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ESTRUCTURA DE LA TESIS

La presente tesis se encuentra dentro de la modalidad de articulos publicados. Consta de:
-Introduccion.

-Objetivos generales del trabajo.

-Marco Tedrico.

-Resultados.

-Un capitulo en libro con su respectiva presentacion.

-Cinco articulos con sus respectivas presentaciones. Todos ellos en revistas internacionales arbitradas.
Tres publicados (incluido uno como primer autor) y dos aceptados para publicacién, todos con su
respectiva presentacion.

-Una discusién y conclusién general.

-Referencias.



Introduccion.

La interdependencia entre la Fisica Espacial y otras disciplinas cientificas, particularmente con los
plasmas de laboratorio, ha sido ampliamente discutida en la literatura

Esta complementacion se debe al hecho de que ambas disciplinas exploran diferentes regiones de los
parametros fisicos del plasma, lo que ha permitido aprender acerca de ciertos rangos de pardmetros
gue 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 espontaneas. Los
plasmas de laboratorio son mds densos que los plasmas espaciales. Estos ultimos estan practicamente
libres de efectos de frontera, en contraste con los de laboratorio, los cuales estan sujetos al efecto de
los dispositivos contenedores que producen a menudo fuerte contaminacion 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 estan regidos normalmente por el equilibrio estatico, 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 particulas confinadas en los reactores de fusién y en
los anillos de radiacion de Van Allen han sido estudiadas en paralelo (Pérez-Peraza, 1990).

En los Tokamaks, los procesos de reconexién magnética similares a los de los plasmas espaciales
determinan la estabilidad global del plasma y afectan también el transporte microscopico. Los
experimentos de interaccion haz-plasma han sido muy utiles para interpretar fendmenos de la Fisica 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 aceleracién y
transporte de particulas energéticas son estudiados mas intensivamente en el espacio, mientras que
estudios paramétricos de geometria y comportamiento de los plasmas en reconexién son investigados
en laboratorio (Pérez-Peraza, 1990).

El diagndstico de los plasmas de laboratorio utiliza técnicas de sondeo directo. En contraste, el sondeo
de los plasmas espaciales se realiza por percepcién-remota, salvo algunas excepciones de sondeos in
situ de nuestra vecindad espacial, con las naves espaciales. El sondeo de los plasmas en otras instancias
cosmicas mas lejanas, concierne al dmbito de la Astrofisica Geofisica, 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 mas potentes hoy en dia alcanzan apenas energias de 10'° eV
en el centro de masa, como es el caso con el acelerador LHC en el CERN. En contraste, los aceleradores
césmicos producen rayos cdsmicos que alcanzan energias de hasta de 10%! eV. La aceleracion de
particulas 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.



El laboratorio cdsmico mas cercano para estudiar los procesos de aceleracién de particulas a energias
mayores de 10 MeV es el Sol, en particular durante los fendmenos 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 particulas de alta energia. Los campos eléctricos generados en este
fendmeno son capaces de acelerar, en un lapso promedio de 100 s, a las particulas termales, cuyas
energias locales son del orden de 1-100 eV, y llevarlas a energias superiores a los 10%° eV. Los
mecanismos aceleradores fueron originalmente estudiados en el contexto de los rayos cdsmicos
galacticos, en la década de los treinta, cuando la fisica de aceleradores daba sus primeros pasos, lo que
condujo a otro ejemplo mas de la interdependencia entre la fisica de laboratorio y la fisica del espacio
(Pérez-Peraza, 1990).

En virtud de que la generacidn de Particulas Solares Energéticas (ESP por sus siglas en inglés) es un
fendmeno que se puede seguir practicamente en tiempo real, en contraste con los rayos cdésmicos
galdcticos cuya vida media es de millones de anos, el estudio de los procesos de aceleracién se polarizd
hacia la atmédsfera solar. Dentro de esta categoria (ESP) se producen esporadicamente particulas
solares que alcanzan energias relativistas (> 450 MeV) capaces de atravesar la magnetosfera terrestre,
las cuales se detectan a nivel terrestre. Los eventos relativos a estas particulas relativistas se les
denomina incrementos al nivel del suelo (Ground Level Enhancements, GLEs) (Perez-Peraza, et al.,
1994).

Los agentes aceleradores de las particulas cargadas son en ultima instancia los campos eléctricos,
cuya naturaleza en la atmaésfera solar son del tipo estocastico, cuando la turbulencia es relativamente
débil, y seculares (deterministicos) en situaciones en las que la turbulencia es muy intensa. Las
propiedades fundamentales de las particulas aceleradas son su perfil-temporal, su espectro de carga y
su espectro de energia. El primero nos proporciona informacién 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 evolucién de su estado de carga. El espectro de energia
nos da informacidn sobre el proceso mismo de su generacién en las fuentes aceleradoras y modulacion
fuera de ellas. Es decir, el espectro de energia 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
aceleracion estocdstica como para aceleracion deterministica. (Pérez-Peraza et al., 1994).

A partir del conteo del incremento de particulas detectado por la red global de monitores de neutrones
(www.nmdb.eu) se obtienen los espectros de energia observacionales para cada GLE, en este trabajo
desarrollamos el marco matematico para generar los espectros de energia tedricos, los cuales
ajustandolos a los observacionales nos dan por resultado los parametros necesarios para reconstruir los
diferentes escenarios posibles en la fuente, digase en la fulguracion 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”, asi como en el tercer trabajo: “Spectra of the Two Official


http://www.nmdb.eu/

GLEs of Solar Cycle 24”, ya se consideran los espectros de energia dependientes del tiempo y
estacionarios, resolviéndose la ecuacién de transporte de energia para todo el rango de energias (Pérez-
Peraza & Gallegos-Cruz, 1994; Gallegos-Cruz & Pérez-Peraza, 1995) por medio del método de
aproximacion WKBJ de forma analitica. Esta solucidn analitica es de suma relevancia debido al escenario
gue prevalecia hasta inicios de los anos noventa, ya que los primeros enfoques para resolver
analiticamente este tipo de ecuacion se relacionaron con soluciones en rangos de energia 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 analiticas solo para el estado estacionario sobre todo el rango
de energias. Mullan (1980) y Miller et al., (1987), obtuvieron soluciones numéricas dependientes del
tiempo solo en intervalos no relativistas y por ultimo Miller, Guessoum, & Ramaty (1990) obtuvieron
soluciones en todo el rango de energias, pero también de forma numérica. Es relevante subrayar que en
los trabajos previamente citados se resolvid por primera vez el problema dependiente del tiempo para
todo el rango de energias de manera analitica considerando la deceleracion por perdidas adiabaticas,
cabe mencionar que en el presente trabajo ya se incluye el tratamiento matematico de la deceleracién
por perdidas colisionales. En las subsiguientes secciones: Marco Tedrico y Resultados, se presenta el
tratamiento de la deceleracion debida a pérdidas colisionales y a la degradacion energética por
colisiones Proton-Proton, siendo lo anterior el objetivo original del presente trabajo.

Es importante mencionar que el equipo australiano de Bombardieri et al., 2006 y 2008, demostrd que
para los eventos del 14 de julio del 2000 y del 20 de enero del 2005, donde se usé la formulaciéon dada
en Pérez-Peraza & Gallegos-Cruz, 1994 y Gallegos-Cruz & Pérez-Peraza, 1995, el espectro observacional
es mejor reproducido por la aceleracion estocastica, en lugar de una aceleracién de choque.

Inicialmente en la presente tesis solo se habia planteado el estudio de la aceleraciéon estocastica y
deterministica de las particulas 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 extendié al andlisis de otros aspectos importantes de los GLEs, como lo es su
ocurrencia, periodicidad y prognosis. Se suele suponer que estos eventos esporddicos 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 ultimos 56 eventos de incrementos a nivel del
suelo registrados de 1966 hasta 2014, aplicando el Andlisis de Coherencia Wavelet a los datos de GLEs,
de Rayos Cosmicos Galdcticos proporcionados por la red global de estaciones de MN asi 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 oscilacién cuasi-bienal de la
periodicidad de 1.7 afios. Siendo las periodicidades correspondientes los armdnicos en tiempo
encontrados en la serie de tiempo bajo estudio. También se observa en este trabajo en gran medida,
gue su tasa de ocurrencia sigue el ciclo de actividad solar de Schwabe de 11 afos, intimamente
relacionado con el fendmeno de las manchas solares. En Pérez-Peraza et al., 2011, 2015 ya se habia
evidenciado el comportamiento armdnico de los GLEs. Siguiendo en la misma linea de andlisis, en el



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 (FSl),
Sunspots Index (SS) y Solar Flux Index (F10.7), volvemos a aplicar el Analisis de Coherencia Wavelet de
Morlet para determinar los armdnicos dominantes de la actividad solar, de los cuales la combinacion de
las periodicidades de 1.73, 3.27, 4.9, 10.4 y 11 afos.

Posteriormente usamos algunos conceptos de Légica Difusa descritos por Mendel (1995). La teoria de
conjuntos difusos y de logica difusa establecen los aspectos especificos del mapeo no lineal. En general,
un sistema de logica difusa (FLS por sus siglas en inglés) es un mapeo no lineal de un conjunto de datos
de entrada (caracteristicos) en una salida escalar (Funcion de Pertenencia, FP), y puede expresarse
matematicamente como una combinacidn lineal de funciones de base difusa, en nuestro caso se mapea
el comportamiento armodnico 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 periddico de la informacién
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 relacion con la apariciéon de GLEs muy débiles durante el presente
Ciclo Solar 24.

La gran controversia mencionada en el parrafo anterior es tratada en el sexto y ultimo trabajo: “An
Alternative Classification of Solar Particle Events that Reach the Earth Ground Level”. Se realizd una
revision exhaustiva en la literatura existente sobre el tema, en donde se encontrd una gran discrepancia
en la asignacion de los GLEs como tales y en su denominacion, 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 fendmeno. Se aplicaron los ultimos
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 conclusién 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 numeracién consecutiva de tales eventos.
Esta también es una aportacién importante al estudio del tema la cual esperamos sea tomada en cuenta
por la comunidad internacional encargada del estudio de los GLEs.



Objetivos generales del trabajo.

Dentro de las Ciencias Espaciales existen diferentes areas: Fisica Solar, Fisica de Plasmas, Fisica de
Relaciones Sol-Tierra, Fisica de la Magnetosfera, Fisica del medio interplanetario etc.; en nuestro caso,
en particular, corresponde al drea de la Percepcion Remota Espacial aplicada al estudio de particulas
solares de altas energias como Unica herramienta para realizar nuestro trabajo.

El método de sondeo para diagndsticos de plasmas, particularmente de fuentes aceleradoras de rayos
cdsmicos en base a las propiedades de los flujos de particulas, es absolutamente original, pues hasta
ahora todo método de sondeo indirecto estd basado en la radiacién electromagnética que se emite en
todo el rango de frecuencias por la interaccién de particulas supratermales con la materia y los campos
electromagnéticos, mas ningin método estad basado en el estudio de las propias particulas como
mecanismo de sondeo y diagndstico (Pérez-Peraza, et al., 1994).

En este trabajo proponemos como objetivo principal una nueva alternativa de diagndstico, mediante
el sondeo de los plasmas, no por su radiacién fotdnica intrinseca, sino en base a la materia misma del
universo, es decir particulas del plasma local en las diferentes estancias del universo, que son aceleradas
a muy altas energias, conocidas como Rayos Cosmicos Galacticos, y por otro lado las Particulas Solares
Energéticas (ESP por sus siglas en inglés).

