes de 

laboratorio están regidos normalmente por el equilibrio estático, en tanto que los plasmas espaciales 

son flujos de gran escala fuertemente dependientes del tiempo. En base a las diferencias y similitudes 

de ambos contextos, las pérdidas turbulentas de partículas confinadas en los reactores de fusión y en 

los anillos de radiación de Van Allen han sido estudiadas en paralelo (Pérez-Peraza, 1990). 

En los Tokamaks, los procesos de reconexión magnética similares a los de los plasmas espaciales 

determinan la estabilidad global del plasma y afectan también el transporte microscópico. Los 

experimentos de interacción haz-plasma han sido muy útiles para interpretar fenómenos de la Física de 

las Auroras. Las ondas de choque estudiadas actualmente en los laboratorios fueron estudiadas y 

parametrizadas originalmente en los plasmas espaciales. Problemas relacionados con la aceleración y 

transporte de partículas energéticas son estudiados más intensivamente en el espacio, mientras que 

estudios paramétricos de geometría y comportamiento de los plasmas en reconexión son investigados 

en laboratorio (Pérez-Peraza, 1990). 

El diagnóstico de los plasmas de laboratorio utiliza técnicas de sondeo directo. En contraste, el sondeo 

de los plasmas espaciales se realiza por percepción-remota, salvo algunas excepciones de sondeos in 

situ de nuestra vecindad espacial, con las naves espaciales. El sondeo de los plasmas en otras instancias 

cósmicas más lejanas, concierne al ámbito de la Astrofísica Geofísica, cuyo principal agente de sondeo 

son las emisiones electromagnéticas que se emiten en todo el espectro, desde rayos gamma hasta las 

radio-ondas. Los aceleradores terrestres más potentes hoy en día alcanzan apenas energías de 1015 eV 

en el centro de masa, como es el caso con el acelerador LHC en el CERN. En contraste, los aceleradores 

cósmicos producen rayos cósmicos que alcanzan energías de hasta de 1021 eV. La aceleración de 

partículas cargadas ocurre en cualquier lugar del universo en el que se produce turbulencia magnética, 

o bien, intensos campos eléctricos seculares, en virtud de variaciones espaciales y temporales de los 

campos magnéticos. 
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El laboratorio cósmico más cercano para estudiar los procesos de aceleración de partículas a energías 

mayores de 10 MeV es el Sol, en particular durante los fenómenos asociados a la actividad solar, entre 

los cuales las llamadas Fulguraciones Solares (solar flares como se les designa internacionalmente) son 

la principal fuente generadora de partículas de alta energía. Los campos eléctricos generados en este 

fenómeno son capaces de acelerar, en un lapso promedio de 100 s, a las partículas termales, cuyas 

energías locales son del orden de 1–100 eV, y llevarlas a energías superiores a los 1010 eV. Los 

mecanismos aceleradores fueron originalmente estudiados en el contexto de los rayos cósmicos 

galácticos, en la década de los treinta, cuando la física de aceleradores daba sus primeros pasos, lo que 

condujo a otro ejemplo más de la interdependencia entre la física de laboratorio y la física del espacio 

(Pérez-Peraza, 1990). 

En virtud de que la generación de Partículas Solares Energéticas (ESP por sus siglas en inglés) es un 

fenómeno que se puede seguir prácticamente en tiempo real, en contraste con los rayos cósmicos 

galácticos cuya vida media es de millones de años, el estudio de los procesos de aceleración se polarizó 

hacia la atmósfera solar. Dentro de esta categoría (ESP) se producen esporádicamente partículas 

solares que alcanzan energías relativistas (> 450 MeV) capaces de atravesar la magnetosfera terrestre, 

las cuales se detectan a nivel terrestre. Los eventos relativos a estas partículas relativistas se les 

denomina incrementos al nivel del suelo (Ground Level Enhancements, GLEs) (Perez-Peraza, et al., 

1994). 

Los agentes aceleradores de las partículas cargadas son en última instancia los campos eléctricos, 

cuya naturaleza en la atmósfera solar son del tipo estocástico, cuando la turbulencia es relativamente 

débil, y seculares (determinísticos) en situaciones en las que la turbulencia es muy intensa. Las 

propiedades fundamentales de las partículas aceleradas son su perfil-temporal, su espectro de carga y 

su espectro de energía. El primero nos proporciona información sobre el proceso de transporte y las 

estructuras magnéticas a través de las cuales se propagan, en tanto que el espectro de carga nos indica 

las abundancias relativas de los iones solares y la evolución de su estado de carga. El espectro de energía 

nos da información sobre el proceso mismo de su generación en las fuentes aceleradoras y modulación 

fuera de ellas. Es decir, el espectro de energía es una firma del proceso acelerador, precisamente este 

aspecto crucial es el tema principal que se aborda en este trabajo de tesis Doctoral, tanto para 

aceleración estocástica como para aceleración determinística. (Pérez-Peraza et al., 1994). 

A partir del conteo del incremento de partículas detectado por la red global de monitores de neutrones 
(www.nmdb.eu) se obtienen los espectros de energía observacionales para cada GLE, en este trabajo 
desarrollamos el marco matemático para generar los espectros de energía teóricos, los cuales 
ajustándolos a los observacionales nos dan por resultado los parámetros necesarios para reconstruir los 
diferentes escenarios posibles en la fuente, dígase en la fulguración solar. En el primer trabajo: 
“Exploration of Solar Cosmic Ray Sources by Means of Particle Energy Spectra”, se abordan los estudios 
iniciales en el tema donde no se considera la dependencia del tiempo, y en el segundo trabajo: “Source 
Energy Spectrum of the 17 May 2012 GLE”, así como en el tercer trabajo: “Spectra of the Two Official 

http://www.nmdb.eu/


8 
 

GLEs of Solar Cycle 24”, ya se consideran los espectros de energía dependientes del tiempo y 
estacionarios, resolviéndose la ecuación de transporte de energía para todo el rango de energías (Pérez-
Peraza & Gallegos-Cruz, 1994; Gallegos-Cruz & Pérez-Peraza, 1995) por medio del método de 
aproximación WKBJ de forma analítica. Esta solución analítica es de suma relevancia debido al escenario 
que prevalecía hasta inicios de los años noventa, ya que los primeros enfoques para resolver 
analíticamente este tipo de ecuación se relacionaron con soluciones en rangos de energía limitados: en 
el rango ultrarrelativista Kaplan (1956), Ginzburg (1958), Kardashev (1962), Ginzburg y Syrovatskii 
(1964), Tverskoi (1967), Ramaty (1979), y Melrose (1980); en el rango no relativista de Tverskoi (1967), 
Ramaty (1979), y Barbosa (1979). Schlickeiser (1984), Droge & Schlickeiser (1986), y Steinacker & 
Schlickeiser (1989) obtuvieron soluciones analíticas solo para el estado estacionario sobre todo el rango 
de energías. Mullan (1980) y Miller et al., (1987), obtuvieron soluciones numéricas dependientes del 
tiempo solo en intervalos no relativistas y por último Miller, Guessoum, & Ramaty (1990) obtuvieron 
soluciones en todo el rango de energías, pero también de forma numérica. Es relevante subrayar que en 
los trabajos previamente citados se resolvió por primera vez el problema dependiente del tiempo para 
todo el rango de energías de manera analítica considerando la deceleración por perdidas adiabáticas, 
cabe mencionar que en el presente trabajo ya se incluye el tratamiento matemático de la deceleración 
por perdidas colisionales. En las subsiguientes secciones: Marco Teórico y Resultados, se presenta el 
tratamiento de la deceleración debida a pérdidas colisionales y a la degradación energética por 
colisiones Protón-Protón, siendo lo anterior el objetivo original del presente trabajo. 
 
Es importante mencionar que el equipo australiano de Bombardieri et al., 2006 y 2008, demostró que 

para los eventos del 14 de julio del 2000 y del 20 de enero del 2005, donde se usó la formulación dada 

en Pérez-Peraza & Gallegos-Cruz, 1994 y Gallegos-Cruz & Pérez-Peraza, 1995, el espectro observacional 

es mejor reproducido por la aceleración estocástica, en lugar de una aceleración de choque. 

Inicialmente en la presente tesis solo se había planteado el estudio de la aceleración estocástica y 

determinística de las partículas solares relativistas que llegan a la tierra y provocan los incrementos a 

nivel del suelo que son detectados por la red global de estaciones de Monitores de Neutrones (MN), sin 

embargo, el trabajo se extendió al análisis de otros aspectos importantes de los GLEs, como lo es su 

ocurrencia, periodicidad y prognosis. Se suele suponer que estos eventos esporádicos ocurren al azar. 

Sin embargo, en el cuarto trabajo: “The Quasi-Biennial Oscillation of 1.7 years in Ground Level 

Enhancement Events”, encontramos que al estudiar los últimos 56 eventos de incrementos a nivel del 

suelo registrados de 1966 hasta 2014, aplicando el Análisis de Coherencia Wavelet a los datos de GLEs, 

de Rayos Cósmicos Galácticos proporcionados por la red global de estaciones de MN así como de la serie 

de tiempo no estacionaria propia de la actividad solar: Solar Flare Index (FSI por sus siglas en inglés), se 

obtuvo que estos eventos ocurren preferentemente en la fase positiva de la oscilación cuasi-bienal de la 

periodicidad de 1.7 años. Siendo las periodicidades correspondientes los armónicos en tiempo 

encontrados en la serie de tiempo bajo estudio. También se observa en este trabajo en gran medida, 

que su tasa de ocurrencia sigue el ciclo de actividad solar de Schwabe de 11 años, íntimamente 

relacionado con el fenómeno de las manchas solares. En Pérez-Peraza et al., 2011, 2015 ya se había 

evidenciado el comportamiento armónico de los GLEs. Siguiendo en la misma línea de análisis, en el 
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quinto trabajo: “Determination of GLE of Solar Energetic Particles by Means of Spectral Analysis”, 

utilizando las tres series de tiempo propias de la actividad solar no estacionarias: Solar Flare Index (FSI), 

Sunspots Index (SS) y Solar Flux Index (F10.7), volvemos a aplicar el Análisis de Coherencia Wavelet de 

Morlet para determinar los armónicos dominantes de la actividad solar, de los cuales la combinación de 

las periodicidades de 1.73, 3.27, 4.9, 10.4 y 11 años. 

Posteriormente usamos algunos conceptos de Lógica Difusa descritos por Mendel (1995). La teoría de 

conjuntos difusos y de lógica difusa establecen los aspectos específicos del mapeo no lineal. En general, 

un sistema de lógica difusa (FLS por sus siglas en inglés) es un mapeo no lineal de un conjunto de datos 

de entrada (característicos) en una salida escalar (Función de Pertenencia, FP), y puede expresarse 

matemáticamente como una combinación lineal de funciones de base difusa, en nuestro caso se mapea 

el comportamiento armónico de las series de tiempo involucradas en momentos de interés dados por 

las fechas de ocurrencia de los GLE, desde 1942 a 2006, tomadas como fechas de entrenamiento, a partir 

de lo cual se genera una FP que puede reproducir el comportamiento periódico de la información 

ingresada (zona de entrenamiento), de tal forma que proyectando dicha FP a tiempos posteriores 

podemos generar zonas de prognosis, en nuestro caso para cubrir el final del Ciclo Solar 24 y el inicio del 

Ciclo Solar 25. Todo lo anterior le da un aspecto previsivo al trabajo; esto es de sumo interés en vista de 

la gran controversia despertada en relación con la aparición de GLEs muy débiles durante el presente 

Ciclo Solar 24. 

La gran controversia mencionada en el párrafo anterior es tratada en el sexto y último trabajo: “An 

Alternative Classification of Solar Particle Events that Reach the Earth Ground Level”. Se realizó una 

revisión exhaustiva en la literatura existente sobre el tema, en donde se encontró una gran discrepancia 

en la asignación de los GLEs como tales y en su denominación, al grado de definirse un nuevo tipo de 

evento denominado Sub-GLE. Se revisaron minuciosamente los incrementos a nivel terrestres dados en 

la red global de estaciones de MN para cada evento mencionado en la literatura, considerando la 

variabilidad diurna, es importante considerar la posibilidad de que algunos incrementos débiles hayan 

llegado a nivel terrestre, pero fuesen enmascarados por dicho fenómeno. Se aplicaron los últimos 

criterios aceptados por la comunidad internacional para definir un GLE y/o lo que es un Sub-GLE 

(Poluianov et al., 2017). De los 15 eventos encontrados originalmente, llegamos a la conclusión de que 

solo 4 cumplen los criterios de un GLE y ninguno con el criterio de Sub-GLE. De igual manera propusimos 

una nomenclatura basada en la fecha del evento y no en la numeración consecutiva de tales eventos. 

Esta también es una aportación importante al estudio del tema la cual esperamos sea tomada en cuenta 

por la comunidad internacional encargada del estudio de los GLEs. 
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Objetivos generales del trabajo. 

Dentro de las Ciencias Espaciales existen diferentes áreas: Física Solar, Física de Plasmas, Física de 

Relaciones Sol-Tierra, Física de la Magnetosfera, Física del medio interplanetario etc.; en nuestro caso, 

en particular, corresponde al área de la Percepción Remota Espacial aplicada al estudio de partículas 

solares de altas energías como única herramienta para realizar nuestro trabajo. 

El método de sondeo para diagnósticos de plasmas, particularmente de fuentes aceleradoras de rayos 

cósmicos en base a las propiedades de los flujos de partículas, es absolutamente original, pues hasta 

ahora todo método de sondeo indirecto está basado en la radiación electromagnética que se emite en 

todo el rango de frecuencias por la interacción de partículas supratermales con la materia y los campos 

electromagnéticos, mas ningún método está basado en el estudio de las propias partículas como 

mecanismo de sondeo y diagnóstico (Pérez-Peraza, et al., 1994). 

En este trabajo proponemos como objetivo principal una nueva alternativa de diagnóstico, mediante 

el sondeo de los plasmas, no por su radiación fotónica intrínseca, sino en base a la materia misma del 

universo, es decir partículas del plasma local en las diferentes estancias del universo, que son aceleradas 

a muy altas energías, conocidas como Rayos Cósmicos Galácticos, y por otro lado las Partículas Solares 

Energéticas (ESP por sus siglas en inglés). 

En el sondeo de las características en la fuente de los eventos GLEs, en Pérez-Peraza et al., 2008, 2009; 

Vashenyuk, et al., 1994, se puso en evidencia que en general se muestran dos componentes, una 

componente retardada y otra componente pronta. Cada componente con un espectro de energía 

diferente, uno estocástico y el otro determinístico. 

Se ha publicado una gran cantidad de trabajos en relación con las características observacionales 

obtenidas con diferentes instrumentos. En este sentido otro de los objetivos del trabajo es analizar los 

fenómenos de origen, en relación con los procesos de generación y los parámetros físicos de origen, 

mediante la confrontación de los diferentes enfoques de los espectros observacionales con nuestros 

espectros teóricos analíticos basados en la aceleración estocástica y la aceleración determinística del 

campo eléctrico desde los procesos de reconexión. De esta manera, en los primeros tres trabajos: 

“Exploration of Solar Cosmic Ray Sources by Means of Particle Energy Spectra”, “Source Energy Spectrum 

of the 17 May 2012 GLE” y “Spectra of the Two Official GLEs of Solar Cycle 24”, derivamos un conjunto 

de parámetros que caracterizan las fuentes de las dos componentes mencionadas para cada GLE 

estudiado, lo que nos lleva a proponer posibles escenarios de generación de partículas en la fuente para 

el evento en cuestión. 

Como mencionamos anteriormente, el objetivo principal de los trabajos 4 y 5 es dejar en claro la 

naturaleza armónica en la ocurrencia de los eventos GLEs, así como definir técnicas robustas de 

pronóstico de dichos eventos. 
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El presente Ciclo Solar 24 ha sido peculiar, arrojando un gran número de eventos débiles, provocando 

controversia en la comunidad internacional para catalogarlos como GLEs, definiéndose nuevos criterios 

para tal efecto, así como un nuevo tipo de evento denominado Sub-GLE, en este sentido el objetivo 

principal del último trabajo es definir con toda claridad cuáles de los eventos mencionados en la 

literatura cumplen dichos criterios y proponer una nueva nomenclatura basada en la fecha de ocurrencia 

del evento y en un numero consecutivo para tal. 

Marco Teórico 

Por medio de la teoría cuasi-lineal, e introduciendo los efectos del transporte espacial a un 
determinado tiempo (Schlickeiser 1989), se obtiene una ecuación de difusión en el espacio de 
momentos a partir de la ecuación de Vlasov (ecuación de Boltzmann sin colisiones). Esto también se 
puede derivar de la ecuación de Chapman-Kolmogorov (e.g.,  Schatzman 1966). 
 

𝜕𝑓(𝑝,𝑡)

𝜕𝑡
=

1

𝑝2

𝜕

𝜕𝑝
[𝑝2𝐷(𝑝)

𝜕𝑓(𝑝,𝑡)

𝜕𝑝
]                                               (1) 

 

Aquí f(p, t) es el ángulo de paso de la densidad promedio de las partículas de momento p que 
interactúan con la turbulencia en el tiempo t, y D(p) es el coeficiente de difusión que caracteriza la 
dinámica de interacción entre las partículas y el tipo específico de turbulencia, que se supone 
homogéneo e independiente del tiempo (Tsytovich, 1977). Además, se puede encontrar una solución 
alternativa para esta ecuación de difusión por su transformación en una ecuación de tipo Fokker-Planck 
en el espacio de energía de las partículas (Ginzburg & Syrovatskii 1964): 
 

𝜕𝑁(𝐸,𝑡)

𝜕𝑡
=

1

2

𝜕2

𝜕𝐸2
[𝐷(𝐸)𝑁(𝐸, 𝑡)] −

𝜕

𝜕𝐸
[𝐵(𝐸)𝑁(𝐸, 𝑡)]                          (2) 

 
donde E es la energía cinética de las partículas, y N(E, t) es el número de partículas por intervalo de 

energía en el tiempo t; D(E) es la tasa de cambio de energía difusiva producida por la dispersión en la 
ganancia de energía en torno al valor de la tasa sistemática de ganancia de energía, dada por B(E). El 
efecto de las pérdidas de energía sistemáticas o cualquier otro efecto de aceleración sistemática se 
puede introducir en el segundo término de la derecha de la ecuación anterior al establecer A(E) = B(E) 
± Procesos de cambio de energía sistemáticos adicionales (Ginzburg, 1958). Además, se agrega un 
término fuente Q(E, t), (que indica la inyección de partículas externas en la región de aceleración) y un 
término de sumidero, que se supone describe cualquier tipo de proceso de desaparición de partículas 
del volumen de aceleración en el tiempo característico de desaparición (o de escape) τ(E, t). Empleando 
estos argumentos, la ecuación anterior generalmente se reescribe como: 
 

𝜕𝑁(𝐸,𝑡)

𝜕𝑡
=

1

2

𝜕2

𝜕𝐸2
[𝐷(𝐸)𝑁(𝐸, 𝑡) ] −

𝜕

𝜕𝐸
[𝐴(𝐸)𝑁(𝐸, 𝑡)] −

𝑁(𝐸,𝑡)

𝜏(𝐸,𝑡)
+ 𝑄(𝐸, 𝑡)          (3) 

 
Aquí A(E) es el efecto sistemático de los procesos de aceleración y desaceleración estocásticos como 

cualquier efecto secular eventual de cambio de energía. Y D(E) son los efectos difusivos debido a la 
dispersión alrededor de la tasa de cambio de energía sistemática A(E); D(E) se discutió en Pérez-Peraza 
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& Gallegos-Cruz, 1994. En este sentido ya mencionamos que los primeros enfoques para resolver 
analíticamente este tipo de ecuación se relacionaron con soluciones en rangos de energía limitados: en 
el rango ultrarrelativista Kaplan (1956), Ginzburg (1958), Kardashev (1962), Ginzburg y Syrovatskii 
(1964), Tverskoi (1967), Ramaty (1979), y Melrose (1980); en el rango no relativista de Tverskoi (1967), 
Ramaty (1979), y Barbosa (1979). Schlickeiser (1984), Droge y Schlickeiser (1986), y Steinacker & 
Schlickeiser (1989) obtuvieron soluciones analíticas solo para el estado estacionario sobre todo el rango 
de energías. Mullan (1980) y Miller et al., (1987), obtuvieron soluciones numéricas dependientes del 
tiempo solo en intervalos no relativistas y por último Miller et al., (1990), obtuvieron soluciones en todo 
el rango de energías, pero también de forma numérica. 

 
Entre las simplificaciones habituales para resolver la ecuación se encuentran considerar la 

independencia con respecto al tiempo y la energía de los procesos de inyección, el tiempo de escape así 
como para la eficiencia de aceleración, debido a que cada evento tiene diferente comportamiento, 
difieren por ejemplo debido a las condiciones locales de evento a evento, igual que los campos 
magnéticos y eléctricos debido a las diversas topologías que puede tomar la lámina magnética de 
corriente neutra (MNCS por sus siglas en ingles), Pérez-Peraza et al., 1977 y 1978, en la estructura propia 
de cada fulguración, por lo que estos parámetros (eficiencia de aceleración, tiempo de escape, 
intensidad del campo magnético, densidad del plasma y longitud de la MNCS) se toman como 
parámetros libres, y en base a ellos se realizan los ajustes teóricos contra los espectros observacionales 
de energía. 

 
Consideramos, de igual manera, para simplificar, el supuesto general de que el flujo N(E, t) se está 

inyectando a una velocidad Q(E) = q(E)Θ( t) ≈ q(E) [donde Θ(t) es la función escalón] a una velocidad de 
escape τ⁻¹ (Gallegos-Cruz & Pérez-Peraza, 1995). 
 
Los espectros teóricos desarrollados en la presente tesis son: 
 
1. Espectro de energía dependiente del tiempo con turbulencia MHD, inyección 

monoenergética y deceleración adiabática. 

El espectro dependiente del tiempo para la turbulencia de MHD, con inyección monoenergética, τ = 
cte. y D(p) ≈ p2/β se ha dado en la Ecuación 41 en Gallegos-Cruz & Pérez-Peraza (1995), Ec. 3 en 
Pérez-Peraza et al., (2009): esta formulación con la incorporación de pérdidas de energía adiabática 
se empleó en Pérez-Peraza et al., 2018: 

𝑁(𝐸, 𝑡) ≅
(𝛽0 𝛽⁄ )1 4⁄ (𝜀 𝜀0⁄ )1 2⁄ (𝛽0

3 2⁄
𝜀0)−1

(4𝜋𝛼/3)1 2⁄ [(
𝑁0

𝑡1 2⁄ ) 𝑒𝑥𝑝 (−𝑎𝑓𝑡 −
3𝐽𝑓

2

4𝛼𝑡
) +

(
𝑞0

2
) (

𝜋

𝑎𝑓
)

1

2
𝑅5(𝜀0 , 𝜀)] [𝐹𝑎𝑑(𝜌0, 𝜀)/4𝜋𝑅𝑆𝐸

2 ]    protones/ (MeV s cm2 str)                    (4) 

donde    (
𝑑𝐸

𝑑𝑡
)

𝑎𝑐𝑐
= 4𝜀/3 (𝑀𝑒𝑉 𝑠⁄ )= la razón de aceleración estocástica; 
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y            (
𝑑𝐸

𝑑𝑡
)

𝑎𝑑
= −

0
𝛽2𝜀 (𝑀𝑒𝑉 𝑠⁄ ) = la razón de deceleración adiabática, 

 
con  (𝑠−1) la eficiencia de aceleración y 

0
= (2 3⁄ )(𝑉𝑟 𝑅⁄ ) (𝑠−1) es la eficiencia de desaceleración debida al 

enfriamiento adiabático. Además, Vr y R son la velocidad de expansión y la extensión lineal de la estructura 

magnética en expansión, respectivamente; 𝑁0 = protones; 𝑞0 = protones y RSE = 1.5x1013 cm = distancia sol-

tierra 

𝑅5(𝜀0, 𝜀) = [𝑒𝑟𝑓(𝑍1) − 1] 𝑒𝑥𝑝[(3𝑎𝑓 2𝛼⁄ )𝐽𝑓
2] + [𝑒𝑟𝑓(𝑍2) + 1] 𝑒𝑥𝑝[−(3𝑎𝑓 2𝛼⁄ )𝐽𝑓

2]; 

 

𝑍1,2 = (𝑎𝑓𝑡)1 2⁄ ± (3𝑎𝑓 4𝛼𝑡⁄ )1 2⁄ 𝐽𝑓;     𝑎𝑓 = (
𝛼

3
) (𝐹

¯

+
3

𝛼𝜏
− 3𝜌(4 − 𝛽2 − 𝛽0

2) 2𝛼⁄ ) ; 

 
𝐹̅ = 0.5[𝛽−1 + 3𝛽 − 2𝛽3 + 𝛽0

−1 + 3𝛽0 − 2𝛽0
3];  

𝛽 = (𝜀2 − 𝑚2𝑐4)1/2 𝜀⁄ ;           𝛽0 = (𝜀0
2 − 𝑚2𝑐4)1/2 𝜀0⁄  

𝐽𝑓 = 𝑡𝑎𝑛−1𝛽
1
2 − 𝑡𝑎𝑛−1𝛽0

1 2⁄
+ 0.5𝑙𝑛 [

(1 + 𝛽1 2⁄ )(1 − 𝛽0
1 2⁄ )

(1 − 𝛽1 2⁄ )(1 + 𝛽0
1 2⁄ )

] ; 

𝐹𝑎𝑑(𝜌0, 𝜀) = [
𝜀0(1+𝛽0)

𝜀(1+𝛽)
]

3𝜌0
2𝛼⁄

 con 𝜀0 (MeV) la inyección de energía. 

(Nótese que la Ec. 4 es la que aparece graficada en las figuras 2, 3, 4, 5 y 7 del artículo “Source Energy 

Spectrum of the 17 May 2012 GLE”) 

2. Espectro de energía en estado estacionario con turbulencia MHD, inyección 
monoenergética y deceleración adiabática para τ = cte. 
 

El Espectro de estado-estacionario para turbulencia MHD, inyección monoenergética, τ = cte., y D(p) 
≈ p2/β, se ha dado en la Ec. 42 en Gallegos-Cruz & Pérez-Peraza (1995): esta formulación también 
se desarrolló con la inclusión de pérdidas de energía adiabáticas: 
 

𝑁(𝐸) ≈ (𝑞0 2)(𝑎𝑓𝛼 3)⁄ −1 2⁄⁄ (𝛽0
3 2⁄

𝜀0)
−1

(𝛽0 𝛽⁄ )1 4⁄ (𝜀 𝜀0⁄ )1 2⁄ 𝑒𝑥𝑝 [−(3𝑎𝑓 𝛼⁄ )
1 2⁄

𝐽𝑓] [𝐹𝑎𝑑(𝜌0, 𝜀)/4𝜋𝑅𝑆𝐸
2 ] 

protones/ (MeV cm2 str)         (5) 
 

donde: ,
0

, 𝑎𝑓, 𝐹̅, 𝐽𝑓 , 𝛽, 𝛽0, 𝜀0, 𝐹(
0

) y RSE son las mismas que en la Ecuación (4). 

(Nótese que la Ec .5 es la que aparece graficada en la figura 7 del artículo “Source Energy Spectrum 

of the 17 May 2012 GLE”) 

3. Espectro de energía en estado estacionario con turbulencia MHD, inyección 

monoenergética y deceleración adiabática para τ ≈ 1/β. 

 

El espectro de estado estacionario para turbulencia MHD, inyección monoenergética, τ ≈ 1/β, y D(p) 
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≈ p2/β, se ha dado en la Ecuación 43 en Gallegos-Cruz & Pérez-Peraza (1995): esta formulación con 

la incorporación de pérdidas de energía adiabática se empleó en Pérez-Peraza et al., (2018): 
 

𝑁(𝐸) =
(𝑞0 2⁄ )(𝛽0 𝛽⁄ )

1
4(𝜀 𝜀0⁄ )

1
2

(4𝜋𝑅𝑆𝐸
2 )(𝛼 3⁄ )

1
2𝑎

1
4(𝐸)𝑎

1
4(𝐸0)𝛽0

3
2𝜀0

[
𝜀 + 𝛽𝜀

𝜀0 + 𝛽0𝜀0

]
−(𝑏+

1
2𝑏

)

𝑒𝑥𝑝 [(
−1

2𝑏
) (𝛽−1 − 𝛽0

−1)] [𝐹𝑎𝑑(𝜌0, 𝜀)/4𝜋𝑅𝑆𝐸
2 ] 

protones/ (MeV cm2 str)         (6) 

donde , 
0

, 𝑎𝑓, 𝐹̅, 𝐽𝑓  , 𝛽, 𝛽0, 𝜀0, 𝐹(
0

) y RSE son las mismas que en la Ec. (4). 

(Nótese que la Ec. 6 es la que aparece graficada en las figuras 4 y 7 del artículo “Source Energy 

Spectrum of the 17 May 2012 GLE”) 

4. Espectro de energía en estado estacionario por un campo eléctrico directo 
en una hoja de corriente magnética neutra (MNCS). 

 
El espectro de estado estacionario por un campo eléctrico directo en una hoja de corriente 
magnética neutra (MNCS), se ha dado en Pérez-Peraza et al., (1978) y la Ecuación 1 en Pérez-Peraza 
et al. (2009): 
 

𝑁(𝐸) = 𝑁0(𝐸 𝐸𝑐⁄ )−1/4𝑒𝑥𝑝[−1.12(𝐸 𝐸𝑐⁄ )3 4⁄ ]    protones/ (MeV cm2 str)       (7) 

 
con 𝑁0 = 8.25 × 105 (

𝑛𝐿2

𝐵
) (

1

𝐸𝑐
) /4𝜋𝑅𝑆𝐸

2  protones/(MeV cm2 str), asumiendo una conductividad 

anómala; 𝐸𝑐 = 1.792 × 103 (
𝐵2𝐿

𝑛
) 𝑀𝑒𝑉, B = intensidad del campo magnético (gauss), L = longitud de 

la MNCS (cm); y n = densidad del plasma (cm-3). 

(Nótese que la Ec. 7 es la que aparece graficada en las figuras 1 y 6 del artículo “Source Energy 

Spectrum of the 17 May 2012 GLE”) 

5. Espectro de energía dependiente del tiempo para turbulencia MHD con 
inyección monoenergética, deceleración adiabática y deceleración por 
pérdidas colisionales. 
 

El espectro dependiente del tiempo para la turbulencia de MHD, con inyección monoenergética, τ = 
cte. y D(p) ≈ p2/β se ha dado en la Ecuación 41 en Gallegos-Cruz & Pérez-Peraza (1995), Ec. 3 en 
Pérez-Peraza et al., (2009), esta formulación con la incorporación de pérdidas de energía adiabática 

se empleó en Pérez-Peraza et al., 2018. En este paso agregamos la deceleración por pérdidas 

colisionales: 

𝑁(𝐸, 𝑡) ≅
(𝛽0 𝛽⁄ )1 4⁄ (𝜀 𝜀0⁄ )1 2⁄ (𝛽0

3 2⁄
𝜀0)−1

(4𝜋𝛼/3)1 2⁄ [(
𝑁0

𝑡1 2⁄ ) 𝑒𝑥𝑝 (−𝑎𝑓
′ 𝑡 −

3𝐽𝑓
2

4𝛼𝑡
) +
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(
𝑞0

2
) (

𝜋

𝑎𝑓
′ )

1

2
𝑅5

′ (𝜀0, 𝜀)] [𝐹𝑎𝑑(𝜌0, 𝜀)𝐹𝑐𝑜𝑙/4𝜋𝑅𝑆𝐸
2 ]                 Protones/(MeV s cm2 str)             (8) 

dónde: 

𝑅5
′ (𝜀0, 𝜀) = [𝑒𝑟𝑓(𝑍𝑓1) − 1] 𝑒𝑥𝑝[(3𝑎𝑓

′ 2𝛼⁄ )𝐽
𝑓
2] + [𝑒𝑟𝑓(𝑍𝑓2) + 1] 𝑒𝑥𝑝[−(3𝑎𝑓

′ 2𝛼⁄ )𝐽
𝑓
2]; 

𝑍𝑓1,𝑓2 = (𝑎𝑓
′ 𝑡)1 2⁄ ± (3𝑎𝑓

′ 4𝛼𝑡⁄ )1 2⁄ 𝐽𝑓; 
y , 

0
, 𝐹̅, 𝐽𝑓 , 𝛽, 𝛽0, 𝜀0 y RSE son las mismas que en la Ec. (4) 

 

Para los términos 𝑎𝑓
′  y Fcol considerando pérdidas de energía por colisión se tienen dos casos: 

 

5.1.- El primero es cuando solo se consideran las perdidas colisionales a altas energías arriba de la 

velocidad de Bohr (las llamadas antiguamente perdidas por ionización del plasma) y que 
convencionalmente se expresa de la forma siguiente (Ginsburg & Sirovatski, 1964), en donde la tasa 
de pérdidas por colisión, en un medio de densidad 𝑛, es: 

 

                    (
𝑑𝐸

𝑑𝑡
)

𝑖𝑜𝑛
= −

7.62𝑥10−9𝑛𝐿

𝛽
      (eV/s)                                       (9) 

 
con β = v/c la velocidad de la partícula en términos de la velocidad de la luz, L es un factor 
unidimensional y depende logarítmicamente de la energía de la partícula. Asumiremos un valor de 
L~27 para las condiciones de una fulguración solar, cuando la concentración del medio es n~1012-
1013 cm3. 
 

En estas condiciones los términos 𝒂𝒇
′  y Fcol obtenidos son los siguientes: 

 

𝑎𝑓
′ =  𝑎𝑓 −

ℎ

2
[

𝛽2−1

𝜀𝛽
3 −

𝛽0
2−1

𝜀0𝛽0
3 ]                  y 

𝐹𝑐𝑜𝑙 = 𝐹𝑐𝑜𝑙(𝑛, 𝜀) = [
𝛽2𝜀2(𝜀0 − 𝑚𝑐2)

𝛽0
2𝜀0

2(𝜀 − 𝑚𝑐2)
]

3ℎ
4𝛼𝑚𝑐2

𝑒𝑥𝑝 {
3ℎ

4𝛼
(

1

𝜀𝛽2 −
1

𝜀0𝛽0
2)} 

 
donde ℎ = 7.62𝑥10−9𝑛𝐿 y 𝑎𝑓 es la mismas que en la Ec. (4), la cual incluye aceleración y 

pérdidas adiabáticas. 
 
5.2.- El segundo caso es considerar la descripción completa de las pérdidas por colisión a lo largo 
de todo el rango de energía desde energías termales hasta ultrarrelativistas, incluidas las pérdidas 
en la parte de baja energía (el llamado frenado nuclear y frenado electrónico), Buttler & Buckingham 
(1962) y posteriormente optimizada (Perez-Peraza & R. Lara-A. 1979;Perez-Peraza, 1981) como: 
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                     (
dE

dt
)

𝑐𝑜𝑙
= 𝐴𝑐𝑜𝑙 = −

1.57x10−35n

β

Q2

A
H(x)lnΛ     (eV/ns)                    (10) 

dónde 

𝑥𝑒 = 5.44x104βT−0.5 , 𝑥𝑝 = 2.33x106βT−0.5, H(x) = ξ1He(xe) + ξ2Hp(xp)      con 

He(xe) = 0.88erf(xe) − (1 − 5.48x10−4/A)xee−xe
2
 para electrones, 

Hp(xp) = 0.88erf(xp) − (1 +
1

A
)xpe−xp

2
  para protones, 

ξ1 = 1.097803296x1027, ξ2 = 5.979073244x1023 , 

𝑛 = densidad del plasma (𝑐𝑚−3) & Λ = [4.47x1016A(T n⁄ )0.5β2] Q⁄  

Para este caso los términos 𝒂𝒇
′  y Fcol obtenidos son los siguientes: 

 

𝑎𝑓
′ =  𝑎𝑓 −

1

2
(𝑎𝑓𝑐𝑜𝑙(𝐸) + 𝑎𝑓𝑐𝑜𝑙(𝐸0))                   donde 

 
𝑑𝑜𝑛𝑑𝑒 𝑎𝑓 𝑒𝑠 𝑙𝑎 𝑚𝑖𝑠𝑚𝑎 𝑞𝑢𝑒 𝑒𝑛 𝑙𝑎 𝐸𝑐𝑢𝑎𝑐𝑖ó𝑛 4 𝑦 
 

𝑎𝑓𝑐𝑜𝑙(𝐸) =  
𝑑𝐴𝑐𝑜𝑙

𝑑𝐸
=

=  
𝑘1(𝛽2 − 1)

𝜀𝛽3
𝑙𝑛(𝑘2𝛽2)[𝑘3𝑒𝑟𝑓(𝑘4𝛽) − 𝑘5𝑘4𝛽𝑒−𝑘4

2𝛽2
+ 𝑘6𝑒𝑟𝑓(𝑘7𝛽) − 𝑘8𝑘7𝛽𝑒−𝑘7

2𝛽2
]

+
𝑘1𝑙𝑛(𝑘2𝛽2)

𝛽
[𝜀−1(𝛽−1 − 𝛽) {𝑒−𝑘4

2𝛽2
[
2𝑘3

√𝜋
− 𝑘4𝑘5(1 − 2𝑘4

2𝛽)]

+ 𝑒−𝑘7
2𝛽2

[
2𝑘6

√𝜋
− 𝑘8𝑘7(1 − 2𝑘7

2𝛽)]}]

+
2𝑘1(𝛽2 − 1)

𝜀𝛽
[𝑘3𝑒𝑟𝑓(𝑘4𝛽) − 𝑘5𝑘4𝛽𝑒−𝑘4

2𝛽2
+ 𝑘6𝑒𝑟𝑓(𝑘7𝛽) − 𝑘8𝑘7𝛽𝑒−𝑘7

2𝛽2
] 

 
Y por último: 

𝐹𝑐𝑜𝑙 = 𝐹𝑐𝑜𝑙(𝑇, 𝑛, 𝜀) = 𝑒𝑥𝑝 {−
1

2
∫ 𝑃1𝑐𝑜𝑙(𝛽(𝐸))

𝐸

𝐸0

𝑑𝐸} 

 
donde 
 

𝑃1𝑐𝑜𝑙(𝛽(𝐸)) =  
3𝑘1

𝛼
{𝑘3 ∫

𝑙𝑛(𝑘2𝛽)𝑒𝑟𝑓(𝑘4𝛽)

𝜀𝛽3(1 − 𝛽2)
𝑑𝛽 +

𝛽

𝛽0

𝑘4𝑘5 ∫
𝑙𝑛(𝑘2𝛽)𝑒𝑥𝑝(−𝑘4

2𝛽)

𝜀𝛽2(1 − 𝛽2)
𝑑𝛽

𝛽

𝛽0

− 𝑘6 ∫
𝑙𝑛(𝑘2𝛽)𝑒𝑟𝑓(𝑘7𝛽)

𝜀𝛽3(1 − 𝛽2)
𝑑𝛽 +

𝛽

𝛽0

𝑘7𝑘8 ∫
𝑙𝑛(𝑘2𝛽)𝑒𝑥𝑝(−𝑘7

2𝛽)

𝜀𝛽2(1 − 𝛽2)
𝑑𝛽 −

𝛽

𝛽0

} 
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con: 

𝑘1 =  −1.57x10−35n𝑄2 𝐴⁄  

𝑘2 = [4.47x1016A(T n⁄ )0.5] Q⁄  

𝑘3 = 0.88ξ
1
 

𝑘4 = 5.44x104T−0.5 

𝑘5 = ξ
1
(1 − 5.48x10−4/A) 

𝑘6 = 0.88ξ
2
 

𝑘7 = 2.33x106T−0.5 

𝑘8 = ξ
2
(1 +

1

A
) 

𝑄 = 𝑐𝑎𝑟𝑔𝑎 𝑎𝑡ó𝑚𝑖𝑐𝑎 𝑦 𝐴 = 𝑚𝑎𝑠𝑎 𝑎𝑡ó𝑚𝑖𝑐𝑎 

 

6. Espectro de energía dependiente del tiempo para turbulencia MHD con 
inyección monoenergética, deceleración adiabática, deceleración por 
pérdidas colisionales y deceleración por degradación energética por 
colisiones protón-protón. 