En el sondeo de las caracteristicas 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 energia
diferente, uno estocastico y el otro deterministico.

Se ha publicado una gran cantidad de trabajos en relacién con las caracteristicas observacionales
obtenidas con diferentes instrumentos. En este sentido otro de los objetivos del trabajo es analizar los
fendmenos de origen, en relacién con los procesos de generacion y los parametros fisicos de origen,
mediante la confrontacién de los diferentes enfoques de los espectros observacionales con nuestros
espectros tedricos analiticos basados en la aceleracidn estocastica y la aceleracion deterministica del
campo eléctrico desde los procesos de reconexion. 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 pardmetros que caracterizan las fuentes de las dos componentes mencionadas para cada GLE
estudiado, lo que nos lleva a proponer posibles escenarios de generacidn de particulas en la fuente para
el evento en cuestion.

Como mencionamos anteriormente, el objetivo principal de los trabajos 4 y 5 es dejar en claro la
naturaleza armodnica en la ocurrencia de los eventos GLEs, asi como definir técnicas robustas de
pronéstico de dichos eventos.
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El presente Ciclo Solar 24 ha sido peculiar, arrojando un gran nimero de eventos débiles, provocando
controversia en la comunidad internacional para catalogarlos como GLEs, definiéndose nuevos criterios
para tal efecto, asi como un nuevo tipo de evento denominado Sub-GLE, en este sentido el objetivo
principal del ultimo trabajo es definir con toda claridad cudles 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 Teérico

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

ofpt) 1 3 [ , af (.t)
2o =P L (1)

Aqui f(p, t) es el angulo de paso de la densidad promedio de las particulas de momento p que
interactian con la turbulencia en el tiempo t, y D(p) es el coeficiente de difusién que caracteriza la
dindmica de interaccién entre las particulas y el tipo especifico de turbulencia, que se supone
homogéneo e independiente del tiempo (Tsytovich, 1977). Ademas, se puede encontrar una solucién
alternativa para esta ecuacién de difusion por su transformacién en una ecuacion de tipo Fokker-Planck
en el espacio de energia de las particulas (Ginzburg & Syrovatskii 1964):

ON(Eit) 1 07
ot  20E?

[D(EYN(E, )] - 5= [B(E)N(E, )] (2)

donde E es la energia cinética de las particulas, y N(E, t) es el nUmero de particulas por intervalo de
energia en el tiempo t; D(E) es la tasa de cambio de energia difusiva producida por la dispersién en la
ganancia de energia en torno al valor de la tasa sistematica de ganancia de energia, dada por B(E). El
efecto de las pérdidas de energia sistematicas o cualquier otro efecto de aceleracidn sistematica se
puede introducir en el segundo término de la derecha de la ecuacién anterior al establecer A(E) = B(E)
+ Procesos de cambio de energia sistemdticos adicionales (Ginzburg, 1958). Ademas, se agrega un
término fuente Q(E, t), (que indica la inyeccién de particulas externas en la regién de aceleracién) y un
término de sumidero, que se supone describe cualquier tipo de proceso de desapariciéon de particulas
del volumen de aceleracién en el tiempo caracteristico de desaparicion (o de escape) t(E, t). Empleando
estos argumentos, la ecuacién anterior generalmente se reescribe como:

ON(Et) 1 07
9t  20E2

N(E,t)
T(E,t)

[D(E)N(E, ©) ] [A(E)N(E, )] — +Q(E,t) (3)

0
0E

Aqui A(E) es el efecto sistematico de los procesos de aceleracion y desaceleracién estocasticos como
cualquier efecto secular eventual de cambio de energia. Y D(E) son los efectos difusivos debido a la
dispersion alrededor de la tasa de cambio de energia sistematica A(E); D(E) se discutié en Pérez-Peraza

11



& Gallegos-Cruz, 1994. En este sentido ya mencionamos que los primeros enfoques para resolver
analiticamente este tipo de ecuacion se relacionaron con soluciones en rangos de energia 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 analiticas solo para el estado estacionario sobre todo el rango
de energias. Mullan (1980) y Miller et al., (1987), obtuvieron soluciones numéricas dependientes del
tiempo solo en intervalos no relativistas y por ultimo Miller et al., (1990), obtuvieron soluciones en todo
el rango de energias, pero también de forma numérica.

Entre las simplificaciones habituales para resolver la ecuacidon se encuentran considerar la
independencia con respecto al tiempo y la energia de los procesos de inyeccidn, el tiempo de escape asi
como para la eficiencia de aceleracién, 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 topologias que puede tomar la ldmina magnética de
corriente neutra (MNCS por sus siglas en ingles), Pérez-Peraza et al., 1977 y 1978, en la estructura propia
de cada fulguracion, por lo que estos pardmetros (eficiencia de aceleracidén, tiempo de escape,
intensidad del campo magnético, densidad del plasma y longitud de la MNCS) se toman como
parametros libres, y en base a ellos se realizan los ajustes tedricos contra los espectros observacionales
de energia.

Consideramos, de igual manera, para simplificar, el supuesto general de que el flujo N(E, t) se esta
inyectando a una velocidad Q(E) = g(E)O( t) = q(E) [donde O(t) es la funcién escaldn] a una velocidad de
escape t7'(Gallegos-Cruz & Pérez-Peraza, 1995).

Los espectros tedricos desarrollados en la presente tesis son:

1. Espectro de energia dependiente del tiempo con turbulencia MHD, inyeccion
monoenergética y deceleracion adiabatica.

El espectro dependiente del tiempo para la turbulencia de MHD, con inyeccién monoenergética, T =
cte. y D(p) = p?/p se ha dado en la Ecuacién 41 en Gallegos-Cruz & Pérez-Peraza (1995), Ec. 3 en
Pérez-Peraza et al,, (2009): esta formulacién con la incorporacién de pérdidas de energia adiabatica
se empled en Pérez-Peraza et al., 2018:

- (Bo/B)*(e/£0) /2B *£0) ™1 | , No (— - ﬁ)
N(E,t) = a3 (o) exp (—apt — =) +
1
(% (5)2 Rs (€9, €) | [Faa(po, €)/ATRES]  protones/ (MeV's cm? str) (4)
f

dE
donde (E) = 4qpfc/3 (MeV /s)=1arazén de aceleracién estocastica;
acc
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dE
y (E) L= —,00,328 (MeV /s) =larazén de deceleracién adiabatica,
a

con a (s~ 1) la eficiencia de aceleracién y Py = (2/3)(V,./R) (s71) es la eficiencia de desaceleracién debida al

enfriamiento adiabatico. Ademas, V. y R son la velocidad de expansién y la extension lineal de la estructura
magnética en expansidn, respectivamente; N, = protones; qo = protones y Rsg = 1.5x1013 cm = distancia sol-
tierra

Rs (&g, ) = [erf(Z,) — 1] exp[(Baf/Za)]}] + erf(Z,) + 1] exp[—(Saf/Za)]j%];

a
Zyy = (aft)l/z + (3af/4at)1/2]f; ar = (§

)(F+ == 3pta - p2 — Br/2a);
F=05["1+38—28%+B5t + 3By — 2B3];

B = (e —m?ch)?/e; Bo = (5 —m*c")'/? /g,

(1+p72)(1-5")].

-p72)(1+5,"")]

-1 1 —1pl/2
Jf =tan™ Bz —tan™"B,’" + 0.5In

3P0/
go(1+80) 2a
Faa(po €) = | rrg?

(Né6tese quela Ec. 4 esla que aparece graficada en las figuras 2, 3,4, 5y 7 del articulo “Source Energy
Spectrum of the 17 May 2012 GLE”)

con g, (MeV) la inyeccion de energia.

2. Espectro de energia en estado estacionario con turbulencia MHD, inyeccion
monoenergética y deceleracion adiabatica para t = cte.

El Espectro de estado-estacionario para turbulencia MHD, inyeccién monoenergética, t = cte.,y D(p)
~ p?/p, se ha dado en la Ec. 42 en Gallegos-Cruz & Pérez-Peraza (1995): esta formulaciéon también
se desarrolld con la inclusién de pérdidas de energia adiabaticas:

N(E) ~ (q0/2)(ara/3) ™2 (B/%e0) " (Bo/ BY*(e/20) 2 exp [~ (3as/@) "Iy | [Faa(por €) /4mRE)
protones/ (MeV cm? str) (5)

donde: ¢, Py Af) F,]f B, Bo, €0 F(po) y Rsz son las mismas que en la Ecuacion (4).
(Notese que la Ec .5 es la que aparece graficada en la figura 7 del articulo “Source Energy Spectrum
of the 17 May 2012 GLE”)

3. Espectro de energia en estado estacionario con turbulencia MHD, inyeccion
monoenergética y deceleracion adiabatica para Tt =~ 1/8.

El espectro de estado estacionario para turbulencia MHD, inyeccién monoenergética, 7~ 1/5,y D(p)
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~p?/p, se hadado en la Ecuacién 43 en Gallegos-Cruz & Pérez-Peraza (1995): esta formulacién con
la incorporacién de pérdidas de energia adiabatica se emple6 en Pérez-Peraza et al., (2018):

1 1 —(b+i)

(qo/2)(Bo/B)%(e/ )2 [ £+ e ] 2b
& *+ Boo

NE) = exp|(55) 57 = 5] 1Fua on, )47

3
(4R, (@/3)2a8 (B)a+ (Eg)Bey
protones/ (MeV cm? str) (6)
donde ¢, p,, as, F,]f B, Bo» €0 F(po) y Rse son las mismas que en la Ec. (4).

(No6tese que la Ec. 6 es la que aparece graficada en las figuras 4 y 7 del articulo “Source Energy
Spectrum of the 17 May 2012 GLE”)

4. Espectro de energia 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 Ecuacién 1 en Pérez-Peraza
etal. (2009):

N(E) = N, (E/Ec)_1/4exp[—1.12(E/Ec)3/4] protones/ (MeV cm? str)  (7)

2

con N, = 8.25 x 10° (%) (Ei) /4mR%; protones/(MeV cm? str), asumiendo una conductividad
2

anémala; E. = 1.792 x 103 (u) MeV, B = intensidad del campo magnético (gauss), L = longitud de

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

(Notese que la Ec. 7 es la que aparece graficada en las figuras 1 y 6 del articulo “Source Energy
Spectrum of the 17 May 2012 GLE”)

5. Espectro de energia dependiente del tiempo para turbulencia MHD con
inyeccion monoenergética, deceleracion adiabatica y deceleracion por
pérdidas colisionales.

El espectro dependiente del tiempo para la turbulencia de MHD, con inyeccién monoenergética, T =
cte. y D(p) = p?/p se ha dado en la Ecuacién 41 en Gallegos-Cruz & Pérez-Peraza (1995), Ec. 3 en
Pérez-Peraza et al,, (2009), esta formulacién con la incorporacién de pérdidas de energia adiabatica

se empled en Pérez-Peraza et al, 2018. En este paso agregamos la deceleracion por perdidas
colisionales:

_ (Bo/BYY 4 (e/e0) /2B Pe) L |, N . 3JF
N(E,t) === (47ra(;3)1/20 : (tlj)Z)exp a4t T e +
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N|R

(%) (%) Ré(so, 8) [Fad (po, E)Fcol/ll-T[RgE] Protones/(MeV s cm? str) (8)
donde:
Re(gg, &) = [erf(Zfl) - 1] exp[(Ba}/Za)];] + [erf(Zfz) + 1] exp[—(Sa}/Za)]}zc];

Zfl,fZ =_(aft)1/2 i (Baf/4at)1/2]f,
Y & Py F,Jr . BrBo €0 ¥ Rse son las mismas que en la Ec. (4)

7 . ! - 7 - ’ Y .
Para los términos a; y Feo considerando pérdidas de energia por colision se tienen dos casos:

5.1.- El primero es cuando solo se consideran las perdidas colisionales a altas energias arriba de la
velocidad de Bohr (las llamadas antiguamente perdidas por ionizacién del plasma) y que
convencionalmente se expresa de la forma siguiente (Ginsburg & Sirovatski, 1964), en donde la tasa
de pérdidas por colisién, en un medio de densidad n, es:

dE 7.62x10~°nL
— = — (eV/s) 9)
ion

dt B

con B = v/c la velocidad de la particula en términos de la velocidad de la luz, L es un factor
unidimensional y depende logaritmicamente de la energia de la particula. Asumiremos un valor de
L~27 paralas condiciones de una fulguracion solar, cuando la concentracién del medio es n~1012-
1013 cm3.

En estas condiciones los términos a} y Feol obtenidos son los siguientes:

. kg1 g1
A leﬁ3 eoﬁél ’
3h

Feor = Fcol(n: ) =

f%e?(gy — mcz)]‘wmw2 {3h< 1 1 >}
expi—

Bseg (e —mc?) 4a \ef? el

donde h = 7.62x107°nL y Q¢ es la mismas que en la Ec. (4), la cual incluye aceleracion y
pérdidas adiabaticas.

5.2.- El segundo caso es considerar la descripciéon completa de las pérdidas por colisién a lo largo
de todo el rango de energia desde energias termales hasta ultrarrelativistas, incluidas las pérdidas
en la parte de baja energia (el llamado frenado nuclear y frenado electronico), Buttler & Buckingham
(1962) y posteriormente optimizada (Perez-Peraza & R. Lara-A. 1979;Perez-Peraza, 1981) como:
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dE _ __ 157x107%°nQ?*
(E)coz = At =~ — H(x)InA (ev/ns) (10)

donde

Xe = 5.44x10*BT 05, x,, = 2.33x10°BT %5, H(x) = § He(x,) + & Hy(x,) con
He(xe) = 0.88erf(x,) — (1 — 5.48x107%/A)x e % para electrones,

Hp(xp) = 0.88erf(x,) — (1 + %)xpe‘xl%’ para protones,

€, = 1.097803296x10%7, €, = 5.979073244x1023,

n = densidad del plasma (cm™3) & A = [4.47x10%°A(T/n)%5B2]/Q

Para este caso los términos a} y Feol obtenidos son los siguientes:

, 1
af = a,f - E(afcol(E) + afcol(EO)) donde

donde as es la misma que en la Ecuacién 4y

dAc,
afcol(E)= dEl =
k(B2 —1) ) g g
- E In(k2p )[k?»erf(kz}ﬁ) — ksk,fe™4F" + keerf(k,p) — kgk,pe ]
2
+ —klln%ﬁ ) [8‘1(ﬁ‘1 — B {e"‘fﬁz [2—\/’; — kyks(1 - 2k§/3)]
22 2k
e 138 [7716 ~ kgky(1— 2k$ﬁ)]}]
2k, (B2 -1 L L
+ 1(5—,3) [kgerf(k4ﬁ) — kskyBe " 4F" + kgerf(k;,B) — kgk,Be *7F ]

Y por dltimo:

1 E
Fcol = Fcol(T:n: 3) = exp {__J Plcol(.B(E)) dE}

donde

# In(koB)exp(=kiB)

3k Bin(k,Berf(k,B)

71{"3 fﬁ F - 5 T epa-py
B in(k,perf (k,p) Fin(k,B)exp(—kipB)

- kef 833(1 _ ,32) dﬁ +k7k8 —];5’0 8,32(1 _BZ) dﬁ _}

Preot(B(E)) = ap +kks |
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con:

k, = —1.57x1073°nQ?/A4
k, = [4.47x10'°A(T/n)%>]/Q
ks = 0.88E,

k, = 5.44x10*T7%5

ks =& (1 — 5.48x107*/A)

ke = 0.88,

k, = 2.33x10°T705

1
ks = &, (1+ )

Q = carga atébmicay A = masa atomica

6. Espectro de energia dependiente del tiempo para turbulencia MHD con
inyeccion monoenergética, deceleracion adiabatica, deceleracion por
pérdidas colisionales y deceleracion por degradacion energética por
colisiones proton-proton.

En la actualidad, hay evidencias de la aparicién de reacciones nucleares entre los nucleos solares y el
material solar, que producen rayos gamma de alta energia, aunque no esta absolutamente claro si las
reacciones nucleares de las particulas energéticas solares y el material solar tienen lugar, cuando se
inyectan protones en la fotdsfera, o pasan a través de condensaciones coronales, o durante su
aceleracién dentro del material denso de las regiones de la fulguracion. Asumiremos que las
interacciones nucleares ocurren al menos en el volumen de aceleracién, donde es muy probable que el
movimiento de las particulas energéticas sea completamente aleatorio con respecto al material solar
local. EI movimiento isotrépico de las particulas aceleradas se sugiere mediante un analisis de los flujos
de neutrones, Ifedili (1974). A los efectos de los cdlculos de pérdida de energia, no tenemos en cuenta
los protones de colisiones con otras especies nucleares, porque el cambio maximo de energia en la
dispersion elastica se produce cuando las particulas en colisién tienen una masa similar. Aunque se cree
que la disipacién de energia de las colisiones p:p se debe principalmente a la dispersidn elastica, sin
embargo, a altas energias (> 750 MeV), la seccion transversal inelastica se vuelve muy importante, Hess
(1958), y aumenta hasta un mdaximo en algunos GeV, donde permanece practicamente constante. De
hecho, como la produccién de piones se inicia a ~ 285 MeV y una fraccidén > 35% de la energia cinética
del protén incidente se convierte en energia pion, entonces, la disipacidon de energia de la dispersién
inelastica de p:p no es despreciable en un medio de alta densidad (n > 10'2 cm3). Con respecto a las
interacciones ineldsticas de p:p, la linea de rayos gamma a 2.2 MeV debido a la rapida producciéon de
neutrones, parece ser una fuerte evidencia de la aparicién de colisiones de p:p en las erupciones solares.
Todo esto depende en gran medida del modelo de produccién: la geometria supuesta y la forma
espectral considerada, Bai & Ramaty (1976). De hecho, la seccidén transversal para las interacciones
posteriores es 10-100 veces mayor, es decir, su umbral es < 36 MeV/nucledn, mientras que para la
dispersion inelastica 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
interaccion indican una alta probabilidad de que ocurran colisiones p:p en el propio cuerpo del material
de la fulguracién solar. El principal problema relacionado con estas caracteristicas es que algunas
reacciones rinden a altas energias, y otras por decaimiento producen rayos gamma solares de alta
energia (50 MeV) que, segun nuestro conocimiento, no han sido explicados satisfactoriamente, ni su
posible absorcién en el material solar. De hecho, el amplio pico predicho para estos rayos gamma que
van desde ~38.5-118 MeV, Bland, (1966), probablemente podria dificultar su identificacién debido a la
presencia de fotones de alta energia esperados por la Bremsstrahlung de electrones solares de muy alta
energia. Ademas, existe el hecho de que las reacciones p:p de alta energia deben ocurrir con mayor
frecuencia, ya que la seccidn transversal inelastica aumenta progresivamente desde 290 MeV hasta un
maximo de aproximadamente 1 GeV, donde permanece practicamente 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, mas adelante en este trabajo,
mostramos que solo se esperan colisiones p:p en algunos GLE. Por lo tanto, aunque el flujo medido de
particulas no distingue si los protones solares han sufrido colisiones nucleares o no, la modulacién del
espectro de energia por sus efectos proporciona informacion disponible sobre su ocurrencia. La
importancia de la degradacion de la energia de las colisiones p:p en la fisica de los rayos césmicos se
senald por primera vez en Vernov et al., (1955). La tasa de pérdida de energia por interacciones nucleares
esta de acuerdo con Ginzburg (1969)

dE v
Fri —ocnfe (eV/s)

donde o en colisiones p:p se compone de 0,,"+0,,, como la seccidn transversal inelastica es

débilmente dependiente de la energia, puede ser aproximada a su valor medio a altas energias (0p,™ ~
26 mb). Con respecto a las colisiones eldsticas, un ajuste razonable de los datos de la seccion transversal
diferencial viene dado por una expresidon analitica, Ramudarai & Biswas (1974). Como la seccién
transversal diferencial es altamente isotrdpica, podemos suponer simetria alrededor de 90°, de modo
que su expresion se puede reescribir como 0% = hE2 + JE™ (si E< 110 MeV) y 0,,°' = hE? + f(si E> 110
MeV), donde h = 96.09 mb-MeV?, j = 5.497 X 10° mb MeV y f = 46.49 mb. Tenemos entonces de la
ecuacion anterior:

dE
(-) = —cn(hE? + JE)Be (Si E < 110 MeV)
dt p—-p
dE
(E) = —cn(hE? + f)Be (Si 110 < E < 290 MeV)
p—p

dE
(E) = —[n + cn(hE? + )]Be (Si E = 290 MeV),donde n = cnoy,
p-p

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

(E) = —(hE® +jE + f +n)Be (eV/s) (11)
p—p

donde h(n) =2.88x 10> n MeV? s?, j(n) =1.65x 103 n MeV s (si E< 110 MeV), j =0y f(n) = 1.39x 10°

Bnst(siE>110MeV), f=0(si E<110MeV), n(n)=8.1x10® ns?, (si E>290 MeV)yn =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 tltima ecuacién del
espectro de energia dependiente del tiempo para la turbulencia MHD, con inyeccién
monoenergética, T = cte y D(p) ~ p2/B, considerando la deceleracién por pérdidas adiabaticas,
colisionales y las debidas a la Degradacion Energética por Colisiones Proton-Protén toma la
siguiente forma:

_ (Bo/BYY*(e/£0) M2 (B3 % £) 1

No
N(E, D) = (47a/3)1/2

(—5) ex —a”t—ﬁ +
/) P\ T T

(% (al},)z RZ (&, S)] [Fad(po, &)F,.0;(T,n, S)Fp_p (n, 8)/4-7TR§E] Protones/(MeV s cm? str)

(12)

dénde:

RE (g, 8) = [erf(Zfl) - 1] exp[(3a}'/2a)]]2c] + [erf(Zfz) + 1] exp[—(3a}’/2a)]]%];
Zp1 g2 = (@pOY2 + 3ay/4at) /)

Y & Py F,]f , B, Bo, €0 Y Rsg son las mismas que en la Ec. 4

Para los términos a}’ y Fp.p considerando Degradacion Energética por Colisiones Proton-
Proton tenemos:

144 ! 1
af = a; — > (ap-p(E) + agpp (o))

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

dApp _ BhE® + (Shmc® + 2))E? + (3jmc? + f + n)E + (f + mmc?
dE VE? + 2Emc?

arp—p(E) =

por ultimo:
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E,_

p(e(E),n)

-3
= exp e = 2hmcz)ln(|\/E(E + 2mc?) + E + mc?
a

E
= (i — hme®)me E(E + 2mc?
S =G hmme VEG + 2mc’) +h\/m]
mc
Eg

tan
mc? 2

donde h(n) =2.88 x 10> n MeV? s%, j(n) = 1.65 x 103 n MeV s (si E< 110 MeV),j=0y f(n) = 1.39 x 10°
Bnst(siE>110MeV), f=0(si E<110MeV), n(n)=8.1x10® ns?, (si E>290 MeV)yn =0 (si E< 290
MeV).