 
En la actualidad, hay evidencias de la aparición de reacciones nucleares entre los núcleos solares y el 
material solar, que producen rayos gamma de alta energía, aunque no está absolutamente claro si las 
reacciones nucleares de las partículas energéticas solares y el material solar tienen lugar, cuando se 
inyectan protones en la fotósfera, o pasan a través de condensaciones coronales, o durante su 
aceleración dentro del material denso de las regiones de la fulguración. Asumiremos que las 
interacciones nucleares ocurren al menos en el volumen de aceleración, donde es muy probable que el 
movimiento de las partículas energéticas sea completamente aleatorio con respecto al material solar 
local. El movimiento isotrópico de las partículas aceleradas se sugiere mediante un análisis de los flujos 
de neutrones, Ifedili (1974). A los efectos de los cálculos de pérdida de energía, no tenemos en cuenta 
los protones de colisiones con otras especies nucleares, porque el cambio máximo de energía en la 
dispersión elástica se produce cuando las partículas en colisión tienen una masa similar. Aunque se cree 
que la disipación de energía de las colisiones p:p se debe principalmente a la dispersión elástica, sin 
embargo, a altas energías (> 750 MeV), la sección transversal inelástica se vuelve muy importante, Hess 
(1958), y aumenta hasta un máximo en algunos GeV, donde permanece prácticamente constante. De 
hecho, como la producción de piones se inicia a ~ 285 MeV y una fracción ≥ 35% de la energía cinética 
del protón incidente se convierte en energía pión, entonces, la disipación de energía de la dispersión 
inelástica de p:p no es despreciable en un medio de alta densidad (n ≥ 1012 cm-3). Con respecto a las 
interacciones inelásticas de p:p, la línea de rayos gamma a 2.2 MeV debido a la rápida producción de 
neutrones, parece ser una fuerte evidencia de la aparición de colisiones de p:p en las erupciones solares. 
Todo esto depende en gran medida del modelo de producción: la geometría supuesta y la forma 
espectral considerada, Bai & Ramaty (1976). De hecho, la sección transversal para las interacciones 
posteriores es 10-100 veces mayor, es decir, su umbral es ≤ 36 MeV/nucleón, mientras que para la 
dispersión inelástica de p:p es ~ 285 MeV. Sin embargo, se sabe desde hace mucho tiempo, Cameron 
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(1967), que las abundancias solares de CNO y He son del orden de ~ 1.5-7% con respecto al H local, de 
tal manera que este tipo de equilibrio entre las abundancias locales y las secciones transversales de 
interacción indican una alta probabilidad de que ocurran colisiones p:p en el propio cuerpo del material 
de la fulguración solar. El principal problema relacionado con estas características es que algunas 
reacciones rinden a altas energías, y otras por decaimiento producen rayos gamma solares de alta 
energía (50 MeV) que, según nuestro conocimiento, no han sido explicados satisfactoriamente, ni su 
posible absorción en el material solar. De hecho, el amplio pico predicho para estos rayos gamma que 
van desde ~38.5-118 MeV, Bland, (1966), probablemente podría dificultar su identificación debido a la 
presencia de fotones de alta energía esperados por la Bremsstrahlung de electrones solares de muy alta 
energía. Además, existe el hecho de que las reacciones p:p de alta energía deben ocurrir con mayor 
frecuencia, ya que la sección transversal inelástica aumenta progresivamente desde 290 MeV hasta un 
máximo de aproximadamente 1 GeV, donde permanece prácticamente constante. Chupp (1971) & 
Chupp et al., (1974), han revisado los problemas relacionados con los productos secundarios de las 
interacciones nucleares en las fulguraciones solares. Sin embargo, más adelante en este trabajo, 
mostramos que solo se esperan colisiones p:p en algunos GLE. Por lo tanto, aunque el flujo medido de 
partículas no distingue si los protones solares han sufrido colisiones nucleares o no, la modulación del 
espectro de energía por sus efectos proporciona información disponible sobre su ocurrencia. La 
importancia de la degradación de la energía de las colisiones p:p en la física de los rayos cósmicos se 
señaló por primera vez en Vernov et al., (1955). La tasa de pérdida de energía por interacciones nucleares 
está de acuerdo con Ginzburg (1969) 
 

𝑑𝐸

𝑑𝑡
= −𝜎𝑐𝑛𝛽𝜀 (𝑒𝑉/𝑠) 

 
donde σ en colisiones p:p se compone de σp-p

ine+σp-p
el, como la sección transversal inelástica es 

débilmente dependiente de la energía, puede ser aproximada a su valor medio a altas energías (σp-p
ine ~ 

26 mb). Con respecto a las colisiones elásticas, un ajuste razonable de los datos de la sección transversal 
diferencial viene dado por una expresión analítica, Ramudarai & Biswas (1974). Como la sección 
transversal diferencial es altamente isotrópica, podemos suponer simetría alrededor de 90°, de modo 
que su expresión se puede reescribir como σp-p

el = hE-2 + JE-1 (si E ≤ 110 MeV) y σp-p
el = hE-2 + f (si E > 110 

MeV), donde h = 96.09 mb-MeV2, j = 5.497 X 103 mb MeV y f = 46.49 mb. Tenemos entonces de la 
ecuación anterior: 
 

(
𝑑𝐸

𝑑𝑡
)

𝑝−𝑝
= −𝑐𝑛(ℎ𝐸2 + 𝑗𝐸)𝛽𝜀 (𝑆𝑖 𝐸 ≤ 110 𝑀𝑒𝑉) 

(
𝑑𝐸

𝑑𝑡
)

𝑝−𝑝
= −𝑐𝑛(ℎ𝐸2 + 𝑓)𝛽𝜀 (𝑆𝑖 110 < 𝐸 ≤ 290 𝑀𝑒𝑉) 

(
𝑑𝐸

𝑑𝑡
)

𝑝−𝑝
= −[𝜂 + 𝑐𝑛(ℎ𝐸2 + 𝑓)]𝛽𝜀 (𝑆𝑖 𝐸 ≥ 290 𝑀𝑒𝑉), 𝑑𝑜𝑛𝑑𝑒 𝜂 = 𝑐𝑛𝜎𝑖𝑛 

 
Para que el cambio energético neto pueda ser compactado como: 
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(
𝑑𝐸

𝑑𝑡
)

𝑝−𝑝
= −(ℎ𝐸2 + 𝑗𝐸 + 𝑓 + 𝜂)𝛽𝜀 (𝑒𝑉/𝑠)                          (11) 

 
donde h(n) = 2.88 x 10-15 n MeV2 s-1, j(n) = 1.65 x 10-13 n MeV s-1 (si E ≤ 110 MeV), j = 0 y f(n) = 1.39 x 10-

15 n s-1 (si E > 110 MeV), f = 0 (si E ≤ 110 MeV), η(n) = 8.1 x 10-16 n s-1, (si E > 290 MeV) y η = 0 (si E < 290 
MeV). 
 
Dentro de las Pérdidas Colisionales también vamos a considerar este caso (colisiones 
coulombianas + colisiones proton-proton). En consecuencia, considerando la última ecuación del 
espectro de energía dependiente del tiempo para la turbulencia MHD, con inyección 
monoenergética, τ = cte y D(p) ≈ p2/β, considerando la deceleración por pérdidas adiabaticas, 
colisionales y las debidas a la Degradación Energética por Colisiones Protón-Protón toma la 
siguiente forma: 
 

𝑁(𝐸, 𝑡) ≅
(𝛽0 𝛽⁄ )1 4⁄ (𝜀 𝜀0⁄ )1 2⁄ (𝛽0

3 2⁄
𝜀0)−1

(4𝜋𝛼/3)1 2⁄ [(
𝑁0

𝑡1 2⁄ ) 𝑒𝑥𝑝 (−𝑎𝑓
′′𝑡 −

3𝐽𝑓
2

4𝛼𝑡
) +

(
𝑞0

2
) (

𝜋

𝑎𝑓
′′)

1

2
𝑅5

′′(𝜀0, 𝜀)] [𝐹𝑎𝑑(𝜌0, 𝜀)𝐹𝑐𝑜𝑙(𝑇, 𝑛, 𝜀)𝐹𝑝−𝑝(𝑛, 𝜀)/4𝜋𝑅𝑆𝐸
2 ]   Protones/(MeV s cm2 str) 

(12) 
 

dónde: 

𝑅5
′′(𝜀0, 𝜀) = [𝑒𝑟𝑓(𝑍𝑓1) − 1] 𝑒𝑥𝑝[(3𝑎𝑓

′′ 2𝛼⁄ )𝐽
𝑓
2] + [𝑒𝑟𝑓(𝑍𝑓2) + 1] 𝑒𝑥𝑝[−(3𝑎𝑓

′′ 2𝛼⁄ )𝐽
𝑓
2]; 

𝑍𝑓1,𝑓2 = (𝑎𝑓
′′𝑡)1 2⁄ ± (3𝑎𝑓

′′ 4𝛼𝑡⁄ )1 2⁄ 𝐽𝑓; 
 
y , 

0
, 𝐹̅, 𝐽𝑓 , 𝛽, 𝛽0, 𝜀0 y 𝑅𝑆𝐸  son las mismas que en la Ec. 4 

 

Para los términos 𝒂𝒇
′′ y Fp-p considerando Degradación Energética por Colisiones Protón-

Protón tenemos: 

𝑎𝑓
′′ =  𝑎𝑓

′ −
1

2
(𝑎𝑓𝑝−𝑝(𝐸) + 𝑎𝑓𝑝−𝑝(𝐸0)) 

 

donde a’f es la misma que la Ec. 8 y ya incluye pérdidas adiabáticas y colisionales, y  
 

𝑎𝑓𝑝−𝑝(𝐸) =  
𝑑𝐴𝑝−𝑝

𝑑𝐸
=

3ℎ𝐸3 + (5ℎ𝑚𝑐2 + 2𝑗)𝐸2 + (3𝑗𝑚𝑐2 + 𝑓 + 𝜂)𝐸 + (𝑓 + 𝜂)𝑚𝑐2

√𝐸2 + 2𝐸𝑚𝑐2
 

por último: 
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𝐹𝑝−𝑝(𝜀(𝐸), 𝑛)

= 𝑒𝑥𝑝 {
−3

2𝛼
[(𝑗 − 2ℎ𝑚𝑐2)𝑙𝑛 (|√𝐸(𝐸 + 2𝑚𝑐2) + 𝐸 + 𝑚𝑐2|)

+
𝑓 + 𝜂 − (𝑗 − ℎ𝑚𝑐2)𝑚𝑐2

𝑚𝑐2
tan−1 (

√𝐸(𝐸 + 2𝑚𝑐2)

𝑚𝑐2
) + ℎ√𝐸(𝐸 + 2𝑚𝑐2)]

𝐸0

𝐸

}  

donde h(n) = 2.88 x 10-15 n MeV2 s-1, j(n) = 1.65 x 10-13 n MeV s-1 (si E ≤ 110 MeV), j = 0 y f(n) = 1.39 x 10-

15 n s-1 (si E > 110 MeV), f = 0 (si E ≤ 110 MeV), η(n) = 8.1 x 10-16 n s-1, (si E > 290 MeV) y η = 0 (si E < 290 

MeV). 

RESULTADOS. 

En seguida ajustamos los espectros teóricos a los observacionales aplicando la Ec. 12 a los 12 eventos 

estudiados en Pérez-Peraza & Márquez-Adame, 2018. 

La Figura 1 corresponde a los eventos calientes (28-Enero-1967 y 01-Septiembre-1971), podemos 

observar los parámetros de ajuste en la Tabla 1. 

 

 

Figura 1. Espectros de energía observacionales y ajustes teóricos de eventos calientes. 
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Tabla 1. Parámetros en la fuente de producción de particulas solares relativistas obtenidas a partir del 
ajuste entre los espectros de energía observacionales y los teóricos para eventos calientes. 
 

En la Figura 2 se muestran los eventos fríos (12-Noviembre-1960, 04-Agosto-1972, 03-Septiembre-

1960, 30-Marzo-1969 y 02-Noviembre-1969), y sus parámetros de ajuste se despliegan en la Tabla 2. 

 

Figura 2. Espectros de energía observacionales y ajustes teóricos de eventos fríos. 
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Tabla 2. Parámetros en la fuente de producción de particulas solares relativistas obtenidas a partir del 

ajuste entre los espectros de energía observacionales y los teóricos para eventos fríos. 

Por último en la Figura 3 se muestran los eventos cálidos(15-Noviembre-1960, 18-Noviembre-1968, 07-

Julio-1966, 24-Enero-1971 y 25-Febrero-1969), y sus parámetros de ajuste se despliegan en la Tabla 3. 

 

 

Figura 3. Espectros de energía observacionales y ajustes teóricos de eventos cálidos. 
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Tabla 3. Parámetros en la fuente de producción de particulas solares relativistas obtenidas a partir del 

ajuste entre los espectros de energía observacionales y los teóricos para eventos cálidos. 

 

En este trabajo también se ajustaron teóricamente los espectros observacionales obtenidos por 

nuestro grupo de trabajo de los GLE71 y GLE72, dichos ajustes se muestran en la Figura 4, y los 

parametros de ajuste se despliegan en la Tabla 4. 
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Figura 4. Espectros de energía observacionales y ajustes teóricos de los GLE 71 y 72 

 

Tabla 4. Parámetros en la fuente de producción de particulas solares relativistas obtenidas a partir del 

ajuste entre los espectros de energía observacionales y los teóricos par los eventos GLEs 71 y 72. 

 

Enseguida continuamos con el material publicado y/o aceptado para publicación. 
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PRESENTACION DEL CAPITULO EN LIBRO: 

Exploration of Solar Cosmic Ray Sources by Means of Particle Energy Spectra 

A través del análisis del espectro de energía de 12 incrementos a nivel del suelo (GLE) de los protones 

solares, se intenta realizar una contribución en la comprensión del proceso de generación de partículas 

en las fulguraciones solares. Los espectros teóricos de protones se derivan considerando que no hay 

perdida de energía dentro del volumen de aceleración o que se desaceleran durante el proceso de 

aceleración. Al comparar los espectros teóricos de la fuente con los espectros experimentales, se afirma 

que el proceso de generación de partículas solares se desarrolla bajo tres regímenes principales de 

temperatura: la eficiencia de aceleración de las partículas es relativamente alta en los regímenes fríos y 

disminuye a la vez que aumenta la temperatura del medio. Se muestra que en algunos eventos las 

pérdidas de energía son capaces de modular el espectro de aceleración dentro de la fuente durante la 

breve escala de tiempo del fenómeno, mientras que en otros eventos las pérdidas de energía son 

completamente insignificantes durante la aceleración. Se argumenta que la aceleración tiene lugar en 

líneas de campo magnético cerrado y se predice la expansión y compresión del material de origen en 

asociación con el proceso de generación de las partículas. Este estudio nos permite estimar el rango de 

variación de varios parámetros de la fuente de un evento a otro, así como el proceso de aceleración en 

sí. 

 

Estatus: Publicado. 
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Chapter 7 

Exploration of Solar Cosmic Ray Sources by Means of 

Particle Energy Spectra 

Jorge Perez-Peraza and Juan C. Márquez-Adame 

Additional information is avai lable at the end of the chapter 

Abstraet 

Through the analysis of the energy spectrum of 12 ground level enhancements (GLE) of 
solar protens, a contribution in the understanding of the generation process of fIare 
particles is attempted. Theoretical spectra of protons are derived by considering e ither 
they do not lose energy w ithin the acceleration volume or that they are decelerated during 
the acceleration process. By comparing the theoretical source spectra with the experimen­
tal spectra, it is d aimed that the generation process oí solar particles develops under three 
main temperature regimes: the efficiency of particJes acceleration is relatively high in cold­
regimens decreasing whi le increasing the temperature of the medium. It is shown that in 
sorne events energy losses are able to modulate the acceleration spectrum within the 
source during the short time scale of the phenomenon, whereas in other events energy 
losses are completely negligible during the accelera tion. lt is argued that acceleration takes 
place in closed magnetic field lines and predicted the expansion and compression of the 
source materia l in association with the generation process of particles. This study allows 
us to estimate the range of varia tion from event to event of several parameters of the 
source and the acceleration process itself. 

Keywords: solar protons, energy spectrum, solar sources, GlE 

1. Introduction 

Mos! of the information on solar fiares has been generally supplied by !he analysis of !heir 
electromagnetic spectrum; however, the confrontation of timing synchronization between 

IntechOpen 
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2 Cosmic Rays 

electromagnetic flare emissions with those of energetic particles and coronal mass ejections 
(eME) is the method utilized to explore the physical conditions and processes taking place in 
the sources of particle generation. For example, results obtained from the SEPS server project 
and future HESPERIA HORIZON 2020 project. However, the study of the corpuscular radia­
tion emitted in sorne flares can also provide us with very valuable information about the 
physical conditions and processes occurring in association with this solar phenomenon. It is 
known, for instance, that the processes involved in the generation of solar particles are proba­
bly of a non-thermal nature, because the intensity of particles usually decays more softly than 
an exponential of a the thermal type does, and so other properties may be deduced in order to 
investigate how and where multi-GeV solar protons originate, that means the source parame­
ters and the parameters involved in the generation process of particle [69, 70]. In this chapter, 
we attempt to draw sorne inferences conceming solar sources by the analysis of 12 ground 
level enhancements (GLE) of solar cycles 19 and 20. 

It has been shown [40] that the best representation of the energy spectrum of solar protons 
through the whole energy domain explored experimentally at present is given by an inverse 
power law with an upper cutoff in its high energy portion. In fact, a good fit of the experimen­
tal data can be obtained with an exponentiallaw in a limited energy band; however, a strong 
deflection is obtained with them as soon as a wider energy domain is involved. Besides, it has 
been established [11] that the measured differential intensity in solar proton events, as well as 
the source spectrum (inferred as an inverse power law in energy) are both velocity-dependent. 
Therefore, we infer that the acceleration rate of particles in the sun must provide the spectral 
shape and velocity dependence such as suggested by those results. This is the case with an 
energy gain rate of the form 

(1) 

where f3 is the velocity of the particles in units of light velocity and W the total energy of 
particles. The parameter lt denotes the efficiency of the acceleration mechanism, which in the 
case of solar sources may be considered as roughly constant when the acceleration process 
reaches the steady-state in a given event [79, 80]. It has been generally thought that the energy 
loss processes of solar particles acceleration stage are not important in practice, and have only 
been taken into account after the acceleration stage in order to explain sorne features of 
electromagnetic emissions in solar flares and heating of the chromosphere [87]. 

In this chapter we shall consider, together with acceleration, energy loss processes occurring in 
the high density plasma of the solar source. It will be shown that energy losses in sorne proton 
flares can modulate the acceleration spectrum, thus implying that if such a small effect com­
pared to the acceleration rate is able to modify the spectrum during the short lapse of the 
acceleration process, then the source spectrum is actually the result of a strong modulation due 
to local energy losses during acceleration and not only through interplanetary propagation; 
thus in Section 2, we discuss the basic equations of the more plausible energy loss processes in 
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particle sources. In Section 3, we present the observational energy spectrum of the concerned 
GLE as reported by several authors. In Section 4, we deduce theoretical source spectra, without 
and with energy losses during acceleration, disregarding energy changes of after acceleration 
while traversing the dense medium of the solar atmosphere to attain the interplanetary 
medium. In Section 5, we describe the criterion employed to construct integral energy spectra 
of solar proton (GLE) as well as the methods used in calculations; the results are presented 
graphically. In Section 6, the interpretation and significance of our results are discussed. In 
Section 7, the concluding remarks are summarized. 

2. Energy losses of protons during acceleration in solar fIares 

Sorne researchers who study radiation and secondary particle fluxes consider an acceleration 
stage followed by a slowing down phase in the solar material once the action of the accelera­
tion mechanism on particles has ceased (e.g. [86, 87, 88, 89]); and they generally neglect the 
simultaneous occurrence of energy loss and acceleration. 

However, particle acceleration is not performed in the vacuum but in the high density 
medium of Ha re regions; therefore, we shall study the local modulation of the acceleration 
spectrum as the protons are broken during the short-time scale of solar particle generation. 
The most important processes occurring in astrophysical plasmas capable of affecting the 
net energy change rate of particles in the range of kinetic energies of energetic solar protons 
(E~106_101o eV) are: 

2.1. Collisional energy los ses 

These depend strongly on the density and temperature of the plasma; thus we assume that the 
main energy dissipation of particles must occur in the generation region, in the body of the 
flare itself. The rate of collisionallosses in a medium of density n has been given in a simplified 
expression [37] 

(
dW) = _7.62 x 1O-

9
nL (eV/sec) 

dt ion f3 
(2) 

where f3= v/c is the particle velocity in terms of the light velocity, L is a unidimensional factor 
and logarithmically depending marginally on the particle energy. We shall assume a value of L 
~ 27 for solar flare conditions, when the medium concentration is n~1012 - 1013 cm3

. In 
Figure 1, the behavior of Eq. (2) with energy is shown. The complete description of collisional 
losses through the entire energy range including losses in the low energy portion (the so called 
nuclear stopping and electronic stopping) has been given by [10] for fully ionized hydrogen as: 
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nuclear callisians and adiabatic caaling in a medium af densily n ~ 1012_1013 cm- o. 

dE = _1.57 X 1O-
35

Ncf H( )/ A (VI ) 
dt f3 A X n e ns 

where x = 5.44 X 104 f3T-0.5, H(x) = C;1He(Xe) + C;2Hp (xp) with 

He(xe) = 0.88erf(xe) - (1 - 5.48 x 10-4 I A)xee-X; for electrons, 

Hp (xp) = 0.88erf(xp) - (1 + ~)xpe-X~ for protons, 

C;1 = 1.097803296 X 1027, C;2 = 5.979073244 x 1023and A = [4.47 x 1016A(TIN)0.5f32]/Q 

(2.1) 

For the task of simplicity and because we are dealing in this work with GLE (high energy 
protons), we will use preferentially Eq. (2). 
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2.2. Energy degradation from proton-proton collisions 

At present, there are evidences of the occurrence of nuclear reactions between solar nuclei and 
solar material, producing high energy gamma rays although is not absolutely clear whether 
nuclear reactions of solar energetic particles and solar material take place, when protons are 
injected into the photosphere, or they pass through coronal condensations, or during their 
acceleration within the dense material of flare regions. We shall assume that nuclear interac­
tions occur at least in the acceleration volume where very likely the motion of energetic 
particles is completely random with respect to the local solar material. The isotropic motion 
of the accelerated particles is suggested by an analysis of neutron fluxes [45]. For purposes of 
energy loss calculations, we do not take into account collisions protons with other nuclear 
species, because the maximum energy change in elastic scattering occurs when the colliding 
particles have similar mass. Although the energy dissipation from p: p collisions is believed to 
appear mainly from elastic scattering, however at high energies (>750 MeV), the inelastic cross­
section becomes highly important [44] increasing up to a maximum at sorne GeV, where it 
remains practically constant. In fact, as pion production initiates at ~ 285 MeVand a fraction ~ 
35% of the kinetic energy of the incident proton goes into pion energy, then, energy dissipation 
from inelastic p: p scattering is not negligible in a high density medium (n ~ 1012 cm - 3). 

Concerning inelastic p: p interactions, the gamma ray line at 2.2 MeV due to fast neutron 
production, seems to be strong evidence of the occurrence of p: p collisions in solar flares. AH 
this depends strongly on the production model: The assumed geometry and the spectral shape 
considered [2]. In fact, the cross-section for the later interactions is 10: 100 times higher, that is, 
their threshold is ~6 MeV/nucleon, while that for inelastic p: p scattering are ~ 285 MeV. 
Nevertheless, it has been known for a long time from [12] that solar abundances of CNO and 
he are of the order of ~ 1.5: 7% with respect to the local H, in such a way that this kind of 
equilibrium between local abundances and interaction cross-sections states a high probability 
for the occurrence of p: p collisions in the body itself of the solar flare material. The main 
problem related with these features is that sorne reactions, as for instance p(p; ano)p and 
multiple pion yielding at high energies, p(p; an+)p or p(p; an- , bno)p or p(p;n, n+, an+,an--, 

bno) by nO decay produce high energy solar gamma rays (50 MeV) that have neither been 
detected to our knowledge nor their plausible absorption into the solar material satisfactorily 
explained. In fact, the predicted wide peak for these gamma rays ranging from ~38.5: 118 MeV 
[6] could probably render their identification difficult due to the presence of high energy 
photons expected from bremsstrahlung of very high energy solar electrons. In addition, there 
is the fact that high energy p: p reactions must occur more frequently, since the inelastic cross­
section rises progressively from 290 MeV up to a maximum of about 1 GeV where it remains 
practicaHy constant. Refs. [14, 15] have reviewed the problems connected with secondary 
products of nuclear interactions in solar flares. Nevertheless we show later in this work that p: 
p collisions are only expected in sorne few GLE. Hence, although the measured flux of particles 
does not distinguish whether solar protons have suffered nuclear collisions or not, the modu­
lation of the energy spectrum by their effects furnish available information about their occur­
rence. The importance of energy degradation from p: p collisions in cosmic rays physics has 
been pointed out for the first time by [129]. The energy loss rate by nuclear interactions is 
agreement with [38] 
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dW dt = -ocn~W (eV /sec) (3) 

where o in p-p collisions is composed of O~n:p + off-p. As the inelastic cross-section is weakly 

energy dependent, it may be approximated to its mean value at high energies (o~n:p ~ 26 mb).· 

Conceming elastic collisions, a reasonable fit of the differential cross-section data by an ana­
lytical expression has been given by [91]. As the differential cross-section is highly isotropic, 

we can assume symmetry around 90°, such that their expression may be rewritten as off-p = 

hE- 2 + JE - 1 (if E :o; 110 MeV) and off-p = hE- 2 + f (if E > 110 MeV), where h = 96.09 mb-MeV2
, 

j = 5.497 X 103 mb MeV and f = 46.49 mb. We have then from Eq. (3): 

(
dW) (-2-) - = -cn hE + jE ~W (if E:O;110 MeV) 
dt p_p 

(d;') p_p = -cn(hE2 + f)~W (If 110 < E < 290 MeV) 

e;,) p_p = - [1) + cn(hE + f) l~W (If E~290 MeV), where 1) = cnOin 

So that the net energy change can be compacted as: 

(4) 

where h = 2.88 X 10- 15 n Me 2 s- \ j = 1.65 X 10- 13 n MeV S- l (if E:o; 110 MeV), j = O and 

f = 1.39 X 10- 15 n S- l (if E> 110 MeV), f = O (if E :o; 110 MeV), 1) = cno~n:p = 8.1 x 10- 16 n s- \ (if 

E> 290 MeV) and 1) = O if (E < 290 MeV). We have plotted Eq. (4) in Figure 1 for two different 
values of the density n. 

2.3. Adiabatic deceleration at the source level 

Adiabatic cooling of cosmic particles in the solar wind has been proved long ago (e.g. [34]). 
However, here we are dealing with adiabatic cooling at the sources of solar energetic protons 
in GlE and not in the interplanetary or interstellar media medium. It is well-known that great 
fiares are associated with magnetic arches, such as loop prominences and fiare nimbuses (e.g. 
[7, 97, 98]) which occur between regions of opposite-polarity in the photosphere. Observations 
show that magnetic fIux tubes expand from fiare regions [23, 66, 107, 109, 117]. These config­
urations identified as "magnetic bottles" are usually related to the development of fiare 
phenomena (e.g. [14, 83, 84, 96, 104, 110, 123]), therefore, we shall investigate the relationship 
between these magnetic structures and the phenomenon of particle generation through the 
study of the energy spectra of solar protons in GlE: We assume the hypothesis that particles 
are enclosed within those "magnetic bottles", where they are accelerated up to high energies. 
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Therefore, while the acceleration mechanism is in effect, and a fraction of particles are escaping 
from the flare region, the bulk of particles lose energy by adiabatic cooling due to the work that 
protons exert on the expanding material. Mechanisms for the expansion (or compression) of 
magnetic structures have been widely discussed (e.g. [96, 99]). It has been shown through 
energetic estimations that when particle kinetic density exceeds magnetic field pressure, the 
sunspot field lines are transported upward by the accelerated plasma; and thus, owing to the 
decrease of magnetic field density according to the altitude over the photosphere [1, 101], the 
magnetic bottles blow open at an altitude lower than 0.6: 1 Rs allowing particles] to escape into 
the interplanetary medium. Particles that have left the acceleration region before the magnetic 
bottle blows up may escape due to drift by following the field lines, or they remain sto red 
therein losing energy losing energy until the magnetic structure is opened. We shall not 
consider this eventual deceleration during particle storage but only energy losses inside the 
acceleration volume. According to [46, 77], the energy change rate of particles by expansion (or 
compression) of magnetic fields producing adiabatic cooling or heating of the solar cosmic ray 
gas, when the non-radial components of the plasma velocity are negligible is given as 

(
dE) 2 V, 
dt ad = ±3R!1E (eV/sec) (5) 

where Vr and R are the velocity and distance of the plasma displacement, respectively, !1 = 1+ y- 1 

and y = WIMe. Hence, in tenns of total energy W the adiabatic deceleration rate in the expanding 
magnetic fields may be expressed as 

(d;) = -pf32W (eV/sec) (6) 

In order to estimate an approximate value for p = (2/3) (Vr/R) in flare conditions, we extend the 
following considerations: it is known that the hydromagnetic velocity of the coronal expansion 
is in average of the order 400 km S- l) and that in association with proton flares type IV sources 
systematically appear expanding with velocities in the range of IOZ-103 km S- l depending on 
the direction of the expansion (e.g. [100, 101, 136]). Observations also show displacements with 
velocities of 650-2600 km S- l in association with type II burst [95] and expansion of flare knots 
in limb flares with velocities in the range 5.3-110 km s - 1 [54, 55, 83, 84]. Besides, it is also known 
that closed magnetic arches have a mean altitude of 0.6 Rs aboye the photosphere [122]. There­
fore, assuming that the average velocity of 400 km S- l is a typical value of magnetic motions in 
the chromosphere and low corona and an average expanded distance of the source of 0.3 Rs 

while acceleration is operating, we obtain thus p '" 10- 3 
S- l. On the other hand, if we take into 

account the results usually associated with multi-Gev proton flares (GLE), then, magnetic loops 
expand ~ 30,000 km with a velocity of ~45 km S- l at the time of the flare start, thus giving a 
value for p of the same order. We have illustrated Eq. (6) with p = 10- 3 

S- l in Figure 1. 

It is expected that if the physical conditions in the source of multi-GeV solar proton flares and 
processes acting on solar particles must be similar, the behavior of the theoretical source 
spectra of solar protons from event to event will be similar, and thus by comparing the rates 
(1)-(6) the influence of each process on the acceleration spectrum can be established. For 
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instance, it can be seen from Figure 1 that in the energy range 1-103 MeV and medium 
concentration n = 1013 cm- 3

, the ratio f1 = (dWldt)p_pl(dWldt)coll changes from f1 = 1.7-16 and 
the ratio r2 = (dWldt)adl(dWldt) coll varies fram f2 = 4.61O- s-0.64; therefore if a11 pracesses would 
act simultaneously in solar flares, the acceleration spectrum is mainly affected by energy 
degradation fram p-p collisions, whose effects are stranger in the high energy portion of the 
spectrum. Collisional losses are more important in the non-relativistie region, whereas adia­
batie losses become important in the relativistie region of the spectrum. Using experimental 
data of several GLE of solar pratons, we sha11 investigate if the same pracesses occur in a11 
events, and thus similar physieal conditions are prevalent at the sources, or if they vary from 
event to event, in which, case it is interesting to investigate why and how they vary. 

3. Experimental integral spectra of multi-GeV solar proton events 

The description of the spectral distribution of solar particle fluxes of a given event is 
concerned, the result is a strang spread of spectral shape representations, according to the 
different detection methods employed, the energy bands and time intervals studied. The most 
plausible spectral shapes are described either by inverse power laws in kinetie energy or 
magnetie rigidity and exponentiallaws in magnetie rigidity (e.g. [53]). One of the most popular 
methods was developed by Forman et al, published in Ref. [59]. 

For example, in the case of the GLE of January 28,1967, for which experimental measurements of 
fluxes through a wide energy range are available, several different spectral shapes have been 
analyzed: fram the study of the relativistic portion of the spectrum, [60, 61, 62] proposes an 
exponential rigidity law {~ exp. ( - PIO.6 (GV) } and alternatively a differential power law spectrum 
in rigidity (~ P- s); [8] praposed a differential spectrum of the form (~p-4.8) for relativistic protons 
of the event. Taking into consideration data fram bal1oon, polar satellite and neutron monitors 
(N.M.), [3] gives an integral spectrum of the form (~ p - 4); similarly, [40] deduced an integral 
spectrum as a power law in kinetie energy (~E-2) with an upper cutoff at Em = 4.3 GeVor in 
magnetic rigidity P as ( ~ p- 3

.
1

) with an upper cutoff at P m = 5.3 Gv. These authors have shown that 
as far as the whole energy spectrum through the different energy bands is concerned, any spectral 
shape that does not take into an upper cutoff is strangly deflected from the experimental data. 

It would seem, therefore, that the description of energy spectra of solar particles is one of the 
most particular topies connected with solar cosmic ray physies: that is, owing to the lack of 
global measurements of the whole spectrum at a given time and to the lack of simultaneity in 
the measurements of differential fluxes, the integral spectra must be constructed with the 
inhomogeneous data available for each event. Therefore, in order to do so for 12 GLE during 
solar cycles 19 and 20, we have used low rigidity data (high latitude observations) for the 
following events: for September 3, 1960 event we have employed the 14:10 u.T. data from 
Rocket Observations [18] in the (0.1-0. 7) GV bando For November 12 and 15, 1960 GLE's, we 
have used the 18:40 U.T. and 05:00 U.T. data, respectively, fram racket observations in the 
(6.16-1.02) GV band [73] . For July 7, 1966 GLE, we have used the 19:06 u.T. data given by 
[57,58] in the (0.13-0.19) GV band, and the spectrum given by [118] in the (0.19-0.44) GV band; 
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for higher rigidities (> 0.44 GV) we have employed the 03:00 u.T. measurements on Balloon 
and N.M. data given by [39]. In the events of November18, 1968, February 25, 1969, March 30, 
1969, November 2, 1969 and September 1, 1971, we have used the peak flux data in the 
(0.1-0.7) GV band, given by [47] from the IMP4 and IMP5 satellite measurements. For January 
24, 1971 GLE, we have employed the 06:05 flux data and at 07:20 u.T. in the (0.28-0.7) GV band 
from [134] For August 4, 1972 event, we have considered the HEOS2 graphical fluxes in the 
(0.15-0.45) GV band at 16:00 u.T. by [61] which lie between the 09:57-22:17 u.T. data of [4] and 
is in good agreement with N.M. measurements; for the (0.6-1.02) GV band we have employed 
the balloon extrapolated data by [61]. For the high rigidity portion of the spectrum (> 1.02 Gy), 
we have made use of the measurements given by [41-43] from NM data, in the following form: 

J
Pm 

J(> P) = K P P-"'dP (7) 

where K is a constant, P m the high rigidity cutoff and <1> the spectral slope of the differential fluxes. 

The values of P m and <1> were taken through several hours around the peak flux of the event, as 
explained by the latter authors. The values of <1> were found to be systematically lower than 
other values furnished by GLE measurements due to the presence of the high rigidity cutoff 
parameter. For November 2,1969 event we have taken the high rigidity power law spectrum 
as given by [61]; according to this data, we have considered a characteristic upper cutoff at 
1.6 Gv. In the case of August 4, 1972 event, we have taken the upper bound of <1> given for 
August 7 event by [43] considering that the particle spectrum became flatter with time during 
August 1972 events [4]. For the high rigidity cutoff, we have tested that within the error band, 
the value was essentially the same of that of August 7 event. 

The extrapolation of the high rigidity power laws to the integral fluxes of the lower rigidity 
branches, has allowed us to determine K from Eq. (7) and thus to construct the high rigidity 
branches of the pro ton fluxes. By smoothing fluxes of both branches we have obtained the 
experimental integral spectra, which we have represented in the kinetic energy scale with so lid 
lines through Figures 2-4. We have verified the good agreement of the high energy power law 
shape deduced in this manner, with the corresponding integral slope of the differential power 

law in kinetic energy Jim E-'" dE reported in several works by (e.g. [41-43]). However, although 

it is systematically true that the best fit for the experimental points is given by such a power 
law, it is also true that there are sorne points that do not fit perfectly with that kind of curve; we 
have attempted to include these points in the experimental curves in the case of sorne GLE 
events. For January 28, 1967 event, we employed the integral spectrum deduced by [40] with 
the previously mentioned characteristics. It must be emphasized that the choice of these 12 
multi-GeV proton events (GLE) follows from the fact that they furnish particle fluxes through a 
large range of energy bands and because of the information of the experimental value of Em in 
these cases, which unlike the other parameters of the spectrum is the only one that does not 
vary through the propagation of particles into the interplanetary space as shown by [40]) and 
therefore, can be directly related to the acceleration process 

An excellent review of solar cosmic ray events has been given in [130] . 
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In order to deduce the velocity and time dependent theoretical spectrum of the accelerated 
protons, one must take into account the various pracesses which affect particles during the 
remaining time within the acceleration volume. The main pracesses acting on particles during 
acceleration in a high density plasma are related either to catastrophic changes of particle 
density fram the accelerated flux or to energy losses. Whereas the first kind of processes affect 
mainly the number density of the spectrum, energy losses entail a shift of the particle distribu­
tion toward lower energies, and a certain degradation of the number density due to thermal­
ization of the less energetic particles. The number density changes on the accelerated praton 
flux may occur fram catastrophic particle diffusion out of the flare source or by nuclear 
disintegration or creation of solar pratons by nuclear reactions. Given the lack of knowledge 
about the exact magnetic field configuration and thus of the confinement efficiency of these 
fields, we do not consider here the effects of plausible escape mechanisms [26, 27, 104] on the 
theoretical spectrum. Therefore, to make a clear distinction between the energy loss effects 
(Section 2) on the spectrum of acceleration, we shall also neglect nuclear transformation during 
acceleration, local modulation post-acceleration and interplanetary modulation [67, 68] in this 
appraach. 
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In addition, we shall not take into account spatial spread in the energy change rates within the 
acceleration process such that energy fluctuations [81, 82] which are considered minor for the 
purpose of this work. 

It must be emphasized that since we are dealing with solar energetic particles, the well-known 
phenomena of Forbush decreases are rather related with galactic cosrnic rays but not necessar­
ily with solar energetic protons (e.g. [20]). 

To establish the particle spectrum, we shall follow the assumptions that under the present 
simplified conditions lead to similar results that are obtained by solving a Fokker-Planck type 
transport equation on similar conditions [36, 81], that is, when the steady-state is reached in the 
source: we assume that a suprathermal flux with similar energy or a Maxwellian particle 
distribution is present in the region where the acceleration process is operating and a fraction 
No of them can be accelerated during the time interval in which the stochastic acceleration 
mechanism is acting [93]. The selection of particles follows to the fact that their energy must be 
~ than a critical energy, Eo deterrnined by the competition of acceleration and by local energy 
losses. By analogy with radioactive decay the energy distribution of cosmic ray particles is 
assumed as an exponential distribution in age of the form 

No 
N(E)dE = N(t)dt = - exp (-t/T)dt 

T 

which in terms of the Lorentz factor is expressed as 

N(y)dy=(l/Me)N(t)dt 

(8) 

(8.1) 

where t is the necessary time to accelerate partides up to the energy E and T is considered as a mean 
confinement time of particles in the acceleration process. Eq. (8) represents hence the differential 
spectrum of the accelerated particles; to obtain the integral spectrum we take the integration of (8) 
up to the maximum energy of the accelerated protons, Em (corresponding to the upper cutoff in the 
partide spectrum) the existence of which has been shown by [43] as discussed before. 

(9) 

where tm is the acceleration time up to the high energy cutoff. Because the acceleration process 
is competing with energy loss processes, the net energy gain rate is effectively fixed on 
particles, only beginning at a certain threshold value, Ec defined by (dE/dt) = O, such that only 
particles with E > Ec are able to participate in the acceleration process (the flux No). Thus the 
acceleration time t is defined as 

(10) 

Similarly the constant value tm , representing the acceleration time up to the high energy cutoff, 
Em defined as tm = t(Em) - t(Ec), where t(Ec) denotes the time of the acceleration onset. There­
fore, Eq. (9) can be rewritten as 
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(11) 

4.1. The spectrum of acceleration 

For the case in·which energy losses are completely unimportant within the acceleration time 
scale, the net energy change rate is determined by the acceleration rate, Eq.(l), which for 
simpliciti s sake, we shall represent hereafter in terms of the Lorentz factor y as 

(12) 

the condition (dy/dt) = (dy/dt)acc-(dy/dt)¡oss = O gives Ye = 1 (and hence Ec = O), such that by 
integration of (12) we obtain the acceleration time up to the energy E = Mc(y-1) as 

(13) 

Now, by substitution of (13) in Eq. (8.1), we obtain the following differential spectrum 

N( ) = ~ ( 2 _1)-1/2 [ + ( 2 + 1)1/2]-1/aT 
y ctTMc2 y y y (14) 

which in terms of total energy W is expressed as 

(14.1) 

When the parameter f3 is considered outside of the integrating equations a somewhat different 
expression is obtained: 

The corresponding integral spectrum of the accelerated particles appears from Eqs. (11)-(13) as 

J(>E)=No y+(y-1) - Ym+(l,n-1) [ [ 
1/2] -l/aT [ 1/2] -l/aT] (15) 

(where) Ym = (Em + Mc2)/Mc2 

the integral spectrum expressed in terms of kinetic energy beco mes, 

(15.1) 
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4.2. The modulated spectrum in the acceleration region 

In order to study local modulation of spectrum (14) or (15) during acceleration, we shall 
proceed to consider energy loss processes together with the energy gain rate (12), according 
to the processes discussed in Section 2. 

4.2.1. Modulation by collisionallosses 

When collisional losses are not negligible during acceleration, the net energy change rate is 
determined by (2) and (12) as 

dy = a(l-1//2 _ (b/Me)y(l-lr1/2 
dt 

(16) 

where b = 7.62 X 10- 9 nL, then, the solution of (16) is easily performed by employing a change 
of variable of the form x = [(y - 1) / (y + 1) 1 [90], such that the acceleration time fram the 
critical energy Ec up to the energy E, in terms of the Lorentz factor is 

1

1 +xI1/a cp1/2X - (-Yd/
2 

P -1 [ 1/2] IX 
t = In -1- 1/2 1/2 + ';tan x(cp/Y1) = t(x) - t(xc) 

x cp x-(-Y2) Xc 
(17) 

with cp = b/Me, Y1 = 2a + (4a2 + c(2)1/2, Y2 = 2a-(4a2 + c(2)1/2, P = Y3/[2( - y2)1/2cp1/2], Y3 = (2cp/a) 
[(cp-Y2)/(Y¡-Y2)], Y4 = (2cp/a)[(Y¡-cp)/(Y¡-Y2)], ~ = Y4/(cpy1)1/2 and Xc= [(Yc-1)/(yc + 1)]1/2, where 
y c = (b/2aMe) + 1 is the critical value for acceleration determined by (dy/dt) = O, and the 
constant value t(xc) corresponds to the value of t(Ec) appearing in Eq. (10). The differential 
spectrum of particles is obtained by substituting of (Eq. 17) in Eq. (8') as follows 

The integral spectrum is then from Eq. (11) and Eq. (17) 

l(> E) = No exp (t(Xc)/T) { n:+:~r1/aT (:: ;::~~~:~: ;:) -p/2 exp [( -~) tan -1 [x(cp(Yd/2]] 

- exp (-t(xm ) /T) } 

(19) 

where t(xm ) corresponding to t(Em ) in Eq. (11), appearing fram the evaluation of Eq. (17) in the 

constant value Xm = [(Ym -l)/(Ym + 1)]1/2. It can be seen that spectra (18) or (19)reduces to 
(14) or (15) when b = O. The integral spectrum in terms ofkinetic energy is expressed as 
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J(> E) = No exp (t(E¡)) { [1 E±t'c~¿ I-l/aT (E-E1 ) -E± [E1 (E1 +2MC2 )l~ -p 

T (E-El )- E-[E1 (El +2Mc2)]2 

(
-[E2(-E2-2M¿)]! _1(E(E2+M¿)+M¿E2))] (-t(Em ))} 

X exp tan - exp 
aT(El - E2) EE2( -E2 - 2Mc2 ) T 

(19.1) 

with P = [E1~~(~~:, ?r /2, = (E2 + 2Mc2E) 1/2, E¡ = b/2 a is the threshold value for effective accel­

eration and El, E2 correspond respectively to { [b ± (b2 + 4a2 (M¿)2) 1/2] / 2a }. It can be seen 

that spectrum (19.1) reduces a spectrum (15.1) when b = O. 

The corresponding particle energy spectrum to Eq. (2') is developed in the Appendix. 

4.3. Modulation by proton-proton nuclear collisions 

In the event that proton-proton collisions are important during the acceleration process. By 
adding Eq. (4), the net energy rate (16) turns into the fo11owing expression 

d; = a(yZ _ 1)1/2 - (b / M¿) y (yZ - 1rl/2 - [h [M¿ (y _ 1)- 2 + j [M¿ (y - lWl + f + 1)]] (y _ 1)1/2 

(20) 

The critical value yc for acceleration resulting when (dy/dt) = O is obtained by solving a cubic 
equation of the form Ay3 + By2 + Cy + D = O with A = a(Mei, B = -A-(b + j)Me, 
C = -A + bMe-h, D = A + jMe-h if E ~ 110 MeV, or, A = (a-!)(Mei, B = -A-bMe, 
C = -A + bMe-h, D = A-h if 110 < E ~ 290 MeVand for the range E > 290 MeV similar to the 
last one but withA = (a-!-71)(Mei. Therefore, the roots al! a2 and a3 depend on a, b, h, j,f and 
71, such than when a medium concentration n is fixed, the basic dependence remains on a. 
Given that for the bulk of the involved parameters the conditions al > 1, a2 ~ -1 and O < a3 ~ 1 

are systematically satisfied through a11 the energy ranges the relation Ec ~ Mc2 (y e - 1) states al 
as the critical value for effective acceleration. The acceleration time of particles beginning with 
this critical value up to the energy E is obtained from Eq. (20) as 

(21) 

where the constants. Al = (al-l)(a2-a3)/';, A2 = (a2-1)(a3-al)/'; and A3 = (a3-1) (al-aZ)/'; 
emerge fram the integration by partial fractions of Eq. (20), with .; = a12(a2-a3) + 
a22(a3-al) + a32(al-a2), and take on different values according to the energy range concemed; 
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A = a (if E ~ 110 MeV), A = a - f (if 110 < E ~ 290 MeV) and A = a - f - 71 (if E > 290 MeV). The 
differential spectrum in this case follows from Eqs. (8.1) and (20) as 

(22) 

where o = (Alal + A2a2+ A3a3)/kr, 01 = A l(a/-1)1I2 A T, 02 = A 2(1 - a22)1I22/A T and o = A3(1-a32)1I2/ 

A T; therefore, the integral spectrum is given from (Eq. 11) and Eq. (21) as 

(23) 

which in terms of kinetic energy becomes, 

1(> E) = No exp C(!;)) { [I~ [(E2 + 2M¿E) 1/2 + E + M¿ ]1 -6t(ai -1)(E'+~:~b:>~~;E+2Mc'(al - 1 ) 1 1>, 

. (exp [A (1 - a2)1/2 sin - 1 (a' E+(a' - 1)Mc' ) +A (1 _ a~)1/2 sin - 1 (a3E+(a3- 1)Mc' )] ) 6
3
] _ exp (-t(Em))} (231) 

2 2 1E+(1 - a,)MC2 1 3 o 1E+(1 - a3)MC21 T· 

where 

01 = [(Mc2)2 / QT] (al Al +a2A2 +a3A3+), 02 = [(Mc2)2 / QT]Al (a2 _1)1/2, 03 = (Mc2)2/QT 

and Q, Al, A2t Ay al, a2t a3, are constants that depend on a, b, 71, h, j and f which emerge from 
the integration by partial fractions and take different values throughout the three different 
range considered. 

4.4. Modulation by adiabatic processes 

Under the consideration of adiabatic deceleration of protons while the acceleration mechanism 
is acting, the net energy change rate Eq. (20), is transformed by addition of Eq. (6) in 

d: = a(l_1//2 - (MC)y(/-lr
l
/
2 

- {h[Mc2(y -1)r
2 + j[MC(Y _1)-1 + f + 71]} 

X (y2 _1//2 _ p(y2 _l)y-l 

(24) 

The condition (dy/dt) = O for determining Ye in this case, leads to a transcendental equation of 
the form Ey4 + Fy3 + Gy2 + Hy + I(y-1)(y-1P/2 = O, whose solution depends only on a, n and 
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very weakly onp, and where E = a(M¿f, F= -E-(b + j)M¿, G = -E-h + bM¿, H= E-h + jM¿ 

and 1 = - p(M¿f in the range E ~ 110 MeV. Therefore, since critical energy for acceleration is 
defined in the low energy range, the wide interval1.0 ~ y ~ 1.1 states a unique value of Ye for 
any acceleration parameter a when the values of n and pare fixed. In order to deduce the 
particle spectrum, we have simplified Eq. (24) by changing variable Z = y_(y_1)1I2, thus, 
obtaining in this way a rational function which integration by partial fractions gives the 
fo11owing acceleration time 

_1(2Z + R3 ) _1(2Z + RS) _1(2Z + R7)] } +k2 tan 1/2 + k3 tan 1/2 + k4 tan 1/2 - t(ze) 
(- <'>2) (- <'>3) (- <'>4) 

(25) 

where K1 = (2C2 - R1 C¡) /2Ll~/2, K2 = (2C4 - R3 C3 ) / ( -Lld/2, K3 = (2C6 - RsCs)/ ( -Ll3)1/2K1 

K4 = (2Cs - R7C7 ) / ( _Ll4)1/2; R1, R2, ... Rs are the coefficients of the quadratic factors Ll¡, Llo 

Ll3 and Ll4 their discriminants, corresponding to two real and six complex roots of the nine 
roots of the rational function denominator, and C1, Co . C9 are the coefficients of the linear 
factors. For a given value of the acceleration efficiency lt a11 the quantities involved in (25) 
become constants and take on different values according to the three energy intervals studied. The 
factor K is give as K = a + p (if E ~ 110 MeV), K = a-f-r¡ (if 110 < E ~ 290 MeV) and K = a-f-r¡ +p (if 
E> 290 MeV). As in the preceding cases, the substitution of Eq. (25) in (8') furnishes us with a 
differential spectrum of the form 

No t(z )/T ( -zs + 2z7 - 2zs + 2z4 - 2z3 + 2z - 1 ) 
N(y) = Mc2kTe ' z8 + JZ7 + Mz6 + Nzs + PZ4 + Qz3 + RZ2 + Sz + V 

1 
1/21-

85

) [ ( ) ( ) ( )] } 
2z + R1 - (<'>1) 8 1 2z + R3 1 2z + Rs 1 2z + R7 

X 1/2 z- 6 exp 87 tan - ' /2 + 8s tan - 1/2 + 89 tan - 1/2 
2z + R1 + (<'>¡) (-<'>2) (-<'>3) (-<'>4) 

(26) 

el = C1/2KT, e 2 = c3/2n, e 3 = cs/2n, e 4 = c7/2n, es = K1/2KT, e 6 = C9/2n, e 7 = (-K2)/n, 
es = (-K3)/n and e 9 = (-K4)/n, J = 2(F + I)/V, M = (4E + 4G + 2I)/V, N = (6F + 8H-GI)/V, 
P = (GE + 8G)/v, Q = (GP + 8H + GI)/v, R = (4E + 4c-2I)/I, S = 2 (F-I)/V, V = (E + I)/V and V = E-I. 

The values of E, F, G, H, 1 in the range E < 110 MeVare the values given aboye; in the range 
110 < E ~ 290 MeV, E = (a-f)(Mc2

)2, F = E-bMc2
, G = -E + bMc2

, H = E-h and I = p(Mc2t In 
the range E > 290 MeV the only difference with the precedent range is E = (a-f-r¡)(M¿f. The 
constant t(Ze) is the evaluation of (25) in the threshold value Ze = Ye-(y/-1)1I2. The integral 
spectrum according Eq. (11) is, 
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where t(Zm) is the evaluation of Eq. (25) in Z = Ym - (Y;n _1)1/2 corresponding to the high 

energy cutoff value in the acceleration process. 

In order to express the previous equation as a function of the kinetic energy E, the variable Z 

should be written as Z(E) = (E + M2) - (E2 + 2EMc2) 1/2 and Z(E)m = (Em + M2) - (E;n + 
2EmM2)1/2. 

It is also interesting to analyze the opposite case, when instead of an expansion of the source 
materials, there is a compression of the source medium (e.g. [101-103]) with a consequent 
adiabatic acceleration of the flare particles, which entail a change of sign in the last term of the 
net energy change rate (24). Let us develop the situation for which energy losses are 
completely negligible in relation to the acceleration rate during the stochastic particle acceler­
ation and compression of the local material 

(dyjdt) = a(1 _lr1
/

2 + p(y2 _1)y-1 (28) 

As in the case of Eq. (12) the threshold for acceleration is meaningless, and thus the accelera­
tion time up to the energy E is given as 

t = In y 1 Y + Y - 1: yWlal x (1 I
XI (2 )ll.p ) 

ay + p(y2 - l}i Y - (y2 _1}i 
(29) 

where =~, tJ; = 2 (a2~p2 ) and w = R' consequently, the differential spectrum of particles 

is 

-X/T 1 - .p/T 
No Y Y + (1 - 1)2 y(l-w/T)dy 

N(y)dy = X/2 1 1 1 [ 1] 
mc2Tlal ay + p(y2 -1)2 Y - (y2 - 1)2 (y2 - 1)2 ay + p(y2 -1)2 

(30) 

and then the integral spectrum is simply given as 

(31) 

which in terms of kinetic energy becomes, 
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- ¡jJ/ T 
(E + M¿) + (E2 + 2EM¿) 1/ 2 

(E + Mc2 ) - (E2 + 2EMc2 ) 1/ 2 

(31.1) 

It is worth mentioning that although it is expected that the critical energy for acceleration Ec 
increases while adding energy loss process to the net energy charge rate, nevertheless, the 
value of Ec resulting fram Eq. (24) is essentially the same as that obtained fram Eq. (20). This 
can be understood fram Figure 1, because adiabatic cooling is practically negligible at low 
energies. 

5. Procedure and results 

As seen in the preceding section, the calculation of our theoretical spectra, Eqs. (15),(19), (23), 
(27) and (31) requires three fundamental parameters, one of them directly related to the 
physical state of flare regions, that is, the medium concentration n, and the others conceming 
the acceleration mechanism itself, that is, the acceleration efficiency a and the mean confine­
ment time T. These last two depend of course on sorne of the physical parameters of the source, 
which we attempt to estimate fram the apprapriate values of a and T. In the case of the solar 
source, we have considered the mean value of the electran density and a conservative value for 
the praton population as ne '" nH = 1013 cm - 3 (e.g. [19,35,56, 113, 114, 116, 118]). 

This assumption loca tes the acceleration region in chromospheric densities in agreement with 
sorne analysis of the charge spectrum of solar cosmic rays [64, 92] . 

Besides, since our expressions contain the acceleration parameter as the product a T and since 
we are dealing with particles of the same species, for the sake of simplicity we have adopted 
the assumption T = l ·s which allows us to separate the behavior of the acceleration efficient a in 
order to analyze it through several events and several source conditions. In any event, this 
value falls within the generally accepted range (e.g. [130, 131]); we shall discuss the implica­
tions of this assumption in the next section. 

The detennination of a has been carried out thraugh the following pracedure: in order to 
represent the theoretical spectrum within the same scale as that of the experimental curve, we 
have normalized both fluxes at the minimum energy for which available experimental data are 
effectively trustworthy, in such a way as to state the maximum flux of particles at the normal­
ization energy, E nor 

(32) 

where q is the normalization factor. Since our expressions do not directly fumish the source 
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integral spectrum but rather !(>E)INo, we have deduced in this way a normalization flux Ka, 

keeping the same proportion with the differential flux No appearing in our expressions 

No = qko = protons/41{R~é (protons/cm2 str s) (33) 

where RSE = 1.5 x 1013cm = sun-earth distance. We have listed Enor for every event on columns 
8 of Tables 1-3. 

The value of No for every event is tabulated on columns 10 of Tables 1-3. 

Assuming that the theoretical curve among Eqs. (15), (19), (23), (27) and (31) is near the 
experimental curve in a given event, describes the kind of phenomena occurring at the source 
better, we have proceeded to perform this intercomparison according to the following criterion: 
first, the condition stated by Eq. (32) at the normalization energy and, second, that !(>E) '" O at the 
high energy cutoff Em. In order to compare each one of the theoretical spectra with an exper­
imental curve under the same conditions, we could proceed to fix the value of the acceleration 

Hat Events 
Specrum Spectum Specrum Specrum Specrum 

Em (G eV) E, (MeV) 
No(p rotons/c 

(31) (15) (19) (23) (27) m' s slr ) 

28/01/1967 
a(sl) 0.18 0.18 0.19 0.23 0.21 

2.1x10·u 4.30 10.00 
E,,(MeV) ***** ***** 5.26 11.57 12.67 

01/09/1971 
a(sl} 0.21 0.21 0.22 0.24 0.23 

9.9xlO·[3 2.30 30.00 
E,,(MeV) ***** ***** 4.54 11.09 11.57 

Table 1. Characlerislic paramelers of !he acceleration process in solar prolons hot evenls: acceleration efficiencya, high 
energy culoff Em, normalization energy En, flux of acceleraled particles in !he source No and heliographic coordina les of 
!he fiare according lo differenl reporls, 

No(prolons/ 

Hot Events 
Specru m Spectum Specrum Specrum Specrum 

Em(GeV} E, (M eV } cm 2 s str (31) (15) [19} (23) (27) 
MeV} 

12/11/1950 
"(S-l) 0.13 0.14 0,17 0.26 0.26 

2.500 15 ,000 3.891xlO-11 
E,,(MeV} 15.32 14.30 13,45 9.67 10.58 

04/08/1972 
"(S-l) 0.59' 0.60 0.70 0.90 0.93 

4.280 15 ,000 1.979x10-11 
E,,[MeV) 4.28 4.21 3,87 3.06 2.97 

03/09/1900 
"(S-l) 0.72. 0.73 0,83 0.98 0.99 

2.960 10,000 4.704x10-16 
E,,(MeV} 2.96 2.92 2,77 2.40 2.39 

30/03/1969 
"(S-l) 0.91 0.92 0 ,95 0.99 1.08 

2.340 50,000 1.449x10-15 
E,,(MeV} 2.34 1.18 2,42 2.38 2.48 

02/11/1909 
"(51) 1.54 1.55 1.75 2.10 2.59 

0.915 10,000 2.342x10-11 
E,,(MeV) 0.84 0.84 0,81 0.66 1.05 

Table 2. Characlerislic paramelers of Ihe acceleration process in solar prolons cold evenls: acceleration efficiencya, high 
energy culoff Em, normalization energy En, flux of acceleraled particles in !he source No and heliographic coordinales of 
!he fiare according lo differenl reporls, 
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No(protons/ 
Hot Events 

Specrum Spectum Specrum Specrum Specrum 
E,, (GeV) E (MeV) cm2 s str (31) (15) (19) (23) (27) 

MeV) 

15/11/1958 
a(s-1) 0.15 0.15 0.18 0.23 0.25 

2.50 20.00 4.550x10-13 
Ec(MeV) ****'* :t<***,* 12.58 11.22 11.03 

18/11/1958 
a( 5-1) 0.20 0.20 0.21 0.25 0.28 

4.80 20.00 5.400x10-11 
Ec(MeV) ..... ..... 13.17 11.52 10.84 

07/07/1955 
(1(5-1) 0.23 0.23 0.35 0.35 0.39 

2.70 10.00 1.375xl 0-15 
Ec(Me V) ***** ***** 2.85 7.40 5.83 

24/ 01/1971 
(1(5-1) 0 .34 0.34 0.35 0. 39 0.41 

5.90 40.00 1.365x1()- 12 
Ec(MeV) ***** *:t:*** 6.90 6.52 6.56 

25/ 02/ 1959 
a(s-1 ) 0.4() 0.40 0.41 0.46 0.48 

5.57 30.00 6.300x10-15 
Ec(MeV) ***** *:t:*** 5.57 6.18 6.14 

Table 3. Characteristic parameters of !he acceleration process in solar protons warm events: acceleration efficiencya, high 
energy cutoff Em. normalization energy En. flux of accelerated particles in !he source No and heliographic coordinates of 
the fiare according to different reports. 

parameters in advance, which would entails making a priori inferences about the physical 
parameters of the source involved in the acceleration pracess of a given solar event; further­
more, this would result in a bias for the interpretation of the phenomenology involved in each 
event depending on the selected value of the efficiency a; that is, high values would give 
systematically the best fit with spectrum (27), whereas low values would show a systemati­
cally better fit with spectrum (15). Therefore, we proceeded conversely by determining the 
appropriate parameters of the source fram the value of a in the theoretical spectra that best 
represents the experimental curve. The optimum values of a, obtained for each of the theoret­
ical curves allows us to determine the critical energy Ec and the normalization flux Ka appro­
priate to each case. We have tabulated the values of a, Ec and Ka obtained for every event 
thraugh calculations of the spectra (15) (19), (23), (27) and (31) in Tables 1-3. We have illus­
trated the optimum theoretical curves on Figures 2-4. From an examination of these results, it 
can be observed that no general conclusion can be drawn about the behavior of our theoretical 
spectra by the simple comparison of energy change rates (1), (2), (4) or (6) at different energy 
values 7 as if the medium density n were the only important parameter in determining the 
processes occurring at the source. Other factors must intervene, as can be seen fram the fact 
that spectra behavior changes from event to event. Nevertheless, according to the behavior of 
particle spectra, we can group the solar events in three groups of similar characteristics: those 
illustrated in Figure 2, which we shall denominate hot events, where it can be seen that 
theoretical spectra progressively appraach the experimental curves while adding energy loss 
processes to the acceleration rateo Therefore, the physical processes taking place at the source 
in those events are described by spectrum (27) indicating that adiabatic cooling of pratons 
together with energy degradation fram p-p collisions and collisional losses may have taken 
place. In this case spectrum (31) (illustrated only in the January 28, 1967 event) is systemati­
cally the more deflected curve, showing the absence of adiabatic compression, at least during 
the acceleration periodo Figure 3 shows the second group which we will call cold events, and 
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where it can be seen that energy losses are not important within the time scale of the acceler­
ation process because theoretical curves get progressively separate from the experimental one 
while adding energy loss processes. Actually the best systematic approach in these cases is 
obtained with spectrum (31) (illustrated only for November 12, 1960 event) indicating that 
acceleration of protons by adiabatic compression could have taken took place. The third group 
that we shall distinguish as warm events is represented in Figure 4, where we can observe that 
there is no systematic tendency as compared to the previous groups. Nevertheless, it can be 
seen that at least at low energies the best approach to the experimental curve is described by 
spectrum (23), whereas at high energies the best fit is obtained with spectrum (15), thus 
indicating that to greater or lesser degree energy losses by collisionallosses and proton-proton 
collisions may be important on low energy protons but they become negligible in relation to 
the acceleration rate in high energy particles. The point where this change may occur varies 
from very low energies in sorne events (July 7, 1966) to very high energies in others (January 
24, 1971). The larger deflection from the experimental curve in these cases is obtained with 
spectrum (27), indicating that adiabatic expansion do not take place; furthermore, the fact that 
spectrum (31) (illustrated only for the November 18, 1968 event) is systematically deflected in 
relation to the acceleration spectrum (15) indica tes that there is no adiabatic compression 
either. The values of the parameters describing the most adequate theoretical spectrum of 
events of Figures 2-4 are tabulated on columns 7, 3 and 6 of Tables 1-3, respectively. 

In order to estimate the amount of local plasma particles that must be picked up by the 
acceleration process to produce the observed spectrum, are must know the value of No in (8) 
when t = O. Therefore, roughly assuming that at least for events of (Figure 3, Table 2), the 
picked up protons originate in a thermal plasma where the velocities distribution is of a 
Maxwellian-type, or that they appear from a preliminary heating related to turbulent thermal 
motions, then, it can be inferred that the primary differential flux is given as, related with the 
flux defined in Eq. (33). 

(34) 

where M is the mass of protons and k the of Boltzman' s constant. Then, by assuming that Ko is 
related to the flux of protons involved in the acceleration process and the flux No related to the 
original concentration of the medium, we have estimated from Eq. (33) the fraction of the local 
plasma particles that were accelerated in each event and tabulated them on columns 10 of 
Tables 1-3. In evaluating (34), we have assumed a different value of temperature T for each 
one of the 3 groups of events, before discussing them in the next section. 

Now let us summarize the results which emerge from Figures 2-4 and Tables 1-3, before 
extending their interpretation in next section: 

1. The events illustrated in Figure 2, show the following features: 

i. In September 1, 1971 event, the best fit of the experimental spectrum is obtained with 

(27) whereas the worst fit is given by (15) and (31). 
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ii. The January 28, 1967 event fo11ows the same tendency as the preceding event up to 

~800 MeV, with an exception at very low energies (~30 MeV) where it can be seen that 
spectrum (23) is slightly better than (27). Beyond ~800 MeV spectrum (23) becomes 
the more deflected curve. The low particle energy flux tail is noticeably similar to the 
minimum theoretical energy for effective acceleration (Ec ~ 12 MeV). 

2. The events of Figure 3 show that: 

The best fit of the experimental curve is systematica11y given by spectrum (31) and (15) (e.g. the 
November 12,1960 event), whereas spectrum (27) is systematica11y the most deflected one. 

3. The events of Figure 4 show the fo11owing characteristics 

a. The theoretical curve which best approximates the experimental one at low energies is 

spectrum (23) fo11owed by spectrum (19). 
b. At given energy (from ~500 to ~3000 MeV) the previous tendency is abandoned, such 

that spectrum (15) interchanges sequential order with spectrum (23). 
c. Spectrum (27) is systematica11y the most deflected curve at a11 energies. 
d. Spectrum (31) is systematically deflected in relation to spectrum (15) (e.g. November 

18, 1968 event). 
e. The July 7,1966 event, however, by fo11owing the feature (a) at E ~ 25 MeV, beyond this 

energy spectrum (15) comes nearer to the experimental curve than spectrum (23), 
whereas spectrum (19) through a progressive, separation becomes the most deflected 
curve beyond ~2000 MeV. 

4. Examination of Tables 1-3 shows the fo11owing features: 

a. For a given event the obtained value of acceleration efficiency a is the same with 

spectrum (31) and (15) (columns 3 and 4 of Tables 1 and 3) contrary to the events of 
Table 2, in which case a is lower with spectrum (31) than with (15). 

b. Examination of a given spectrum (same column 5, or, 6 or 7) shows that a and Ec 

behave in an inversely proportional manner. 
c. For a given event, the values of a in the events of Tables 2 and 3 (columns 4,5,6, and 7) 

increase monotonica11y while adding energy loss processes to the acceleration rate, 
with the exception of the events of Table 1, in which case the obtained values of a with 
spectrum (27) decrease in relation to the value of a from spectrum (23). 

d. For a given event of Table 1, the value of Ec increases monotonica11y with the addition 

of an energy loss process to the net energy change rate, whereas in the events of 
Tables 2 and 3 the value of Ec obtained from (27) (column 7) decreases in relation to 
the values obtained from spectrum (23). 

e. The obtained value of Ko, (column 10) is related only to the magnitude of the event (Le. 

the value of !(>E) at En). 
f. There is no correlation between Em and the other parameters of the tables a, Ea Ko, or 

heliographic coordinate; neither is there any correlation between the maximum flux at 
En and a or Ec. 
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g. If we ignore the fact that the assumed heliographic position of the flare associated to 
the January 28, 1967 event is relatively uncertain, it can be noted that there is a south 
asymmetry in the what we designate as hat events (Table 1), a north asymmetry in caId 
and warm events (Table 2) and a certain west and north asymmetry among the events of 
Table 3. 

h. The critical energy Ec fram caId and warm events is correlated with the temperature of 
the source in the sense that their values increase from caId to warm and fram warm to hot 
events. The significance of the association of the parameter temperature to solar praton 
events will be discussed in Section 6. 

6. Discussion 

It has been said that we cannot give a general interpretation of our theoretical source spectra 
behavior on the sole basis of the relationships between the energy change rates (1)-(6) since 
their behavior in the events of Figure 2 is different from that in Figure 3 and both differ fram 
that in Figure 4, implying that the kind of pracesses, their sequence of occurrence and their 
importance is not the same from event to event To interpret this behavior we cannot rernit 
ourselves to the amount of traversed material, positing that particles originated in the invisible 
side of the sun or in the eastem hemisphere have lost more energy, because in that case events 
as such as the March 30, 1969 or February 2, 1969 ones would behave like the events of Table 1. 
Moreover, our hypothesis does not consider deceleration of particles after acceleration, while 
they traverse the solar atmosphere. Therefore, we believe that the explanation is on the basis of 
the parameter temperature: that is, we argue that solar praton flares develop under three main 
different temperature regimes, a low one that we shall denominate caId events (T"'103-105°K) 
(Table 3), an intermediate regime that we shall call warm events (",105_1070 K) (Table 4), and a 
high temperature regime that we shall call hereafter hat events (T> 107°K) (Table 3). On the 
basis of this conjecture, let us discuss the main results of the preceding section: 

Concerning points l(a), 1(b) and l(c), we can comment that as the medium was very hot, 
collisionallosses were very high, making spectrum (18) better than spectrum (15); due to the 
high temperature and high density in the source nuclear reactions took place and thus spec­
trum (23) is even closer than (18) to the experimental curve. 

Furthermore, the fact that the best fit is given by (27) seems to indicate that beyond a certain 
temperature, the source material is able to expand and consequently particles which have not 
escaped the source are adiabatically cooled. In addition, since spectrum (15) is better than (31) 

it is assumed that compression of the medium did not take place in high temperature regions, 
and so neither did adiabatic heating of pratons. The irregular behavior of spectrum (23) at 
E ~ 30 MeVand E ~ 800 MeV in the January 28,1967 event in relation to the tendency outlined 
in the last section, may be interpreted as indicating that the low energy pratons observed in 
this event did not originate in. the same pracess, which explains why the observations show a 
high flux of pratons at energy lower than the threshold acceleration value for in a medium of 
density n"'1013cm- 3

• Therefore, these particles may form part of the high energy tail of a 
prelirninary heating pracess which were not transported by the expanding material. This 
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would mean that only deceleration by collisional losses and p-p collisions took place during 
the acceleratory process. At high energies, although energy losses from p-p collisions are 
stronger than collisionallosses (Figure 1), it can be speculated that the low flux of high energy 
protons escape very fast from the acceleration region, so that the contribution of this process at 
high energies was not very important during the time scale of the acceleration. 

Concerning point 2 of the last section, we assume that the acceleration process in the events of 
Figure 3 was carried out in a low temperature regime so that collisionallosses were completely 
unimportant in relation to the acceleration rate, and nuclear reactions did not take place, at 
least within the acceleration phase. Furthermore, a compression of the local material is associ­
ated with low temperature regimes as indicated by the fact that spectrum (31) systematically 
gives the best fit to the experimental curves (e.g. November 12,1960 event). 

Points 3(a)-3(d) are interpreted as follows: the temperature and density associated with the 
acceleration region was high enough to favor nuclear reactions, but not the expansion of source 
material; consequently, collisionallosses of low energy protons were important in the events of 
Figure 4, providing spectrum (23) with a better description of the experimental curve. Also, 
because the higher temperature does not allow for a compression of the material, spectrum (31) 
is systematically deflected in relation to spectrum (15). Furthermore, the sudden change in the 
order of the sequence of curves (15) (19) and (23) is the combined effect of the temperature 
associated to each event and the importance of the accelerated flux of high energy protons as 
discussed aboye with respect to the January 28,1967 event; the lower the temperature the faster 
spectrum (19) deflects in relation to (15) (e.g. the November 15, 1960 and November 18, 1968 
events); and the higher the flux of the accelerated high energy protons, the later spectrum (23) 
deflects in relation to (19) (e.g. the February.25, 1969 and January 24,1971 events). 

Related to point 3(e) of last section, it would appeal that the temperature associated with this 
event was not very high, so that collisional losses were significant only on the low energy 
protons. Because of the low flux of the accelerated protons in this event, the effect of p-p 
collisions diminishes as energy increases. This event behaves almost like the cold events of 
Figure 3, since energy losses are negligible in relation to the acceleration rate of high energy 
protons. The reason why beyond 2 GeV spectrum (19) is more deflected than (27) is that the 
latter includes the p-p contribution to this event and collisionallosses are unimportant on high 
energy particles (Figure 1). Interpretation of 3(b) and 3(e) must also consider the fact that high 
energy particles escape faster from the acceleration volume, and so, they are subject to energy 
degradation by p-p collisions during the acceleration time. 

The interpretation of 4(a) follows from the fact that in cold events the contribution of the 
adiabatic heating is translated into a lower effort of the acceleration mechanism; however, in 
the hot and warm events (Tables 1 and 3) adiabatic heating did not occur, and so no effect was 
produced. 

In relation to the interpretation of 4(b) to 4(d) it must be pointed out that the inverse propor­
tionality between lt and Ec follows from the fact that for a given situation the requirement for 
effective acceleration is lowered while the acceleration efficiency becomes progressively 
higher. On the other hand, the addition of energy losses to a given situation (same row in the 
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Tables) genera11y entails an increase in the requirement of energy Ea and thus an increase of lt 
in order to exceed the new barrier. However, the irregularities synthetized in points 4(c) and 4 
(d) of last section, which can be seen on Tables 1-3, that may be explained in the fo11owing 
manner: the critical energy, Ec, is defined at low energies where the effect of adiabatic deceler­
ation is negligible in relation to the other processes involved (Figure 1), and thus for a same 
value of lt the values of Ec from (19) and (23) are remarkably similar. Nevertheless, the decrease 
of the values of lt in colurnn 7 of Table 1 may be explained by the fact that although the 
requirement for acceleration is the same, as in column (6), a supplementary process is acting on 
the particles, and efficiency of the process is being lowered. Since Ec and a behave inversely, 
the value of Ec appears to increase; but in fact the real value of Ec in this event was ~11.6 MeV. 
Besides, we see from colurnns 6 and 7 of Tables 2 and 3 that under the hypothetical situation of 
the presence of adiabatic cooling in these events, the efficiency a appears higher in relation to 
that of colurnn 6, given that there is an additional barrier to overtake. The value of Ec should 
behave similarly, but since the value of Ec in (13) is the same as that in (19), then, this 
hypothetical increase of a shown in colurnn 7 in relation to that of colurnn (6) implies a 
decrease of the value of Ec in colurnn 7; this in fact does not occur because adiabatic cooling 
did not take place and thus the real values of lt and Ec in events of Tables 1 and 3 were those of 
colurnns 3 and 6 respectively. The interpretation of 4 (e) fo11ows from the definitions of 
Eqs. (31) and (32), whereas points 4(f) and 4 (g) cannot have a coherent interpretation, what 
can be attributed to the complexity and variability of conditions from fiare to fiare (e.g. the 
medium density, temperature, conductivity, magnetic field strength, magnetic topologies, etc.). 
In relation to point 4(h) it must be mentioned that deduce the same result by discussing three 
main different temperature regimes in the acceleration region of solar particles [105]; they 
estimate threshold values for proton acceleration of 1, 2.7 and 5.5 MeV for a cold region, an 
intermediate one and a hot region. These values are slightly lower than ours, since they do not 
take into account a11 the energy loss processes we·did. In any event, as we discussed previ­
ously, the threshold value Ec increases with the temperature because energy loss processes are 
increased with this parameter. 

In addition to the suggestion of three temperature regions in acceleration regions extended by 
[105], several other suggestions have been presented in this direction: the author in [78] has 
discussed temperatures of lO40K suggested by the central peak of hydrogen emission lines, up 
to more than 108°K suggested by thermal emissions of X-rays. Furthermore, the fiare phenome­
non has usua11y been interpreted on basis of a dual character): the optical fiare of T ~ 104o K and 
high electron density, and on the other hand, the high energy fiare plasma of T ~ 107 _109°K and 
relatively low electron density. The existence of several temperature regimes during a given fiare 
has also been evoked by suggesting that the emitting regions have a filamentary and 
intermingling structure with hot filaments about 1 km. of diameter imbedded in cooler material 
[113, 115], or by suggesting a cooling of a hot region during the fiare development [17, 135]. 

Sorne other models for explaining the fiare energy output suggest several phases of the phenom­
enon, each associated with a different temperature; for example, a of relatively low temperature 
thermal phase fo11owed by an explosive high temperature phase [13, 50, 51, 52, 111] posit similar 
models. We have not attempted to place our results into the framework of what of any of these 
interpretations of the fiare phenomenon, but rather only to demonstrate that the generation of 
solar particles is accompanied by, several processes whose occurrence is narrowly related to,the 
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temperature of the medium, and to suggest that the acceleration regions must be associated 
altemately with the hot and cold aspects present during a flare or even in a pre-flare state, but 
certainly under very different temperature regimes from flare to flare. 

Related with the expansion and compression of the source medium, there are some observa­
tional indications [84] which propose a minimum value of ~3 x 107°K for expansiono The 
author in [102, 103] has studied hydromagnetic criteria for expansion and compression of the 
sunspot magnetic lines, which he distinguishes as two different phases of the flare develop­
ment; although he shows that sometimes the expansion phase may not present itself according 
to our findings such as we found in warm and cold events. However, in Sakurai' s model 
acceleration occurs during the compression phase, whereas our results indicate that expansion 
of the source material may also occur during the acceleration process; moreover, our analysis 
does not show indications of expansion and compression during the same event during the 
phase of particle acceleration. Nevertheless, we see that, with exception of the November 12, 
1960 event, the acceleration efficiency is very high where there is a compression (cold event), 
presumably due to the strong spatial variations of the of the longitudinal and transversal field 
lines, as suggested by [101, 102]. 

It must be emphasized that we have taken into account that expansion of closed structures 
occurs only within a height lower than ~0.6 to 1 solar radius, and thus expansions beyond this 
distance may be associated with propagation of shock waves generated in relation to type II 
burst or eME; therefore, our assumptions concem only adiabatic cooling through the local 
expansion of the source and not in higher the solar envelope. 

In the specific case of the November 18,1968 event, for which our results do not indicate any 
expansion of the source, observations reported a loop expansion; however s it is usually 
supported the fact that there is no mass motion but only a traveling excitation front. It must 
also be mentioned that it is generally accepted that low energy protons are much more likely to 
be subject to adiabatic cooling since high energy protons are rather dominated by drifts and 
scattering in field inhomogeneities [27, 33]; Moreover, according to [131, 132, 133] adiabatic 
deceleration disappears as the density of the accelerated particles decreases, so that when 
particle velocity is much higher than both the velocity of the medium and the Alfven velocity, 
the adiabatic cooling is null. This would imply that in the case of our hot events (Figure 2) 
protons of energy much higher than ~670 MeV should not be adiabatically cooled in a 
medium of T > 108o K, however, our results show that even higher energy protons were 
adiabatically decelerated. Therefore, we claim that at least in these two events, our results 
support the hypothesis that particles were accelerated in closed magnetic field lines with high 
confinement efficiency. 