RESULTADOS.

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

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

La Figura 1 corresponde a los eventos calientes (28-Enero-1967 y 01-Septiembre-1971), podemos
observar los parametros de ajuste en la Tabla 1.

J(>E) (proton s/cmz-sec-sr)

10° . 10° .
Fig 1a} January 28, 1967 - Fig 1 b) September 1, 1971
1L _
10 —~ 102k J
w
O
@
b7
™~
£
10°F {1 o
2 o1l ]
5 10
<
a
107 F 1@
2
. \ = 100 —Observational Spectrum ! ]
—Observational Spectum A 1 - Time-dep. Spectrum with Stoch. Accel., xS
102k Tlnre‘;_dep}fd;_)egtn._lm&wcl‘fh”.St_och IAECE" s | including Adiabatic & Collisional Losses "-\_\
l(rIIEc;U1;;)gatt?1a0t: orslonaosses .\'\.\ (Ec.12)att=13s RN
: 107" :
102 10° 10° 10? 10°
KINETIC ENERGY (MeV) KINETIC ENERGY (MeV)

Figura 1. Espectros de energia observacionales y ajustes tedricos de eventos calientes.
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GLE alfa rho T Tau B L
January 28, 1967 0.215 0.95 1.00E+12 1.00E+07 10 1 500 5.00E+07
September 1, 1971 0.23 0.83 5.00E+12 3.00E+07 13 570 3.00E+07

Tabla 1. Pardmetros en la fuente de produccidn de particulas solares relativistas obtenidas a partir del
ajuste entre los espectros de energia observacionales y los tedricos para eventos calientes.

En la Figura 2 se muestran los eventos frios (12-Noviembre-1960, 04-Agosto-1972, 03-Septiembre-
1960, 30-Marzo-1969 y 02-Noviembre-1969), y sus parametros de ajuste se despliegan en la Tabla 2.

10°
Fig 2 a) November 12, 1960

Fig 2 b) August 4, 1972

J(=E) tprotonslcmz-sec‘sr)
=
>

[=}
R

J(>E) (protonsicm?sec-sr)

——Observational Spectrum

---Time-dep Spectrum with Stoch Accel
including Adiabatic & Collisional Losses
(Ec.12)att=17s

——0Observational Spectrum
—=-Time-dep Spectrum with Stoch Accel,
including Adiabatic & Collisional Losses

102 (Ec.12)att=15s
104 ' - -
10° 107 10° 10°
KINETIC ENERGY (MeV) KINETIC ENERGY (MeV)
10 10
Fig 2 c) September 3, 1960 Fig 2 d) March 30, 1969 108k Fig 2 e) November 2, 1969
109k
= =10°F T
@ B B L
- 3 10
[+ (]
10 e e
ks S 5
(%] (%] E
2 £10 g1
© ° °
2102 L= =
) m o 10F
A A A
5 =02 =
B — i —Observational Spectrum _
10 _____%I::::l‘?aéjieitxg Stoch Acge! -~ Time-dep Spectrum with Stoch Accel, 10k —Observational Spectrum
T S o ' including Adiabatic & Collisional Losses *~Time-dep Speotrum with Stoch Accel,
including Adiabatic & Collisional Losses (Ec.12)att= 10 including Adiabatic & Collisional Losses
(Ec. 12} att=15s : - (Ec. 12)att=11s
10 ' 103 : 102 . -
102 10° 102 10° 102 10°

KINETIC ENERGY (MeV) KINETIC ENERGY (MeV) KINETIC ENERGY (MeV)

Figura 2. Espectros de energia observacionales y ajustes tedricos de eventos frios.
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GLE alfa rho n T t Tau B L

November 12, 1960 0.14 0.48 7.00E+12 6.00E+04 10 1 550 3.00E+07
Augustd, 1972 0.63 0.88 5.00E+12 9.00E+04 15 1 550 4.00E+07
September 3, 1960 0.8 0.75 1.00E+12 1.00E+05 15 1 510 6.00E+07
March 30, 1969 0.9 0.7 2.00E+12 1.00E+05 10 1 500 5.00E+07
November 2, 1969 1.17 0.5 7.00E+12 5.00E+04 11 1 545 4,00E+D7

Tabla 2. Pardmetros en la fuente de produccion de particulas solares relativistas obtenidas a partir del
ajuste entre los espectros de energia observacionales y los tedricos para eventos frios.

Por ultimo en la Figura 3 se muestran los eventos calidos(15-Noviembre-1960, 18-Noviembre-1968, 07-
Julio-1966, 24-Enero-1971 y 25-Febrero-1969), y sus parametros de ajuste se despliegan en la Tabla 3.

10° 10°
Fig 3 a) November 15, 1960 Fig 3 b) November 18, 1968
10° s
v g
o -
g 10 g
R Z
o
5 &
£ 10%} 2
o k]
= a
1o —
g 2
= =
2| ——0Observational Spectrum "\\ ——~0Qbservational Spectrum
107“F - ~Time-dep Spectrum with Stoch Accel, k) 10" f - Time-dep Spectrum with Stoch Accel,
including Adiabatic & Collisional Losses including Adiabatic & Collisional Losses
(Ec. 12)att=10s (Ec.12)att=17s
10° : ' : 102 ‘
102 10° 0102 10° 10
KINETIC ENERGY (MeV) KINETIC ENERGY (MeV)
10! 10°
Fig 3 ¢} July 7, 1966 Fig 3 d} January 24, 1971 102 Fig 3 e) February 25, 1969
2L
10
= 100 = =
] @ @
a z @
§ 3 g 10'f
e 10" i
o < 5
E107f 5 [
8 S 3
g 5 B 10°
& 2900 L’
5 g o
~102 = =
—QObservational Spec’tmlm . 10°' F —Qbservational Spectrum 107 —Observational Spectrum
== *Timejdep Spedrqm with Stoch R N Time-dep Spectrum with Stoch Accel, —--Time-dep Spectrum with Stoch Accel
Accel, including Adiabatic & including Adiabatic & Collisional Losses including Adiabatic & Collisional Losses
Collisional Losses (Ec. 12) att=10s * (Ec. 12) att=12s (Ec.12)att=15s
10® : 1072 : 2 . -
10° 103 107 10° 107 "0 10° 10
KINETIC ENERGY (MeV) KINETIC ENERGY (MeV) KINETIC ENERGY (MeV)

Figura 3. Espectros de energia observacionales y ajustes tedricos de eventos calidos.
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GLE alfa rho Tau

November 15, 1960 0.2 0.9 1.00E+12 1.00E+06 10 1 530 5.00E+07
November 18, 1968 0.23 0.83 3.00E+12 3.00E+05 17 1 545 1.00E+D7
July 7, 1966 0.2 0.99 1.00E+12 1.00E+06 10 1 230 5.00E+D7
January 24, 1971 0.405 0.83 3.00E+12 7.00E+D5 12 1 370 A4,00E+HDY7
February 25, 1969 0.45 0.95 2.00E+12 1.00E+05 15 1 515 6.00E+07

Tabla 3. Pardmetros en la fuente de produccion de particulas solares relativistas obtenidas a partir del

ajuste entre los espectros de energia observacionales y los tedricos para eventos calidos.

En este trabajo también se ajustaron tedricamente 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 energia observacionales y ajustes tedricos de los GLE 71y 72

EVENTO alfa(s™  |rho(s?)  |n(em®)  |T(K) t(s) Tau (s) B(gauss) |L{cm)

GLE71-PC 0.3 0.83| 3.00E+12| 1.00E+07 3 1 530  3.00E+08
GLE71.DC 0.27 0.82] 1.00e+12] 1.00E+07 15 1 s00|  7.00E+08
GLE72-PC 0.3 0.83| 5.00E+12] 1.00E+07 1 1 550  1.00E+08
GLE72.DC 0.28 0.85| 2.00E+12] 1.00E+07 13 1 430/  5.00E+08

Tabla 4. Parametros en la fuente de produccién de particulas solares relativistas obtenidas a partir del

ajuste entre los espectros de energia observacionales y los tedéricos par los eventos GLEs 71y 72.

Enseguida continuamos con el material publicado y/o aceptado para publicacién.
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PRESENTACION DEL CAPITULO EN LIBRO:
Exploration of Solar Cosmic Ray Sources by Means of Particle Energy Spectra

A través del andlisis del espectro de energia de 12 incrementos a nivel del suelo (GLE) de los protones
solares, se intenta realizar una contribucion en la comprensidn del proceso de generacion de particulas
en las fulguraciones solares. Los espectros tedricos de protones se derivan considerando que no hay
perdida de energia dentro del volumen de aceleracién o que se desaceleran durante el proceso de
aceleracién. Al comparar los espectros teéricos de la fuente con los espectros experimentales, se afirma
qgue el proceso de generacion de particulas solares se desarrolla bajo tres regimenes principales de
temperatura: la eficiencia de aceleracion de las particulas es relativamente alta en los regimenes frios y
disminuye a la vez que aumenta la temperatura del medio. Se muestra que en algunos eventos las
pérdidas de energia son capaces de modular el espectro de aceleracion dentro de la fuente durante la
breve escala de tiempo del fendmeno, mientras que en otros eventos las pérdidas de energia son
completamente insignificantes durante la aceleracidon. Se argumenta que la aceleracion tiene lugar en
lineas de campo magnético cerrado y se predice la expansion y compresidon del material de origen en
asociacién con el proceso de generacion de las particulas. Este estudio nos permite estimar el rango de
variacion de varios parametros de la fuente de un evento a otro, asi como el proceso de aceleracién en
si.

Estatus: Publicado.

25



IntechOpen

Cosmic Rays

Edited by Zbigniew Szadkowski

n




Cosrmic Rays
http:/ fdwdoicrg /1 0.5772/intechopen. 72533
Edited by Thigniew Szadkawski

Conbributurs

Jorge Porcz Poraza, Juan Carlos Maorgquez Adame, Jul a Tjus, Menmet Guenducz, Ejorn Eichmann, Francis Halzen,
brancesco Higel, Demenico Lo Prest, aelz 3 Hooca, Wilham H 'Webker, bvetlana Veretenenks, Maxm Ogurtsov,
Marki.< | indhelm, Riste lalkanen, Agniesrka Enink, Konstantinns Sapruntris, Fhigriaer Pintr Sradkowski

© The Editor(s) and the Author{s) 2018

The rignats of the editer(s) and the autnor(s) have oeen asserted in accordance with the Copyright, Desicns and Matents
Act TUBE. 8] nchis tothe oook ac awhele are reserved by INTECHOPEN LIMITED. | he book as a wholz (compilaticn)
cznnat be reproducec, distributed or usac forcommerdial or ran-commercial purposes withoot INTECHOPEN
LISTTED s wwrilien permission. Socuiries concemming e ase ol the book should be diecled & INTECHOPEN LIMITED
rights and permissions cepatment [permissions @ ntechopen.coml

Viclations arc liable to orosccution under the governing Copyright Law.