Now tuming to the problem of p-p nuclear collisions in some solar flares: we had mentioned 
that the value of N H~ 1013 cm - 3 was an average value in flare regions, since in fact concentra­
tions as high as 1016 cm- 3 have been reported (e.g. [118]) which implies that Eq. (23) and 
Eq. (27) will remain near the observational curves. This feature leads us to speculate that some 
flares have a high proton concentration medium (e.g. January 24,1971), whereas in others the 
concentration is much lower (e.g. July 7,1966), and that a great spread in high energy gamma 
rays and neutron fluxes is expected from flare to flare. The difference between observational 
and theoretical fluxes of gamma ray and neutrons is not a matter of discussion here, we only 
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want to note that these fluxes are mainly generated from the most energetic protons which are 
in fact the first to escape and do not frequently interact with the medium, as discussed 
previously in relation with sorne events of Figures 2 and 4. This implies that depending on 
the magnetic confinement efficiency in each flare, the expected flux of the secondary radiation 
will be of greater or lesser importance. According to Figures 2 and 4 a high gamma ray flux 
must be generated in the February 25, 1969, January 24, 1971 and September 1, 1971 events, 
whereas a lower flux should be expected from the July 7, 1966 event and no gamma-ray fluxes 
from nuclear collision in the acceleration volume must be expected in the events of Figure 3. 
The variability of the expected high energy gamma-ray fluxes has been previously discussed in 
[25]. Concerning neutron fluxes we argue that they are strongly absorbed by a neutron capture 

reaction (n+ H~ -> H3 + p). 

It must be pointed out that the need of protons for a minimum energy in order to overtake 
energy losses and to be accelerated upwards, measured energies may not be a strong require­
ment since the temporal and spatial sequence of phenomena in a flare seem to indicate the 
occurrence of a two-step acceleration of solar particles (e.g. [19, 16, 123]). A great variety of 
preliminary acceleration processes capable of accelerating particles up to sorne MeV has been 
suggested (e .g. [104, 112], etc.). It ·can be assumed that a certain portion of the lowenergy tail of 
the particle spectrum may belong to the first acceleration step. By smoothing the experimental 
data we have obtained a peculiar shape for this low energy tail of sorne spectra, although a 
similar shape is predicted from the theoretical point of view [5]. Moreover, authors in [94] discuss 
a noticeable deviation of the power spectrum below '" 4 MeV in low energy proton events, which 
they attribute to collisionallosses during storage in the ionized medium of the low corona. We 
are aware of the difficulty of estimating the exact shape of the low energy spectrum, due to the 
strong modulation of these particles either within or outside of the source. Therefore, we argue 
that in addition to energy losses, this particular slope change in the low energy tail of sorne 
spectra may be due to an upper cutoff in the preliminary acceleration process. 

Now let us discuss the assumption made in Section 5 in taking T as a constant value: although 
it is expected that the mean confinement time varies according to particle rigidity, it is not clear 
if the escape mechanism from the source occurs through leakage, by thin or thick scattering, by 
curvature drifts, by gradient drifts or even by a sudden catastrophic disruption of a closed 
magnetic structure at the source; therefore, we opted for a mean value T = 1 seCo Whose 
implications can be seen as follows: we note from Eq. (11) that if the value of T increases, then 
!(>E) increases, whereas if T decreases, then !(>E) decreases and so the theoretical spectra will 
approximate the experimental curves. At any rate, what can be deduced is that if T is either 
lower or higher than the assumed value, the sequence of theoretical spectra does not change or 
consequently our conclusions are not altered. In order to evidence that the value of T is in 
general of the order assumed, we .shall develop the following considerations: if we make the 
extreme assumption that acceleration of solar protons is performed by a low efficiency process, 
such as a second-order Fermi-type mechanism then we know that in these cases the accelera­

tion efficiency is given as a= V~/VL, where v is the velocity of protons, L the acceleration step 
within the acceleration volume, and Va the hydromagnetic velocity of the magnetic field 
irregularities. Taking into account that our values of a in a given event can be considered as 
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an average value for different energies of protons, we shall estimate the average value of 1 for a 
50 MeV proton and assume that the value of lis typical of the acceleration region configura­
tion; hence for a field strength of 500 G and density n = 1013 cm- 3

, the extreme values of a 
obtained are a = 0.1 and 1.54 S- l leading to the following values: 1 =10 Km and 0.84 Km 
respectively, which are of the same order as the values found by Perez-Peraza (1975) for 
multi-GeV solar protons. To estimate '[ in a magnetic field (H) where the field gradient is "'H/ 
1, we use the fact that '[ = L 2 lVi, where L is the linear size of the acceleration region; an 
approximate' value of L may be deduced by the fact that the volume of flare regions varies 
from 1025 to 1029cm3 from flare to flare [19, 54, 55], and hence a linear dimension of ~109 cm 
may be considered as a typical value [30, 31] Assuming that the acceleration volume cannot be 
greater, than the flare volume, we shall consider L = 108 cm as a typicallinear dimension for 
acceleration regions [116]. In such conditions we obtain '[ = 1 and 12.6 s. for solar events where 
a= 0.13 and 1.54 S- l respectively. We should say that if a shorter length scale L than the 
assumed one were taken values of '[ <1 could be obtained, and hence our theoretical fluxes J 
(>E) would come closer to experimental curve as discussed aboye. In fact, it can be observed in 
Figure 3, that the theoretical curve corresponding to a=0.13 and thus to a low value of '[ (the 
November 12, 1960 event) is nearer the experimental curve than to the theoretical curve 
corresponding to higher values of a, where it is supposed that '[ must be higher. It must be 
noted that a higher value of a in one event with respect to another event does not imply a 
shorter escape time for particles in the former with respect to the latter, because the source 
conditions are not the same from one event to the other, as can be seen from the fact that 
magnetic inhomogeneities are much closer between them in events of high acceleration effi­
ciency. We have considered a second-order Fermi-type mechanism to i1lustrate that even in the 
extreme case of such low efficiency the acceleration process may be performed within the flare 
time scale and to show that the assumption of '[ = 1 s is well justified. If instead of a second­
order Fermi mechanism we consider a first-order Fermi-type process in a shock wave, such as 
is usually attributed to the acceleration of solar particles (e.g. [32, 110]) the resulting value of '[ 
is then lower than 1 s. From the study of heavy nuclei overabundances in solar cosmic rays it 
can be predicted that the value of '[ is comprised between 0.1 and 0.4 s; these values when 
included in our calculations result in a much better fit of the theoretical spectra to the observa­
tional curves that the one illustrated with '[ = 1 s. 

The acceleration time scale of protons in solar flares, can be estimated from the following 

expression: t = f~t1~) . In the energy range 106 ~E ~ 1010 eV we have according our results 

discussed in last section that, 

{ 
a~W 

f(E) = ( 2) in low temperature regimens 
a~ + p~ W 

f (E) = (d - hE-2 
- jE-1 ) ~W - b / ~ in intermediate temperature regions 

f(E) = [(d - hE-2 - jE-1)~ - p2 ] W - b/~ in high temperature regimens 

(where) d = a - f - 1) 
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Therefore, a consideration of the parameters obtained a and Ec for a medium density 
n = 1013 cm - 3 give acceleration times much lower than the time scale of the explosive phase of 
the flare phenomenon. For instance, for a low efficiency event (a = 0.14) in a high temperature 
regime, the time necessary to accelerate a praton fram 10 MeV to 5000 MeV, is only of the order 
of 8 seCo 

It is interesting to comment on the estimated parameter l on the basis of our results of the 
parameter a : as pointed out by [102] the time scale of the explosive phase in solar flares, is 
~ 103

8, and it is believed to be that of the stored magnetic energy dissipation, which is given as 

Td = 4no-z2 / ¿. (35) 

where 1 is the characteristic length of the system and o- the electrical conductivity in flare 
material is of the order of 2.1 x 1012_2.4 X 1014 

S - l . A single calculation with (35) shows us that 
1 = 1.7 x 104-1.8 x 105 cm which agrees we11 with the values estimated in this work and 
previously deduced by [79] . 

It worth comment on the discrepancy between the predicted theoretical energy spectra at the 
source and the experimental spectra measured in the earth environment: first we note that the 
physical processes that can occur in a medium as dense as the sun' s atmosphere are undoubt­
edly very diverse, and so, we do not claim to have included in our treatment a11loss processes 
for charged particles, but only those of greatest interest that can affect pratons within the 
energy range we are concemed with and during the short time scale of the acceleration 
durability. In fact, although Cerenkov losses are included in Eq. (2) we have ignored other 
losses fram co11ective effects, however, sorne of them, such as energy 10 s by plasma perturba­
tions see to be negligible for pratons o fE> 23 MeV; also we have not considered energy losses 
caused by viscosity and Joule dissipation as suggested by [120] . On the other hand, we have 
not included nuclear transformation within the acceleration volume, as for instance praton 
production by neutran capture, nor loss of particles fram the accelerated flux as leakage fram 
the acceleration volume. Therefore, it is expected that the consideration of these neglected 
processes, together with a lower value of T as discussed aboye and a higher proton concentra­
tion of the medium would depress our theoretical fluxes in greater congruency with the 
experimental curves. Again, local modulation of particles at the source level after acceleration 
are not examined here, either by an energy degradation step in a closed magnetic structure, or 
while traversing the dense medium of the solar atmosphere as studied by [121] . 

In fact, observations of low energy particles indicate the existence of a strong modulation 
within a sma11 envelope of ~ 0.2-0.3 A.v. (e.g. [34]). Furthermore, studies of relativistic solar 
flare particles during the May 4, .1960 and November 18,1968 events have shown that particles 
diffuse in the solar envelope « 30 Rs) [9, 21, 22, 63] which entails a modulation of the solar 
fluxes. Evidences of partic1e storage in the sun, where particles can be strangly decelerated, 
have been widely mentioned in the literature (e.g. [1, 65, 106]). Modulation in interplanetary 
space is a complicated pracess (e.g. [28, 29]) which provokes both the depression in the 
number density of particles and their strong deceleration: estimations of [74] indicate that 
particles lose ~ 10-64% of their energy through prapagation, while [75, 76]) sustains a loss of 
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~ a half of their energy before escaping into interstellar space. Moreover, the acceleration of 
particles in interplanetary space [21, 22, 85] may strongly disturb the spectrum. Given the 
strong modulation of solar particles at different levels, one cannot expect a good fit between 
the predicted source spectrum and the experimental one. Nevertheless, we believe that the 
kind of intercomparison performed here permits the clarification of ideas about the processes 
related to the generation of solar flare particles. 

7. Concluding remarks 

In order to provide sorne answers to the numerous questions associated with the generation of 
solar particles (e.g. [24, 26, 71, 102, 119]) we have attempted to study the physical processes 
and physical conditions prevailing in solar cosmic ray sources by separating source level 
effects from interplanetary and solar atmospheric effects. On this basis, we have drawn sorne 
inferences from the intercomparison of the predicted theoretical energy spectra of protons in 
the acceleration region with the experimental spectra of multi-GeV proton events. Concerning 
this kind of events a number of modem techniques have been recently developed e.g.:[72]) and 
the, the PGI group in Apatity, Mursmansk, Russia [124-128]. In sorne of GLE it has been 
frequent to discem two particles populations: a prompt component and a delayed one. A new 
kind of classification has been proposed, GLE's and SubGLE's depending the number of station 
that register the earth level enhancement, location and latitude of NM stations. 

We have chosen to study this particular kind of solar events (GLE) because they allow the 
study of the behavior of local modulation on protons, through the widest range of solar 
particle energies. Although one should expect that local modulation by particle energy losses 
at the source should follow the behavior illustrated in Figure 1, our results on source energy 
spectra indicate that is not the general case, but local modulation varies from event to event, 
depending on the particular phenomena that take place at the source according to the partic­
ular physical parameters prevailing in each event, such as density, temperature, magnetic field 
strength as well as the acceleration efficiency and particle remaining time before they escape 
from the source. 

In drawing conclusions about the physical processes at the source, we have assumed a fixed 
value of the parameter n, taking into account that although spectroscopic measurements show 
a variation in the value of n from flare to flare, these fluctuations are nonetheless very near the 
value n = 1013 cm - 3 [115]), and thus our conclusions about energy loss processes in the 
acceleration region are not significantly altered by small fluctuation on this parameter. More­
over, an analysis of the electromagnetic emission associated with flares indicate a spread of 
several decades on the medium temperature in flare regions (~104_1080K), hence we have 
chosen to fix the parameter n in order to concentrate our analysis on the parameter tempera­
ture. On the other hand, in drawing conclusions about the physical parameter of the accelera­
tion process we have selected a mechanism with an energy gain rate proportional to particle 
energy as is the case of stochastic acceleration by MHD turbulence [36]); nevertheless, we 
believe that our results can in general be considered as valid, in the sense that whatever the 
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acceleration mechanism may be, the physieal conditions of the medium (density, temperature, 
field strength) state undoubtedly state the kind of phenomena occurring at the source. We 
have shown that even a low efficient mechanism (low values of 0:) is able to explain the 
generation process within the observation time scale of the explosive phase of flares, when 
severe conditions in the density of the medium are assumed. 

Finally, let us discuss the global conception of the generation process of solar particles, 
according to the results obtained in this work: it is first assumed that in association with the 
development of solar flare conditions for the acceleration of particles may be such that it can 
take place either in a hot medium or in a cold one; in the first case, as a result of sorne powerful 
heating process, the local plasma must be strongly heated and acceleration of particles up to 
sorne few MeV must take place. This preliminary heating must follow to a sorne specifie kind 
of hydromagnetie instability or a magnetie field annihilation process in a magnetie neutral 
current sheet, so that by means of electron-ion and electron-neutral collisions, Joule dissipa­
tion, viscosity, slow and fast Alfven modes or even acoustie and gravity waves, the local 
plasma attain very high temperature ~ 107°K. The processes involved in this preliminary 
process of particle acceleration is not yet completely well understood; several plausible pro­
cesses capable to accelerate particles up to sorne MeV have been suggested in the literature 
(e.g. [112]). Among many possibilities suggested, we believe that the one proposed by [108] 
presents a very plausible pieture: a very select group of fast particles appearing from the 
prelirninary heating can be reaccelerated up to very high energies, probably by a Fermi-type 
mechanism as proposed by [108]). Because the medium is very hot and dense we propose that 
collisional and p-p nuclear collisions between the fast protons and particles of the medium take 
place. Besides, we prediet that up to sorne definite temperature the kinetie pressure of the gas 
is such that it favors the hydromagnetic expansion of a closed field line configuration, and thus 
adiabatic deceleration of particles takes place during their acceleration in the expanding 
plasma. Those particles with very low energy with respect a threshold energy Ec (determined 
by the competition between the acceleration and the deceleration rates) cannot escape from the 
sunspot magnetie field configuration because of their low rigidity, and thus, by scattering with 
the atoms, ions and electrons of the turbulent plasma, their energy is rapidly converted into 
heat to rise the local plasma temperature while the selected particles go into the main acceler­
ation process. As noted by [110] the increase of electron temperature tends to decrease the 
efficiency of acceleration, such as that obtained in the case of hot events (Table 1) with regard to 
the events of Tables 2 and 3. This low efficiency is also related to the relatively large character­
istie length- scale of the magnetie field, so that the acceleration time of particles up to high 
energies is relatively long. A second kind of solar event may be distinguished from the 
previous one, when the temperature is not so high (warm events in Table 3 and Figure 4) and 
thus expansion of the source material does not take place, at least during the time of the 
particle acceleration process. The temperature being lower and the characteristie magnetie 
field length shorter than in hot events, the acceleration efficiency is higher and consequently 
the acceleration time is relatively shorter. In these events or in hot events a low flux of high 
energy gamma rays generated by nuclear collisions of highly energetie protons is expected, 
because these fast particles spend very short time in the source before they escape. On the other 
hand, conditions in solar flares may be such that energy losses of protons are negligible during the 
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acceleration process, because particles are generated by a very effident process in a shorter acceler­
ation time. This kind of events are assumed to occur when the acceleration region is assodated 
with a relatively cold plasma, such that below a certain critical temperature, a compression of the 
sunspot field lines takes place and thus particles are more effidently accelerated because the 
characteristic magnetic field length scale is reduced. Moreover, adiabatic heating of protons into 
the compressed plasma may occur within the short acceleration time of these events raising the net 
energy exchange rateo Since the energy loss rate is negligible by rapport to the energy gain rate in 
these events, particles may practically be accelerated regardless of their energies, so that a prefer­
ential acceleration of heavy nuclei as suggested by [48, 49], must be expected when acceleration 
occurs in a region of low temperature regime. Either by assuming that in coId events particles are 
picked up from a thennal plasma or that in warm and hot events the preliminary heating is of quasi­
thermal nature, a very small fraction (No~1O- 11_1O- 18) of plasma particle of the source volume 
need to be picked up by the acceleration process in order to explain the experimental spectra. 

The most important parameters concerning the source and acceleration process of solar particles 
deduced under the assumptions made in in this work may be summarized as follows: accelera­
tion effidency a = 0.1-1.5 s- \ characteristic magnetic field length in the acceleration volume L = 3 
X 104_106 cm, linear dimension of the acceleration volume L = 109 cm, field strength of magnetic 
field inhomogeneities ~500 G, hydromagnetic velocity Va = 3.5 x 107cm s- \ medium density 
n~1013 cm- 3, mean confinement time of particles within the acceleration volume T ~ 0.1-4 s, 
average acceleration time of individual protons t = 12 s, medium temperature T~104_108o K. 

Finally, we add that whatever the approach may be in developing flare models, an expansion 
and compression of the source material (e.g. [96]) local modulation of particles after the acceler­
ation processes and a plausible absorption of secondary radiation from nuclear collisions in the 
solar environment must be considered. 

Epilogue 

We would like to emphasize that this work is to sorne extent with the aim to pay homage to the 
forefathers-founders of solar cosmic ray physics and space physics. 
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A. Appendix 

Energy spectrum of energetic particles accelerated in a plasma by a stochastic type-Fermi 
acceleration process (~ af3W) while losing energy simultaneously by collisional losses 
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according to the general expression of [lOJ, operative throughout all the range from 
suprathermal to ultrarelativistic energies, given in Eq. (2.1) in Section !l. In this case, the 
equation to be solved when only collisionallosses are competing with acceleration is 

(MeV) 
seg 

(A.I) 

where aH !he factors appearing in (A 1) were denned below Eq. (2.1) in Section !l 

Now we proceed to a variable change, in terms of y = ~ since W = M¿'y, dW~ M¿'dy and 
(l - p') 

Hence 

Jr=l f3 = -"-'--­
y 

Therefore, Ec. (A.l) as a function of y can be rewritten in !he foHowing form 

dy Fr K Y (K1 (r - 1)) -d =" y' - 1- M ' Jr=lln , [R, H(x,) + RsH(xp)] 
t e y'- l y 

From where 

di = dy 
"Jr=l- ¡fi> v,b ln (',($-1») [R, H(x,) + RsH(xp)] 

and thus 

(A.2) 

(A.3) 

(A.4) 

(A.5) 

1- 1 [/n l2n ( Jr=l/y) +b - V b' - 4acll 2n( JYr=1/yJ + b - V b' - 4acl ] (A.6) 
- ,lb' - 4ac 2n ( Jr=l/y) + b + V b' - 4ac 2n( JYr=1/yJ + b + V b' - 4ac 

For integration of (A.S) we have assumed !he case when b' > 4ac 

f (y) = d--; /n(k1 (r ,- 1)) [R,H(x,) + RsH(xp)] (and) 
r - y mc y 

I () = K [R,H(x,) + RsH(xp)] [(_3 __ 2_)/n(k1(r- 1)) +_2_] 
y Mc1 Ji!2=1 y'- 1 y' r- 1 

+ :c2 y(y,I_
I
)/n(k1 (Y~,- I ) ) {R,R,e-'; [1- c, (I - u,) ] +RsR3e-'¡ [1- cs (I - ~) l} 
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Now, according to Eq. (8.1) in Section IV the differential spectrum in terms of y is, 

(A.7) 

And fram (A.6) we obtain 

1 

e- tlT = [2a( JY2=1/y) + b - v'b2 - 4ac 2a( JYr-=-l/re) + b - v'b2 - 4ac] ,y'¡,2 - "" (A.8) 

2a( v'y2 -l/y) + b + v'b2 - 4ac 2a( v'YZ -l/Ye) + b + v'b2 - 4ac 

in such a way that Eq. (A.7) can be rewritten 

(A.9) 

which is the differential spectrum as a function of gamma. 

To obtain the integral spectrum we resort to Eq. (9) of Section Iv, 

(A. 10) 

Introducing A.8 in A.1O we obtain the integral spectrum 

(A. 11) 

Eqs. A.9 and A.12 may become very important for the study of a11 the entire range of particle 
energy of solar particles, particularly low energy pratons measured by satellites in the 
interplanetary space, that presumably they have been affected in their sources. Eventua11y this 
appraach could be used at laboratory scale for experiments of particle energization in plasmas. 
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PRESENTACION DEL ARTÍCULO: “Source Energy Spectrum of the 17 May 2012 GLE” 

Entre los diversos GLEs que presumiblemente ocurrieron en el período 2012-2015, el del 17 de mayo de 
2012 es el más ampliamente aceptado como un GLE, en vista del alto número de estaciones de 
monitoreo de neutrones en latitudes altas que lo registraron. A pesar de su pequeña magnitud, fue el 
más prominente de los previstos para la presente década (Pérez-Peraza y Juárez-Zuñiga, 2015). Sin 
embargo, la falta del efecto de latitud dificulta el estudio de las características de su espectro en el 
extremo de las altas energías. Varios autores han podido derivar espectros observacionales en la parte 
superior de la atmósfera terrestre para este peculiar GLE. Algunos de estos trabajos encuentran que el 
flujo de protones se caracteriza por dos componentes. Se han publicado un gran número de trabajos en 
relación a las características observacionales obtenidas por diferentes instrumentos, pero la 
fenomenología de la fuente, con respecto a los procesos de generación y sus parámetros físicos, no se 
han examinado. El objetivo principal del artículo es analizar dichos aspectos mediante la confrontación 
de los diferentes enfoques de los espectros observacionales con nuestros espectros teóricos analíticos 
basados en la aceleración estocástica y en la aceleración del campo eléctrico a partir de los procesos de 
reconexión. De esta forma, derivamos un conjunto de parámetros que caracterizan la fuente de cada 
una de las dos componentes del GLE, lo que nos lleva a proponer posibles escenarios para la generación 
de las partículas solares realtivistas. 
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Abstract Among the several GLEs (ground level enhancementsl that have presumptuously occurred in 
the period 2012- 201 S, the 17 May 2012 is that which is more widely accepted to be a GLE, in view of the 

high number ofhigh-Iatitude neutron monitor stations that have registered it.ln spite of the small amplitude, 

it was more prominent of the predicted GLE's of the present decade (Pérez-Peraza & Juárez-Zuñiga, 201 S, 

https://doi.org/ 10.1088/0004-637XJ803/ 1/27). However, the lack of latitud e effect makes it difficult to study 

the characteristics of th is event in the high-energy extreme of the spectrum. Nevertheless, several 

outstanding works have been able to derive observational spectra at the top of the Earth atmosphere for 

this peculiar GLE. Some of these works find that the flow of protons is characterized by two components. 

Quite a great number of works have been published in relation w ith observational features obtained with 

different instrumentation, but the source phenomena, regarding the generation processes and source 

physical parameters, have not been scrutinized. The main goal ofthis work is to look at such aspects by means 
of the confrontation of the different approaches of the observational spectra with our analytical theoretical 

spectra based on stochastic acceleration and electric field acceleration from reconnect ion processes. In this 

way, we derive a set of parameters which characterize the sources ofthese two Gl E component s, leading us to 

propose possible scenarios for the generation of particles in this particular GLE event. 

1. Introduction 

The importance of the study of relativistic solar particles that produce the so-ca lled GLEs (ground level 

enhancements) has been highlighted long ago in the literature (e.g., Miroshnichenko & Pérez-Peraza, 2008; 

Miroshnichenko, 2014) emphasizing solar phenomena features and terrestrial effects. It is assumed that 
the time profile of particles gives information about the interplanetary t ransport processes and structure of 

the interplanetary magnetic field, whereas the energy spectrum gives information about the source phenom­

ena: involved processes (acceleration and deceleration processes), plasma parameters magnetic field 

strength (B), density (n), temperature m and so on. Usually, the confrontation of timing synchronization 

between electromagnetic fiare emissions w ith those of energetic particles and coronal mass ejections 

(eME) is the method utilized to explore the physical conditions and processes taking place in the sources 

of particle generation. This synchronization method has been exhaustively exemplified by Malandraki et al. 
(2012) in connection with the 5EPServer project for the case of the 13 July 200S event. Besides, by means 

of the HESPERIA HORIZON 2020 project the first inversion of the neutro n monitor (NM) observations has been 

carried out that infers direct ly the release timescales of relativist ic Solar Energetic Particles (SEPs) at or near 

the Sun (Malandraki et al., 201 S). Recently, the Fermi-LAT collaboration (Ackermann et al., 2017) proposes that 

> 10-GeV protons (accelerated in the eME environment) produce > 100-MeV gamma rays which correlates by 
the interaction of > 10-GeV protons in a thick target photospheric source away from the original fiare site and 
the hard X-ray emission. In the particular case of the GLE71 (17 May 2012) several outstanding synchroniza­

tion between particles and elect romagnetic radiation studies have been done (e.g., Battarbee et al., 2017; Li 

et al., 2013). 

Another method to infer about the source physical parameters and the kind of acceleration mechanisms 
involved in the phenomenon is by means of the confrontation of the observational and theoretical particle 

energy spectra (Pérez Peraza et al., 2011 ; Pérez-Peraza et al., 2006, 2008, 2009; Miroshnichenko et al., 

2009). Based on this last alternative, in this work, we attempt here to determine the physical parameters 

and acceleration processes at the source of the 17 May 2012 GLE. This leads us to build possible scenarios 

for the particle generation process. 



72 
 

 

~-II 
~.., ... 
100 

PÉREZ-PERAZA ET AL. 

Journal of Geophysical Research: Space Physics 10.1002/2017 JA025030 

Among the descriptions for describing partide spectra of GLE at the top of the Earth atmosphere, a number of 

proposals can befound in the literature: an exponential over rigidity (e.g., Freier & Weber, 1963; l ockwood et aL, 

1974), a power law w ith an exponential roll-off (e.g., Ellison & Ramaty, 1985), o r alternatively the so-called Band 

function (Band et aL, 1993) based on a suitable model to parameterize the event-integrated fluence (Tylka & 

Dietrich, 2009); this approach describes the integral rig id ity spectrum by a double power law in rigidity with 

a smooth exponential junction in between (Usoskin et aL, 2011 ). Some of these propositions describe nicely 

the observational data for some particular GlE, though according to some authors (e.g., Bombardieri et aL, 

2006,2007,2008; Shea & Smart 2012) these simple approximations often do not work weU, especially for high 

energies above several GeV. Nevertheless, whatever the approach, the observational spectra obtained at the 

Earth level give sca rce information about the source phenomena at the Sun leveL This is due to the fact that, 

in general, the spectrum at the top of the atmosphere is not necessarily the same than the one at the source. 

The reconstruction of solar cosmic rays spectra at the source f rom observations at the top of the Earth atmo­

sphere is a complicated problem, since the spectrum goes considerable modulation along the way from the 

source to the Earth; the observed time profile is a superposition ofthe effects of partide azimuthal propagation 

in the solar corona and modulation during their transport in the interplanetary space. Because of the stochastic 

nature of the solar and interplanetary magnetic fields, the inverse problem of Solar Cosmic Rays ($CR) propaga­

tion, that is, the reconstruction of their characteristic near the roots ofthe interplanetary field lines at the high 

corona ca nnot be solved exactly.lt ca n only be done under certain model approx imations (e.g., Miroshnichenko 

& Sorokin, 1985, 1986, 1987a, 1987b, 1989): one must assume that the demodulated spectrum for interplane­

tary transport corresponds approximately to the spectrum only when the emitted partides from the upper 

corona occu r near the longitude of the Sun-Earth connection (O "" 6CfWJ. For further demodulation of the spec­

trum, after the interplanetary demodulation obtained up to the top of the solar corona field lines, one must 

allow for the azimuthal transport of partides in the magnetic fields of the solar corona as proposed origina lly 

by Reinhard and Wibberenz (1973, 1974), Wibberenz and Reinhard (1975), Schatten and Mullan (1977), 

Martinell and Pérez-Peraza (1981), Pérez-Peraza and Martinell (1981) and Pérez-Peraza et al. (1985) and 

reviewed in Pérez-Peraza (1986). This method propases two coronal regions of partide transport (in the ediptic 

plane), a fast propagation region and a slow propagation region. Accordi ng to Alvarez-Madrigal et al. (1986), in 

their condusíon no. 4, if the fast propagatíon region contains the solar longitude of connectíon between the 

Earth and the Sun, then the observed spectrum and the full demodulated spectrum (spectrum of the source) 

practically coincide. On the other hand, it is well known that Forman et al. (1986) have developed a method 

to derive the observational energy spectrum on the basis of the fluences at the time of moximum intensity at 

each particle energy, usually known as the TOM method. These authors pointed out that this method is suitable 

for very high energy particles, when the source is in the wel l-connected region ofthe Sun (55OW- 88"W), to avoid 

effects of coronal and interplanetary transporto This assumption allows estimating suitable integ ral energy spec­

tra of severa l GLE that have taken place since 23 February 1956 (Miroshnichenko, 1994, 1996, 2001). Therefore, 

taking into account that under those particular conditions the source spectrum can be approximated to the 

observational one, we have proceeded to study the source processes by solving the Vlasov equation (co!lision­

less Boltzman equation) in the frame of the quasHinear theory; such equation leads us to a Fokker Planck kind 

equation in energy space, which we have analytically solved by means of the WKBJ m ethocl (Gallegos-Cruz & 

Pérez-Peraza, 1995, hereafter G-P, Ap.J. 1995), through all the energy range, from suprathermal to ultrarelativis­

tic energies. It is in this way that considering the observationa l spectra as a proxy of the source spectra, we have 

proceeded, in the past, to the confrontation of the theoretical spectra with the observational one for several GLE 

(Bombardieri et aL, 2006, 2007; Pérez-Peraza et aL, 2006, 2008, 2009; Vashenyuk et aL, 2006). 

In the particular case of the GLE in consideration, the GLE71, which has presented at least two different 

components (what may be interpreted as two different sources), we have assumed that most of the observa­

tiona l spectra given by different authors were measured around the TOM. Besides, since the responsible flare 

was located at 13°N, 83""", it can be considered that it is w ithin the fast propagation region of the corona, 

allowing us to consider the observational spectrum as a proxy of the sou rce spectrum. 

2. Energy 5pectrum of the 17 May 2017 

On 17 May 20 12 took place a peculiar GLE that has been conventionall y designated as GLE71. As mentioned 

above, determination of the observational energy spectra of GlE has been done historically by several 

2 
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Figure 1. Confrontation of the observational spect ra at 02:10 and 02:30 universal time (Un (Balabin et al., 2013) versus theoretical spectra with deterministic accel­
eration in a magnetic neutral current sheet (MNCS). 
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different methods. The standard conventional method is based on a given spectral function, specific yield 

functions, pitch angle distribution, asymptotic cones, an inversion method, and so on (see, e.g., 

Miroshnichenko, 2014). This method usually requires data of NM stations well distributed in latitude, which 

is not precisely the case of GLE71. 

The event was mainly observed in high-Iatitude polar NM and sorne few stations at lower latitudes with geo­

magnetic cutoff < 3 GV. It was an event of small intensity and highly anisotropic: the maximal enhancement 

(-25% according to 5-min data) was registered at the South Pole station. Particles of E < 433 MeV were 
recorded by several spacecraft, for example, Geostationary Operational Environmental Satellite (GOES) and 

Anomalous Long Term Effects in Astronauts (ALTEA) (e.g., Berrilli et al., 2014). The observational characteris­

tíes of the associated fiare and electromagnetic emissions have been w idely described by many authors (e.g., 
Augusto et al., 2013; Firoz et al., 2014; Heber et al., 2013; U et al., 201 3; Papaioannou et al., 2014). 

Studies of the observational spectrum have been done by Kuwabara et al. (2012), Balabin et al. (2013), 

Plainaki et al. (2014), Mishev et al. (2014), and Asvestari et al. (2017). For the confrontation of our theoretical 

spectra (G-P, Ap.J. 1995) and the observationa l spectra ofthe several authors, previously mentioned, we have 
limited the span in kinetic energy of protons up to the top of the observational fluences by the NM stations. 
Then, we begin with the spectra given by Balabin et al. (2013) derived for three different times; though their 

resu lts are presented up to 7 GeV, we have only considered them up to the observed top by NM stations, that 
is, near 3 GeV. Our best tit of their spectrum is by assuming deterministic acceleration from a magnetic neutral 

current sheet (MNC5) . In Figure 1 we show such adjustment, at times 02:1 O and 02:30, with equation (4) in the 

supporting information (co rresponding to equation (1 ) in Perez-Peraza et al., 2009). The obtained source 

parameters point toward an expanding chromospheric MNCS, which is lengthening as acce leration is taking 
place in the first phase of the event. It cou ld be considered that such spectra correspond to the so-called 

prompt component (PC; e.g., Vashenyuk et al., 2006, 2008); however, the authors do not give such specifica­
tion nor a spectrum later than 02:30 that cou ld be considered as a delayed component (DC). 

Another observational spectrum, the first published one of the GLE71 (to our knowledge), was given by 

Kuwabara et al. (2012). Thi s was done on the basis of the data of the large Antarctic installation ($outh 
Pole monitors), the lceTop Cherenkov detector, the NM64 NM, and the Polar Bare NM. They use a 

standard-kind model to derive the energy spectrum. Figure 2 shows their derived spectrum between 02:35 

and 03:35 UT. We have adjusted their curve with a time-dependent spectrum from stochastic acceleration 

and injection from a preacceleration stage, fed by a monoenergetic fluence of protons of Ea = 1 MeV (from 

the top of a plasma thermal distribution at about 107 K) while being decelerated by adiabatic losses. The 

employed spectrum is given in the supporting information as equation (1) (corresponding to equation (41 ) 

in G-P, ApJ . 1995), where we have added adiabatic energy losses during acceleration in the expanding struc­

tures of the source up to the moment that partides escape to the interplanetary space. This is the best tit of 
the reported spectrum, among the several different scenarios studied in G-P, ApJ. 1995. 

3 
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Figure 2, Confrontation of the ob5ervational spectra (Kuwabara et al., 2012) at 02:05-02:20 UT (Ieft panel) and 02:35-03:35 UT (right panel) versus theoretical time­

dependent spectra with sl ochastic acceleratlon. 

Another outstanding analysis was carried out by Plainaki et al. (2014), based on their model NMBANGLE 

PPOLA that allows them the use of a number of stations that apparently did not reg ister the GLE. Their work 

leads to two different episodes in the event an initial one (prior to the arrival of the bulk of particles to NM 

stations), where the spectrum is rather of soft nature, and on the other hand, there is a second episode 

composed by particles with harder spectrum. They interpret these two phases as a possibility ofthe existence 

of two acceleration processes. Figure 3 shows our fit to the soft componentjust at the beginning ofthe event 

when particles belong rather to the SPE component, but high-energy protons scarcely have arrived at ground 

level (01 :45 un. The best tit is obtained assuming stochastic acceleration with monoenergetic injection and 
adiabatic energy losses in a relatively fast process at the source. Figure 3 also shows the tit of our source spec­

trum to their observationa l harder spectrum as measured by those authors at 03:05 UT. Our fitting of the 
spectrum at 03:05 points toward acceleration in a second episode of the event. We obtain that the best 

description is by stochastic acceleration with monoenergetic injection of l -MeV proton s, while particles 

are losing energy at the source by adiabatic deceleration. Both httings in Figure 3 were obtained with equa­

tion (1) in the supporting information (corresponding to Equation (41 ) in G-P, Ap.J. 1995). 

Besides, Mishev et al. (2014) develop an original method to determ ine the energy spectrum of the GLE71 that 
turns out to be quasi-independent of the latitude of NM stations. To derive a su itable spectrum the authors 

drew on low-Iatitude stations that seeming ly have not recorded the GLE71. The method is based on a mod­

ern conception of the standard-kind method with a new yield function and inversion method. In fact, they 
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Figure 3. Confrontat ion oftheobservational spectra (Plainaki et al., 2014) at 01 :45 UT (left panel) and 03:35 UT (right panel) versus theoretical time-dependent spec­
tra with stochastic acceleration. 

PÉREZ -PE RAZA ET AL. 4 



75 
 

 

,.--. 
~u" 

100 
Journal of Geophysical Research: Space Physics 10.1 002/2017 JA025030 

Early Phase Spectrum 

Q _0.090 S·I E(I _ 1.0 MeV 
1'0.(1.005 S·I 1_10.0 S 

.. _1.0 s 

- Esrty Pha8e Spectrvm 81 02,00-02:4(1 UT (MisI\eV el at .. 2(14) 
--- Time-dep. 5pe(:tlUm with Sloch. Ac'*. & MonoeneroetiC Injectiorl 

Induding Adiabalic lossea (Ec 41 . Ap.J. 446:400-420. 1995) 

'O,L-----~-------"---------------"----"---" 
0.5 1.5 2 2.5 

Kinetic Energy (GeV) 

,,' 0.5 

Q .. 0.048 S· l 

Po ~0.OO5 S·l 

.. '" lIfJ 
Eo .. 1.0MeV 

Late Phase Spectrum 

- l..Iote F'hase S!>ecIn.n al 02:4()-03:20 UT (MI$h$Y 81 al .• 2014) 
- Sleady State S!>ecIn.n wif1 S10ChasIic Aa:eI.(Ec. 43. ~.J. 446:400-420. 1995) 

1 1.5 2.5 
Kinematic Energy (GeV) 
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dependent and steady state spectra, respectively. 

distinctly showed the presence of an "early" phase and a Ulate" phase in the ground NM data during the 

GLE71, which in some measure could be considered as equivalent to t he PC and OC that were put in evidence 

long ago by t he group of Apatity (e.g., Miroshnichenko et al., 1990; Vashenyuk et al., 1991, 1994, 1997, 2002, 

2006,2008, Vashenyuk, Balabin, et al., 2007, Vashenyuk. Miroshnichenko, et al., 2007). Their early phase is illu­

strated in Figure 4, corresponding to the angle-averaged integrated fluency from 02:00 to 02:40 UT. This can 

be suitable reproduced by means of the time-dependent spectrum from stochastic acceleration after 10 s, 

w ith monoenergetic injection of l -MeV protons while undergoing adiabatic energy losses (equation (1) in 

the supporting information, corresponding to equation (41) in G-P, ApJ. 1995). In Figure 4 is also shown 

the angle-averaged integrated fluency in the time intelVal 02:40-03:20 UT (Mishev et aL, 2014). For this time 

intelVal the best description ofthe spectrum is obtained with the steady state spectrum from stochastic accel ­

eration and monoenergetic injection, given in equation (3) of the supporting informat ion (corresponding to 

equation (43) in G-P, ApJ. 1995), where it is assumed that particle escape is inversely proportional to the velo­

city of the particles. In Figure 5 we show the obselVational spectra at specific times during the so-called late 

phase 02:40 and 03:10 UT. These can be reproduced w ith our source time-dependent spectrum from stochas­

tic acceleration and monoenergetic injection while losing energy by adiabatic losses (equation (1) in the 

supporting information). It can be seen that the source spectrum, in our time-dependent approach (at two 

different acceleration times, 10 and 30 s), fits qu ite correctly the observational spectra for the two times, 

02:40 and 03:10 UT. The closeness in Figure 5 between the theoretical spectrum with the obselVational 

one might indicate that even if the steady state was not yet reached, it was very near to be reached after 
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Figure S. Confrontation of the observationallate phase (02:40 and 03:10 UT; Figure 4 in Mishev et al., 2014) versus theoretical time-dependent spectra. 
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10 s in the source (translated to the Earth level in a time interval, 02:40-

03:20 un: according to Figures 4 and 5b such steady state si tuation 

took place at an accelerat ion time just aboye 30 s, w hich at the Earth 

level occurred between 03:10 and 03:20 UT. 

Recently, Asvesta ri et al. (2017) give a spectrum of the GL71 on the 

basis of the PAMELA data that differs from the GOES + NM data on ly 

at E > 1 GeV. The authors do no mention the specific time of their dif­

ferential spectrum neither comment on different acceleration stages; it 

shou ld be noted that the fluence is not per time unit and d iffers by sev­

eral orders of magnitude with respect to the other authors. In Figure 6, 

it is show n that in this case the best tit to their spectrum is given with 

deterministic acceleration in a reconnection process of a MNCS (equa­

tia n (4) in the supporting information, corresponding to equation (1 ) in 

Pérez-Peraza et al., 2009). 

Regarding Figure 7, it has been argued by Li et al. (2013) that in prac­

tice, due to the limited latitude effect and to the extreme low intensity 

at high energ ies - 3 x 10- 4 pfu (cm - 2 .s- 1.sr- 1
) of GLE71, no confident 

energy spectrum can be determined in the high-energy portian by the 

standard modeL just in agreement with Bütikofer & Flückiger (2013). In 

arder to avoid high controversies around the NM counting rates that 

appear due to statistical fluctuations, instead of the standard model 

used by most authors, Li et al. (2013) drew on the TOM method using 

data of five NM stations. They derived a spectrum that tits correctly 

the low-energy portian from GOES-13. The b lack curve in Figure 7 

shows the derived TOM spectrum including data at low energ ies. It 

shou ld be noted that in contrast t o other authors, they g ive an integral 

spectrum instead of a differential one, so instead of convert ing their 

spectrum to the differential form, we have chosen to integrate our 

equations (1 )-(3) of the supporting information. In th is case, our study 

indicates that aboye 400 MeV very good fittings may be obtained with 

the steady state spectrum from stochastic acceleration with monoener­

getic injection and ad iabatic losses (equations (2) and (3 ) of the sup­

porting information, corresponding to equations (42) and (43) in G-P, 

Ap.J. 1995) and even with the time-dependent spectrum (equation (1 ) 

in the supporting information). However, at lower energies we cannot 

reproduce the observational spectrum, which can be attributed, at 

least, to t wo main causes: (1 ) Forman et al. (1986) precluded the TOM 

method for low-energy particles, because it is less reliable not on ly 

due to transport effects but also beca use particles are more subject 

to convection and adiabatic deceleration, so the spectrum becomes 

flatter than the spectrum at the Sun; (2) the low-energy portian of the 

spectrum is produced by another stage of acceleration, most probable 

due to shock wave acce leration as argued by Li et al. (2013). This sec­

ond option could be also consistent with the series of works of 

Bombardieri et al. (2006, 2007, 2008) w ho have shown that shock wave 

acceleration is rather effective for the nonrelativistic range, but at high 

energies the spectrum is broken undergoing an exponential cutoff. The 

result is then a significant softening of the particle spectrum and 

decrease of thei r maximum energy. Those works are in agreement with 

our claim in the present work. regarding the predominance of stochas­

tic acceleration. Under these circumstances the log ica l scenario could 

be a prompt acceleration phase by reconnection in a MNCS and shock 

wave acceleration and a delayed stage by stochastic acceleration. 
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3. Discussion 

The GlE of 17 May 2012 was very peculiar from the point of view that was relatively small, showing a spec­

trum at E < 433 MeVof relatively soft nature, changing to a hard one as the time elapses. There is a consensus 
that the lack of a latitude effect of non polar MN stations inhibits the standard model to derive the observa­

tional spectrum at E > 433 MeV. However, there is no doubt that a number of stations have registered a 

counting rate increase at the time of the event, originated in a dass 5.1 flare that took place at about 
01 :25 UT. Such increase was registered also for some non polar stations, though on the basis of statistical fluc­

tuations they have been disregarded by li et al. (2013), what led those authors to derive a spectrum on the 

basis of the TOM model (Forman et aL, 1986). Nevertheless, ignoring those statistical constraints, a number of 

authors derived the spectrum on the basis of different va riants of the conventional standard modeL The 

observationa l spedrum tends to show two different behaviors: a rather flat spedrum from 01:45 to 

02:30 UT that we have identified as a PC and a steeper spectrum that we designate here as a Oc. These 

connotations may be identified with the early and late phases of Mishev et al. (2014) and the acceleration 
episodes of Plainaki et al. (2014). 

As we mention in section 1, the phenomena that take place at the sources of solar energetic partides can be 

inferred from the timing synchron ization between the several electromagnetic flare emissions and CME. 

Another option is by means of energetic partides on the basis of the confrontation of observational spectra 

with theoretical source spectra. ln the present work we attempt to infer about the source phenomena by this 

last option, that is, by fitting observational spectra with our theoretical spectra developed in Pérez-Peraza 

et al. (1977), Ga llegos-Cruz and Pérez-Peraza (1995), and Pérez-Peraza et al. (2009). Such confrontation leads 

us to infer about plausible scenarios of particle generation in this peculiar GlE. The restriction of this method 

is that observational spectra, even at high energies, are not strictly representative of the source spectra. In 

fad, the closest translation is when the source is in the Sun-Earth connedion (_55°_88°); partides traveling 

out of that con e never reach Earth, so then the registered fluence is lower than that at the source leveL 

Furthermore, there are effects of coronal azimuthal and interplanetary transport, as well as adiabatic and 

collisional energy losses in and out of the source (probably behind the expanding shock wave). If the source 

magnetic strudure is momentarily dosed, even the most energetic particles may be modulated by colli sional 

energy losses before they escape to the interplanetary medium. Given the involved flare location, for the 

particular event, the GLE7 1, we have considered here the observational spectrum as a proxy of the source 

spectrum. The confrontation of theoretical source spectra with the observational one gives us an approxi­

mate conception ofthe scenarios of production, which is the involved acceleration and energy loss processes 

and the plausible source parameters. 

We found that two main acceleration mechanisms are potentially involved: (1 ) a deterministic process by 
direct electric field acceleration from reconnection in a MNCS (the presence of reconnection processes during 

flare activity has been often discussed in the literature since at list from 1953; see, e.g., the excel lent review by 
Cargi ll, 2013) and (2) a stochastic process by local magnetohydrodynamic turbulence in the flare body and/or 

tu rbu lence generated behind the shock generated in the CME associated to the flare, when the preceding 

CME can provide enough enhanced turbulence to feed a partide population ahead the main 
CME-driven shock. 

Regarding the SQurce parameters, it should be emphasized that taking into account, there is not a unique 

observational spectrum, but there exist a great dispersion of results for the GLE71, even at similar record 

times, so one can only determine a range of the most probable source parameters. The results obtained 

here from stochastic acceleration point toward an acceleration efficiency in the range a:::; 0.9- 0.0023 S· l 

and the deceleration efficiency by adiabatic losses p = 0.01 - 0.001 S- l, and the best description of the 

spectrum is obtained for acceleration times in the range t "" 1- 30 s and for monoenergetic injection the 

best value is Ea = 1 MeV. For the deterministic acceleration process by reconnection in a MNCS the values 

of the magnetic field strength are in the interval 8 = 250- 50 Gauss, the density n = 9.5 x 10 ' 2 to 

6.5x 10' 2 cm- 3 and the length of the neutral sheet L = 7.5x 106 to 1.1 5x 108 cm. Such a dispersion of 

the physical parameters can be understood from the fact that the observational spedra given by different 

authors have been done using different approaches of the standard model: different sets of NM stations, 

different yield functions, different considerations about time evolution of pitch angle distributions and 

fundions of asymptotic cones, and different flux intensity with different spectral indices, so that their 
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Table 1 e ... 
Source Parameters Derived From the Best Fittings in Figures 1-7 :::1 

Author Spectrum UT Fit (1 (S·l) Po (S·l) Eo (MeV) r (s) t (s) B (gauss) L (cm) n (cm 3) Inject ion 
!!!. 
O 

Kuwabara et al. (2012) TIme-dependent stochastic 02:05- 02:20 Ec. 41, ApJ. 0.48 0.53 1.0 1.0 5.0 Monoenergetic ..... 
ilccelerat ion 446,1995 C'I 

Kuwabara et al. (2012) Time-dependent stochastic 02:35- 03:35 Ec. 41, ApJ. 0.125 0.005 1.0 1.0 30.0 Monoenergetic 
fI) 
O 

acceleration 446,1995 'a 
Li et al. (2013) nme-dependent stochastic Ec. 41, ApJ. 0.026 0.001 1.0 1.0 5.0 Monoenerget ic ~ 

acceleration 446,1995 'oC 

'" li et al. (2013) 5teady state stochastic Ec. 42, ApJ. 0.0029 0,01 1.0 1.0 Monoenergetic ñ' 
acceleration 446,1995 Al 

Li et al. (2013) 5teady state stochastic Ec. 43, ApJ. 0.0023 0.01 1.0 1/p Monoenergetic 
acceleration 446,1995 ;¡g 

fI) 
Balabin et al. (2013) Deterministic acceleration 2:10 Ec. 01, ApJ. 250.0 7.50E+06 6.50E+ 12 '" 695,2009 fI) 

Al 
Balabin et al. (2013) Deterministic acceleration 2:30 Ec. 01, ApJ. 50.0 1.15E+08 3.80E+ 12 ... 

695,2009 n 
~ 

Plainaki et al. (2014) Time-dependent stochastic 1:45 Ec. 41, ApJ. 0.9 0.1 1.0 1.0 1.0 Monoenerget ic 
accelerat ion 446,1995 VI 

Plainaki et al. (2014) TIme-dependent stochastic 3:05 Ec. 41, ApJ. 0.55 0.005 1.0 1.0 30.0 Monoenergetic 'a 
Al 

accelerat ion 446,1995 n 
Mishev et al. (20141, early Time-dependent stochastic 02:00-02:40 Ec. 41, ApJ. 0.09 0.005 1.0 1.0 10.0 Monoenergetic fI) 

phase acceleration 446,1995 "ti 
Mishev et al. (20141, early Steady state stochastk 02:40-03:20 Ec. 43, ApJ. 0.048 0.005 1 /P Monoenergetic ~ 

phase acceleration 446,1995 'oC 

'" Mishev et al. (2014), early TIme-dependent stochastic 2:40 Ec. 41, ApJ. 0.09 0.035 1.0 1.0 10.0 Monoenergetic ñ' 
phase acceleration 446,1995 '" Mishev et al. (20141, early TIme-dependent stochastic 3:10 Ec. 41, ApJ. 0.09 0.035 1.0 1.0 30.0 Monoenergetic 

phase accelerat ion 446,1995 
Asvestari et al. (2017) Deterministic acceleration Ec. 01, ApJ. 250.0 7.50E+06 9.50E+ 12 

695,2009 

Note. UT = universal time. o 
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fluences and spectral indices change from author to author. It is obvious that under such circumstances, it 
is not feasible to have a protocol to derive observational spectra of energetic solar partieles; all what we 

can hope is that they only differ no more of an order of magnitude. Nevertheless, it shou ld be noted that 

the source parameters obtained here are within the conventiona l range of chromospheric and coronal 
solar flares va lues. Note that in the particular case of the spectrum of Balabin et al. (2013) at 02:10 UT 

and that of Asvestari et al. (2017), even if the fluence scales are different, it can be seen in Table 1 that 

the obtained source parameters are the same. 

4. Conclusions 

We have explored the sources of partieles during GLE of 17 May 2017 on the basis of the spectra given by 

different authors, under different approaches of the standard model, and on the TOM model. In spite that 

authors present their results in different scale units, most of them agree, within a factor around 10 in their 

observed fluences, with the exception of Asvestari et al. (201 7). This agreement is very important considering 

that one of the main goals of authors in calculating energy spectra is that the specialized community may 

draw inference about the source phenomena. 

The main results of this work to highlight are the set of source parameters of partiele generation and the 

involved acceleration processes driving to plausible scenario{s) during the GLE71. It is precisely the confron­

tation of theoretical source spectra with the observational spectra t hat gives us an approximate conception 

of the scenarios of production. The analysis of the spectra leads us to consider the presence of two different 
partiele components during the GLE71, conspicuously the works of Kuwabara et al. (2012) and Mishev et al. 

(2014), with their early and late phases, and Plainaki et al. (2014), with the so-called episodes. Here we have 

designated those two components as the pe and OC. These two components may indicate the occurrence of 

two different acceleration processes or a unique acceleration mechanism in two different acceleration stages. 

Due to the dispersion of results of different authors, strictly one cou ld conceive different scenarios according 

to different observational spe<tra. However, here we opt for proposing a genera l picture of partiele genera­

tion phenomena which leads us to conelude that among all the scenarios that were able to occur during par­

tiele generation in the GL7 1, those invoking two acceleration stages with different acceleration mechanism 
are the more likely to occur. The exceptions are the results presented by Balabin et al. (2013) and Asvestari 

et al. (2017), which apparently only found one single acceleration stage that we have adjusted by means 

of the deterministic acceleration. 

The fact that in our results the magnetic field B and local density n decrease as time elapses whereas the 
length of the sheet L increases w ith t ime leads us to propose a tentative scenario where particles of the pe 
are accelerated by an impulsive and fast deterministic process, whereas the DC is produced in the source 

and its environment by stochastic acceleration due to the local turbulence and/or the turbulence generated 

by the plasma expansion behind the shock wave, while losing energy by adiabatic losses, up to the moment 

when the "expanding magnetic bottle" opens, allowing particles to escape to the interplanetary medium. 

Meanwhile, the prompt partiele component is produced in a concomitant MNC5. It should be noted that, 

according to the theoretical spectra from stochastic acceleration, at 03:40 the steady state seems to have 

been reached, and consequently, under this si tuation the acceleration efficiency tends to be much lower than 

at early times (Figure 4). The fact that some spectra cannot be nicely reproduced with our theoretical spectra, 

that is (Kuwabara et al., 2012), in the lapse 02:05-02:20 UT (Pla inaki et al., 2014), before 03:05 (Figure 4), as well 

as the ang le average spectrum ofthe early phase of Mishev et al. (2014) during the lapse 02:00- 02:40 UT, and 

(U et al., 2013) at low energies may be indicative of the possible contribution of shock wave acceleration. It 

shou ld be mentioned that modern l iterature favors shock wave acceleration due to the frequ ent presence of 

a CME; for the GLE71 U et al. (201 3) invoke shock wave acceleration, though we th ink that their work is rather 
of qualitative nature, in contrast with our present work. Within the frame of our scenario, pure shock accel­

eration does not play the mayor role for accelerating particles up to GLE energies. Our present study supports 
rather the results of Bombardieri et al. (2006, 2007, 2008), though it is likely that shock wave acceleration has 

contributed to the generation of partieles registered by GE05-13 at E < 433 MeV. Whatever the reason of our 

fail to reproduce adequately the aboye mentioned spectra, it must be considered that the derived spe<tra by 

several authors disagree among them not only with in a factor around 10 in the magnitude of the fluency but 

also in the slope of their spe<tra. 
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PRESENTACION DEL ARTÍCULO: “Spectra of the Two Official GLEs of Solar Cycle 24” 
 
Basándonos en datos a nivel del suelo y en datos satelitales, determinamos, en este trabajo, el espectro 
observacional de ambos eventos: GLE71 (17 de mayo de 2012) y GLE 72 (10 de septiembre de 2017). 
Describimos un método simplificado para obtener el espectro experimental a nivel terrestre. Los datos 
de los GLE71 y GLE72 indican la presencia de dos poblaciones diferentes, cada una con un espectro de 
energía distinto. Por otro lado, exploramos el tipo de fenómenos que tienen lugar en la fuente. En 
contraste con otros métodos basados en la sincronización temporal entre las emisiones 
electromagnéticas de las fulguraciones y las eyecciones de masa coronal (CME), aquí desarrollamos una 
opción alternativa basada en el estudio de las partículas aceleradas, ajustando los espectros 
observacionales a nuestros espectros teóricos. Los principales resultados de este trabajo son la 
derivación de los parámetros de la fuente y la aceleración involucrada en el proceso de generación. Estos 
resultados nos llevan a construir posibles escenarios de generación para cada uno de los dos GLE 
estudiados. Consideramos este tipo de estudio como un asunto crucial en el marco de la Astrofísica Solar. 
 
Estatus: Aceptado para publicación. 
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ABSTRACT 

Based on ground-Ievel data and on satellite data we determine in this work the 
observational spectrum ofboth, the Ground Level Enhancement ofMay 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 ofthe GLE71 and GLE72 indicate the presence oftwo 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 (CM E), here we develop an alternative 
option based on the study of the accelerated partides, 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 partide generation in the so urce for 
ea eh one ofthe two studied GLEs. 

KEY WORDS: SOLAR CYCLE 24 - SO LAR FLARE PARTICLES - GROUND LEVEL 
ENHANCEMENTS - SOURCE ACCELERATION SPECTRUM. 

* perperaz@geofisica.unam.mx 

1. INTRODUCTION 

The implications of the study of Ground Level enhancements of solar partides 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 partides 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, pa rticularly in the acceleration process(es). 
As it was shown by Pérez-Peraza et al., 1985, at least for protons of E < 480 MeV the 
modulation of the fluxes may be relatively important for sorne events. On the other 
hand, in Miroshnichenko 2001, (beginning of section 1 at the end of section 8.1, there 
are sorne arguments (e.g. Reames, 1993) 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 discuss ion about the shift in the transport 
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paradigm. At any event, transport theory is a complicated matter, out of the scope of 
this work 

Generally, synchronization of time between the electromagnetic emissions of solar 
flares with those of solar energy particles and coronal mass ejeetions (CME) is the 
method used to explore the physieal eonditions and proeesses that take place at the 
sourees of solar particle generation (e.g., Gopalswamy et al., 2013). Alternatively, the 
eomparison of the observational and the theoretieal energy speetra leads us to make 
inferenees regarding the phenomena at the souree, partieularly the physieal 
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 aeeelerated 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 
reconnection of the field lines in the flare body, or in its surroundings, and on the 
other hand in the turbulence ofthe flare plasma, or behind the shock waves associated 
with the coronal mass ejection (ME). Besides, it was observed that sorne GLE present 
two aeeeleration phases: a Prompt Component (PC) and a Delayed Component (OC), 
as was evideneed 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 Enhaneement of May 17, other authors (e.g. 
Kuwabara, et al., 2012, 2013; Berrilli et al., 2014) ha ve al so indicated two possible 
populations, during the GLE71, supporting the presenee of a PC and a Oc. 

By comparing theoretical and observational spectra we attempt in this work to 
develop scenarios that can provide us with sorne insights of the phenomenon of 
particle acceleration during solar flares. It should be emphasized that our main goa l is 
the study of the particle spectrum at the so urce level; therefore, we do not deal here 
with processes of particle propagation. Studies of effects of his kind on energy spectra 
have been done sinee many deeades ago by a quite number of groups (Sehliekeiser, R., 
1989, Smart, D. F. and Shea, M. A., 1993, Miroshniehenko, L. l., 2014). In faet, sinee we 
are dealing with highly relativistic energy protons able to penetrate the 
magnetosphere, it is expeeted that interplanetary transport does not signifieantly 
alter the so urce speetrum of most of Ground Level Enhaneements (GLEs). We will 
discuss later the case of satellite data of energies lower than 100 MeV. 

Let us remember he re that (GLEs) are events observed by detectors on the earth's 
surface when there is an abrupt ¡ncrease in the cosmic particle count. The scientific 
international eommunity reeognizes 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 deeades that GLEs are eharaeterized by a rapid in crease 
of their maximum intensity, taking place within a few minutes, with decay being much 
slower than the increase; flows are highly anisotropic at the beginning and sometimes 
throughout the GLE (e.g. Moraal and Caballero-Lopez, 2014). The energy speetrum is 
softer than that of galactic cosmic radiation, and as the event progresses, it softens. 
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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 determining cosmic ray ground-level event data. On this 
basis, we c1aim that only nine NM stations have discernibly recorded this GLE as is 
shown in Figure 1, (from the NMDB). However, based on to the arguments that we will 
mention later, we reduce our study to two stations, SO PO and SOPB, assuming that the 
spectrum derived using these two high altitud e polar neutron monitors give a 
reasonable description ofthe 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 fl are (lF/M5.1, N12W83) and a 
high·speed CME (1,582 km ,1). Many researchers were in volved 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 latitud e 
Neutron Monitor stations but also by several spacecraft c10se to Earth: WIND, GOES, 
ALTEA and ACE, Berrilli (2014), and sorne ground-based neutron monitors. The event 
was quite small, highly anisotropic and was only observed at high latitudes and at a 
few stations at lower latitudes wi th a geomagnetic cutoff < 3 ev. The maximum 
¡ncrease was 24% according to one minute (NMDB) was recorded in the South Pole 
stations, Figure 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 leve!. Such behavior may give sorne insights regarding 
whether the low and the high energy populations proceed from the same, or, different 
sources. 

3 
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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 Figure 3) . To obtain the 
spectrum value at the four different energies, we use the Time of Maximum (TOM) 
fl ux (Forman et al., 1986; Li et al., 2013); Figure 2: illustrates that for 30.6 MeV, the 
differential flow becames " 7.9 protons / (cm2 s sr MeV), for 63 .1 MeV the differential 
flow beca mes " 2.0 protons / (cm2 s sr MeV), for 165 MeV the differential flow beco mes 
" 0.18 protons / (cm 2 s sr MeV) and for 433 MeV the differentia l flow becomes" 0.058 
protons / (cm 2 s sr MeV). The corresponding spectra va lues obtained in this way are 
shown in the section of Results. 
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Figure 2 Differential flux of low energy solar protons as seen by the GOES-13 satellite on May 
17.2012 during the GLE 71 (Figure 3 in Li et al. 2013). 

2.2. GLE OF SEPTEM BER lO, 2017 

It has been globally disseminated that at the beginning of September 2017 there was a 
period of extreme solar aetivity, preeisely at the minimum of the so lar eyde 24, in the 
Active Region AR2673 whieh produeed four powerful dass X flares, including the 
strongest flare ofthe Solar Cycle 24 (X9.3. S08W83) on September 6. 2017. This was 
the one that produced intensive solar-terrestrial disturbances including asevere 
geomagnetie storm on September 07 and 08. The corresponding solar aetivity eenter 
also induded the seeond strangest flare (X8.2) of Cyde 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-Iatitudes 
(NM) neutron monitors and stations in lower latitudes with a geomagnetic cut < 4 ev. 
It was a150 a low intensity and highly anisotropic event: the ¡ncrease at SOPB was ...... 
8% aeeording to one minute NMDB data was reeorded at the South Pole station, Figure 
3. 
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In the next section, we derive the energy spectrum at the ground level of this event; 
we are able to obtain a comparative frame by using the spectrum at low energies from 
the time pro files in units of differential flux, taken from: 
https://www.swpc.noaa.gov/products/goes-proton-flux (Figure4).Asin 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 differential flow beeomes '" 44.6 protons / (cm2 

s sr Me V), for 20 Me V, the differential fl ow beco mes '" 70 protons / (cm2 s sr MeV), for 
40 MeV, the differential flow beco mes '" 7 protons / (cm2 s sr MeV), and for 75 MeV the 
differential flow beco mes '" 2.0 protons / (cm 2 s sr MeV). The corresponding 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 Pe and atmospheric depth X 

is caJculated from the following equation: 

Nepox) = fpoo Sep,x)Jep)dp ( 1) , 

Here, S (P, x) is the atmospherie yield funetion given in Caballero-Lopez and Moraal 
(2012) and J(P) is the primary eosmic-ray speetrum at the top of the atmosphere. For 
the solar eosmie rays, the eounting rate, Ns, is usually assumed as a power-law 

speetrum of the form J=Jop·r at the top of the earth's atmosphere. The fraetiona! 
inerease, 8NjN, is given by the ratio Ns / Na, where Ns and Na are the counting rates 

due to solar and galactic cosmic rays, respectively. Pe is the well-known geomagnetic 
threshold (eutoff rigidity), whieh determine the minimum energy for eosmie rays 
reaehing the top of the atmosphere at the neutron monitor loeation (Smart and Shea, 
2005). 

In this work, we ana!yze both GLEs based on data from two neutron monitors at 
South Po!e station. They are SOPO NM whieh is a standard 3NM64 neutron monitor 
and SOPB NM, a lead-free neutron monitor (LFNM), both loeated at an a!titude of 
2820 m a.s.l. with a eutoff rigidity of about 0.1 GV (see, for instanee, Oh et al., 2012). 

One of the most distinctive features of a GLE is its anisotropy. Therefore, if one 
compares the increases observed by different neutron monitors, the anisotropy must 
first be subtraeted before speetral information is inferred. With this in mind, several 
teehniques have been used (e.g. DeKoning 1994; Bieber et al., 2002; Ruffolo et al., 
2006; and referenees therein). Moraa! and Caballero-Lopez (2014) and Caballero­
Lopez and Moraal (2016) ha ve 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 effeet of the 
anisotropy from the speetral sensitivity. This method analyzes the ratio of in creases 
in two neutron monitors with different rigidity response functions, but in the same 
location. This scenario elimina tes the uncertainties due to different atmospheric 
pressures, temperature and other environmental conditions. Therefore, the method is 
much more sensitive to small anisotropies. In this work, we will use this technique 
based on redueing the effeets of anisotropy by analyzing the ratio of inerease in two 
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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-Lo pez and Moraal (2016), the ratio of the fractional 
¡ncreases, observed by these two neutron monitors at the South Pole station, can be 
written as fo llows: 

(2) 

Yield functions in this expression, SNM64 and SLFNM, are from Caballero-Lopez and Moraal 
(2012) and Moraal and Caballero-Lopez (2014), respectively. Equation (2) means that the 
spectral index can be calculated from a ratio that is ¡ndependent of the direction of arri val 
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 (20 12) yield function properl y reproduces the neutro n monitor counting rate and is 
in good agreement with other yields obtained from Monte Cario simulations (see their 
comparison in Caballero-Lopez, 20 16). 

Table 1 shows the results of applying equation (2) to the observed ratio at South Pole 
station, during GLE 71 and GLE 72. In our analysis, we have used 15 minutes moving 
averages of the data shown in Figure 1 for SOPO and SOPB. Figure 5 shows the 
spectral index as a function oftime for both GLEs. 

4_ THE OBSERVATIONAL SOLAR PARTI CLE SPECTRA 

Regarding the obtained values of (y), it can be appreciated that in both GLEs there is 
no definite tendency ofthe 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 second one namely the Delayed Component (DC). 
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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-Lo pez and Moraal (2016), the ratio of the fractional 
¡ncreases, observed by these two neutron monitors at the South Pole station, can be 
written as fo llows: 

(2) 

Yield functions in this expression, SNM64 and SLFNM, are from Caballero-Lopez and Moraal 
(2012) and Moraal and Caballero-Lopez (2014), respectively. Equation (2) means that the 
spectral index can be calculated from a ratio that is ¡ndependent of the direction of arri val 
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 (20 12) yield function properl y reproduces the neutro n monitor counting rate and is 
in good agreement with other yields obtained from Monte Cario simulations (see their 
comparison in Caballero-Lopez, 20 16). 

Table 1 shows the results of applying equation (2) to the observed ratio at South Pole 
station, during GLE 71 and GLE 72. In our analysis, we have used 15 minutes moving 
averages of the data shown in Figure 1 for SOPO and SOPB. Figure 5 shows the 
spectral index as a function oftime for both GLEs. 

4_ THE OBSERVATIONAL SOLAR PARTI CLE SPECTRA 

Regarding the obtained values of (y), it can be appreciated that in both GLEs there is 
no definite tendency ofthe 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 second one namely the Delayed Component (DC). 
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Figure 5. Time series ofthe 15 mino simple moving average ofthe parameter gamma. 
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Spectrum pa rameters at Ground level 

J o [protons/(GV m~ sr s)] 
Gamma 

Date GLE UT Stage 
Iv! 

17-may-12 02:00-02:30 PC 3,80E+04 l .3 
17-may-12 02:3 1-03:30 DC 2.39E+04 l .• 
10-sep-17 16:~6-1 8:14 PC 1.43E+04 l .l 

lO-sep-1 7 18:15-20:24 DC 1.85E+04 l.7 

TABLE 1 

We must notiee that if we want the flux (jf ) respeet to proton kinetic energy (E) in 
units of GeV' m·l S" sr ' , then we must multiply the flux respeet to rigidity in units of 
GV" m·2 s·, sr' by p.' (where p is the ratio of partide speed to speed of light). 
Therefore, we should use the following expression: 

J (E) = 10-7J EHo ( JE(E+2EO))-r (3) 
E o J E(E+ 2Eo) 1000 

where, Jo is the flux respeet to rigidity for 1 GV protons (and shown in column 4 of 
Table 1), E is in MeV, Eo = 938 MeV and]E is in units of MeV" cm·l s·, sr" To deduce 
expression 3, we used the relationship between rigidity, P, proton kinetic energy, E, 
and as indicated in the next expression: 

p = ,j E(E + 2Eo) = f3(E + Eo) (4) 

From the data obtained in the Table 1 we have eonstrueted the following energy 
speetra at ground level. For both events we have derived the speetrum f,p (P, t) = Jo?-r 
by the method mentioned above of Caballero-Lopez and Moraal (2016). The results 
are illustrated in Figure 6. 
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", 

10' 

". 
". 

b) GLE September 10, 2017 
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·· · ·Observational Speclrum 18:15'20:24 UT) 
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Figure 6. Observational spectra (Prompt Component and Delayed Component) obtained in 
this work for the GLE of May 17, 2012, Figure (a), and for the GLE of September 10, 2017, 
Figure (b). 
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Energy spectra for GLE May 17, 2012, from several author 
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• 

Energy spectra lor GLE Sept. 10, 2017, Irom several author 

e) Firsl stage 

(Prom pI Componenl or Early Phase) 

• GOE$-15 data, 16:30-17:30 
(Mathiias el al. , 2018) 

- Observational $pectrum 16:56-18:14 UT 01 pe 

Z 10-4 
(This work, 1 ;; 5.2) 

- Derived proton spectra power law from GOE$-15 data, 16:30-17:30 
(Matthia el aL , 2018) 

- Derived SEP Energy spectra al 16:15 UT (Mishev el al ., 2018, 

"'1 ;; 4.8 and 6"{ '" 0.8) 
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(Mathiias el aL , 2018) 
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(Mishev el aL, 2018, '1 '" 7.6 and Ó"( '" O) 

10~L---~~~~~~L---~~~~~~L-~~~~~ 

10' 102 103 5x103 

Kinetic Energy (MeV) 
Figure 7. Energy spectrum derived in this work (in black) , as compared with the spectra of 
other authors. 
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In Perez-Peraza et al. (2018), the observational spectra given by different authors 
(Balabin et al., 2014, Kuwabara et al., 2012, Plainaki et al., 2014 and Mishev et a l., 
2014) were exhaustively studied for the GLE71. The authors shown in Figure 7 
published their spectra in terms of flux. The satellite data used by Matthiá et al., 2018, 
is shown by us in Figures 7c-d. Relative to the GLE71 (Figures 7a and 7b) it should be 
noted that our spectrum is induded in the order of magnitude ofthat of other authors, 
who used a large number of stations; this may be understood from the use of many 
response functions, and that ea eh author resorted to a different yield function. 
Although in the case of Kuwabara et a l., 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 dose to that of Matthiá et al., 2018, 
specifically at satellite energies, which correspond to the data used by these authors. 
Regarding Mishev et a l. (2018) it can be seen in Figure 7e that the PC of the three 
speetra are ofthe same order, while the DC differs, partieularly at low energies (Figure 
7d). 

5. - THE SOURCE SPECTRUM. 

The study of the energetie distribution of non-thermal partides is a fundamental 
problem in Cosmic Ray Astrophysics. The particle energy spectrum contains the 
information about partide generation proeesses, the souree loeation, and physieal 
eonditions therein. To determine partide speetra at the level of their sourees several 
methods have been worked out; by demodulation of the observational data baek to 
the source , taking into account the processes that may take place during the 
interplanetary transport (Perez-Peraza et a l., 1985, Alvarez et al., 1986), or 
alternatively, by inferring the particle so urce spectrum from the deconvolution af the 
non-thermal electromagnetic emissions produced by the interaction af the 
aeeelerated partides, with the local matter and eleetromagnetie fields. Both 
mentioned methods lead to a source spectrum that may be fitted by an exponential or 
¡nverse power law in energy, which by itself does not contain great information about 
the source phenamenolagy and physical canditians, but this must be inferred fram 
additional theoretieal work. 

For this later goal, usually two different approaehes have been worked out in the 
literature.; the first ane cansists in developing an acceleration mechanism for the 
partides to gain energy' in the proposed eleetromagnetie field eonfiguration and 
deriving the carrespand ing energy distributian predicted by the mechanism (Perez­
Pe raza et a l., 1978; Gallegos and Perez-Peraza, 1987; Gallegos et a l., 1993; Perez­
Pe raza et al., 1993) and on the other hand a more general method eonsists in solving a 
Fakker-Planck. type equation of continuity in the energy space, Perez-Peraza and 
Gallegos (1987), Perez-Peraza and Gallegos-Cruz (1994) and Gallegos-Cruz and Perez­
Pe raza (1995), for several types of plasma turbulenee and induding 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 so urce and the different acceleration 
meehanisms involved in the GLE phenomenon, for both events, we eompared the 
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obtained observational energy spectra in this work (Figures 6 and 7) with the 
theoretical energy spectra. In Perez-Peraza et al. (2017) an exhaustive study of the 
so urce spectra of the GLE71 has been done by mean s of the comparison of the 
theoretical so urce 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: Figures 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 physical parameters prevailing at the so urce, as well as 
the acceleration and deceleration from adiabatic cooling during particle generation in 
the two GLEs under study we employed several sets of parameters that susceptibly 
prevail 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 Figure 6 that our spectra are quite clase to the satellite data 
of GOES-13. It should also be noted in Figures 7c and 7d that most of spectra are c10se 
to the data of GOES-15. 

Figures 8a and 8b show the fitting of the equations, appearing in the works indicated 
just aboye, to our observational Prompt and Delayed spectra ilIustrated in Figures 6a. 
The obtained so urce and acceleration parameters for both components are indicated 
in the body of Figures. 

Similarly, Figures 9a to 9f show the fitting of our observational Prompt and Delayed 
spectra iIIustrated in Figure 6b. The source parameters for both components of the 
spectrum are indicated in the body ofthe Figures. 
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Time-dependent Spectrum with Stochastic Acceleration 
including Adiabatic Losses (Eq. A 1) at t =3.5 s 

GLE May 17, 2012 

a) Prompt Component 

• GOES-1 3 

- MNCS Injection Process (Eq. A7) 

B =430.0 gauss L = 2.8xl 07 cm 

n = 1.3xl 012 cm-3 T = 1.0 s , -, 
" =0.33 s- Po =0.8 s 

- Monoenergetic Injection Process 
E -, 08 -, 1 O O = 1.0 MeV ,, =0.4 s Po = . S r = . s 

- Observational Spectrum 02:00-02:30 UT 01 pe (This work, "1 = 5.3) 

lO-a L-,........_~~~~-'-__ ~_~~~~~-'-'-__ ~_--' 
2xl0' 102 103 3Xl03 

Kinetic Energy (MeV) 

Stochastic Acceleration Spectrum including Adiabatic Losses 

GLE May 17, 2012 

b) Delayed Component 

-- Time-dependent Spec1rum with 
Monoenergetic Injection 
Process (Eq. A4 ) 

Eo =1.0 MeV t =35.0 s 

" =0.07 5' Po =0.01 5 ' r = 1.0 S 

----Steady State Spectrum (Eq. AS) 

,,=0.06 5' Po =0.07 5 ' r= 1.0 s 

- Steady State Spectrum (Eq, A6 ) 
-1 -1 

" =0.045 s Po =0.01 s r = 1I{3 s 

• GOES-1 3 

- Observational Spectrum 02:31-03:30 UT 01 OC (This work, "( = 5.6) 
10-a L-~----~----~----~---------------'-----~--~ 

2xl 0' 102 103 3Xl 0
3 

Kinetic Energy (MeV) 

Figure 8. The comparison ofthe theoretical s pectra to the observational spectra ofthis work is 
shown for the GLE of May 17, 2012. Figure (a) corresponds to the pe of the GLE event and 
Figure (h) corres ponds to the DC ofthe same event, when it is reaching the stationary state. 
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• 

Time-dependent Spectrum with Stochastic Acceleration 
including Adiabatic Losses (Eq. A 1) at t =5.0 s 

GLE September 10, 2017 
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(Matthiá el al. , 2018) 
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Time-dependent Spectrum with Stochastic Acceleration 
including Adiabatic Losses (Eq. A 1) at t =2.0 S 
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Figure 9. The comparison ofthe theoretical spectra to the observational spectra ofthis work is 
shown for the GLE of September 10, 2017. Figures a, e and e corres pond to the pe of the GLE 
event, incJuding flux va lues at low energies from the GOES-13 and GOES-1S. Figures b, d and f 
correspond to the OC ofthe GLE evento 
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TllisWOfk Time-Oep. Stoch Accel M 0.400 0.800 1.0 10 '.5 Monoenergetic lo 
Thisworlc Tirne-Dep. Stoch Accel A4&A7 0.330 0.800 1.0 '.5 430.0 2.&:+07 1.3[ +12 MNCS (Eq. A7) .. 
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Mishevet al. 201a Steady State Stoch Accel A6 0.049 0.030 l /P Monoenergetic " 
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*The meaning ofthe symbols is described in the Appendix. 

The corresponding parameters are summarized in Table 2. Column 7 indicates the 
parameter of the acceleration efficiency of the stochastic process. Column 8 indica tes 
the efficiency of the deceleration process of adiabatic cooling. Column 9 indica tes the 
monoenergetic injection energy to the acceleration process. Column 10 indicates the 
mean conflnement time of particles in the source. Column 11 is the acceleration time 
of partide, which may be assimilated to the time where the process reaches the 
steady-state. Column 12 is the average of the magnetic field in the magnetic neutral 
current sheet (MNCS). Column 13 is the average length ofthe MNCS. Column 14 is the 
density number in the so urce. Column 15 indica tes 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 considerable dispersion of the acceleration efficiency values; 
turbulence must ha ve be en quite similar in regions where the magnetic field strength 
is in the range of 400 to 550 Causs and density in the range 10lL l0 12 cm-J. AIso, upon 
observing column 8 one can infer that the adiabatic deceleration efficiency (Po) in 
these two small events is in the range of 0.01-0.8 s·J It should be noted that the 
accelerated particles escape from the so urce either with a quasi-constant mean escape 
time or, with an inverse dependence of their velocities (1/{J). 

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 spectrum 
as time went by. The May 17, 2012 GLE originated in a flare of dass M5.1, occurring at 
approximately 01:39 UT, with heliolongitude in the range of W20-W90, Li et al., 
(2013). According to Omodei et al., (2018) the second GLE event was assoeiated with 
a X8.2 type flare in the solar zone (S08-W83), after 16:30 UT. This increase was also 
registered for sorne non-polar stations, but ofhigh 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 
Jo and y during weak events, Caballero-Lo pez and Moraal (2016), and we did this here 
for both phases (PC and OC) of ea eh event, and in this way, we generated the 
observational spectrum (Figures 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. AIso, it should be 
noted that the spectrum of the second phase (or Delayed Component) is softer than 
that of the first phase (or Prompt Component). The analysis was performed in the 
energy range ~ 3 CeV. 

As was mentioned in Section 1, the phenomena that take place in the sources of solar 
energetic partides can be inferred from different standpoints, most ofthem appealing 
to the temporal synchronization between the various electromagnetic emissions of 
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flares and coronal mass ejections (CM E). Another option is through the study of 
energetic particles, based on the comparison between the observational and the 
theoretical spectra. In the work at hand, we try to infer about so urce 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 liS to infer as to plausible 
scenarios of partide generation in these two peculiar GLEs (Table 2). In the process of 
comparison of the theoretical spectra with the observational ane, we have employed 
Eq. A4, Eq. A5 and Eq. A6, as well as Eq. A7, assuming that the stochastic accelera tion 
is preceded by an injection process, either by a local monoenergetic flu x of protons of 
mean energy about 1 MeV, ar by an inj ection 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). 

In Figures 8-9 it can be seen that the best fitting Prompt Component phase (PC) of the 
experimental spectra, occurred when the acceleration is still at a time t ;:: 2 - 10 S, 

whereas for the Delayed Component phase (OC) the best fitting is obtained at t ~ 25 s. 
It should be noted that the September 10, 2017, Prompt Component (PC) is better 
described with an injection from a reconnection process; though a monoenergetic 
injection process cannot be disregarded, since both options reproduce the 
observational spectrum quite correctly. The Delayed Component (OC) seems to be 
systematically better described by stochastic acceleration with the injection from a 
monoenergetic flux. The steady-state situatian seems to be reached after a time 
around 40 s in the so urce. 