[D)er |

Individual chapzers of this publication are distributzc urder t2e terms of toe Creatve Commons Attribution 3.0
Unportec License which permits commmcrcia use, cistrioution and reproduction ot the individual chaptors, provided
the orginal autnerls; and source publication are aporopnately acknowladged. f soindizated, certain images mav not
beinc udac under the Treatve Commaons license. In such cases ucers will nead to abtain permission fram the licensa
I'I{]lll[—"! I I[—FHE]IJII{[—' ”Il-' ITI-||[-'rir] h.l"[.l[" Zil—"rﬁi N ATKI |j|.ili[—'| TTES €L [-"Ir'lii'“j commlenl revse A III rHl.-!l}'rHil:ZH CaAri |:]I- r[ll ir'{J
at http:/ Mwerweintechopen.com/s copyricht-policy Ftml.

Noticae

Ttaterments and opinions expressed in the chapters ar= these of the individual contributors and not necessarily those
of the editcrs or pub isher. Mo responsikility is accepted far the accuracy of informaticn contaired in the published
chapters. [he publisher assumes no respensibility for any damage orinjury to persens or property ansing out of the
use of any matenals, insTructions, methods or ideas contained in the book

hirst published m London, United Kingdom, JU13 by IntechUpan

IntochOpen is the global imprint of INTECHOPEMN LIMITED, reqistoreo in Eng and and Wales, registration rumber:
1108e07 3, The Shard, 25th floor, 32 London Bndge Strect

Lendon, SC195G - United Kingcom

Frinted ir Croztia

Fritisn | ibrary Cataloguing-in-Publication Data
A cztalogue recoro Tor this book is zvailable from the Britich Liorary

Addizicnal hard copies can ke obtzined from orders@intachopan.com

Casmic Rays, Edited by Zhigniew Szadkowsk
[l err

Frint I58M Y9/8 7 /8922 54920

Online [SBN 978-1-78923-503-7

27



Contents

Section 1

Chapter 1

Chapter 2

Section 2

Chapter 3

Chapler 4

Chapler b

Chapler 6

Chaplor /

Preface VI

Extragalactic Cosmic Rays 1

Introductary Chapter: Ultrahigh-Energy Cosmic Rays 2
Zbigniew >zackowskl

Gamma Ray Bursts: Progenitors, Accretion in the Central
Engine, Jet Acceleration Mechanisms 13
Agnieszka laniuk and Konstantinos 5aoncuntzis

Galactic Cosmic Rays 39

Cosmic Ray Muons as Penetrating Probes to Explore the World
around Us 41
Paola La Rocca, Domenico Lo Prest end Franoesco Riggi

Galactic Cosmic Rays from 1 MeV to 1 GeV as Measured by
Voyager beyond the Heliopause 61

Willienm K. Webhbior

Galactic Cosmic Rays and Low Clouds: Possible Reasons for
Correlation Reversal 79

Sustlana Veretenenko, Maxim Chgurmsoy, Marsus indhalm and
Rlisto Jelkanen

Cosmic Ray Cradles in the Galaxy 99
Menmet Guenduez, Julia Becker Tjus, Bjorn Eichmann and Francis
l1a/zer

Exploration of Solar Cosmic Ray Sources by Means of Particle
Energy Spectra 121

lorge Perce Poraga and Juan © Marguce Adarme

28



Chapter 7

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

Jorge Perez-Peraza and Juan C. Marquez-Adame

Additional information is available at the end of the chapter

Abstract

Through the analysis of the energy spectrum of 12 ground level enhancements (GLE) of
solar protons, a contribution in the understanding of the generation process of flare
particles is attempted. Theoretical spectra of protons are derived by considering either
they do not lose energy within 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 claimed that the generation process of solar particles develops under three
main temperature regimes: the efficiency of particles acceleration is relatively high in cold-
regimens decreasing while increasing the temperature of the medium. It is shown that in
some 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 acceleration. It is argued that acceleration takes
place in closed magnetic field lines and predicted the expansion and compression of the
source material in association with the generation process of particles. This study allows
us to estimate the range of variation 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

Most of the information on solar flares has been generally supplied by the analysis of their
electromagnetic spectrum; however, the confrontation of timing synchronization between

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
|nteChopen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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2 Cosmic Rays

electromagnetic flare emissions with those of energetic particles and coronal mass ejections
(CME) 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 HESPERTA HORIZON 2020 project. However, the study of the corpuscular radia-
tion emitted in some 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 some inferences concerning 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 exponential law 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

where f is the velocity of the particles in units of light velocity and W the total energy of
particles. The parameter a 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 some 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 some 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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Exploration of Solar Cosmic Ray Sources by Means of Particle Energy Spectra

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 flares

Some 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 flare 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~10°-10" eV) are:

2.1. Collisional energy losses

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 collisional losses in a medium of density n has been given in a simplified
expression [37]

(dW) _762x10°nL feisas) @

W ion_ ﬁ

where = 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 7~10"* — 10" em®. 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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Figure 1. Energy change rates of protons (acceleration for two different rates) and deceleration for collisional losses p—p
nuclear collisions and adiabatic cooling in a medium of density n = 10'>-10"* cm™>.
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where x = 5.44 x 104[3]"’0'5, H(x) = & H,(x.) + &:Hp (xp) with

H,(x,) = 0.88erf(x,) — (1 —5.48 x 1074/A)x,e ™ for electrons,

Hy (x,) = 0.88erf (x,) — (1+2)x,e ™ for protons,

& = 1.097803296 x 107, &, = 5.979073244 x 10%and A = [4.47 x 1016A(T/N)0‘5ﬁ2] /Q

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

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 some GeV, where it
remains practically constant. In fact, as pion production initiates at ~ 285 MeV and 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 (7 > 10" cm™).
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. All
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 <36 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 some reactions, as for instance p(p; an’)p and
multiple pion yielding at high energies, p(p; art')p or p(p; an, brn’)p or p(p;n, ', art'an
br®) by 1’ 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
practically 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 some 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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% = —ocnpW (eV/sec) ©)

where ¢ in p—p collisions is composed of a;,”fp + aff,P. As the inelastic cross-section is weakly

energy dependent, it may be approximated to its mean value at high energies (a;,"fp ~ 26 mb).-
Concerning 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 aff,p =
KE™*+ JE™" (if E < 110 MeV) and 6% , = hE~* + f (if E> 110 MeV), where h = 96.09 mb-MeV?,

j=5.497 x 10° mb MeV and f=46.49 mb. We have then from Eq. (3):

(%) = —cn(HE" +E)BW (if E<110 MeV)
p—r

(%) — —n (hE2 +f)ﬁw (If 110 < E < 290 MeV)
PP

(%) = —[n+cn(hE + f)]pW (If E=290 MeV), where 1 = cnoyy
pp

So that the net energy change can be compacted as:

(%) = —(hE > +JE " +f +1)BW (eV/sec) )
p—r

where 1 =2.88 x 107" nMe?s %, j = 1.65 x 107 n MeV s~ (if E < 110 MeV), j =0 and
=139 x 107 ns™' (if E> 110 MeV), f=0 (if E < 110 MeV), n = cnol®, =8.1 x 10 ng™2, GF
E>290 MeV) and 1 =0 if (E < 290 MeV). We have plotted Eq. (4) in Figure 1 for two different
values of the density .

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
flares are associated with magnetic arches, such as loop prominences and flare nimbuses (e.g.
[7, 97, 98]) which occur between regions of opposite-polarity in the photosphere. Observations
show that magnetic flux tubes expand from flare regions [23, 66, 107, 109, 117]. These config-
urations identified as “magnetic bottles” are usually related to the development of flare
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 R, 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 stored
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 2V,
(E) = igfqu (eV/sec) ©)

where V¥ and R are the velocity and distance of the plasma displacement, respectively, 1 =1+y '
and y = W/Mc®. Hence, in terms of total energy W the adiabatic deceleration rate in the expanding
magnetic fields may be expressed as

(ﬂ—‘f) — —pfPW (eV/se) ©)

In order to estimate an approximate value for p = (2/3) (Vi/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 ') and that in association with proton flares type IV sources
systematically appear expanding with velocities in the range of 10°-10° km s~ ' depending on
the direction of the expansion (e.g. [100, 101, 136]). Observations also show displacements with
velocities of 650-2600 km s~ " in association with type IT burst [95] and expansion of flare knots
in limb flares with velocities in the range 5.3-110 km s ' [54, 55, 83, 84]. Besides, it is also known
that closed magnetic arches have a mean altitude of 0.6 Rs above the photosphere [122]. There-
fore, assuming that the average velocity of 400 km s~ is a typical value of magnetic motions in
the chromosphere and low corona and an average expanded distance of the source of 0.3 R,
while acceleration is operating, we obtain thus p = 107 s7". 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~ at the time of the flare start, thus giving a
value for p of the same order. We have illustrated Eq. (6) with p =107 s~' 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 1-10° MeV and medium
concentration n = 10" cm >, the ratio 11 = (dW/dt),_,/(AW/dt).o; changes from r, = 1.7-16 and
the ratio 7, = (AW/dt)a/(dW/dt) o varies from r, = 4.6 107°-0.64; therefore if all processes would
act simultaneously in solar flares, the acceleration spectrum is mainly affected by energy
degradation from p—p collisions, whose effects are stronger in the high energy portion of the
spectrum. Collisional losses are more important in the non-relativistic region, whereas adia-
batic losses become important in the relativistic region of the spectrum. Using experimental
data of several GLE of solar protons, we shall investigate if the same processes occur in all
events, and thus similar physical 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 strong 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 kinetic energy or
magnetic rigidity and exponential laws in magnetic 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: from the study of the relativistic portion of the spectrum, [60, 61, 62] proposes an
exponential rigidity law {~ exp. (—P/0.6 (GV) } and alternatively a differential power law spectrum
in rigidity (~ P5); 8] proposed a differential spectrum of the form ( ~P~*8) for relativistic protons
of the event. Taking into consideration data from balloon, polar satellite and neutron monitors
(N.M.), [3] gives an integral spectrum of the form (~ P~*); similarly, [40] deduced an integral
spectrum as a power law in kinetic energy (~E2) with an upper cutoff at E,, = 4.3 GeV or in
magneticrigidity P as (~P~*') with an upper cutoff at P,, = 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 strongly deflected from the experimental data.

It would seem, therefore, that the description of energy spectra of solar particles is one of the
most particular topics connected with solar cosmic ray physics: 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 band. For November 12 and 15, 1960 GLE’s, we
have used the 18:40 U.T. and 05:00 U.T. data, respectively, from rocket 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:

P,

J(>P) :KJ

P

" poqp @)

where K is a constant, P,,, the high rigidity cutoff and ® the spectral slope of the differential fluxes.

The values of P,, and ® were taken through several hours around the peak flux of the event, as
explained by the latter authors. The values of @ 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 ® 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 proton fluxes. By smoothing fluxes of both branches we have obtained the
experimental integral spectra, which we have represented in the kinetic energy scale with solid
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 [." 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 some 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 some 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 E,, 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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4. Theoretical spectra of solar protons in the source

In order to deduce the velocity and time dependent theoretical spectrum of the accelerated
protons, one must take into account the various processes which affect particles during the
remaining time within the acceleration volume. The main processes acting on particles during
acceleration in a high density plasma are related either to catastrophic changes of particle
density from 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 proton
flux may occur from catastrophic particle diffusion out of the flare source or by nuclear
disintegration or creation of solar protons 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
approach.
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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 cosmic 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
Np 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, E, determined 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

N(E)dE = N(t)dt = % exp (—t/7)dt 8)

which in terms of the Lorentz factor is expressed as

N()dy=(1/Mc*)N(t)dt (8.1)

where t is the necessary time to accelerate particles up to the energy E and 7 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, E,, (corresponding to the upper cutoff in the
particle spectrum) the existence of which has been shown by [43] as discussed before.