Figures 8 and 9 inc\uding 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 los ses 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 Figures 8b, 9b, 9d and 9[, 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 probably present as can be observed in Figures 8a, 9a, 9c and ge. The 
corresponding parameters ofthe source processes are shown in Table 2. 

We c\aim thus that our work leads to construct possible scenarios in the so urce during 
the generation of ea eh GLE: throughout the enhanced solar activity of the fIrst days of 
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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). Alternatively, 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 surroundings, or behind the shock wave. 

8, - CONCLUSIONS 

We explored the sources of partides during the GLE of May 12, 2012, and September 
10, 2017 based on the observational spectrum developed here. For the GLE of 
September 10, 2017, we have considered also the spectra given by other authors. 

In addition of deriving the observational spectra ofboth GLEs, the main results of this 
work to be emphasized are the set of so urce parameters for the generation of partides 
and the acceleration processes involved, which lead to plausible scenarios during the 
events under study. It is precisely the comparison of the theoretical so urce spectra 
with the observational spectra that gives us an approximate conception of the 
production scenarios. The analysis of the spectra leads us to consider the presence of 
two different particle components during the events. Sorne authors designate those 
two phases as Prompt and Delayed Components, 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 nature, 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 singfe acceferation mechanism in two different aeeeferation stages 
could be generated 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 observational 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 
phys ical parameters that prevail at the source. 
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APPENDIX 

By means of the quasi-Iinear theory, and introducing the effects of spatial transport 
in a time escape (Schlickeiser 1989la diffusion equation in moment space is obtained 
from the Vlasov equation (mllisionless Boltzmann equation). That can be al,., 
derived from the Chapman-Kolmogorov equation (eg,Schatzman 1966). 

Al 

In Eq. Al f (p, t) is the pitch angle averaged-density of partid es of momentum p 
interacting with turbulence at time t, and D(p) is the diffusion coefficient 
characterizing the interaction dynamics between particles and the specific type af 
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 
partides (Ginzburg & Syrovatskii 1964), Eq . A2: 

aN(E.t) =.:~ [D(E)N(E t)] _!... [B(E)N(E t)] A2 ot 2 iJEz ' iJE I 

where E is the partide kinetic energy, and N(E, t) is the number of partides per 
energy interval at time t, 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 previous 
equation by setting A(E) = B(E) ± additional systematic energy change processes 
(Ginzburg, 1958). AIso, a source term Q(E, t) is added, (indicating external partide 
injection into the acceleration regian) and a sink term, assumed to describe any kind 
af particle disappearance process from the acceleration volume by means af 
characteristic disappearance (or scape) time T(E, t), emp loying these arguments, the 
previous equation is usually rewritten as: 

aN(E,t) =.:~ [D(E)N(E t)]_!... [A(E)N(E t)]- N(E, t ) + Q(E t) A3 at 2 GE2 I aE I r(E,t) I 

A(E) bei ng the systematic effect of stochastic acceleration 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 exp ressions have 
been only derived in the asymptotic ranges, E« mc2 and E» mc2 (e.g., Melrose 1976, 
1980; Barbosa 1979; and Ramaty 1979). However, the spectrum of protons in the 
transrelativistic region is very important for the production of neutrons, pions and 
gamma·nuclear Iines in solar fl ares. 
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A rnong the usual sirnplifications to sol ve Eq. A3 are to assume time independence for the 
escape and injection functions as well as time~ independent and energy-independenl 
acceleration efficiency (constant). To avoid sorne of these simplifications, we herein 
propose the use of the WKBJ technique to solve the last equation over the complete energy 
range of the accelerated particles. In mathematical physics, the WKBJ approximation 
Wentzel, (1926) Kramer (1926), Brilloui (1926) and Jeffreys H. (1924) is a method for 
finding approx imate solutions to linear differential equations with spatially varyi ng 
coeffic ients. 1t is typicall y used for a semiclassical ca1culalion in quantum mechanics in 
which the wavefunction is recasl as an exponent ial function, semiclassically expanded, and 
then either the arnplitude or the phase is taken to be changing slowly. Sorne people 
designate it as WBK, BWK or JWKB. An authoritative discuss ion and critical survey has 
been given by Balson Dingle, (1973) and Kichigin et al. 2019. 

Since we have no conftdent inferences abo ut the time dependence of the injection 
process, we retain, for simplicity, the general assumption that the flu x N(E, t) is being 
injected at arate Q(E) = q(E)e(t) " q(E) [where e(t) is the step fun ction] and is 
escaping at arate T -1, Gallegos-Cruz and Perez-Peraza, 1995. 

The theoretica l spectra used in this work are: 

1. The Time-dependent Spectrum for MHD turbulence, with monoenergetic inj ection, 
T=cst, and D(p)=p'/fJ has been given in the Eq. (41) in Gallegos-Cruz and Perez­
Pe raza (1995), Eq. (3) in Perez-Peraza et al., (2009): this formulation with the 
incorporation ofadiabatic energy losses was employed in Perez-Peraza et al., 2018 
and the inclusion of collisional energy losses will appear soon.: 

where 

protons/ (MeV s cm2 str) (A4) 

(dE ) = aPE (M e V / s) = the stochastic acceleration rate; 
dt acc 

and (dE) = - poP2E (Me V /s) = deceleration rate, 
d t ad 

With a(s-') the acceleration efficiency and po = (2/3)(Vr/R) (s-') is the deceleration 

efficiency due to adiabatic cooling. Furthermore Vr and R are the expanding ve loc ity and 
linear extension of the expanding magnetic structure respectively; No :;;;; protons /4rrR§E; 
qo = protons/4;rR§Es and RSE = /.5x/O JJ cm = sun-earth distance. 

RS(EO,E) = [erf(Z,) -1] exp [(3ar/2a)Jj] + [erf(Z,) + 1] exp [-(3ar/2a)¡j']; 

- 3 
ar = (i) (F + ay - 3p(4 - fJ' - fJ~)/2a) ; 
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F = O.5[p-I + 3p - 2P' + POI + 3Po - 2PJl; 

] = tan- Ip2 _ tan- I p I / 2 + 0.51n - o ; 
1 [(1 + p1/2)(1 p1/2)] 

f o (1- {J' /2)(1 + p¿(2) 
3PO! 

F( ) = [EO(1+PoJ] 2a 
Po E(l +P 

with Eothe injection energy (Me\!) 

2. The Steady-State Spectrum for MHD turbulence, monoenergetic injection, r=cst., 
and D(p)=p2/P, has been given in the Eq. (42) in Gallegos-Cruz and Perez-Peraza 
(1995): this formulation was also developed with the incJusion of adiabatic energy 
losses: 

N( E) = (qo/2)(a[aI3)" ,n (pgl ' Eor' (Poi P) 'I'(EI Eo )V2 exp [- (3a[ la) '/\ 1 [F(Po)/4rrR1E] 

protons/ (Me V cm2 str) (AS) 

Where: a,po' af,F,] f ,p, Po, Eo, F(po) and RSE are the same as in Eq. A4 

3. The Steady State Spectrum for MHD turbulence, monoenergetic injection, r z l/P, 
and D(p) zp2/P, has been given in the Eq. (43) in Gallegos-Cruz and Perez-Peraza 
(1995): this formulation with the incorporation of adiabatic energy losses was 
employed in Perez-Peraza et al., (2018): 

" ( 1 ) (q / 2)(P /P):¡(E/ E )2 [ E + PE l" b+'[5 [(-1) 1 N(E) = o o o ex _ crr'-p-' ) F( ) 
1 1 1 l E + P E P 2b o Po 

(4rrRIE)(a/3)2a:¡(E)a:¡(EolPgEo o o o 

protons/ (Me V cm2 str) (A6) 

Where: a,po' af )!.]f ,p, Po, Eo, F(po) and RSE are the same as in Eq. A4 

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

N(E) = No(E/EJ-l/4exp[-1.12(E/Ec)3/4j protons/(MeVcm2str) (A7) 

With No = 8.25 X 105 ("~' ) (t) /4rrR&E protons/(MeV cm' str), assuming anomalous 

conductivity; Ee = 1.792 X lO' (B~L) MeV, B = magnetic field strength (gauss), L = 

length ofthe MNCS (cm); and n = plasma number density (cm" ). 

25 



110 
 

 

REFERENCES 

Álvarez, M., Miroshniehenko, L.!., Perez-Peraza, J. and Rivero-G, F., 1986, Speetrum of 
solar cosmic rays in the source taking ioto account their coronal propagation, Soviet Astr., 
66, p. 11 69-1181. 

Augusto, C. R. A. , Kopenkin, V. , Navia, C. E., Felicio, A. C. S. , Freire, F. , Pinto, A. C. S. , 
2013. Was the GLE on May 17,20 12 linked with the M5.I -elass nare the first in the 24th 
solar eyele? arXiv: 1301.7055, Astroph. SR. p. 1-9 

Augusto C.R.A., Navia C.E., de Oliveira M.N. , Nepomueeno A.A., Fauth A.C., Kopenkin 
V. , Sinzi T., 2018. Relativistic proton levels from region AR2673 (GLE #72) and the 
heliospheric current sheet as a Sun-Earth magnetic connect ion. Preprint of the Alamos 
Laboratory, arXiv: 1805.02678v 1 [astro-ph.SR]. 

Barbosa, D.D., 1979. Stochastic Acceleration of Solar Fiare Protons. ApJ, 233, p. 383-394; 
Dar: 10.1 086/157399 

Balabin, Yu. V. , Germanenko, A. V. , Vashenyuk, E. V. , & Gvozdevsky, B. B., 2013. The 
first OLE of the new 24th solar cycle. Proceedings 33rd lnternat ional Cosmic Ray 
Conferenee, Rio de Janeiro, Brazil, 1, p. 1467- 1470. 

Balson Dingle, R., Asymptoti c Expansions: Their Derivation and lntcrpretation (Acadernic 
Press, 1973, London) 

Berrilli F., Casolino M., Del Moro D., Di Fino L., Larosa M., Narici L., Piazzesi R., 
Picozza P. , Scardigli S. , Sparvoli R. , Stangalini M., and Zaconte V., 2014. The relativistic 
solar particJe event of May 17th, 2012 observed on board the International Space Station. 
Weather and Spaee Clim. 4, A 16, p. 1-8, DO!: 10. 105 I/swscf2014014. 

Bieber, J. W. , and Evenson, P., 199 1. Detennination of Energy Spectra for the Large Solar 
Particle Events of 1989. Proceedings 22nd [otemational Cosm ic Ray Conference, Dublin, 
3, p. 129-133. 

Bieber J. W., Droge W. , Evenson P. A. , Pyle R. , Ruffolo D., Pinsook U., Tooprakai P. , 
Ujiwarodom M., Khumlumlert T.and Krucker S. , 2002. Energetic Particle Observations 
During the 2000 July 14 Solar Event. ApJ. 567, p. 622-634. 

Brillouin Léon, 1926. (La mécanique ondulatoire de Schrodinger: une méthode généraJe de 
resolution par approximations success ives). The wave mechanics of Schr6dinger: a general 
method of success ive approximation solving Comptes Rendus de l'Académie des Sciences. 
183, p. 24-26. 

Bieber J. W., Clem J., Evenson P., Pyle R. , Sáiz A., and Ruffolo D., 2013. Giant Ground 
Level Enhancement of Relativistic Solar Protons on 2005 January 20.1. Spaceship Earth 
Observations. ApJ. , p. 771-792. 

26 



111 
 

 

Caballero-Lopez, R.A. & Moraal, H., 20 12. Cosmic-ray yield and response functions in the 
atmosphere. J. Geophys. Res., Vol. 117, A 121 03, p. 1-11 , DO!: 10. 10291201 2JAO I 7794. 

Caballero-Lopez, R.A., Moraal, H. , 20 16. Spectral index of solar cosmic-ray flux from the 
analysis of ground-Ievel Enhancements. Advances in Space Research 57, p. 13 14-13 18. 

Cohen, C. M. S., and Mewaldt, R. A., 20 18, The Ground-Level Enhancement Event of 
September 2017 and Other Large Solar Energetic Particle Events of Cycle 24, Space 
Weather (AGUIOO, Advanci ng Earth and Space Science), p. 1616-1 623, DO!: 
10.1029/20 18SW002006. 

De Koning, C.A., 1994. Significant proton events of solar cycle 22 and a comparison with 
events of previous solar cycles (Thes is) . Uni versity o fCal gary. 

DOl111an , L.L, and Venkatesan, D., 1993. Solar Cosmic Rays, Space Science Reviews Vol. 
64, p. 183-362, Doi : 1993SSRv.64. 183D. 

Forman, M.A., Ramaty, R. , Zweibel, E.G., 1986. Physics ofthe SUIl, Ed. By StulTock, P.A. 
et al. , D. Reidel Publishing Company, Dordrecht, Holland, Chapter l3, p. 249-324. 

Gallegos-C., A. and Perez-Peraza, J., 1987, Determination of energy spectra o f solar 
electrons under different scenarios in solar flare sources, Rev. M ex icana Astron. & A strof. , 
14, p. 700-704. 

Gallegos-C., A. , Perez-Peraza, J. , Miroshnichenko, L.1. and Vashenyuk, E.V., 1993, Solar 
Particle Acceleration by Slow Magnetosonic Waves, Adv. Space. Res. 13(9), p. 187- 190. 

Gallegos-Cruz, A. , & Perez-Pcraza, J., 1995. Deri vation of analytical particle spectra from 
the solution of the transport equation by the WKBJ method. Astrophysical Journal , 446, p. 
400-420. 

Ginzburg V. L. , 1958. Progress in Elemelltary Particle Qnd Cosmic Ray Phys ics, Vol. 4 
(Elsevier, Amsterdam). 

Ginzburg V. L. and Syrovatskii S. l. , 1964. Origill of Cosmic Rays (Pergamon Press. 
Oxford) 

Gopalswamy N., Xie H. , Akiyama S., Yashiro S., Usoskin I.G ., and Davila J.M., 20 13. The 
First Ground Level Enhancement Event of Solar Cycle 24: Direct Observation of Shock 
Formation and Particle Release Heights. Ap. J . Letters. , 765: L30, p. 1-38 5, DO!: 
10. 1 O 88/2041-8205n6512/L30. 

Gopalswamy, N. , Yashiro, S. , Makell , P., Xie, H. , Akiyama, S., and Monstein , c., 201 8, 
Extreme Kinematics of the 201 7 September 10 Solar Eruption and the Spectral 
Characterist ics of the Associated Energetic Particles, ApJ, 863, L39, p. 1-6. DO!: 
https://iopscience.iop.org/articie / l0.3847 /2 041-8213/aad86c 

27 



112 
 

 

¡effreys Harold, 1924. On certain approximate solutions of linear differential 
equations of the second order. Proceedings of the London Mathematical Society. 23 : p. 
428- 436. Doi:10.1112fplmsfs2-23.1.428 

Kichigin, G.N., Kravtsova, M.V., Sdobnov, V.E., 2019. Global Solar Magnetic Field and 
Cosmic Ray Ground Level Enhancement. Solar Phys. 294(116) p. 1-10. 
https:ffdoLorgf10.1007fs11207-019-1516-5 

Kramers, Hendrik A., 1926. Wave mechanics and half-integer quantization. 
(Wellenmechanik und halbzahlige Quantisierung). Zeitschrift fUr Physik. 39( 10--11), p. 
828-840. Bibcode: 1926 ZPhy. 39.828. Doi:10.1007/BFOI451751 

Kuwabara, T., Bieber, J., C lern, l , Evenson, P. , Gai sser, T., Pyle, R. , and Tilav, S., 20 12. 
Ground Level Enhanccment of May 17,2012, Observed at South Pole. 45th AGU Fall 
Meeting, SH2 1 A-2 183 (Poster), San Francisco. 

Kuwabara, T., John Bieber, John Clem, Paul Evenson, Tom Gaisser, Rogert Pyle Serap 
Tilav, The Ice Cube Collaboration, 2013: Ground Level Enhancement of May 17, 2012 
Observed at South Pole; Proc. 33rd ICRC, RIO DE JANEIRO 20 13; The Astropart icle 
Physics Conference (See Special Section of these Proceedings), p. 1347- 1350. 

Li, c., Kazi, A., Firoz, L., Sun, P., & Miroshnichenko, L. l., 2013. Electron and proton 
acceleration during the first ground level enhancement event of solar cycle 24. Apl. 770(1), 

34, p. 1- 11. DOI: https://iopscience.iop.org/articJe/10.1088/0004-637X/770/1/34 

Matthia D. , Matthias M. M. , and Berger T., 2018. The Solar Particle Event on 10--1 3 
September 20 17: Spectral Reconstruction and Calculation of the Radiatian Exposure in 
Aviation and Space; Space Weather (AGUIOO, Advancing Earth and Space Science), V. 
16, p. 977-986. DOI: 10.102912018SWOOI921. 

McCracken, K.G. , Moraal , H., Shea, M.A., 2012. The high-energy impulsive ground-Ievel 
enhancement. ApJ. 761 (101 ), p. 1- 12, DO!: 10.1088/0004-637XI761/2/10 1. 

Melrose, D. B., 1976. Precipitation in trap models for solar hard X-ray bursts. MNRAS, 
176 (1), p. 15-30, DO!: 10.1 093/mnras/l76. 1.15 

Miroshnichenko, L.I. , 2001. Solar Cosmic Rays. Ed . Kluwer Academic Publisher, The 
Netherlands, Astrophysics and Space Science Library, V. 260, (480 p.) 

Miroshnichenko, L.!. and Perez-Peraza, J. , 2008. Astrophysical Aspects in the slUdies of 
solar cosmic rays (lnvited Artic1e), International Journal of Modem Physics A, 23( 1), p. 1-
14 

Miroshnichenko, L.l., 20 14. Solar Cosmic Rays: Fundamemals and Applications. Second 
Edition, Springer, Berlin, 521 pages. 

28 



113 
 

 

Mishev, A.L. , Kocharov, L.G., Usoki n I.G., 2014. Analysis of the ground level 
enhancement on 17 May 2012 using data fromthe global neutron monitor network. J. 
Geophys. Res., Space Physics, 119, p. 670-679. DO!: I 0. 1002/20 13JAO 19253. 

Mishev A. , Usoskin l. , ·Raukunen O., Paassilta M., Val tonen E., Kocharov L. , Vainio R., 
20 18. First Analysis of Ground-Level Enhancement (GLE) 72 on 10 September 2017: 
Spectral and Anisotropy Characteristics; Solar Phys. 293 ( 136), p. 1-15 
https:/Idoi .orgl I0.1007/s11 207-0 18- 1354-x. 

Moraal H. & R. A. Caballero-Lopez, 2014. The cosmic-ray ground level enhancement of 
1989 septernber 29. ApJ. 790 ( 154), p. 1-16; DO!: 10.1 088/0004-637XI790/2/154. 

Oh, S. Y. , Bieber, J .W., Clern , J., Evenson, P. , Pyle, R., Yi, Y. , and Kim, Y. K., 20 12. 
South PoJe neutron monitor forecasting of solar proton radiation intensity. Space Weather, 
S05004, p. 1- 13, DO]: 10.1029120 12SW000795. 

Ornodei N. , Pesce-Rollins M., Longo F. , Allafort A., Krucker S., 20 18. Ferrni-LAT 
observations of the 2017 September 10th solar flare Preprint of the A lamos Laboralory. 
arXiv: 1803 .07654v l [astro-ph.HE], p. 1-6; DOI: 10.38471204 1-82 13/aae077. 

Papaioannou, A. , Souvatzoglou G., Paschalis P. , Gerontidou M. , Mavrornichalaki H., 20 14. 
The first ground-Ievel enhancement of solar cycle 24 011 17 May 20 12 and it s real-time 
detection. Solar Phys., 289, p. 423-436, DO]: 10.1 007/s 11207-0 13-0336-2. 

Perez-Peraza, J., Gálvez, M. , Lara-Alvarez, R. , 1977, Energy spectrum of fiare part icles 
from an impulsive acceleration process, Proceedings of the Tnternational Cosmic Ray 
Conference, XV-Vol. 5, p. 23-28. 

Perez-Peraza, J., Gálvez, M., & Lara-Alvarez, R. , 1978. The Primary Spectrum of 
Supratherrnal Solar Particles. Adv. Space Research 18, p. 365-368. 

Perez-Peraza, J., Miroshnichenko, L.I. , Rivero, F. , Álvarez, M. , 1985, Source energy 
spectra from demodulation of solar particle data by interplanetary and coronal transport, 
Proceedings of the [ntemational Cosmic Ray Conference, XIX-Vol. 4, p. 110-113. 

Perez-Peraza, J. Y Gallegos-C. , A. , 1987, Solutions of the Fokker-Planck equation for the 
energy distribution of suprathermal eJectrons, Rev. Mexicana Astron. & Astrof., 14, p. 705-
714. 

Perez-Peraza, J., Miroshnichenko, L.], Sorokin, O.M. , Vashenyuk, E.V. and Gallegos-C., 
A., 1993, Spectrum of the fasl solar proton component, Geomagnetism and Aeronomy, 
32(2), 1-12 ; 1992 (Russian version, p. 159- 171). 

Perez-Peraza, J. and Gallegos-Cruz., A., 1994. Weightiness of lhe Dispersive Rate in 
Stochastic Acceleration Processes. The Astrophysical Joumal Supplement Series, 90, 
p.669-682. https:/Idoi.orgi IO.1 O I 7/S025292 I 100077940. 

29 



114 
 

 

Perez-Peraza J. , Vashenuyk E.V. , Balabin Yu .V., Miroshnichenko L.l. , Gallegos.Cruz A., 
2009. Impulsive, Stochastoc, and Shock Wave Acce leration of Relativ istic Protons in Large 
Solar Events of 1989 September 29, 2000 July 14,2003 October 28, and 2005 January 20. 
ApJ. 695, p. 865-873; DOI: 10.1088/0004-637X/695/2/865. 

Perez-Peraza, Jorge, Márquez-Adame, Juan C.; Miroshnichenko, L., and Ve lasco-Herrera, 
V., 20 18. Source Energy Spectrum of the 17 May 2012 GLE. J. Geophys. Res.: Space 
Physics, 123, p. 3262- 3272, DO!: 10.1002/20 17JA025030. 

Perez-Peraza, Jorge; Márquez-Adame Juan C., 20 18 in Book 1 Cosmic Rays, chapter 7, p. 
121- 161 , Ed. by InTech, London, ISBN: 978- 1-78923-593-7, ISBN: 978-953-5 1-6247-6. 

Plainaki, C. , Mavromichalaki H. , Laurenza M. , Gerontidou M. , Kanellakopo ulos A. , and 
Storini M., 2014. The Ground-Level Enhancement of 2012 May 17: Derivation of Solar 
Proton Event Properties Through the Application of the NMBANGLE PPOLA Mode. 
Astrophys. J. , 785( 160), p. 1- 12, DOI : 10. 1 088/0004-637XI785/2/1 60. 

Poluianov S.V., Usoski n I.G., Mishev A.L., Shea M.A., Smart, D.F., (20 17), GLE and Sub­
GLE Redefinition in the Light of High-Altitude Polar Neutron Monitors, Solar Phys (2017) 
292( 176) p. 1-7, DOII0.1007/s I1 207-017-1202-4. 

Ramaty, R. , 1979, Particle Aceelera/ion Mechanisms in Astrophysics, AlP Conf. 
Proceedings 56, Ed. 1.Arons, C.Max, & C. McKee (New York: AIP), p. 135. 

Ruffolo, D., Tooprakai, P. , Ruj iwarodom, M., Khumlumlert, T., Wechakama, M., Bieber, 
J.W., Evenson, P. , Pyle, R., 2006. Relati vistic Solar Protons on 1989 October 22: Injection 
and Transport along both Legs of a Closed Interplanetary Magnetic Loop. ApJ. 639, p. 
11 86- 1205. http://dx.doi.org/lO. 1086/499419. 

Sakurai, K. , Physics of So/al' Cm'mic Rays, Ed. by Uni versity of Tokyo Press., 1974, UTP 
223402,68026-5149, Tokyo, ISBN 0-86008- 105-2. 

Schatzman, E. , 1966. Swnmer School o/ Theoretical Phys. Les Hooches (New York: 
Gordon & Breach). 

Shea, M. A. , Smart, D. F. Wada, M., and Tnoue, A., 1985, A suggested standardized format 
foc cosrnic ray ground-level event data, in Proceedings of 19th Jntemational Cosmic Ray 
Conference, La Jolla, 5, p. 510-520. 

Shea, M. A., Smart, D. F., Adams, J. H., Chennette, D., Feyman J., Harnilton, D. c., 
Heckman, G., Konradi , A., Lee, M. A. , Nachtwey, D. S., and Roelof, E. c., 1988. Toward a 
descriptive model of solar partic1e in the heliosphere; Interplanetary particle environment, 
JPL Publication, p. 1-13, N89-28455. 

Schlickeiser, R. , 1989. Cosmic-Ray Transport and Acceleration. L Deri vation of the 
Kinetic Equation and Application to Cosmic Rays in Static Cold Media. ApJ , 336(243), p. 
243-293; DOI: 10.10861167009 

30 



115 
 

 

Smart, D. F. and Shea, M. A., 1993, Predicting and 11lodeling solar flore generare prolon 
j1uxes in rhe inner heliosphere , in: Biological Effects and Physics of Solar and GaJactic 
Cosmic Radiation , Part B, Eds: Swemberg et al., Plenum Press. New York, p. 101-117. 

Smart, D, F. and Shea, M. A. , 2005. A review of geomagnetic cutoff rigidities for earth­
orbiting spacecraft. Advances in Space Research 36, p. 2012-2020; DOI: 
10.1 016/j.asr.2004.09.0 15 

Stoker, P. H. , 1985, Spectra of solar proton ground level 
and neutron moderated detector recordings, Proceedings 
Conference, La Jolla, Vol. 4, p. 114-117. 

events using neutron monitor 
19th Intemational Cosmic Ray 

Tsytovich, V. N., 1977. Theory ofTurbulent Plasma (New York: Consultants Bureau). 

Vashenyuk, E. V., Miroshnichenko, L. l., Sorokin, M.O., Perez-Peraza, J. y Gallegos-Cruz, 
A. , 1993. Search for Peculiarities of Proton Events in Solar Cycle 22 by Ground 
Observation Data. Geomagnetism & Aeronomy 33(5), p. 1-10. 

Vashenyuk, E.V. , Miroshnichenko, L.L Sorokin, M.o., Perez-Peraza, J. and Gallegos A., 
1994. Large Ground Level Events in Solar Cyc1e 22 and some peculiarities of Relativi stic 
Proton Acce1eration. Adv. Space Ress. 14(10), p. 711-716. 

Vashenyuk, E. V.; Balabin, Yu. Y. ; Gvozdevsky, B. B., 2011. Features of relativistic so lar 
proton spectra derived from ground level enhancement events (GLE) modeling. 
Astrophysics and Space Sciences Transactions, Volume 7, Issue 4, 2011, p. 459-463, DOI: 
10.5194/astra-7-459-20 11 

WentzeL Gregor, 1926, A generalization of the quantum conditions for the purposes of 
wave mechanics (E ine Yerallgemeinerung der Quantenbedingungen für die Zwecke der 
Wellenmechanik). Zeitschrift für Physik, 38(6- 7), p. 518- 529. Bibcode: 1926 ZPhy 
38.5 18W. Doi:10.1007IBFOI397171 

Zhao, M.-X., Le, G.-M. , & Chi, Y.-T. , 2018, Investigation of the possible source for solar 
energet ic particle event of 2017 September 10, RAA (Research in Astronomy and 
Astrophysics)-2018-0009, p. 1- 13, arXiv:1805.01082vl [astro-ph.SR]3 May 2018 

31 



116 
 

PRESENTACION DEL ARTÍCULO: “The Quasi-Biennial Oscillation of 1.7 years in Ground Level 
Enhancement Events” 
 

Los llamados eventos de incremento a nivel del suelo son incrementos esporádicos de partículas solares 
relativistas medidos a nivel terrestre por una red de detectores de rayos cósmicos en todo el mundo. 
Generalmente se asume que estos eventos esporádicos ocurren aparentemente por azar. Sin embargo, 
encontramos que al estudiar los últimos 56 eventos registrados desde 1966 hasta 2014, estos eventos 
ocurren preferentemente en la fase positiva de la oscilación cuasi-bienal de la periodicidad de 1,7 años. 
Estos eventos discretos muestran que hay otro tipo de emisión solar (es decir, paquetes en forma de 
onda) que ocurre solo en una fase específica de una oscilación muy particular. Interpretamos este 
resultado empírico para admitir que los eventos de incremento a nivel del suelo no son el resultado de 
procesos estocásticos puros. Utilizamos la wavelet de Morlet para analizar la fase de cada una de las 
periodicidades encontradas y las variaciones locales de la densidad espectral de potencia en estos 
eventos esporádicos. Encontramos periodicidades cuasi regulares de 10.4, 6.55, 4.12, 2.9, 1.73, 0.86, 
0.61, 0.4 y 0.24 años. Aunque algunas de estas periodicidades de oscilación cuasi-bienales (es decir, 
oscilaciones que operan entre 0.6 y 4 años) pueden interpretarse simplemente como armónicos del ciclo 
solar fundamental del fenómeno subyacente del magnetismo de las manchas solares. Las fuentes de 
estas periodicidades aún no están claras. Tampoco existe un mecanismo claro para la variabilidad de las 
periodicidades de oscilación cuasi-bienales. Las periodicidades de las oscilaciones cuasi-bienales se 
consideran en general una variación de la actividad solar, asociada con el proceso de dinamo solar. 
Además, la intensidad de estas periodicidades es más importante alrededor de los años de máxima 
actividad solar porque las periodicidades de oscilación cuasi-bienales están moduladas por el ciclo solar, 
donde el Sol aumenta su energía durante los máximos de actividad. Para identificar las relaciones entre 
los incrementos a nivel del suelo y los índices de los rayos solares y cósmicos en el marco tiempo-
frecuencia, nosotros aplicamos el análisis de coherencia Wavelet. Las huellas dactilares de la actividad 
solar y los rayos cósmicos galácticos en estos fenómenos también se pueden discernir en términos de la 
prominente oscilación cuasi bienal de aproximadamente 1.7 años. 
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1. Introduction 

ABSTRACT 

The so-called Ground Leve! Enhancement events are sporadic relativistic solar particles measured at ground level 
by a network of cosmic ray detectors worldwide. These sporadic events are typically assumed to occur by 
random chanceo However, we find that by studying the last 56 ground leve! enhancement events reported from 
1966 through 2014, these events occur preferentially in the positive phase of the quasi-biennial oscillation of 
1. 7 year periodicity. These discrete ground level enhancement events show that there is another type of solar 
emission (Le., wavelike packets) that occurs only in a specific phase of a ve')' particular oscillation. We interpret 
this empirical result to support that ground level enhancement events are not a result of purely stochastic 
processes. We used the Morlet wavelet 10 analyze the phase of each of the periodicities found by the wavelel 
analyses and local variations of power spectral density in these sporadic events. We found quasi-regular peri­
odicities of 10.4, 6.55, 4.12, 2.9, 1.73, 0.86, 0.61, 0.4 and 0.24 years in ground level enhancements. Although 
sorne of these quasi-biennial oscillation periodicities (Le., oscillations operating between 0.6 and 4 years) may be 
interpreted as simply hrumonics and overtones of the fundamental solar cycle from the underlying sun-spot 
magnetism phenomenon. The sources of these periodicities are still undear. Also there is no c1ear mechanism for 
the variability of the quasi-biennial oscillation periodicities itself. The quasi-biennial oscillation periodicities are 
broadly considere<! to be a variation of solar activity, associate<! with the solar dynamo process. AIso, the in­
tensity of these periodicities is more important around the years of maximum solar activity because the quasi­
biennial oscillation periodicities are modulated by the solar cycle where the Sun is more energetically enhanced 
during activity maxima. To identify the relationships among ground level enhancement, solar, and cosmic rays 
indices in time-frequency framework, we apply the wavelet coherence analysis. The fingerprints of solar activity 
and galactic cosmic rays on these phenomena can also be discemed in tenns of the prominent quasi-biennial 
oscillation of about 1.7 years. 

The occurrence of solar proton events is a rather frequent phe­
nomenon, which up to now is considered as a random event associated 
most1y with solar fiares. At the same time, their clase relations to 
magnetically active centers on the surface of the Sun and even to shock 
wave phenomena in the heliosphere is also presently recognized. In 
broad extent, their occurrence rate follows the Il -year Schwabe cycle 
of solar activity intimately related to the sunspot phenonemon. 

are associated w ith solar flares and eventua lly w ith shock waves, and 
are assumed to be quasi-random in nature. Their study tums out to be 
very important for both astrophysical and terrestrial aspects: the study 
of their energy spectrum and intensity-time profile gives us important 
information about their physical sources and propagation processes, 
respectively. To a certain extent, these occasional phenomena follow 
the time behaviour of the ll-year cycle of solar activity; however, they 
do not strictly follow the intensity of the solar activity cycle. 

In a preliminary work (Pérez-Peraza et al., 2009) we established, for 
the first time, the intrinsic periodicities modulating ground level en­
hancement events: mid-term periodicities, in the range of months to 
years, short-term periodicities in the order of months and ultra-short 
term in the order of days. Most of them are seem ingly harmonics of the 

Sporadically, with an average rate of 1.1 year- 1, a relativistic solar 
proton event occurs when protons acquire energ ies aboye 433 MeV (up 
to ~ 10 GeV). This particular kind of events are also known as ground 
level enhancements of relativistic solar particles. These sporadic events 
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11 year solar activity cycles. Many of these periodicities are quite si­
milar to [hose existing in sub-photospheric and coronal layers (i.e., 
sunspot and coronal activity indices) as well as in solar activity phe­
nomena. 

Later, an exhaustive study of the periodicities of ground 
level enhancement and galactic cosmic rays was given in 
Miroshnichenko et al. (2012). Recent1y, in Pérez-Peraza et al. (2015) it 
was established that sorne of the dominant periodicities that are present 
in galactic cosmic rays 11 , 4.7, 2.8, 1.7, 0.4, 0.25 and 0.075 years, 
which in tum coincide with those of solar activity 11 , 7, 4.7, 3.5, 1.3, 
0.9 and 0.4 years based on the sunspot number. With the exclusion of 
the 11 years periodicity of the solar cycle, it was determined that the 
most prominent periodicity in galactic cosmic rays and the sunspot 
number is that of 4.7 years. We claim that such similarity is a necessary 
condition, but it is however not sufficient to draw physical inferences 
on the phenomena tha[ are taking place in [he solar atmosphere. 

The periodicities between 0.6 and 4 years are broadly categorized 
as the quasi-biennial oscillation of solar activity (see 
Bazilevskaya et al. (2014, 2016)), speculated to be associated with the 
underlying solar dynamo processes. In addition, the inter-relationship 
between quasi-bienniaJ variations of solar activity and galactic cosmic 
rays was also analyzed by Bazilevskaya et al. (2014), 
Bazilevskaya et al. (2016). 

In the analysis of quasi-biennial oscillation of solar activity, dif­
ferent filters are usually adopted (for more details, see e.g., 
Rivin (1989); Bazilevskaya et al. (2016)) . Sut there is a practical pro­
blem, it is not c1ear what are the criteria to choose the correct and 
appropriate filters. Here we propase to use the wavelet coherence to 
resolve this problem Velasco Hererra (2oo8a). A first wavelet coherence 
analysis was perfonned by Velasco Hererra (2008b) and [hose authors 
found that many of the relativistic solar particles periodicities are in 
common with different face ts of the solar annosphere. Following this 
work, in Pérez-Peraza et al. (2011) we proposed a c1assification of 
ground level enhancement of re1ativistic solar particles on the basis of 
their spectral content we delimited three main groups according to the 
level of enhancement over the galactic cosmic rays background. 

Based on the ground works establi shed previously, we have ad­
vanced the idea that the agreement in the modulation timescales found 
with wavelet coherence analysis between ground level enhancement 
periodicities and those of different layers of the solar atmosphere, in· 
dicates [hat ground level enhancement phenomena are not locally 
isolated phenomena but that there is apparently a well organized syn· 
chronization involving the whole Sun and even including the associated 
modulation of the incoming galactic cosmic rays fluxes. This empirical 
evidence argues against the pure stochasticity of ground level en­
hancement production. 

It should be emphasized that even if the sunspot number is a re­
presentative proxy of solar activity phenomena, sunspots are not the 
ultimate source of ground level enhancement, wh ich in tum is generally 
placed in the context of solar fiare activity phenomenon (see e.g., at­
tempts to connect solar flares to the underlying magnetic sunspot fea­
tures in Eren et al. (2017)). A more direct proxy is now available ÍTom 
the Bogazi~i University Kandilli Observatory, Istanbul, Turkey which 
we will use in this papero 

Following our synchronization hypothesis, we attempt in this work 
by considering the effect of the source itself of ground level enhance· 
ment, that is the generating mechanisms of solar flare. We s[udy, using 
the wavelet coherence analysis, direct1y the solar fiare index for the 
period 1966 to 201 4, which is a c1ose-enough proxy of the particle 
acceleration source itself. We ignore here the ground level enhance­
ment statistics available ÍTom 1942- 1965 interval mainly because the 
solar fiare index dates only from 1966 onward. In addition, we also 
carry out here a wavelet coherence anaJysis pairwise among galactic 
cosmic rays, ground level enhancement and solar fiare index indices. 

• 
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2. Data 

The network of neutron monitors stations worldwide fumishes data 
of the ground level enhancement and galactic cosmic rays. Data since 
1964 with high reliability are available ÍTom many neutron monitors 
stations; for the period ÍTom 1966 up to 2014 we have used monthly 
averaged galactic cosmic rays data from the Oulu neutron mon itor 
station: http://cosmicrays.oulu.fi/. 

The fact that the solar fiare index is available only since 1966, we 
consider here 57 events (see Table 3 below) from the ground level 
enhancement-event no. 15 (July 07, 1966) up to ground level en­
hancement-event no. 71 (May 17, 2012) and digitally transfonned into 
a binary signal (Velasco Herrera and Cordero, 2016), as follows: 

F ~ { l there are OLE in given month 
O no OLE or no reported (1) 

We note that the use of the binary function (10 does not produce 
spurious or fictitious periodicities but only ¡nfluence the decrease in 
amplitude of spectral power per scale. 

In our previous works, we have studied the coherence between the 
sunspot number and ground level enhancement activity variations. 
Since the relativistic solar protons are basicaJly produced in solar fiares 
and only indirectly through the sunspot index, in this work we take a 
new step forwa rd by using the source of the phenomenon itself, that is, 
solar fiare, solar fiare index, statistics. 

The solar fiare index is a value related to the measure of this short­
lived explosive activity on the Sun (Ata~, 1987; Ózgü~ and Ata¡;, 1989; 
1996; 2003; Ata~ and Ózgü~, 1996; 1998; 2001 ). Here we used the 
monthly averaged data on total solar fiare index from the Bogazi~i 
University Kandilli Observatory, Istanbul, Turkey hup://www.koeri. 
boun.edu.tr/ astronomy), from 1966 up to 2014. 

3. Wavelet analysis 

Conceming the methodology employed, let us remind here that in 
order to analyze local variations of power within a single non-stationary 
time series at multiple periodicities, (such as the galactic cosmic rays, 
ground leve! enhancement and solar fiare index), we apply the wavelet 
tool using the Morlet wavelet (Torrence and Compo, 1998) because it 
provides a relatively higher resolution of the periodici[y (frequency) 
scales. And because the basis analyzing function for the wavelet 
transfonn is a complex function, we are also able to calculate the phase 
infonnation accurately (e.g. Velasco Herrera et al., 2015). 

Meaningful wavelet periodicities (confidence level greater than 
95%) must be contained ins ide the cone of influence (Iightly shaded 
zones in Figs. 1 and 2) of solar flare index and the interval of 95% 
confidence (Torrence and Campo, 1998) is marked by red dotted lines 
(Ieft panels in all figures). The global spectra (Ieft panels in all figures) 
have been induded in the wavelet plot in order to show the power 
contribution of each periodicity inside the cone of influence. To de­
termine the statistical significance levels of the global wavelet power 
spectrum, it is necessary to choose an appropriate background spec­
trum. For many phenomena, an appropriate background spectrum is 
ei[her white noise (with a flat Fourier spectrum) or red noise (in­
creasing power with decreasing frequency). We established our sigo 
nificance levels in the global wavelet spectra with a simple red noise 
model (Gilman et al., 1963). 

The uncertainties of each meaningful periodicities (peak in global 
wavelet spectrum) are obta ined from the full-width at half maximum 
values (Mendoza et al., 2006). 

The squared coherency is used to identify frequency bands with in 
which two time series are covarying and is a measure ofthe intensity of 
the covariance of the two series in time-frequency space. The wavelet 
transfonn coherence (WTC) is especially useful in highlighting the time 
and periodicity intervals, when the two phenomena (X and Y) have a 
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Fig. l . Wavelet traosform analysis of solar nare 
iodex (SFl j, grouod level enhancements (F) and 
galactjc cosmic rays (GCRj time series (black 
lioe in a, d, and g) between 1966 and 2014. The 

wavelel powers are shown in Ibe central panel 
(e, r, aod iJ, where Ibe curved outlines mark 
zones of Ibe cone of influence. The color bar 
s.cale shows Ibe wavelel spectrnl power in aro 
bitrary nonnalized units. The Ibick cootour is 
the 95% confidence level for Ihe corresponding 

red-noise speclrum. The global wavelel is 
showo io the left panel (b, e, and h). The red 

dOl1ed Unes marked Ihe 95% red-rlOise levels of 
Ihe global speclra. (For iOlerpretalion of Ihe 
refere~tes 10 eolour io this figure legeod, the 

reader is referred lO Ihe web version of Ibis ar­
lide.) 
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strong coupling, and is defined (Torrence and Compo, 1998) as: 

(2) 

where Wn
XY (s) is the cross wavelet spectrum of two time series X and Y, 

with wavelet transfonns Wnx(s) and W,;(s) respectively, <.) indicates 
smoothing both in time and scale (e.g. Grinsted et aL, 2004; Velasco 
Hererra et aL, 2017), n is the time index and s is the wavelet scale. The 
factor S- l is used to convert to energy density. 

The global wavelet coherence spectrum (GwrC) is defined 
(Velasco and Mendoza, 2008) as: 

The statistical significance level of the wavelet coherence is esti­
mated using Monte CarIo methods with red noise to determine the 5% 
significance level (Torrence and Webster, 1999). The Monte CarIo es­
timation of the sign ificance level uses on the order of 1000 surrogate 
data set pairs (Grinsted et a l. , 2004). 

If the wavelet spectrum is calculated individually for two or more 
time series and these spectra show that they have sorne periodicities in 
common, this does not necessarily means there is a physical relation­
ship between them. However, if the global wavelet coherence spectrum 
shows that there are common periodicities; this implies that there is a 
physical mechanism and/or certain medium connecting these two 
phenomena. It is precisely such frequency synchronization that may 
indicate that there is coupling, modulatíon and/or resonance between 
these two distinct phenomena studied. 

Broadly speaking, the wrc metric measures the degree of similarity 
between the input (X) and the system output (Y), as well as the con­
sistency of the output signal (X) due to the input (Y) for each frequency 
component. If the coherence between two series is high, the arrows in 
the coherence spectra show the phase between the phenomena: arrows 
at O' (horizontal right) indicate that both phenomena are in phase and 
arrows at 180' (horizontal left) indicate that they are in anti-phase. It is 
very important to point out that these two cases imply a linear re­
lationship between the considered phenomena; arrows at 90' and 270' 
(vertical up and down, respectively) indicating an out ofphase situation 
which means that the two phenomena have a non-linear relationship 
(i.e., see Soon et al., 2014; Velasco Herrera and Cordero, 2016; Velasco 
Herrera, 2016; Velasco Herrera et al., 2017). 

4. Results and discussion 

Fig. 1 shows the wavelet spectra of the solar fi are index , the ground 
level enhancement and the galactic cosmic rays records, respectively. 
The t ime series are shown in the top panels (black line in Fig. l a, d, and 
g), and the wavelet powers are shown in the central panels in time­
frequency representation (Fig. l c, f, and i). The global-averaged wa­
velet spectra (GWS) indicating the main periodicities appears in the left 
panel of each figure (Fig. l b, e, and h). 

In Fig. l a, we show the wavelet analysis ofthe solar fia re index from 
1966 to 2014. The GWS (Fig. 1 b) presents period icities of lOA, 5.2, 
3.27,2045, and 1.73 years and of 262, 146, and 76 days. It is noted that 
in the central panel where a periodicity of 1004 years is shown, the 
spectral power is distributed evenly throughout the whole time interval 
(1966-2014), whereas the spectral powers of periodicities under 10.4 
years are most visible only around the time of solar activity maxima 
(Fig. 1c). 

The wavelet analysis ofthe ground level enhancement from 1966 to 
2014 is shown in Fig. 2d. The GWS (Fig. l e) presents periodicities of 
10.4,6.55,4.12,2.9, and 1.73 years and of313, 222, 146, and 87 days. 
The frequency spectral power for 10.4 years is present throughout the 
time interval. Once again, the modulations of ground level enhance­
ment events on periodicities shorter than 10.4 years mainly occur 
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around the phase of solar activity maxima (Fig. lf). 
The wavelet analysis of the galactic cosmic rays between 1966 and 

2014 is shown in Fig. I g. The GWS (Fig. Ig) presents periodicities of 
10.4, 5.2, 3.09, 1.83, and 1.22 years and of 281 and 156 days. For the 
periodicity of 10.4 years, the spectral power is distributed evenly 
throughout the whole record from 1966 to 2014, whereas the spectral 
powers of the periodicities under 10.4 years are most prominent only 
around solar maxima (Fig. li). 

The periodicity of 10.4 years corresponds to the Schwabe cycle and 
is present in all of the time series, with the main power concentrated in 
this periodicity. This periodicity has been detected at a confidence level 
greater than 95%. The periodicity of 5.2 years corresponds to the quasi­
quinquennial cycle Velasco Hererra (200Ba), while the periodicities 
between 0.6 and 4 years are noted as the quasi-bienn ial oscillation of 
solar activity (Bazilevskaya et al., 2014; 2016), presumably associated 
with the solar dynamo process. Regarding the 4.7-5.5 years periodicity, 
Djurovié and aquet (1 996) reported these periodicities in sunspot areas. 
as well as in the coronal activity index, Wolf numbers and solar fl ux at 
10.7 cm. 

We wish to note that the periodicity of 1.8 years in Total Solar 
Irradiance index has been contemplated and reported by 
Li et aL (2010). The plausible connection of such short-tenn periodicity 
to the underlying instrinsic solar magnetism or solar dynamo operation 
can be further motivated by the recent exciting discovery of such a mid­
tenn periodicity by Egeland et al. (201 5) in a young (about 1 Gyr old) 
Sun analog, HD 30495. Apparently, the solar and stellar dynamo gen­
eratíon and/ or modulatíon of such mid-tenn 1.7-1.8 years oscillation is 
nearly universal. 

The periodicity of 146 days is the Rieger-type cyele, and 76 days is a 
short period icity. The intensity of these periodicities is more important 
around the years ofmaximum solar activity because the mid-tenn. short 
and ultra-short periodicities are modulated by the solar cyele where the 
Sun is more energetically enhanced during activity maxima Valdés­
Galicia and Velasco (2008). The intennediate-tenn periodicities 
(87-106, 159-175, 194-219, 292- 318 and - 389 days) in sunspot 
areas has been reported by Chowdhury et al. (2009). In Table 1, we 
summarize the main periodicities with their uncertainties for the solar 
fiare índex, ground level enhancement and galactíc cosmic rays records 
deduced in our analyses. 

The pairwise wavelet coherence analyses between solar fi are index, 
ground leve! enhancement, and galactic cosmic rays time series from 
1966 to 2014 are shown in Fig. 2. Fig. 2a and c illustrates the wavelet 
coherence (WTC) spectrum between solar fiare index and ground level 
enhancement statistics (black Jine and black bars, respectively). It can 
be seen from the corresponding global wavelet coherence spectra 
(Fig. 2b) that the common periodicities between these two phenomena 
are 10.4, 4.74, 3.04, 1.67 0.9 and 0.59 years. AH these periodicities 
have confidence levels greater than 95%, with the exception of the 
periodicity of 4.74. Other than the 11 years periodicity of the solar 
cycle, the most prominent one is that of 1.67 years, called hereafter as 
the 1.7 years periodicity (taking into account the uncertainty margin 
for the wavelet basis in resolving this timescale/period). It should be 
noted that this periodicity divides the ground level enhancement into 
five intervals, each of wh ich are well defined within solar Schwabe 
Cycles 20-24: 1966-1972, 1975-1985, 1986-1994, 1996-2006 and 
2011-2014. It can be seen that they are Iinearly correlated most of time 
with the exception of Cyele 22 where the correlation is of a rather 
complex nature. 

Fig. 2d and f shows the wavelet coherence spectrum between ga­
lactic cosmic rays and ground level enhancement (black line and blue 
bars, respectively): the common periodicities in this case are 10.4, 4.52, 
2.89, 1.59, 0.7 and 0.44 years. Here the periodicities between galactic 
cosmic rays and ground level enhancement are in anticorrelation and 
all these periodicities have confidence levels greater than 95%, with the 
exception of the periodic ity of 4.79 The 1.59 years periodicity (con­
fi dence level greater than 95%) designated from here on as the 1.7-year 
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periodicity that divides the ground level enhancement in 5 intervals: 
1966-1974, 1976-1985,1988-1995, 1997-2006 and 2010-2014. 

Fig. 2g and i presents the wavelet coherence spectrum between the 
solar flare index and galactic cosmic rays (blue line and black line, 
respectively). Here, the common periodicities are 10.4, 4.79, 3.19 1.76 
1.13, 0.76, 0.3 and 0.23 years. Again, these two phenomena are 
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Fig. 2. Results of!he wavelet coherence (WTC) analysis 
for the solar flare index and ground level enhancement 
(black line and black ban respectively in al, galactk 
cosmic rays and ground leve! enhancement (black line 
and black bars re:spectively in d), and solar fiare index 
and galactic cosmic rays (blue line and black line re· 
spectively in Fig. 2g) time series from 1966 ro 2014. The 
leít panels (Fig. 2b, 2e, and 2h) shows !he global s~· 
trum of the wavelet coherence power. The red dotted 
line repre:sents me significance level of!he global s~· 
uum and reCers to !he power of red noise level at !he 
95% confidence interval, as described in Fig. 1. The 
eenter panels show the waveJet coherence power Ce, f, 
and i). The color bar scale shows!he wavelet coherenee 
power. The orientation of Ihe arrows shows relative 
phasing of!he two time series at each timescale; arrows 
al O' (poinling to!he right) indicate !hat bo!h rime series 
are perlectly positive ly correlated (in phase) and arrows 
at ISO' (pointing to the lef!) indicate Ihat Ihey are per. 
fectly negatively correlated (180' out of phase), both of 
these two perfect cases implying a linear relationship 
between me considered phenomena; non- horizontal 
arrows indicate an out of phase situation and a more 
complex non-linear relationship. (For interpretation of 
¡he references to colour in this figure Jegend, Ihe reader 
is referred to!he web version of !his artic1e.) 

anticorrelated. AIl these periodicities have confidence levels greater 
than 95%, with the exception of the periodicity of 2.89 years. In 
Table 2, we present the main periodicities detected with their un­
certainties from the pairwise wavelet coherence calculations among the 
three time series records: solar flare index, ground level enhancement 
and galactic cosmic rays statistics. 
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Table 1 
Main periodici lies (in years) Ihal conlribute 10 solar flare index, ground level enhance­
ment and galactic cosmic rays. 

Periodicities 

Short ( ,;:; 1 years) 

Solar fiare index ground level 
enhancement 

0.72 ± 0.3 
0.'10 ± 0.2 
0.21 ± 0.01 

Galactic cosmic 
rny, 

0.77 ± 0.2 

Mid·term periodicities 245 ± 0.5 

0.86 ± 0.2 
0.61 ± 0.3 
0.40 ± 0 .1 
0.24 ± 0.1 
2.9 ± 0.5 
1.73 ± 0.6 

1.73 ± 0.6 
1.22 ± 0.5 
2.75 ± 0.5 
3.09 ± 0.8 

(1- 2 years) 1.73 ± 0.5 

3 years cyc1e 3.3 ± 0.7 4.12 ± 0.7 
(Quasi-tri ennial) 
5 years cyc1e 5.2 ± 1.1 6.55 ± 0.9 5.20 ± lA 
(Quasi- quinquennial) 
Decadal lOA ± 2.3 lOA ± 2.1 l OA ± 1.9 

Table 2 
Main common periodicilies (in years) in the pairwise wavelet coherence between solar 
flare indel[, ground level enhancement and galactic cosmic rays. 

Periodicities 

Solar flare indeJe 

ground level enhancement 

Galactic cosmic rays 

10.'10 ± 2.1 
4.79 ± 1.3 
3. 19 ± 0.5 
1.76 ± 0.3 
1.13 ± 0.2 
0.76 ± 0.1 
0.30 ± 0.03 
0.23 ± 0.01 
10.'10 ± 2.3 
4.52 ± 1.2 
289 ± 0.5 
1.59 ± 0.2 
0.70 ± 0.1 
0.'14 ± 0.03 

Ground level enhancement 

10.4 ± 23 
4.74 ± 1.1 
3.04 ± 0.7 
1.67 ± 0.3 
0.90 ± 0.1 
0.59 ± 0.1 

The quasi-biennial osdllation of 1.7 years divides all ground level 
enhancement events into five intervals, and is one of the most promi­
nent periodicities in the wavelet coherence. This empirical observation 
permits the assumption that there is a connection between this oscil­
lation and the occurrence of the ground level enhancement events. To 
identify the relationships between ground level enhancement and 
quasi-biennial oscillation of 1.7 year as a funetion of time, we apply the 
inverse wave1et transform in wavelet spectrum of the ground level 
enhancement events (Torrence and Compo, 1998; Velasco Herrera 
et al., 2017). 

Fig. 3 shows the time variation of the 1.7 years osdllation (obtained 
with inverse wavelet transform) and the discrete ground level en­
hancement events (dotted red line and black bars, respectively) ana­
lyzed from 1966 to 2014 (see Table 3 for all recorded ground level 
enhancement events). In addition, the sunspots (gray shaded area) are 
shown to describe the solar cycles. It can be obsetved that of the 57 
ground level enhancement events analyzed, none of the events occurred 
during solar minima of Cydes 20 to 23. In the solar Cyd e 20, the 
ground level enhancement-no. 15 to ground level enhancement-no. 26 
events were registered, in the solar Cyde 21 the ground level en­
hancement-no. 27 to ground level enhancement-no. 39 events occurred, 
during the Cyde 22 of the ground level enhancement-no. 40 to ground 
level enhancement-no. 54 events occurred, in the solar Cycle 23 of 
ground level enhancement-no. 55 to ground level enhancement-no. 70 
events were recorded. During the solar Cycle 24 only the ground level 
enhancement-no. 71 event is reported around May 17, 201 2. 

It is often assumed that ground level enhancement events are 
random phenomena. However, it can be deduced from the 57 ground 
level enhancement events analyzed that they occur preferentially in the 
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Table 3 
57 Ground level enhancement events from 1966 through 2014. 

[ vent 

15 
16 
17 

18 
19 
20 
21 
22 

23 
24 
25 
26 
Z7 

28 
29 
30 
3l 

32 
33 
34 
35 

36 

" 38 
39 
4<J 
41 
42 
43 

7 
28 
28 
29 
18 
25 
30 
24 

7 
29 

30 
19 
24 
22 
7 
23 
21 
10 
10 
12 

26 
7 
16 
25 
16 
29 
19 

[vent dale 

July 
Janllary 
Janllary 
September 
November 
February 
March 
January 
Seplember 
August 
August 
April 
April 
September 
September 
November 
M,y 
Seplember 
August 
April 
M,y 
OctOOer 
November 
December 
February 
July 
August 
September 
Octob<, 

1966 
1967 
1967 
1968 
1968 
1969 
1969 
1971 
1971 
1972 
1972 
1973 
1976 
1977 
1977 
1977 
1978 
1978 
1979 
1981 
1981 
1981 
1982 
1982 
1984 
1989 
1989 
1989 

1989 

[ venl 

44 
45 
46 
47 
48 
49 
50 
51 

52 
53 
54 
55 

56 
57 
58 
59 
60 
61 

62 
63 
64 

65 
66 
67 
68 
69 
70 

71 

22 
24 
15 
21 
24 
26 
28 
11 
15 

25 
2 
6 
2 

6 
24 
14 
15 
18 

4 
26 
24 

28 
29 

17 
20 
13 
17 

[venl date 

October 
October 
November 
M,y 
M,y 
M,y 
M,y 
June 
June 
June 
November 
November 
M,y 
M,y 
August 
July 
April 
April 
November 
December 
August 
October 
Oclober 
November 
January 
January 

D=m." 
M,y 

1989 
1989 
1989 
1990 
1990 
1990 
1990 
1991 
1991 
1992 
1992 
1997 
1998 
1998 
1998 
2000 
2001 
2001 
2001 
2001 
2002 

2003 
2003 
2003 
2005 
2005 
2006 
2012 

positive phase of the oscillation of 1.7 years. This could possibly mean 
that the ground level enhancement events, apparently not quite a 
random process, but that they appear in packages in the positive phase 
of this periodicity, most likely when there are certain favorable con­
ditions in the solar chromosphere. This result is surprising, since solar 
phenomena have almost always been considered lO be quasi-continuous 
events. These ground level enhancement events show that there is ap­
parently another type of solar manifestation, Le., the "solar packets" 
that, occur only in a selected phase of a very particular persistent os­
cillation. 

The fact that the ground level enhancement events, can occur at any 
time of the positive phase of the quasi-biennial osci llation of 1.7 years, 
has indeed been suggested that these events are a consequence of 
random processes. However, from the point of view of solar packets, the 
ground level enhancement events may ultimately not a random process 
at all. The occurrence of these events are very well determined in the 
positive phase of the quasi-biennial oscillation of 1.7 years. We adm it, 
that within this phase, there is an indeterminacy of when ground level 
enhancement events can or will occur. But, we have managed lO limit in 
time, the occurrence of these relativistic sporadic wave-packet-like 
events. The periodicity of 1.7 years has been reported in different quasi­
continuous solar indices (see for example Bazilevskaya et a l. , 2014; 
2016; Mendoza et al., 2006; Valdés-Galicia and Velasco, 2008 and the 
cited references). What is surprising about the ground level enhance­
ment events is that it is a discrete time series but that it also has this 
periodicity. 

5. Conclusions 

We have applied wavelet transform to study the time-frequency 
characteristics of ground level enhancement events and we found quas i­
regular periodicities of 10.4,6.55,4.12,2.9, 1.73,0.86,0.61,0.4 and 
0.24 years. 

It can be noted that the quasi-biennial oscillation of 1.7 years di­
vides the ground level enhancement events into five intervals, eaeh of 
which are well defined within solar Cycles 20-24 . 
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The ground level enhancement sporadic events are typicaUy as­
sumed to be of a random oature. However. we find that the last 57 
ground leve! enhancement events reported from 1966 to 2012 occur 
preferentially in the positive phase of the quasi-biennial oscillatian of 
1.7 years. This empirica! result suggests that the ground level en­
hancement events may fl ot simply be of chance occurrences after aU. 

In arder to understand the physica! relationship amoog solar ae­
tivity, galactic cosmic rays and ground level enhancement, we have 
perfonned a wavelet coherence analysis of three ínter-related phe­
namena involved: galactic cosmic rays, ground level enhancement and 
me source itself of ground level enhancement, mat is, solar fiare indexo 
As it can be expected galactic cosmic rays are in anti-correlation wi th 
phenomena of solar activity, specificaJly in OUT case, with solar fi are 
index and ground level enhancement. In contrast, me relationship be­
tween graund level enhancement and the solar fiare index is positively 
related and raughly linear in its correlation. 

The changes in galactic cosmic rays pravide information about me 
occurrence when graund level enhancement can be related to me 
synchronization of sorne periodicities of galactic cosmic rays with mose 
developed in solar fiare index and graund level enhancement during the 
gestation of an ground level enhancement event. Thus, me empirical 
relation deduced here may ultimately be used as a predictor of ground 
level enhancement occurrences. 

In Table 1, we summarize me most prominent periodicities for each 
of the studied phenomena. It can be appreciated that in spite of slight 
differences, these periods can be grauped in five categories. 

In Table 2 we show me common periodicities between the studied 
phenomena. It can be observed that they are quite close, within the 
limits of the detection uncertainty: among the most praminent peri­
odicities involved in the coupling of these three phenomena are the 1.7 
year periodicity (1.67, 1.76 and 1.59 years) as well as the 4.7 years 
(4.74, 4.79 and 4.52) which likely played a promi nent role for the 
synchronization between solar fi are index , grollnd level enhancement 
and gaJactic cosmic rays. OUT independent analyses confirm the mid­
term fiare periodicities previously reported by Kilcik et al. (2010). Fí­
nally, the physical reality (rather than a mere statistical chance or even 
artefact) of the mid-term 1. 7 years periodicity can find independent 
confirmation from a recent resllh on me study of a yOllng Sun analog, 
HD 30495 (Egeland et al., 2015). 
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PRESENTACION DEL ARTÍCULO: 
 
“Determination of GLE of Solar Energetic Particles by Means of Spectral Analysis” 
 
Utilizando tres series de tiempo solares no estacionarias: Solar Flare index (FS), Sunspots Index (SS) y 
Solar Flux index (F10.7), aplicamos el análisis de Coherencia de Wavelet de Morlet para determinar los 
armónicos dominantes de la actividad solar, 1.73, 3.27, 4.9, 10.4 y 11 años. Las periodicidades obtenidas 
se procesan mediante el método de Lógica Difusa que nos permite reproducir las fechas de ocurrencia 
de los Incrementos a nivel del suelo (GLE) de partículas solares relativistas registradas en la red global 
de Monitores de Neutrones, desde 1942 a 2006. En las técnicas espectrales mencionadas utilizamos 
dichas fechas como línea base de entrenamiento para determinar la ocurrencia de los incrementos de 
partículas solares en los Ciclos Solares. El resultado en Lógica Difusa se extiende a tiempos posteriores 
al período de entrenamiento para cubrir el final del ciclo 24 y el inicio del ciclo 25. Además del aspecto 
previsivo de este trabajo, los resultados obtenidos son de gran interés en vista de la reciente controversia 
despertada en relación con la aparición de GLEs débiles (es decir, Sub-GLEs), durante el presente Ciclo 
Solar 24. 
 
 
Estatus: Publicado. 
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Abstraet 

Using three nonstationary so lar series, the so lar fi are index (FS), the sunspots index (SS), and the so lar flu x (F I 0.7) 
index, we apply the Morlet wavelet analysis to determine the most dominant harmonics of solar acti vity, 1.73, 
3.27,4.9, lOA, and I1 yr. The periooicities obtained are processed by the fuzzy logic methoo, which allows us to 
reproduce Ihe occurrence dates of ground level enhancemenls (GLE), since 1942- 2006, which we use as a Irai ning 
baseline of these speclral techniques lO detemüne lhe occurrence of solar particle enhancemenls in solar cycles. 
Then, the result of fuzzy logic is extended to periods laler than lhe training period so as to cover Ihe end of cycle 24 
and the beginning of cycle 25. In addition to the forecastable aspect of th is work, the obtained results are of high 
interesl in view of the recent controversy that has ari sen in relation to me occurrence of small GLE (namely sub­
GLE), during cycle 24. 

Key lVords: Sun: fiares - Sun: particle emission 

l. Introduction 

The so lar energy particles that arri ve to the ground have been 
given several names: relativisti c solar proton events andj or 
ground level enhancements (GLE). The lauer name has 
remained lhe general one, and a subdivision has even been 
presupposed. The GLE are measured al the lerrestri al leve l by 
the worldwide network of neutron monitor (MN) detectors. 
These sporad ic events are associated with solar fi ares and are 
assumed to be of a solar quasi-slochastic nature: lheir 
occurrence is not always connotative of solar activity intensily. 
Taking into account that even when solar cycle 22 was much 
more in tense than cyc le 23, the lalter had more GLE than cycle 
22; for example, there were 13 GLEs in the period from 1989 
luir to 199 1 lune, and not a singlc cvcnt since thc end of 2006 
Dccember up to 2012 May. A previous study that establishes 
the synchronization between sorne peri odicities of the various 
layers of the solar atmosphere argues againsl a complele 
slochability of Ihe relati vistic particle production phenomenon. 
This leads to the determinalion of precursors that are not seen 
in the galactic cosmic radiation outside the periods of GLE 
occurrences (Pérez-Peraza et al. 2009). Such synchronization 
seems to indicate that the product ion of GLE is not an isolated 
local phenomenon, but rather it involves global reg ions of the 
Sun 's atmosphcre. In this last study, it was shown that despile 
the quasi-stochastic natu re of GLEs, it is possible to predict 
them with relative precis ion, months or even years before they 
occur: even for the nex t solar cycle. Additionall y, in thi s work, 
we can c1early distingui sh {he occurrence of 10 GLE during 
so lar cycle 24 that had not been comprehensively categorized. 

2. Data and Methodology 

2. /. Mor/el Wave/er AlIa/ysis 

To delermine the main oscillat ion periooicities as well as 
their time evolution in nonstationary series, such as those of 
so lar energetic particles, we apply the Morlet wavelet technique 
(Torrence & Compo 1998). This is a very we ll -known tool for 
analyzing localized vari ations of power wilhin a given time 
series fo r many different periooicilies when one is dealing with 
a nonstationary series and the coherence between two 

nonstationary series. The so-called global wavelet spectrum 
(GWS) is an average of the power spectra at each resolution 
leve!. Thal is to say, it is assumed that lhe time series has an 
average powcr spectrum relative lO lhe red noise of the Fouricr 
series: hannonics aboye this average spectrum (the slashed Une 
in me righl panel s of Figure 1) represent real signals with levels 
of reliabilily higher Ihan 95%. The importance of the GWS is in 
the di stribution of signals with Ihe same characteristi cs in order 
to determine which harmonics contain greater power (Torrence 
& Websler 1999). 

We apply the wavelel analysis to Ihe series of monthly dala 
oblained from the fo llowing index thal pertains to solar 
activity: number of sunspots (SS) from 1749 lO 2017 (http:// 
www.sidc.bej silso j datafi les), solar flux index (F10.7) from 
1947 lo 20 17 (hups: j j www.esrl.noaa.govj psdj dataj 
correlationj solar.data; Xiao et al. 2017; Chatterjee 200 1; 
Henney et al. 2012), and the Fiare Index (FI) from 1966 lo 
20 14 (http://www.koeri.boun.edu.trj astronomyj fi_nedir.htm; 
Atar; & Ozgür; 1998, 200 1). Figure I demonstrales the wavelet 
spectrum and Ihe global energy spectrum (intermediate panels) 
of each of the series. In order 10 di scem high frequencies, we 
apply the Daubechies filter (Daubechies 1992) so as 10 

eliminate the 1I yr harmonic or its approximate in the case 
of Index F I 0.7, thal contains a much higher leve l of energy and 
thus conceals the shorter periods. 

The dominant periodicities that are present in different series 
that we use in our analysis refer to sunspots: II and 4.9 yr; for 
the index FIO.7: II and 3.27 yr; and for FJ: lOA, 3.27 and 
1.73 yr. It should be mentioned thal in Ihe case of the Fl, we 
found {he quasi-biennial periooicity (1.73 yr) proposed by 
Velasco Herrera el al. (20 18). 

2.2. Fuzzy Logic 

The proccdure of Fuzzy Logic consisls of calculating the 
time intervals of occurrence of the GLEs, by means of creating 
membership fu nctions (MFs) for the selected pe riodicities of 
grealer energy, in Ihe wave power speclrum of the sludied 
series, as described by Mendel (1995). We observe Ihat Ihe 
amplitude of lhe dominant periodicities, and their behavior 
during the occurrence of a GLE event, have similar 
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Figure 2. Fuzzy Logic resulls of the 70 training GLE. 

characteri stics that allow us lo estimale the time intervals in 
which subsequent events may occur in the ruture. 

The MFs are usually buill accord ing lo criteria of experts in 
the area of study or, alternatively, these can be calculated by 
using mathematical data analys is algorithms, which are applied 
mainly in the Theory of Control Systems (e.g., Chuen 1990). In 
our case, the MF is the curve thal describes the degree lo which 
an e lement of the sel of amplitudes of a certain periodicity in 
the 70 GLEs belongs. The concept of fuzzy logic emerges fro m 
the fact that an MF can describe the occurrence of a given GLE. 
In our analysis, the MF was constructed with the product of the 
equations of two standard Gauss ian curves expressed in 
Equation (1 ): the mean and the standard deviation are obtained 
with the data and the amplitudes of the frequency and its 
derivate during the occurrence of the studied events. 

I ~ 
I-tA = ~e 2f1A x 

Ü'Av 27r 
( 1) 

Equation (1 ) represents the function of the membership of the 
frequencies, accord ing to the studied periodicities, D:A and {3A, 

that represen t the average and the standard deviation of the 
frequency amplitudes, respectively; Ü'dA and {3dA, which are 
calculated from the amplitude of the derivative of periodicity; 
in both cases, the average and the standard deviation are 
calculated with the data of the amplitudes of the frequ ency at 
the moment in which the events of interest (or training) 
occurred in the past, that is, the known GLE. 

Finally, f is the variable that represents the di stri bution ofthe 
amplitudes of the frequencies. Therefore, although the proposal 
of:ln MF i ~ ~omewh:lt :lrhil'r~rv . in Ihe ~en ~e of ~e lecl in º Ihe 

Group 

2 
3 
4 
5 
6 
7 
8 

T able 1 
Firsl GLE alld Lasl GLE of ¡he Firsl Eighl Groups 

Firsl GlE 

(1946 J ul 25) 
( 1956 Feb 23) 
( 1966 Jul 7) 

( 1976 Apr 30) 
( 1989 Jul 25 ) 
(1997 Nov 6) 

(2006 Dcc 13) 

Table 2 

l asl GlE 

(1942 Mar 7) 
(1949 Nov 19) 
( 196 1 Jul 20) 
(1973 Apr 29) 
( 1984 Feb 16) 

( 1992 Nov 02) 
(2005 Jan 20) 

Intervals Calculaled for ¡he Two Subgroups of GLE: The Firsl and {he Lasl of 
Each Group 

Group 

8 
9 

Bcgin 

2006 Aug 26 
2017 Jun 13 

Eod 

201 5 Aug 3 
2005 Mar 5 

we assume that our data can approx..i mate a Gaussian bell , and 
the MF is stati stically related to our data. 

Figure 2 shows the MF constructed with the 70 training GLE 
mentioned. By definition , MFs have max..imum unit amplitude, 
and O indicates that there is no memhership (Mendel 1995). 

To predict the amplitude of the MF, we base our calcu lations 
on the prospective behavior (periodic behavior in the future) of 
the amplitude of a certain frequency. The infonnat ion of the 
MFs calcu lated fo r all analyzed periodicities leads us to define 
time intervals for the probable occurrence of an event. Once the 
MF~ for e:lc h freO ll encv ~ re conslrnclecl . Ihe nex l sIen is lo 
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Figure 4. Memben;hip function graph of Ihe initial 70 GLE training. and the mcmbcrship function s of the fi rs t GLE and lhe last GLE subgroups. 

the produet. 

TI = /'A n B n en··· =!"A X /l B X !"eX (2) 

where ItAn Bn Cn . denotes the interseetion funel ion and ILA, 

J.LIJ, J.Le, the MFs of each of the seleeted periodieities . 
Figure 2 shows the results of fuzzy logic: the 70 OLE 

tmining events are ill llstmled in lighl blue. The resulting MF is 
in dark blue. 

In Ihis work we cont inue wilh the previous assumptions by 
using the behavior of periodicities 10 describe Ihe occurrence of 
the OLE. The behavioml characteri slics of periodicities 
detennine Ihe time inlervals in whieh a OLE may oeeur. The 
proeedure for ealculating time inlervals is to ereaLe MFs fo r Lhe 
periodieilies with higher energy in the wavelel power speelra, 
of Ihe three indexes. Unlike 10 previous work, Pérez-Peraza & 
Juárez-Zuñiga (20 15), for "training" purposes the GLE were 

4 

grouped into Ihree eategories: first, lasl, and intennediate, 
whieh were previously classified on Ihe basis of the 11 yr solar 
cycle. Laler, the MF of each of lhose three groups was 
obtained. On this bas is Ihe OLE occurrence intervals were 
detennined. 

Instead, in this work, we use the fi rst 70 OLEs (from 1942 to 
2006) as init ial training data, and together with the seven 
periodiciti es (Figure 1 and Equation (2)) we obtained a more 
aceumle MF. From this MF Ihe firsl and last subgroups were 
obta ined, see Table l . 

Nine groups are fonned from ¡he 70 GLE training. Thus we 
call Ihe training zone the firsl seven groups and Ihe beginning 
of the eighth group. We cal! the rest of the eighth group and the 
entire ninth group the prognosis zone. 

In Figure 2, we show the hannonic behav ior of the dates of 
occurrence of the OLE, according to the selected peri odici ties 
of the indexes worked on (Equation (2)). This result is in 
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agreement wi th previo us works where the periodic nature of the 
GLE evenls had already been included as evidence, Pérez­
Peraza el al. (20 I 1). 

Based on lhis MF, we can extend the analysis lo later limes 
after the 70 GLE of training. This is where Ihe importance of 
our study lies, as il g ives us a ¡:xJwerful 1001 to calculate Ihe 
values ol' the MF associaled wi lh lhe possible occurrence of lhe 
events under study (Groups 8 and 9 of Figure 1). However, as 
we can see in Figure 2 even when groups can be defined very 
clearly for the 70 GLE of training, we observe that the date 
ranges for groups 8 and 9 are not well defined. In order to refine 
such a limilation, two subgroups are defined of each group 
established in Figure 2, see Table 2: a fi rst GLE and a lasl GLE. 

5 

Using these subgroups as training groups, we obtain 
Figure 3. 

In Figure 3 the ranges of groups 8 and 9 are ex tracted from 
the MFs of the first GLE and last GLE subgroups. 

In order to beuer visuaLize the aboye, we combine Figures 2 
and 3 in a new figure (Figure 4). 

The aboye graph now allows us 10 obtain lhe prediction 
ranges that clearly define the end date of group 8 and the 
beginn ing and end of group 9, which is shown in delail of 
Figure 5. In Figure 6, we indicated the specific dates of the 
prognosis of events disclosed in Figure 5. 

As we observed, cycle 24 was a particu lar penod due to lhe 
appearance of peculiarly weak GLE as re¡:xJrted in different 
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worles in the literature; Lhi s led Lo the di scussion in Lhe 
inLemaLional scientific community abouL Lhe occurrence or noL 
of certain GLE events, such questions were deri ved in the 
rcconceptualization due to the fact that there is at prcsent a high 
discrepancy in the classification of events of cycle 24. 

3. Discussion 

In this di scussion , the contribution we intend to render 
lhrough our work is to prov ide more too ls within the 
framework of the Wavclet technique and Fuzzy Logic in order 
to extend the study to cycles 24 and 25, as well as to 
corroborate the previo us studies of the hannonic behavior of 
lhe GLE ev idenced in Pérez-Peraza e t al. (20 11) and Pérez­
Peraza & Juárez-Zuñiga (20 15). 

In Pérez-Peraza & Juárez-Zuñiga (20 15), IwO indices were 
used, one of solar activity (SS) and another modulated by so lar 
acti vily (RCG): eight periodicities or hannonics were obtained 
fo r each index, so in the process of working with Fuzzy Logic, 
16 periodicities were applied. As mentioned abo ve, it is 
important to note that in the present work only indices of solar 
activily were used (SS Index, F10.7 Index, and Fiare Index) 
and the periodi cities Ihat besl grouped rhe occurrence of Ihe 70 
GLE of logic training were selected rhrough the obtained MF, 
Figure l . This is of greal importance since previous1y only the 
1I yr periodicity of the sunspot index was used to try to group 
the occurrence of GLE. In our present sludy, we note that the 
grouping is more prec ise, Figure 2, since Ihe grouping comes 
from the MF resulting from the selecled harmonics, Figure 1 
and Equation (2). This is to be taken into accou nt as an 
important sample of the periodic behavior of lhe phenomenon 
of solar fiares, which is broader and more precise lhan jusl 
considering Ihe 11 yr period of sunspots. 

Subseque ntly, we focused our analysis on the time zone after 
the 70 GLE of training, which we designate as the arca of 
prognosis, where lwo groups were clearl y fo rmed. The 
treatmenl in fuzzy logic 10 obtain Ihe sta11 and end dates of 
groups eight and nine of prog nosis, Table 2, was limited to the 
fi rst GLE and lasl GLE of each group oblained in the training 
zone, Figure 3 and Table 1. 

Once the lime ranges of groups eight and nine have been 
oblained in the prog nosis area, in order lo corroborate the 
validity we used the method developed in Pérez-Peraza & 
Juárez-Zuñiga (2015). The relative profiles in the global MN 
network were reviewed lo identi fy the events that actually 
indicate an ¡ncrease al ground level. 

From Ihe aboye, we can observe thal seven events, including 
GLE71 , fall within the predicted time range for group e ight; 
one more, the event of 2015 October 29, falls very close to the 
end of the same group eigh l predic ted for 2015 August 3. 
Finally, we see thal the two remaining events, including the 
GLE72, occur within the range of the first events predicted for 
group nine. 

4. Conclusions 

Among Ihe important conclusions, we point out the 
following: 

a. Indexes specific lo so lar acti vity are used. 

6 

Pérez-PemzlI. Márquel-Adame. & Velllseo- Hcrrcru 

b. The conjuncti on of WaveleL and Fuzzy Log ic methods 
allows us to find the seven harmonics thal accuratel y 
describe the periodic behavior of Ihe phenomenon of 
solar flares . In so far as the 70 GLE of training, we define 
in a precise way seven groups of GLE and the beginning 
of an eighth group. 

c. The MFs oblained, extrapolated 10 later times, in the 
prognosis area, defined the completion of group eight and 
the enti re ¡nterva l of group nine. 

d. To veri fy the veracily of lhe prognosis, we contrasl it with 
Ihe events Ihat occurred in cycle 24, wh ich have been 
mentioned in Ihe lite ralure. 

e. It was found that nine events fall wi thin the two groups of 
the prognosis area and one more fall s very close lo the 
end of group eighl. 

In summary, the abo ve corroborates the potential of Lhe 
melhod for the study of the periodic nature o f the occurrence of 
GLE events . 

To the Instituto de Geofi sica of UNA M for hi s economical 
support and 10 the CONACyT fo r Ihe econo mical support by 
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PRESENTACION DEL ARTICULO: 
 
“An Alternative Classification of Solar Particle Events that Reach the Earth Ground Level” 

 

Actualmente existe una controversia en la literatura acerca de la denominación de Protones Solares 
Energéticos, que generalmente se designan como incrementos a nivel del suelo (GLE por sus siglas en 
ingles), Sub-GLE o simplemente Partículas energéticas solares (SEP). Tales clasificaciones dependen de 
la naturaleza del comportamiento de un evento dado. Hay algunos criterios de discrepancia entre los 
diferentes autores que hemos señalado en la primera parte de este trabajo. Para unificar criterios, aquí 
realizamos un análisis de varias bases de datos y diferentes catálogos de eventos de partículas. Observamos 
que existe cierta discrepancia en la conceptualización de los eventos en la literatura especializada, y por 
lo tanto proponemos una re-conceptualización en el sentido de que todos los GLE cumplen con los 
criterios dados en la literatura para ser considerados como GLE, incluso aquellos que se han clasificado 
recientemente como Sub-GLE/GLE para el caso particular del presente ciclo 24. Para discernir el tipo de 
incremento de partículas solares que ocurren durante el presente Ciclo Solar, basamos nuestro trabajo en 
diferentes bases de datos de Monitores de Neutrones, datos del catálogo de satélites SOHO y catálogos 
SEP. Esto nos lleva a recomendar una re-conceptualización del tipo de eventos involucrados. 
 