E ts —t/T

tme

J-E = |

E

" N(E)dE = J

t

N(#)dt = Ny J dt = Ny [e*f/f - e*tm/f] )

t T

where t,, 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, E. defined by (dE/dt) = 0, such that only
particles with E > E_ are able to participate in the acceleration process (the flux Ny). Thus the
acceleration time ¢ is defined as

t= JE (‘;—f)dt = H(E) — t(E,) (10)

‘EC

Similarly the constant value ¢, representing the acceleration time up to the high energy cutoff,
E,, defined as t,, = t(E,,) - £(E,), where #(E,) denotes the time of the acceleration onset. There-
fore, Eq. (9) can be rewritten as
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J(>E) = Noei(Ec)/T [e—i(E)/T _ e_t(Em)/T] (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.(1), which for
simplicity’s sake, we shall represent hereafter in terms of the Lorentz factor y as

d
(d—D —a(y*-1)" (12)

the condition (dy/dt) = (dy/dt),.~(dy/dt),ss = 0 gives Y. =1 (and hence E. = 0), such that by
integration of (12) we obtain the acceleration time up to the energy E = Mc(y—1) as

t=%1n[y+ (*-1)"] (13)

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

_ No 5 ~1/2 5 1/21—1/at
NG =— 07 -1)""[y+ (2 +1)"7 (14)
which in terms of total energy Wis expressed as
1/at
/o W+ (W2 — (M)
N(W) _ % (MCZ)]/M (1 +[;) W7(1+l/m) _ % (MCZ)I/M{ ( ( ) >} (141)

1/2
(W2 - (Mcz)z)
When the parameter § is considered outside of the integrating equations a somewhat different
expression is obtained:

N(W) :%(Mcz)l/aﬁ"fw—(l—kl/a&)

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

—1/at

I(> E) = No HV L - 1)1/2} 3 [Vm + - 1)1/2}1/041] 15

(where) y,, = (Ex + Mc?) /Mc?

the integral spectrum expressed in terms of kinetic energy becomes,
- —l/at —-I/at
J(> E) = No(Mc2)"/ { [E+ M+ VE +2M2E] T - [Em +ME +4/E2 + ZMCZEm] } (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 collisional losses

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

W (- 1)" - oMy (P - 1) (16)

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

1/a &V — (=Y, 4

(Pl/Zx _ (—Yz)l/z

11+ x|

b= 11—«

+&tan [ (qb/Yl)l/z” L ==t a7

with @ =b/Mc?, Y1 =20 + (40> + )72, Y, = 2a—(4a® + ), p = Yo/[2(= )"0, Y3 = Qpla)
[(@-Y)/(Y1-Y2)], Ya = Qel)[(Yr-@)/(Y1-Y2)], C = Ya/(@Y1)™ and xe= [(y-D)/(ye + 1)]"?, where
y. = (b/2aMc®) + 1 is the critical value for acceleration determined by (dy/dt) = 0, and the
constant value #(x.) corresponds to the value of #(E.) appearing in Eq. (10). The differential
spectrum of particles is obtained by substituting of (Eq. 17) in Eq. (8') as follows

2 _1 1/2 Vat[ 12 ¢~ \1/2 -@/2
M) = gt i (1 53) [Z;/L—E_?;m} exp [(-g/m)an " [+(o/v1) ]| (18)

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

J(> E) = Ny exp (t(xc)/’f){ e (gﬁ—q;ﬁ;gi;ﬁ) e exp K— %) tan ! [x(qb(Yl)l/Z] }
(19)
—exp (—f(xm)/’f)}

where #(x;,) corresponding to t(E,,) in Eq. (11), appearing from the evaluation of Eq. (17) in the

constant value x;; = [()/m — 1) 4 ()/m + 1)] "2 Tt can be seen that spectra (18) or (19)reduces to
(14) or (15) when b = 0. The integral spectrum in terms of kinetic energy is expressed as
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~1fat|(E_E;)- e+[£1 Eqy+2M¢ )]%

(E—E1)—e—[Er(E1+2Mc)J2

E+E+ME
Mc?

S
~[E2(-E2-2MP)}* | (E(E2 + M) + MCE —H(En)
X exp ( i — ) tan 1( T3 (Fy — M) ))] = exp( . )} (19.1)

_ Ei(Ei+2MA)|
with p = 1(a'r1(E1—E2)) , = (E* + 2McE)

1/2, E; = b/2 a is the threshold value for effective accel-

1/2
eration and E;, E, correspond respectively to { [b + (b2 + 4a? (MCZ)Z) ] / Za}. It can be seen
that spectrum (19.1) reduces a spectrum (15.1) when b = 0.

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 following expression

Y (P 1) = MYy (2 1) - hMEG 1) 2+ ME 1] 4 f 4] [ - 1)
(20)

The critical value yc for acceleration resulting when (dy/dt) = 0 is obtained by solving a cubic
equation of the form Ay’ + By* + Cy + D = 0 with A = a(Mc®), B = —A—(b + j)Mc?,
C=—A+bMc>~h, D = A + jMc*~h if E <110 MeV, or, A = (a—p(Mc*)’, B = —A—bMc?,
C=—A+bMc®—h, D=A-hif 110 < E < 290 MeV and for the range E > 290 MeV similar to the
last one but with A =( a—f—n)(Mcz)z. Therefore, the roots a4, a4, and az depend on e, b, b, j, f and
n, such than when a medium concentration » is fixed, the basic dependence remains on a.
Given that for the bulk of the involved parameters the conditions a; >1, 2, < -1 and 0 <az <1
are systematically satisfied through all the energy ranges the relation E, - Mc” (y, — 1) states a;
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

1/2
Avti+-Asar+Azis y—a an(@-1)"
2(& - 1)"2(2 - 1) + 24y -2

[t e () - o (2] - |

t:}% In |2()/2 — 1)1/2 +2y

(1)

|y —a ly — as]

where the constants. A; = (a1—1)Nax—az)/é, Ay = (a—1)az—a)/é and Ajz = (a3—1) (a1—a)/é
emerge from the integration by partial fractions of Eq. (20), with & = a,%(ay—az) +
1%(a3—ay) + a;°(a;—a,), and take on different values according to the energy range concerned;
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A=a (fE<110 MeV), A=a — f(if 110 < E<290 MeV) and A = a — f — 7 (if E > 290 MeV). The
differential spectrum in this case follows from Egs. (8.1) and (20) as

,51
Yy —m

2my —1) +2(a —1) (2 = )2

1/2
. (my—1 . (my—-1\1 y-D(*-1)
-5 1 -5 1
eXp[ 2 (Ir—azl) B (IV—asl)]Ay3+BV2+CV+D

N(y)

_ wet(}/ﬂ)/r 2(7/2 _ 1)1/2 +27"76

(22)

where 6§ = (A1a1 + Axiyt A3a3)/AT, 81 = A1 (0> —1)V?AT, 85 = Ax(1 — a,2)V**/At and 6 = Ax(1—a3>)"%/
AT; therefore, the integral spectrum is given from (Eq. 11) and Eq. (21) as

y-a
T
2(a y71)+2(a%71)2(y271)%

which in terms of kinetic energy becomes,

J(> E) = Nyexp (t(Ef)) {

1 —0
207 - 1)t +2)]

J> E) = No(Me2) {efmn
(23)

=01 |2(2-1) (B+2M2E) " r2m E+2MA (@ -1) &

E+Mc2(1—-a;)

1/2
)

2 [(E2 +2MEE +E+Mc2]

T

[E+(1—az2)Mc?] [E+(1—a3)Mc2|

-(exp [Az (1- a%)l/2 sin ! (M) +As(1 - u%)l/2 sin ! (M)Dés] — exp (@)} (23.1)

where
01 = [(MCZ)Z/QT] (a1A1 + a,Ay +Q3A3+), O = [(MCZ)Z/QT} Al(az — 1)1/2, 03 = (MCz)z/QT

and Q, Ay, Ay, Az 14, a, a3, are constants that depend on «, b, 1, 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

"% =a(? = 1) = (M2 = 1) = {a[MEY - 1)] 7 +i[ME(y 1) +7 + 1) b

x ()2 =1 = p(? =1y
(24)

The condition (dy/dt) = 0 for determining ). in this case, leads to a transcendental equation of
the form Ey* + Fy® + Gy + Hy + I(y—1)(y*—1)*”* = 0, whose solution depends only on &, n and
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very weakly on p, and where E = a(Mc*)?, F= —E—(b+ j)Mc®, G = —E—h +bMc*, H= E—h + jMc”
and I = — p(Mc®)? in the range E < 110 MeV. Therefore, since critical energy for acceleration is
defined in the low energy range, the wide interval 1.0 < y < 1.1 states a unique value of y, for
any acceleration parameter @ when the values of n and p are fixed. In order to deduce the
particle spectrum, we have simplified Eq. (24) by changing variable Z = y—(*—1)"?, thus,
obtaining in this way a rational function which integration by partial fractions gives the
following acceleration time

)

(25)

2z 4+ Ry — (Ag)?
2z + Ry + (A)*?

— t(zf)}

where K; = (2C; — R1C1)/24Y2 K, = (2Cs — R3C3) /(=A2)2 K3 = (2Cs — RsCs)/(—A3)Y?K4

t= 1{ |fn (]zz +Riz+ Rz]f1/2]22 + Rgz + R4|”3”]zz +R5Z+R61E5/2122 +Ryz+ Rslcmzc‘?

k
2 R 2 R 2 R
+ky tan 71 -u + k3 tan —1 & +kytan 1 z+ Ky
(_Az)l/z (_A3)1/2 ——(—A4)1/2

Ky = (2Cg — R;C5)/ (—A4)1/ 2. Ry, Ry, ... Rg are the coefficients of the quadratic factors A4, 4,
Az and Ay their discriminants, corresponding to two real and six complex roots of the nine
roots of the rational function denominator, and C;, C,,. Cy are the coefficients of the linear
factors. For a given value of the acceleration efficiency « all the quantities involved in (25)
become constants and take on different values according to the three energy intervals studied. The
factor x is give as x = + p (if E <110 MeV), ¥ = a—f—n (if 110 < E <290 MeV) and « = a—f—n +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

N@) = No e —28 4+ 227 — 225 4274 — 273 4+ 22— 1
Y= Meke 28 + ]2/ + Mz® + N25 + Pz* + Qz + Rz + 5z + V

% { (|2 + Riz + Ro| |22 + Roz + Re| *[2* + Rsz + Ro| |2 + Ryz+Re| ™

765
2z+ R 2z+ R 2z 4+ R
z % exp {67 tan ! (Llfz) + Og tan ! (sz) +0s tan 1( gl 1/72) }
(A7) (—43) (=)

(26)