 
Estatus: Aceptado para publicación. 
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An alternative classification of solar particle events 
that reach the earth ground level 

Abstract Volume 3 Issue S • 2019 

There is currenl ly a controversy in ¡he literalure ahall! Ihe denominaríon of Energetic Solar 
Prolons, which are usually designated as Ground Level Enhancements (GLE), Sub-GLE 
or simply Solar Energelic Particles (SEP). Such classifications depend on ¡he nature of a 
givcn cvent bchavior. There is somc critcria discrcpancy arnong difTcrcnt authors Ihal wc 
have pointed out in Ihe fi rst part ofthis work. In order 10 unify critcria. here we cany out an 
analysis ofseveral dala bases and difTerent catalogs ofparticle events. We observe Ihal Ihere 
is sorne discrepancy in Ihe conceptualization of events in Ihe specialized literature, and we 
hcreby propose a reconceplualizalion in Ihe sense Ihat all GLE fulfil1 the criteria giveo io 
the lileralUre lo be considcrcd as GlE. eveo Ihose Ihal have beco elassified reecnlly as Sub· 
GLElGlE for Ihe particular case oflhe presenl eyc1c 24 To disccrn the kind ofsolar partic1c 
enhancemenlS oceurring during the prescnt Solar Cycle. we base our work on diffcrent 
database ofNM , data from the SOHO satelli te catalogue and SEPcatalogs. This leads us to 
recommend a reconceplualization ofthe kind ofinvolved events. O UT propos.al is lO name 
Ihe evenl according to ies date of oceurrence, which lcads us 10 avoid Tcnumbering in case 
of detecting an inlemlediale event between two othcrs already officially numbered. in lhe 
specific case of OLE. We propuse, for instance, the fol1owing nomeoclature: OLE ddlmm/ 
yyyy. AnOlher oplion is 10 consider all evenlS lhal reach the Icrrestriallevel simply as OLE 
with Ihe firsl oomenclalure jusI given above, which obviously ineludes GLE and Sub-GLE. 
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Abbreviations: Gl E, ground level enhanecrnents; SEP, solar 
energetic particles; SA, solar aetivity; GCR , galaetic cosmie rays 

Introduction 
Gl E o f relativistic solar protons are sporadie phenomena associated 

with solar fiares and are assumcd to be of a quasi-random nature. 
These energetie particles span over most ofthe earth·s latitudes. To 
a certain extent they follow the lime behavior ofthe II-yeareycle of 
solar activity (SA); however, they do not follow the intensity of the 
SA: for instance, solar cycle 22 was mueh more intense than eycle 
23, but the lalter had more Gl E than eycle 22: there were 13 OLE 
in Ihe period from July 1989 to June 1991, and nol a single event 
from the end of Deeember of 2006 up until 2012. In principIe, only 
72 OLE have been offieially reeorded: the first measurement was on 
February 28,1942 (OLEOI) and the lasl one on Scptember 10,2017 
(OlE72). Though the average occurrence rate is - 1.05 yearl, Iheir 
occurrence may slretch al times for almOsl six years, as was the case 
between GlE70 and OlE71. OLE are measured at ground level by 
Ihe worldwide network ofNeutron Monitor (MN) deleclors spanning 
overmost latitudesand altitudes (from sea level up 10 high mountains). 

The original definition of a O LE is basically the detection of 
a statistically significant increases of particles of solar origill in 
counting rates, in eommon times, and at least in two neutron monitor 
stations located in different plaees, al high latitudes, and one/two low 
or middle latitudinal slations. This definition i5 aeccpted by quite a 
number ofseientists, however, sinee the decade ofthe 70s. In faet, all 
OLE sincc 1942 have had significant increases in some stat ions at sea 
level (<300m). 

This definition was proposed by the community of cosmie rays 
in the 1970s, when there was on ly one station at high latitudes and 

PflyIAstron 1m}. 20 19;3(5): 161-170. 

altitudes (South Pole). With the installal ion of anothcr station al 
high latitudes and altitudes (DOMCIDOMB), for weak events, 
the conditions of the original definition could be given without 
requiring any station at sea level to deteet Ihe increase. According 
Miroshnichcnko1 ifparticles are rccordcd by spacecmfls in the Earth's 
orbit, with no elear evidence ofpenetration at Ihe earth ground leve\, 
these are eonventionally dcsignated as SEP (So lar Energctic Particlcs) 
events. 

In the eurrent solar cycle there were a great number of notably 
weak evenls, which eaused great confusion in designating them as 
Gl E, Ihus giv ing them a suitable nomenclature. Recently, a new kind 
ofOLE has been defined, ¡he so ealled Sub-GLE events1•J which differ 
from theO l E definition in thal noslatistical1y significant enhancemenl 
in Ihe counl rates ofNM at the sea leve! (>300 m) is required, in whieh 
case the count rate must be registcred by at leasl two different loeated 
high-altitude NM station. 

In ¡he course of solar eyc1e 24, only two OLE have been 
"fomlally" recognized; one is thal of May, 17 2012, Ihe so cal1 ed 
GlE71 ,4-I ~ and the second one is Ihe OLE of Seplembcr 10, 2017, 
that has been "fonnally" designated as OLE72 by many aulhors 
Tassev et al.,2°-22 However, there are sorne authors who claim Ihat the 
OlE72 corresponds to the 06 January, 20 14 event Augusto et al.,2)­
M as can be observcd in Table I Ihcre is a high discrepaney in the 
nomenc\ature assigned to the same event. For instance, Augusto et 
al. ,17 have designated Gl E73 the evcnt ofOctobcr 29, 2015. Table 1 
shows the high dispersion in the c\assification of different authors for 
a given event. In view ofsuch a discrepaney ofnomenc\atures as can 
be seen in Table 1, our goal in this work is lo attempl lo elueidale the 
real nature of cach event and to propose a more casily manageable 
reclassifiealion on the basis ofspecifie eondilions. 
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Methodology 

As can be sccn in Table 1, thereisa widc conceplion ofa given evenl 
according lO Ihe ditTerenl aulhors. In view oflhese discrepancies, an 
exhauslive analysis was made ofall Ihe evenls treated in Ihe literature 
for the solar cycle 24, Table l. This implies a reclassification of the 
concept of a GLE. Such a reclassification cons iders to some extent 
sorne oflhc conditions prcv iously eslabJ ished in Ihe litcraturc:l •

16 

l. A GLE event is registered whcn therc are ncar-time co incident and 
statisticaJly significant enhancemcnts or the count rates ofat leasl 
two ditTerenl ly located neutron monitors including at least one 
neutron monitor near sea level and a corresponding enhancement 
in Ihe proton flux measured by a space-borne instrumentes). 

Table 1 Events of cycle 24. and their classification according different author.; 

Event 

January 23, 
2012 

january 
27-28, 
2012 

Author or database 

BazileYskaya, et al"n Gopalswamy et al.," Li et aL," Makhumoto et al. 2013 

This work base<! in www.lWlldb.eu 

BazileYskaya, et aL," Gopalswarny et at.,1< li et al. 't ll 

Augusto et al"ll 

Belov et al., -

Velinoy et aL." 

GLE database University of Oulu 

COP'frighe 
e 20 19 Pérez-Peraza et al. 164 

11. Asub-G LE event is registered when thereare near-timecoincident 
and statistically significant enhancements of the cou nt rates of 
at least two differently located high-elevation neutron monitors 
and a corresponding cnhanccmcnt in thc proton flux mcasurcd 
by a space-bome instrumentes), but no statistically s ignifi cant 
enhancernent in the count mtes ofneutron mon itors near sea leve\. 

We begin for analyzing which oflhe studied events coincided with 
an appreciable overlap etTect of Diurnal Variation during one or two 
days before the beginning of each event. This was done on basis lo 
the database www. mndb.eu . We found tha! only two events where all 
stations wcre slrongly alfccted by ¡he Diurnal Variation MaTCh 13, 
2012, and the cvent of 18 April 20 18, Conscqucntly, no ¡ncrement 
al ground level can be perceived; Ihough sorne authors claim lO have 
perceived Ihem as a possible Sub-GLEJG LE.18.L9 

Observa tions 

SEP 

No discernible enh.ancement 

SEP 

"almost" GLE 

IxmibleGLE 

Cootender for GLE 

Sub-GLE 

This work based in www.lWlldb.eu(Figu~la; INVK.NAIN.THUL. SOPO, SOPB, MRNY,TERA, MCMU, MXCO, NEWK. FSMT) Discernible enh.ancement 

Man::h 7, 
2012 

Man::h 13. 
2012 

May 17, 
2012 

July 23. 
2012 

May 22, 
2013 

Augusto et aL," Bazilevskaya, el al.," Gopalswamy et aL." Li et al., 'l" Ding et aL." 

Belov et aL. -

Velinoyetal.," 

GLE database University of Oulu: MisheY et al., " 

This work base<! in www.nmdb.eu (Figure 1 b; KERG:APTY, SOPB, SOPO,TERA MCMU, MXCO,ARNM, NANM,AATB, ROME, 
BKSN,jUNG 1, LMKS, IRKS, IRKT. MOSC, KIEL, KIEL2.YKTK) 

BazileYskaya et al.," Gopalswamy et al.," Li et al .. " 

Belov et al" lt 

Velinoy et al.,l' 

This work based in www.lWlldb.eu(Figurelc:THUL. SOPB.SOPO.TERA MCMU.MXCO.NEWK.FSMT.NAIN.INVK) 

Augusto et al., 20 13.Asvestari et al..' Balabin et al.,"" Berrilli et al., 20 14 Firoz et al..' Gopalswamy et aL,' ''''' Krastova and Sdobnov 
et al., '· Li et al.. 20 13. 20 15, 20 16 Mishev et al,, '"'' Papaioannou et al.." Perez-Perau et al., 2018, Plainaki et aL," Thakur et aL." 
Velinoy et al .• " The lceCube Coliaboration et al,, " Kühl et al .• 201 5 GLE databa§e University of OuIu:This work ba§ed in www. 
nmdb.eu 

BazileYskaya et at., n 

Belov et al,, - Ding et al,,)) Thakur et al"l' 

Gopalswamy et at.,· 

This work base<! in www.nmdb.eu 

Gopalswamy el aL,'"; Li et al .• " 

This work base<! in www.lWlldb,eu 

SEP 

possible GLE 

Cootender for GLE 

Sub·GLE 

Discernible enhancement 

SEP 

possible GLE 

Cootender for GLE 

Discernible enh.ancement 

GLE 71 

SEP 

GLE 

Small GLE 

No discernible enhancement 

SEP 

No discernible enhancement 
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Table Continues ... 

Event Autho~ or database Observations 

January 6, 
2014 

Augusto et aL," Balabin et al.. 20 15 Gopalswarny et aL,''''' Krastsova and Sdobnov. 20 17: Kühl el al. 201 S:Velinov et al~ 20 16 The 
keCube Collaboration et al., " 

GLEn 

Li et al.,"Thakur et aL.""" GLE n (Small OLE) 

Belovetal.,20IS GLE 

GLE database Uni~rsity of Culo: Mi5hev et al.,' Sub-GLE 

This work base<! in www.lVTldb.etJ (Figure I d):APTY,SOPB, SOPO, MCMU, OULU, MWSN Discernible enhancement 

January 7, 
2014 

April18. 
2014 

Li etaL," 

This wo~k base<! in www.rvndb.etJ 

Au8l'sto et aL," 

SEP 

No discernible enhancement 

Favorable conditions for die 
formation of a GLE 

This work base<! in www.rvndb.etJ(Figurele:MXCO.NEWK.P.lVNK.MWSN.SOPO.SOPB.NAIN) Discernible enhancement 

November 
1,2014 

Au8l'sto et at..!' 
Signals at ground level of 
r(!lativistic solar particles 

This work base<! in www.rvndb.etJ (Figure If SOPO. SOPS. MCMU. NAM. PWNK) Discernible enhancement 

June 07. 
2015 

Gil et aL, '" 

GLE database Uni~rsity of Culo 

ACRE (Anisotrop ic Cosmic­
Ray Enhancement) 

Sub-GLE 

This work base<! in www.rvndb.etJ (Figure Ig: SOPB. SOPO.TERA. MCMU. NEWK. P'lVNK) Discernible enhancement 

October 
29,2015 

Au8l'sto et aL." The keCube Collaboration et al .. " 

Velinov et al.," 

GLE database Uni~rsity of Culo; Mishev et al., l 

GLE 73 

Contender for GLE 

Sub-GLE 

This work base<! in www.lVTldb.etJ (Figure Ib :JUNG. KERG,TXBY. MWSN,SOPB. SOPO, KIEL) Discernible enhancement 

September 
10,2017 

August 26, 
2018 

Augusto et at., ll Kurt et al., 20 18 Tassev et al.,,": GLE clatabase University of Oulu:This work based in www.nmdb.eu GLEn 

GLE database Uni~rsity of Oulo Sub-GLE 

Giletal.,2018 PossibleACRE 

This work base<! in www.rvndb.eu(Figure2:TSMB.HRMS.MOSC.ICEFtG.OULU.APTY.NAIN. THUL SOPB, SOPO, MRNY, MEN, 
AATB, ROME, BKSN, JUNGT, LMKSJ RKT) 

Discernible enhancement 

Results 

In the case of events of27 January, 20 12, 07 March, 20 12, 6 January 
2014, 1, November, 2014 and 29 October, 2015, a number ofstal ions 
were not totally masked by the Diurnal Variation, as we will mention 
later. Thesc events that were partially affected by Di urnal Variation. 
For all these events we analyzed the relative increase of particles 
with respect to the Background ofGalactic Cosmic Rays (GCR), two 
hours before the events were detected, as indicated in Table 2 and 
Figure l. AIso, as we mention before we consider the information 
two days before the event in order to determine (he intensity of the 
Diurnal Variation. An interesting analys is ofthe event of07 June 2015 
indicates that this is an anisotropic cosmic ray enhancements of the 
type ACRE.lO They also argue that the event of 26 August, 2018 is 
most probably also an ACRE. Obviously, in these cases Ihere are not 
associated fiares nor increases of particles in the satellites detectors 
(Figure I g). 

For each event, Ihe relative increase with respeCI to Ihe GCR 
background was obtained, considering a range of two hours prior to 
the evenl. It can have been observed in Figure 1 thal the start of the 

associated SEP event to the ground leve! enhancement is substantially 
similar with the start of particle enhancement at the level of satellite 
data, (Table 3) and (Figure 1). In view (hat the determination of the 
start of the GLE is not easy, mainly when there is an overlapping 
Diurnal wave we have considercd the associaled SEP start time. Note 
that Figure 1 refers to the satellite-Ieve\ count which excludes Diurnal 
Variation, while Figure 2 refers to the count rute al the lerreslrial level 
where sometimes the Diurnal Variation is intense enough to mask 
small increments ofparticl cs solar, oflhe type Ihal took place in Solar 
Cycle 24, as the events that occurred on March 13,2012 andApril 18, 
2014 (Tablc 2). 

Taking into a count the ample discrepancy in the classification and 
the oorresponding dates as exposed in Table 1, we proceeded to a new 
reclassification on the basis ofthe ex isting database. For Ihe events of 
January 27, 2012, March, 2012, 6 January 2014,1, November, 2014 
and 29 October, 2015 (Fib'Ure 2) we havc the fo llowing analysis: fo r 
each event, the relative increase with respect to the GCR backgrou nd 
was anal yzed, considering a range of two hours prior 10 the evenl 
(Figure 1). The five selected events, (Table 2), were chosen because 
they meet the aboye mentioned criteria 2.1. 
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Table 2 Summary of stations chat distinguished particle increment in spite of the DiurnalVariation 

Eve nt 

2710 1/20 12 

07103/20 12 

1)103/20 12 

06101f20 14 

18104/20 14 

011 11/20 14 

07106f20 1S 

29f10120 1S 

26108120 18 

Statio n tha t distlnguish e d the event 

THUL. SOPB. SOPO. FSMT 

KERG. SOPB. SOPO. MCMU. MXCO. BKSN 

AII stations were affected by me diumal wave 

SOPB, SOPO. OULU, MWSN 

AII stations were affected by me diumal wave 

SOPB,SOPO 

ACRElO 

TXBY, SOPB, SOPO 

Possible ACREJO 

(https:Jlwww.ngdc.noaa..govlstplsatellitelgoesldodSPE.txt;https:Jlumbra.nascom.nasa.govISEPI) 

Table 3 SEP cOlTesponding to seleaed events from Table 2 

Yeilr Partic le event Associat ed CM E, FLARE, ilnd ilctive region 

S<art Maximum Proton Flux (pfu @ 
(Day/UT) (Day/UT) >10 MeV) 

CME Milxim um Importilnce (X 
(Dil)'/UT) ril)'IOpt) 

2012 Jan 2711905 Jan 28/0205 796 Halo NWfl7 1827 Jan 2711837 X 1/1 F long duratioo 

2012 Mar 07105 10 M" 65JO 
08/1115 

Halo NF/07 0036 Mar 0710024 X5I3B 

2012 Mar 11/ 1810 M" .. , 
1312045 

Halo NWII3 1736 Mar 13/1741 M7 

2014 Jan 06/0915 Jan 09/0340 1033 
A$ymm. Pan:ial Halo 

Jan 0711832 XI/2N 
SN/07 1824 

2014 Apr 181 1525 Apr 19/0105 58 CME (C3)f181325 18/1303 M7 

2014 NovOI/I400 NIA NlA NIA "'A C2.7-cla$s flare 

2015 Oct 29/0550 Oct 29/1000 2l 
Far-sided on W limb. 

(Farside) NIA 
SI 1/290236 

- >10Il0'l 
1) 2'l'2Jlllf:17 ~ ¡- " ~ 

'. '. -, 
l' 
1" .... !"",,..,,,,,-~ ; 
~ 

.~~ .. ,,..'" .~~ . -
p~ou.v --- el2'l"/Q>/ll ('-... 

" 
f~ . , ... r -...... 

, ". ""IIlI" - .~, '. 

Fig ure 1 Integral Flux for each event (SOHO LASCO CME CATALQG: hupsJ/cdaw.gsk.nasa.gov/CME_' istl). 

Copyrighe 
Cl20 19 Pérez-Per:ua et al . 

LOXiltlo n NOAASEC 
Region No. 

N27W71 11-402 

NlTEl5 11429 

NI8W62 11429 

SISWII 119+1 

SI6W'I1 12036 

southeastem 
NIA 

region 

NIA 12434 

' . 

166 
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Figure 2 Increments obtained for potential GLEs or Sub-GlEs selected from table 1, based on the data of the worldwide network of Neutron Monitors ("1J::J:I::It. 
1llIllIh&Jl). 

january 27, 2012 

Figure 2a shows the rclative mlc of ¡ncrease fmm the coun! lO 
every 5 minutes of Ihe SOPB, SOPO, THUL and FSMT stations for 
Ihe days 26-28 January 20 12, nonnalizcd 10 the count inlerval fmm 
5:00 lo 7:00 UT ofthe GCR backgrou nd of January 27 , 2012 (Table 2) 
and (Figure la), which indicate the start ofthe cvcnt. As we observcd 
in Figure 2a, in these stations a certain efTect of Diurnal variability 
is obscrved, however, it is possible to clearly distingu ish the relative 
increment ofthe event. Applying ¡he cntena indicatcd in:3.16 

1. The event was deleclcd by spalial instrumenls al 19:05 UT from 
the Aare ofclass X I I I F (N27W71) (Table 2). 

11 . The event was detectcd al the Soulh Pol e slation (SOPB and 
SOPO) ofhigh latitude and allitude. 

11 1. The event has been seen at Ihe THUL and FSMT stalions, both 
ofhigh lalitude. but ofallitude al mean sea level «300 m mid­
level sea). 

IV. Due lo Ihese cnleria Ihis event is classified as a GLE (According 
102.1). 

March 7,2012 

Figure 2b shows Ihe relative rate of increase trom the counl lo 
every 5 minutes of thc SOPB, SOPO, KERG, MCMU and MXCO 
stations for the days 06-07 March 2012, nonnalizcd lo Ihe counting 
interval of03:00- 05:00 UT oftheGCR background ofMarch 7, 2012 
(Table 2) and (Figure lb), which indicate Ihe start oflhe event. As we 
observe in Figure 2b in these stations, no effcct of Diurnal variability 
is observed and il is cJearly distinguished Ihe reJalive increase oflhe 
cvcnt without any doubt. Applying the crilcna indicated in: Poluianov 
et al. ,3-16 

1. The evenl was detccled by spalial inslrumenls al 05: 10 UT from 
the fiare cJass X5 / 3B (N17E 15) (see Table 2). 

[1. The evenl was delecled al Ihe Soulh Pole station (SOPB and 
SOPO) ofhigh latitude and a[titude. 

nI. The cvent has becn secn al the KERG and MCMU stations, both 
al a[titude at mean sea leveJ «300 m mid-Ievel sea). 

IV The evenl was detecled al ¡he low [at itude and high allitude 
MXCO slalion. 

V. Due to Ihese criteria Ihis event is cJassified as G LE (According 
to 2.1). 

January 6,2014 

Figure 2c shows the relalive rate of increase from the coun! lo 
every 5 minutes oflhe SOPB, SOPO and MWSN stations forlhe days 
05-06 January 2014, normalized lo the counting inlerval of 07: 00-
09: 00 UT of Ihe GCR background of January 06, 20 14 (Table 2) 
and (Figure Id), which indicale Ihe start ofthe event. As we observe 
in the Figure in Ihese stalions a slight effecl of daytime vanability 
is observed from Ihe day before ¡he event, however, il is possible 
lO c1early dislinguish ¡he rc1ative increase of the event wilhoul any 
doubt. Applying the criteria indicaled in: Polu ianov el al.,3.16 

1. The evenl was delecled by spalial instruments al 09: 15 UT from 
the flare c1ass X I/2N (S 15W II) (Figure Id) and (Table 2). 

11. The event was detected al ¡he Soulh Po le slat ion (SOPB and 
SOPO) ofhigh latitude and altitude. 

111. The evenl has been seen al Ihe MWSN slation, ofhigh lalitude, 
bul of allitude al mean sea level «300 m mid-level sea). 
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IV.Due lo Ihese crileria Ih is evenl would be c1assified as GLE 
(According lO 2.1). 

November 1,2014 

Figure 2d shows Ihe relative increase rate from Ihe counl lo every 
5 minutes ofthe SOPB, SOPO stations for Ihe days 10-11 November 
20 14, nonnalized lO Ihe counling inlerval of 11:00- 13:00 UT of Ihe 
background of GCR of November 01,2014 according to Table 2 and 
Figure 1 f, which indicate Ihe slart oflhe evento As we observe in the 
figure in Ihese slalions no etTecl of Diurnal variability is observed, 
however, Ihere is a systematic drop in Ihe count approximalely al 
07 UT on November 1, later il is possible to dislinguish Ihe relalive 
increase oflhe evenl. Applying Ihe crileria indicated in: Poluianov el 
al. ,l.l6 

l. The event was detecled by spatial inslruments al 14:00 UT from 
the fiare c1ass C2.7 (Southeastern region) (Figure 1 f) and (Table 
2) 

11. The evenl was delecled al Ihe Soulh Po le slalion (SOPB and 
SOPO) ofhigh latitude and altitude. 

111. The event was nOI detected by any olher station. 

IV. Since both monitors (SOPB and SOPO) are in Ihe same station, 
Ihe criteria for classifying Ihe event as a possible GLE (as 
assumed by Augusto el al.,!) are nol met, whereas according lo 
this work only can be classified as a SEP. 

October 29, 2015 

Figure 2E shows Ihe relalive increase rate from the count lo every 
5 minutes oflhe SOPB, SOPO and TXBY slations for the days 28-29 
October 2015, nornlalized 10 the counting interval from 04: 00-05: 00 
UT ofthe GCR background ofOclober 1, 2015 accord ing lo Table 2 
and Figure IH, which indicate Ihe beginning ofthe event. The noise 
behavior of the TXBY station could indicate probable atTeclation 
due to the daytimc variability, while Ihe monilors of the South Pole 
station do not show Ihis atTectation. Applying Ihe criteria indicated in: 
Poluianov el a1.,1.16 

l. The event was detecled by spat ial instruments at 05:50 UTwhose 
source was apparently a CME (F igure l H) and (Table 2). 

11. The event was detected at the Soulh Pole station (SO PB and 
SOPO) ofhigh lat itude and allitude. 

Table 4 Reclassiflcation of the category of events 

Eve nt 

January 
27-28. 
20 12 

Author or database 

Barilevskaya et al..ll Gopalswamy et al"l' li et al..'t l) 

Augusto et al..1) 

Belov et al.,ll 

Velinov et al.. 20 16 

GLE database Unive.-sity of Oulu 

This work based in www.nmdb.eu (Figure la) 

Copyright 
Cl20 19 Perez-Peraza el al. 168 

III . The event has been seen al Ihe TXBY station, of altitude al the 
mean sea level «300 m mid-Ievel sea). 

IV [n our opinion these events can be c\assified as GLE (According 
to 2. I) .J2-)(' 

Conclusion 

On the basis to crileria popular in the sc ient ific communitywe have 
made an analysis of all Solar Particle events (of any kind) Ihal have 
taken place during cyc1e 24 as is shown in Table l. Basically, whal 
we have done in the present work consists of an exhaustive revision 
of all the events Ihat have been reported in the literature related to the 
solar cyc1e 24. We have found 15 evenls which appcar in Tablc 1: the 
first column contains the dale ofthe studied evenl, the second co lumn 
displays the dala source, andlor the corresponding authors, and finally 
the third column indicates Ihe kind of event, as has becn assigned by 
each of the aulhors. It is precisely in these two columns where the 
conflict in the classification oflhe evenls as reported by the ditTerenl 
aUlhors, can be apprecialed. In virtue of Ihis, we have procecded lo 
carefull y examine the infonnalion regarding the partic\e counling 
rate in Ihe available data basis existing for this purpose: (www.nmdb. 
eu, OLE Dalabase University of OULU and Dalabases of neutron 
monitors of McMurdo, Mirny and Kiel; data from Ihe SOHO satellite 
calalogue and SEP catalogs). 

Basical1y, our study consisls in mak ing sure Ihal a ground level 
enhancemenl really exisled. Oflhe aboye, procedure we have selected 
nine events that presumable have shown a possible increment (Table 
2). Among Ihese nine events, two of them are nOI so lar partic\e 
enhancements (the so calledACRE) and other Iwo are indiscernible due 
to the effect of Diurnal Variat ion. After confinning the enhancements 
of the olher five events, we proceed to identify the generalor SEP of 
each event (Figure 1) and (Table 3) in order 10 reclassify each one of 
the five selected evenls (Table 4) on basis lo the criteria established in 
section 2 Poluianov et a1., )·16 According 10 our results (Table 4), il can 
be observed Ihat we are demonstrating Ihal Ihere are two GLE events 
which occurred between Ihe officially accepted GLE70 and GLE71 
(January 27, 2012 and March 13,2012), as well as two between the 
GLE71 and the GLE72 (January 6, 2014 and October 29, 20 15); 
which comply wilh the established criteria lO be considered as GLE, 
which leads us 10 claim Ihal Ihe nomenclature ofOLE events carried 
out to date, based on consecutive numbering is nol adcquate. This was 
made clear by Ihe significanl number of relalively weak evenls Ihat 
occurred in Ihe mentioned solar cyc\e betwccn OLE70 and OLE72. 

Previous class 

SEP 

-almost" GLE 

possible GLE 

Contender for GlE 

Sub·GLE 

Discernible 
enhancement 

Station [R(GV), ALT(m)] 

SOPB(R=O. IOAlt=2820m), 
SOPO(R=0.IOAlt=2820m). 
THUL(R=O.30Alt 26m), 
FSMT(R=OJO,Alt= 180m) 

Reclassification 

GLE 
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Table Continues ... 

Event 

Man:h 7, 
2012 

january 6, 
2014 

Novernber 
1,2014 

October 
29,20 15 

Autho r o r dat abase 

Augusto et al. ,l l Bazilevskaya, et al., 20 1] Goplswamy et al.,16 
U et al., 11. IJ Ding et al.,JJ 

Belov et al.,ll 

Velinov et al., 20 16 

GLE database Univef"Sity of Oulu; Mishev et al., l 

This work based in www.nrndb.eu (Figure lb) 

Augusto et al.,lJ Balabin et al., 20 15 Gopalswamy et al.,1S.l' 
Kratsova and Sdobnov, 2017; Kühl et al., 20 15;Velinov et al., 
2016 The keCube CoUaboration at al., 19 

U et al., 11 Thakur et al.;!.!6 

Belov et al.,ll 

GLE database University of Oulu; Mishev et al.,J 

This work based in www.nrndb.eu (Figure le) 

Augusto et al.,! ' 

This work based in www.nrndb.eu (Figure Id) 

Augusto et al.,ll The lceCube Collaboration et al., 19 

Velinov et al., 20 16 

GLE database University of Oulu; Mishev et al.,l 

This work based in www.nrndb.eu (Figure le) 

In our detailed analysis oC all solar partic1e cvents of so lar cycle 
24, we observe the confusion existing between difTerent authors; 
which genera tes a great discrepancy regarding the consideration of 
such evcnls as GLE or not, as well as their nomcnclature. In Ihis 
paper we classiIY, based on precise eriteria (Seetion 2), 4 events 
as GLE, which leads us to indieate Ihat the consecutive numbering 
method Cor GLE events is not adequale. Our proposal is lO name Ihe 
event according to its date of occurrenee, whieh Ieads us to avoid 
renumbering in case of dctecting an intcrmediate evcnt between two 
others already officially numbered, in the specific ease of GLE. We 
propose, for instance, the following nomenclature: GLE dd/mm/yyyy. 
Another option is lO consider all events that reach the lerrestrial level 
s imply as GLE with the first nomenc1ature just given aboye, whieh 
obviously ineludes GLE and Sub-GLE; entailing that the Sub-GLE 
can not neeessarily be seen by slations near sea level; while a 100% 
ofthe GLE up to now have been registered at least by one station near 
sea level (inc1uding the four GLE oC Table 4 that have been secn in 
at least one station al the sea level). On the other hand, in view that 
both ofthese two types have a SEP eounterpart, in reality there is not 
a sharp distinction between them. In summary, aeeording to our study, 
small and intensive events that eome to earth could be considered all 
them as GLE. 

Copyrighe 
\Q20 19 Perez-Perua et al. \69 

Previo us class Statio n [R(GV), ALT(m)] 

KERG(R= 1. 14,Alt=]]rn), 
SOPB(R=0. 10,Alt=2820rn), 
SOPO(R=0.41.10,Alt=2820rn), 
MCMU(R=0.]0,Alt=48m) 
MXCO(R=8.28,Alt=2274rn) 

Reclassification 

SEP 

possible GLE 

Contender for GLE 

(R4I o]0 Al r=48rn), 
Sub-GLE 

Discernible 
enhancernent 

GLE 72 

GLE 72 (Small GLE) 

GLE 

Sub-GLE 

Discernible 
enhancernent 

Signals at ground 
level of relativistic 
solar particles 

Discernible 
enhancernent 

GLE 7] 

Contender for GLE 

Sub-GLE 

Discernible 
enhancernent 

SOPB(R=0. 10,Alt=2820rn), 
SOPO(R=0.10,Alt=2820rn), 
MWSN(R=0.22.Alt=30m) 

SOPB(R=0. 10,Alt=2820rn), 
SOPO(R=O.I O,A 11=2820rn) 

TXBY(R=O.48,A II --Om), 
SOPB(R=0. 10,Alt=2820rn), 
SOPO(R=0.10,Alt=2820rn) 
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DISCUSIÓN Y CONCLUSIONES GENERALES 

 

Con respecto a las secciones del Marco Teórico y de Resultados podemos considerar lo siguiente: 

 

En el Capítulo en libro (Pérez-Peraza & JC Márquez-Adame, 2018) los espectros de energía en estado 

estacionario se trabajaron de forma independiente para los diferentes casos (aceleración, compresión y 

expansión adiabática, desaceleración por colisiones coulombianas y p-p), posteriormete se sumarizaron 

varias combinaciones y de ahí se obtuvieron los parámetros de la fuente de producción de las partículas 

solares relativistas, así como el tipo de evento (caliente, cálido o frío). En el Marco Teórico en el punto 6 

desarrollamos la solución a la ecuación de transporte (3) por medio de la aproximación WKBJ a partir de 

la cual obtenemos el espectro de energía dependiente del tiempo para turbulencia MHD, con inyección 

monoenergética, deceleración adiabática, deceleración por pérdidas colisionales y deceleración por 

degradación energética por colisiones protón-protón, Ec. 12, en este caso en una sola solución incluimos 

todos los casos anteriormente citados. Enseguida mencionamos las más importantes consideraciones y 

resultados obtenidos: 

 

- Los tiempos para los ajustes teóricos por medio de la aproximación WKBJ se consideraron a t > 

10 s, para ser acordes a las soluciones estacionarias dadas en el estudio inicial correspondiente 

al capítulo en libro (Pérez-Peraza & JC Marquez-Adame, 2018). 

- La curva resultante de la solución teórica por medio de la aproximación WKBJ se ajusta mejor al 

espectro observacional en los 12 eventos trabajados. 

- El parámetro de aceleración (α) en el estudio original toma un valor diferente para cada tipo de 

ajuste por evento, en cambio en la Ec 12, al igual que los demás parámetros (n, rho, T, t, tau, etc.) 

son valores únicos por ajuste y por evento, en donde encontramos que los valores de aceleración 

(α) obtenidos con la aproximación WKBJ son del orden de los obtenidos en el Capítulo en libro 

(Pérez-Peraza & JC Márquez-Adame, 2018) para cada evento. 

- Para el parámetro de la temperatura (T) también obtenemos congruencia entre ambos estudios. 

- La solución de la ecuación de transporte (3) por medio de la aproximación WKBJ nos da por 

resultado un modelo unificado para el estudio de los espectros de energía observacionales de 

los GLEs, a partir de su modelación teórica y de esta forma obtener los parámetros en la fuente 

de producción de las partículas solares relativistas. 

- El presente método nos provee de suficientes parámetros libres, lo cual potencia el proceso de 

ajuste para darnos los escenarios mas plausibles de la producción de partículas solares 

relativistas en la fuente. 

 

También se ajustaron teóricamente con la Ec. 12 los espectros observacionales de los GLEs 71 y 72 

obtenidos por nuestro grupo de trabajo. 
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Con respecto a los artículos ya publicados y/o aceptados para publicación podemos considerar lo 

siguiente: 

 

El trabajo aquí presentado se extendió hacia el estudio de tres puntos muy importantes relativos a los 

incrementos de partículas solares relativistas detectadas a nivel del suelo por la red global de Monitores 

de Neutrones, los cuales son el estudio de sus espectros de energía observacionales y teóricos. A partir 

de la confrontación de dichos espectros se obtienen los parámetros de la fuente, de esta forma podemos 

prever posibles escenarios de generación. El siguiente punto importante fue el estudio y confirmación, 

del carácter periódico de dichos eventos y en base a esto se desarrolló un método basado en el análisis 

de coherencia Wavelet y de Lógica Difusa para su descripción y prognosis. Finalmente se realizó un 

estudio exhaustivo concerniente a la clasificación y denominación de los eventos GLEs, aplicando los 

últimos criterios aceptados por la comunidad internacional y proponiendo una nueva nomenclatura 

basada en su fecha de ocurrencia y no en una numeración consecutiva, para evitar futuras confusiones 

al respecto. 

 

Debido a que cada trabajo contiene su respectiva sección de conclusiones, aquí resumimos las siguientes 

conclusiones generales: 

 

- De los 6 trabajos que se están presentando como Tesis Doctoral, los tres primeros tienen que ver con 
los espectros de energía de los GLE. Los principales resultados a destacar de “Exploration of Solar Cosmic 
Ray Sources by Means of Particle Energy Spectra” (Cosmic Rays, Ed. IntechOpen, 2018, Cap. 7, Pág. 121-
161), “Source Energy Spectrum of the 17 May 2012 GLE” (JGR: Space Physics, 2017, 
10.1002/2017/JA0225030) y “Spectra of the Two Official GLEs of Solar Cycle 24” (aceptado para 
publicación: Advanced in Space Research, 2019), son la obtención del conjunto de parámetros de la 
fuente para la generación de partículas solares relativistas y la descripción de los procesos de aceleración 
involucrados, que conducen a escenarios plausibles durante los eventos bajo estudio, basados en un 
marco teórico que abarca la dependencia del tiempo y el estado estacionario en todo el rango de 
energías. Es precisamente la confrontación de los espectros de energía teóricos contra los espectros de 
energía observacionales lo que nos da una concepción aproximada de los escenarios de producción. El 
análisis de los espectros nos lleva a considerar la presencia de dos componentes de partículas diferentes 
durante los eventos. Algunos autores designan esas dos fases como componentes Pronta (Prompt) y 
Retardada (Delayed). Estas dos componentes indican la ocurrencia de dos procesos de aceleración de 
naturaleza diferente, como lo evocan muchos autores. En ambas fases, el principal mecanismo de 
aceleración es probablemente de naturaleza estocástica, donde el proceso de inyección de partículas al 
mecanismo estocástico también puede provenir de un flujo de protones monoenergéticos que puede 
haberse originado en la parte de altas energías de los protones preacelerados en la Lamina Magnética 
de Corriente Neutra (MNCS por sus siglas en ingles). Sin embargo, en el segundo trabajo se abre otra 
opción, en donde se podría generar un solo mecanismo de aceleración en dos etapas diferentes en un 
proceso determinista con un espectro como el que se muestra en la Ecuación 7, de modo que la etapa 
de aceleración única debido a la MNCS no se puede ignorar. Finalmente, enfatizamos que la 
confrontación entre los espectros teóricos y observacionales nos da una concepción aproximada de los 
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escenarios de producción, es decir, de los procesos involucrados de aceleración y pérdida de energía, así 
como de los parámetros físicos plausibles que prevalecen en la fuente. 
 

- En los trabajos “The Quasi-Biennial Oscillation of 1.7 years in Ground Level Enhancement Events” (New 

Astronomy, 2018, 60: 7-13) y “Determination of GLE of Solar Energetic Particles by Means of Spectral 

Analysis” (The Astrophysical Journal, 878:154 6pp, 2019) concluimos que queda claramente 

demostrado el comportamiento periódico en la ocurrencia de los incrementos de partículas solares 

relativistas a nivel terrestre, GLEs. En este sentido, fuimos capaces de caracterizar con gran precisión el 

comportamiento armónico de dichos eventos, haciendo uso de los principales índices de la actividad 

solar: Solar Flare index (FSI), Sunspots Index (SS) y Solar Flux index (F10.7), gracias a la combinación de 

las técnicas de coherencia Wavelet y de Lógica Difusa, siendo herramientas muy poderosas también para 

realizar trabajos de prognosis con dichos eventos. 

 

- La peculiaridad de este Ciclo Solar 24 en cuanto a la producción de GLE´s débiles conllevó a la 
redefinición de los criterios para clasificarlos y proponer un nuevo tipo de evento (Sub-GLE), haciendo 
una revisión exhaustiva de los 15 eventos en controversia encontrados en la literatura, en el trabajo 
“An Alternative Classification of Solar Particle Events that Reach the Earth Ground Level” (aceptado 
para publicación: Phys Astron Int J. 2019; 3-5:161‒170), concluimos que solo 4 eventos cumplen con 
los nuevos requisitos establecidos. En vista de tal controversia proponemos denominar a los eventos 
GLE por su fecha de ocurrencia y no de manera consecutiva. 
 

Por último, como conclusión general podemos resaltar que la presente Tesis terminó siendo un estudio 

muy completo acerca de las características de la generación en la fuente de las partículas solares 

relativistas que arriban a la Tierra y provocan los incrementos a nivel terrestre (GLE) detectados por la 

red global de Monitores de Neutrones, así como de la ocurrencia, periodicidad, prognosis y 

nomenclatura de dichos eventos. 
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