R = (A)"?
2z 4+ Ry + (M)Y2

O1 = c12xT, @5 = c3/2x7T, O3 = ¢5/2xT, O4 = c7/2xT, O5 = K1/2xT, Og = co/2xT, OF = (—K5)/kT,
Og = (—K3)/kt and Oy = (=K )/xt, | = 2(F + D/V, M = (4E + 4G + 2I)/V, N = (6F + 8H-GI)/V,
P=(GE+8G)V,Q=(GP+8H+GI)/V, R=(4E +4c-2)/[, S=2 (F-D)/V, V=(E+)/Vand V=E—I.
The values of E, E G, H, I in the range E < 110 MeV are the values given above; in the range
110 < E <290 MeV, E = (a—f)(Mc*)?, F = E-bMc?, G = —E + bMc?, H = E—h and I = p(Mc®)>. In
the range E > 290 MeV the only difference with the precedent range is E = (a—f—n)(Mc*)*. The
constant #(Z.) is the evaluation of (25) in the threshold value Z, = y.—( ycz—l)llz. The integral
spectrum according Eq. (11) is,
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J&GE)= NOef(zc)/T{ (‘ZZ + Riz + R2|_6] ‘22 + Rz + R4|_62 |Z2 + Rsz + R6|_63|22 + Ryz

65 22+ Ry 27+ Rs
z 0 )ex Oy tan | ——= | + Og tan | ——
| | p 7 (—A2)1/2 8 (—‘A3)1/2 (27)
Bo ] 2z + Ry
+09 tan 4(_154)1/2

where K(Z,,) is the evaluation of Eq. (25) in Z =y, — (y
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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 + Mc?) — (E* + 2EMc)"? and Z(E),, = (En + Mc?) — (E%+
2E,Mc*)'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

(dy/dt) = a( 1) +p(? - 1)y (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
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and then the integral spectrum is simply given as
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which in terms of kinetic energy becomes,
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—x/t 7 12| ¥/"
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(31.1)

It is worth mentioning that although it is expected that the critical energy for acceleration E,.
increases while adding energy loss process to the net energy charge rate, nevertheless, the
value of E, resulting from Eq. (24) is essentially the same as that obtained from Eq. (20). This
can be understood from 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, Egs. (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 concerning
the acceleration mechanism itself, that is, the acceleration efficiency a and the mean confine-
ment time 7. These last two depend of course on some of the physical parameters of the source,
which we attempt to estimate from the appropriate values of a and 7. In the case of the solar
source, we have considered the mean value of the electron density and a conservative value for
the proton population as n, = ny = 10 em™ (e.g. [19, 35, 56, 113, 114, 116, 118]).

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

Besides, since our expressions contain the acceleration parameter as the product at and since
we are dealing with particles of the same species, for the sake of simplicity we have adopted
the assumption 7 = 1-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 determination of & has been carried out through the following procedure: 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,,,,

UG Bluccle,,, = UG Elean] e (32)

where g is the normalization factor. Since our expressions do not directly furnish the source
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integral spectrum but rather [(>E)/N,, we have deduced in this way a normalization flux Kp,
keeping the same proportion with the differential flux N, appearing in our expressions

No = gko = protons /AntR%.s (protons/cm? str s) (33)

where Rsg = 1.5 x 10%cm = sun-earth distance. We have listed E,,,, for every event on columns
8 of Tables 1-3.

The value of Ny for every event is tabulated on columns 10 of Tables 1-3.

Assuming that the theoretical curve among Egs. (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 J(>E) ~ 0 at the
high energy cutoff E,,. 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

ik e Specrum | Spectum | Specrum | Specrum | Specrum E, (cav) | £, (Mev) Ng(protons/c
(21) (15) {19) {23) @7 | ; m?s str)
sftgifiogs als?) 0.18 0.18 0.19 0.23 021l .. . 2 110
5 | A1X
E(Mey) [#wees  [sweas 5.26 11.57| 12,67
S afs?) 0.21 0.21 0.22 0.24 023 . o N
EfMey) [#eess  |sesss 4.54 11.09 1157 ’ S0

Table 1. Characteristic parameters of the acceleration process in solar protons kot events: acceleration efficiencya, high
energy cutoff E,, normalization energy E,, flux of accelerated particles in the source Nj and heliographic coordinates of
the flare according to different reports.

Np{protons/
Specrum Spectum Specrum Specrum Specrum .
Hot Events o e i g i’ En(GeV) | E(MeV) | cmisstr
(31) (15} {13} (23} (27}
N
als ) 0.13 0.14 0.17 0.26 0.26
12/11/1960 2.600 15.000 |3.891x10-11
E{MeV) 15.32 14.30 13.45 5.67 10.58
afs™) 0.59 0.60 0.70 0.50 0.93
04/08/1972 4.280 15.000  |1.979x10-11
E.(Mev) 4.28 4.21 3.87 3.06 2.97
afs™} 0.72 0.73 0.83 0.38 0.99
03/09/1960 : 2.960 10,000  |4.704x10-16
E(Mev) 2.96 2.92 2.77 2.40 2.39
afs™} 0.91 0.92 0.95 0.9 1.08
30/03/1969 2.340 50.000 |1.449x10-15
E(MeV) 2.34 1.18 242 2.38 2.48
afs™) 1.54 1.55 1.76 2.10 2.59
02/11/1969 E 0.915 10,000 | 2.342x10-11
E{MeV) 0.84 0.84 0.81 0.66 1.05

Table 2. Characteristic parameters of the acceleration process in solar protons cold events: acceleration efficiencye, high
energy cutoff E,, normalization energy E,, flux of accelerated particles in the source Nj and heliographic coordinates of
the flare according to different reports.
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Mg(protons/
Hot Events Sp;a::;;.lm Sp:alc;:;;m SP({Efgf';Jm Sp;ezcgr;.lm Sp{e:;;.lm En (GeV) E, (MeV) om® s str
MeV)
afs™) 0.16 0.16 0.18 0.23 0.25
15/11/1968 2.60 20.00 4.550%10-13
E.{MeV) EEEEE s 12.68 11.22 11.03
afs™) 0.20 0.20 0.21 0.26 0.28
18/11/1968 4.80 20.00 6.400x10-11
E(MeV) EERER e 13.17 11.62 10.84
afs?) 0.23 0.23 0.35 0.36 0.39
07/07/1966 2.70 10.00 1.376x10-16
E(MeV) RS B 2.85 7.40 6.83
afs™) 0.34 0.34 0.35 0.39 0.41
24/01/1971 6.90 40.00 1.365x10-12
E.(MeV) Hhmas FeEEE 6.90 6.62 6.56
351031668 afs™) 0.40 0.40 0.41 0.46 0.48 _— i G Sl
5 A = ®10-
E.(MeV) EEEEE #HEEE 6.57 6.18 6.14

Table 3. Characteristic parameters of the acceleration process in solar protons warm events: acceleration efficiencya, high
energy cutoff E,, normalization energy E, flux of accelerated particles in the source Ny and heliographic coordinates of
the flare 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 process 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 «; 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 from 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 E. and the normalization flux K, appro-
priate to each case. We have tabulated the values of a, E, and K, obtained for every event
through 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 from 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 approach the experimental curves while adding energy loss
processes to the acceleration rate. Therefore, the physical processes taking place at the source
in those events are described by spectrum (27) indicating that adiabatic cooling of protons
together with energy degradation from 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 period. 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 collisional losses 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 some 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) indicates 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 N, in (8)
when t = 0. 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).

No = [9/(277)3/2] (k/M)Y2e3/ 27112 (34)

where M is the mass of protons and k the of Boltzman’s constant. Then, by assuming that K, is
related to the flux of protons involved in the acceleration process and the flux N, 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.  InSeptember 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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The January 28, 1967 event follows 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 (E. ~ 12 MeV).

2. The events of Figure 3 show that:

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

3. The events of Figure 4 show the following characteristics

a.

The theoretical curve which best approximates the experimental one at low energies is
spectrum (23) followed by spectrum (19).

At given energy (from ~500 to ~3000 MeV) the previous tendency is abandoned, such
that spectrum (15) interchanges sequential order with spectrum (23).

Spectrum (27) is systematically the most deflected curve at all energies.

Spectrum (31) is systematically deflected in relation to spectrum (15) (e.g. November
18, 1968 event).

The July 7, 1966 event, however, by following 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 following 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).

Examination of a given spectrum (same column 5, or, 6 or 7) shows that a and E.
behave in an inversely proportional manner.

For a given event, the values of « in the events of Tables 2 and 3 (columns 4, 5, 6, and 7)
increase monotonically 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 @ with
spectrum (27) decrease in relation to the value of a from spectrum (23).

For a given event of Table 1, the value of E, increases monotonically 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 E. obtained from (27) (column 7) decreases in relation to
the values obtained from spectrum (23).

The obtained value of K, (column 10) is related only to the magnitude of the event (i.e.
the value of J(>E) at E,)).

There is no correlation between E,, and the other parameters of the tables a, E,, Ko, or
heliographic coordinate; neither is there any correlation between the maximum flux at
E,and a or E,
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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 hot events (Table 1), a north asymmetry in cold
and warm events (Table 2) and a certain west and north asymmetry among the events of
Table 3.

h. The critical energy E. from cold and warm events is correlated with the temperature of
the source in the sense that their values increase from cold to warm and from warm to hot
events. The significance of the association of the parameter temperature to solar proton
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 from
that in Figure 4, implying that the kind of processes, their sequence of occurrence and their
importance is not the same from event to event To interpret this behavior we cannot remit
ourselves to the amount of traversed material, positing that particles originated in the invisible
side of the sun or in the eastern 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 proton flares develop under three main
different temperature regimes, a low one that we shall denominate cold events (T=10°~10"°K)
(Table 3), an intermediate regime that we shall call warm events (=10°-107°K) (Table 4), and a
high temperature regime that we shall call hereafter hot events (T > 107°K) (Table 3). On the
basis of this conjecture, let us discuss the main results of the preceding section:

Concerning points 1(a), 1(b) and 1(c), we can comment that as the medium was very hot,
collisional losses 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 protons. The irregular behavior of spectrum (23) at
E<30MeV and 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 protons observed in
this event did not originate in. the same process, which explains why the observations show a
high flux of protons at energy lower than the threshold acceleration value for in a medium of
density n=10"°cm e Therefore, these particles may form part of the high energy tail of a
preliminary heating process 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 collisional losses (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 collisional losses 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, collisional losses 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 above 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 collisional losses 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 & and E, 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) generally entails an increase in the requirement of energy E,, and thus an increase of &
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 following
manner: the critical energy, E,, 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 @ the values of E. from (19) and (23) are remarkably similar. Nevertheless, the decrease
of the values of & in column 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 E. and a behave inversely,
the value of E. appears to increase; but in fact the real value of E, in this event was ~11.6 MeV.
Besides, we see from columns 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 column 6, given that there is an additional barrier to overtake. The value of E_ should
behave similarly, but since the value of E. in (13) is the same as that in (19), then, this
hypothetical increase of a shown in column 7 in relation to that of column (6) implies a
decrease of the value of E,. in column 7; this in fact does not occur because adiabatic cooling
did not take place and thus the real values of & and E, in events of Tables 1 and 3 were those of
columns 3 and 6 respectively. The interpretation of 4 (e) follows from the definitions of
Egs. (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 flare to flare (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 all the energy loss processes we-did. In any event, as we discussed previ-
ously, the threshold value E. 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 10K suggested by the central peak of hydrogen emission lines, up
to more than 10%K suggested by thermal emissions of X-rays. Furthermore, the flare phenome-
non has usually been interpreted on basis of a dual character): the optical flare of T~10*K and
high electron density, and on the other hand, the high energy flare plasma of T~10"-10"K and
relatively low electron density. The existence of several temperature regimes during a given flare
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 flare development [17, 135].
Some other models for explaining the flare energy output suggest several phases of the phenom-
enon, each associated with a different temperature; for example, a of relatively low temperature
thermal phase followed 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 flare 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
alternately 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 expansion. 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 CME; therefore, our assumptions concern 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 > 10K, 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 turning to the problem of p—p nuclear collisions in some solar flares: we had mentioned
that the value of Ny~10" cm—> was an average value in flare regions, since in fact concentra-
tions as high as 10'® em ™ 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 some 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? — H’ + 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 some MeV has been
suggested (e .g. [104, 112], etc.). It -can be assumed that a certain portion of the low energy 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 some 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 collisional losses 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 some
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 7 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 7 = 1 sec. Whose
implications can be seen as follows: we note from Eq. (11) that if the value of 7 increases, then
J(>E) increases, whereas if 7 decreases, then J(>E) decreases and so the theoretical spectra will
approximate the experimental curves. At any rate, what can be deduced is that if 7 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 7 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= V2/vi, where v is the velocity of protons, ¢ the acceleration step
within the acceleration volume, and V, 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 ¢ for a
50 MeV proton and assume that the value of  is typical of the acceleration region configura-
tion; hence for a field strength of 500 G and density n = 10'®> cm ™3, the extreme values of
obtained are @ = 0.1 and 1.54 s™' leading to the following values: ¢ =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 7 in a magnetic field (H) where the field gradient is ~H/
(, we use the fact that t = L? /o, 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 10%° to 10*em? from flare to flare [19, 54, 55], and hence a linear dimension of ~10% 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 = 10% cm as a typical linear dimension for
acceleration regions [116]. In such conditions we obtain 7 = 1 and 12.6 s. for solar events where
a= 0.13 and 1.54 s~ respectively. We should say that if a shorter length scale L than the
assumed one were taken values of 7 <1 could be obtained, and hence our theoretical fluxes |
(>E) would come closer to experimental curve as discussed above. In fact, it can be observed in
Figure 3, that the theoretical curve corresponding to @=0.13 and thus to a low value of 7 (the
November 12, 1960 event) is nearer the experimental curve than to the theoretical curve
corresponding to higher values of «, where it is supposed that © must be higher. It must be
noted that a higher value of « 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 illustrate 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 7 = 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 t
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 7 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 t =1s.

The acceleration time scale of protons in solar flares, can be estimated from the following
expression: = IEE %. In the energy range 10° SE $10'° eV we have according our results
discussed in last section that,

apW

in low temperature regimens
ap + pf?)W

) - {
(
f(E)=(d— hE2 — jEil)ﬁW — b/p in intermediate temperature regions

f(E) = [(d — hE"> = jE'")B — p?]W — b/B in high temperature regimens
(where)d =a —f — 17
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Therefore, a consideration of the parameters obtained @ and E. for a medium density
n =10" cm > give acceleration times much lower than the time scale of the explosive phase of
the flare phenomenon. For instance, for a low efficiency event (@ = 0.14) in a high temperature
regime, the time necessary to accelerate a proton from 10 MeV to 5000 MeV, is only of the order
of 8 sec.

It is interesting to comment on the estimated parameter ¢ 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
~10%, and it is believed to be that of the stored magnetic energy dissipation, which is given as

74 = 4mol? / (35)

where [ is the characteristic length of the system and ¢ the electrical conductivity in flare
material is of the order of 2.1 x 10'°-2.4 x 10" s™". A single calculation with (35) shows us that
I =17 x 10*-1.8 x 10° cm which agrees well 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 all loss processes
for charged particles, but only those of greatest interest that can affect protons within the
energy range we are concerned 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 from collective effects, however, some of them, such as energy 10 s by plasma perturba-
tions see to be negligible for protons o f E > 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 proton
production by neutron capture, nor loss of particles from the accelerated flux as leakage from
the acceleration volume. Therefore, it is expected that the consideration of these neglected
processes, together with a lower value of 7 as discussed above 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 small envelope of ~ 0.2-0.3 A.U. (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 Ry) [9, 21, 22, 63] which entails a modulation of the solar
fluxes. Evidences of particle storage in the sun, where particles can be strongly decelerated,
have been widely mentioned in the literature (e.g. [1, 65, 106]). Modulation in interplanetary
space is a complicated process (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 propagation, 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 some 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 some
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 modern techniques have been recently developed e.g.:;[72]) and
the, the PCI group in Apatity, Mursmansk, Russia [124-128]. In some of GLE it has been
frequent to discern 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 7, 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 = 10" em™ [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 (~10*-10%°K), hence we have
chosen to fix the parameter 1 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 physical 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 o) 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 some powerful
heating process, the local plasma must be strongly heated and acceleration of particles up to
some few MeV must take place. This preliminary heating must follow to a some specific kind
of hydromagnetic instability or a magnetic field annihilation process in a magnetic 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 acoustic 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 some 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 picture: a very select group of fast particles appearing from the
preliminary 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 predict that up to some definite temperature the kinetic 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 E. (determined
by the competition between the acceleration and the deceleration rates) cannot escape from the
sunspot magnetic 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-
istic length- scale of the magnetic 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 characteristic magnetic
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 energetic 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 efficient process in a shorter acceler-
ation time. This kind of events are assumed to occur when the acceleration region is associated
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 efficiently 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 rate. 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 cold events particles are
picked up from a thermal plasma or that in warm and hot events the preliminary heating is of quasi-
thermal nature, a very small fraction (Ng~10""'-10""%) 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 efficiency a =0.1 - 1.5 s, characteristic magnetic field length in the acceleration volume =3
% 10*-10° cm, linear dimension of the acceleration volume L = 10” cm, field strength of magnetic
field inhomogeneities ~500 G, hydromagnetic velocity Va = 3.5 x 10’cm s~ ', medium density
n~10" em ™, mean confinement time of particles within the acceleration volume 7 ~ 0.1-4 s,
average acceleration time of individual protons + = 12 s, medium temperature T~10*~10*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 some 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 (~ afW) while losing energy simultaneously by collisional losses
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according to the general expression of [10], operative throughout all the range from
suprathermal to ultrarelativistic energies, given in Eq. (2.1) in Section IL In this case, the
equation to be solved when only collisional losses are competing with acceleration is

dw MeV)

—F=apW - glﬂ (kip?) [&H(xe) +RsH (XP)] ( seg

(A1)

where all the factors appearing in (A1) were defined below Eq. (2.1) in Section IT

Now we proceed to a variable change, in terms of y = ﬁr since W = Mc?y, dW= Mc*dy and
1-42)2

Wl
= (A2)
P I4
Hence
V¥-1, . 2
apW = a———Mc*y = Mc*a/y? — 1 (A.3)
P Y
Therefore, Ec. (A.1) as a function of y can be rewritten in the following form
dy _ Ky K (Y’ —1)
=WV -1-3= = lln ( 7 [RaH(x.) + RsH(x;)] (A4)

From where

dt = dyz . (A5)
ay/y? -1 —“%\/y_ln (L) [RsH(x,) + RsH (x,)]

and thus
i1 ’ (V2 =1/y) +b— Vb —dac||2a(\/yZ=1/y,) + b — VI* — dac A6)
Vb —dac | |2a(\/7* =1/y) +b+ Vb —dac |2a (VYZ=1/y,) +b+ V¥ —dac .

For integration of (A.5) we have assumed the case when b* > dac

Jr

e f'(rr)

(were)a = —a;b=—f(y;);c=a—f(y;) +

1 K kq (]’2 - ])
£0) =l (y_) [RH(x) + RsH(x,)] (and)

x_[ReH(x) + RsH(x)]
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Now, according to Eq. (8.1) in Section IV the differential spectrum in terms of y is,

N —LfT
N(y)dy =ﬁe YT (A7)

And from (A.6) we obtain

e a2 =1/y) +b— V6 —dac||2a( /Y2 = 1/y,) +b— VI — dac| |V
et = = = (A.8)
2a(\/y> = 1/y) + b+ Vb —4dac||2a(\/)Z = 1/y,) + b+ VI — dac
in such a way that Eq. (A.7) can be rewritten
[ 20 (/P 1y) 1oV P—dac| |20(\ Y21y ) +b—/P—dac ]ﬁd
Ny 2a(\/y271/y)+b+\/b274ac Za(w/ygfl/yc)+b+\/b274ac| y
N{y)dy = T™Mc? 2 x _ ¥ (1) )
@y =1~ ga—d=in (2251) [ReH(x,) + RsH (x;)]
which is the differential spectrum as a function of gamma.
To obtain the integral spectrum we resort to Eq. (9) of Section IV,
I(>y) = r"’ N(y)dy = No ()i [eft(y)/T _ eft(ym)/f] (A.10)
y Mc?
Introducing A.8 in A.10 we obtain the integral spectrum
1/7y/ b —4a
Jis ) = No [2a(y/¥2—1/y,) +b— Vb* — dac ‘
Me Joa(\ /Y2 =1 /y,) + b+ Vb* — dac (A1)

1/1/ b —4ac

2:1(« /yfwfl/yM)erf\/ " —4ac
2a(\/¥% —1/yM)+b+\/ b*—4dac

2a(1 /yzfl/y> +b—+/b*—dac
Za(\ / yz—l/)/) +b+ \/b2—4uc

|

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

Entre los diversos GLEs que presumiblemente ocurrieron en el periodo 2012-2015, el del 17 de mayo de
2012 es el mds ampliamente aceptado como un GLE, en vista del alto nimero de estaciones de
monitoreo de neutrones en latitudes altas que lo registraron. A pesar de su pequena magnitud, fue el
mas prominente de los previstos para la presente década (Pérez-Peraza y Juarez-Zuiiga, 2015). Sin
embargo, la falta del efecto de latitud dificulta el estudio de las caracteristicas de su espectro en el
extremo de las altas energias. Varios autores han podido derivar espectros observacionales en la parte
superior de la atmdsfera 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 nimero de trabajos en
relacion a las caracteristicas observacionales obtenidas por diferentes instrumentos, pero la
fenomenologia de la fuente, con respecto a los procesos de generacion y sus parametros fisicos, no se
han examinado. El objetivo principal del articulo es analizar dichos aspectos mediante la confrontacién
de los diferentes enfoques de los espectros observacionales con nuestros espectros tedricos analiticos
basados en la aceleracién estocastica y en la aceleracién del campo eléctrico a partir de los procesos de
reconexion. De esta forma, derivamos un conjunto de pardmetros que caracterizan la fuente de cada
una de las dos componentes del GLE, lo que nos lleva a proponer posibles escenarios para la generacién
de las particulas solares realtivistas.

Estatus: Publicado.
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Abstract Among the several GLEs (ground level enhancements) that have presumptuously occurred in
the period 2012-2015, the 17 May 2012 is that which is more widely accepted to be a GLE, in view of the
high number of high-latitude neutron monitor stations that have registered it. In spite of the small amplitude,
it was more prominent of the predicted GLE's of the present decade (Pérez-Peraza & Juarez-Zuniga, 2015,
https://doi.org/10.1088/0004-637X/803/1/27). However, the lack of latitude effect makes it difficult to study
the characteristics of this 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 with 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 of this 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 reconnection processes. In this
way, we derive a set of parameters which characterize the sources of these two GLE components, 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-called 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 transport 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 (7) and so on. Usually, the confrontation of timing synchronization
between electromagnetic flare emissions with those of energetic particles and coronal mass ejections
(CME) 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 SEPServer project for the case of the 13 July 2005 event. Besides, by means
of the HESPERIA HORIZON 2020 project the first inversion of the neutron monitor (NM) observations has been
carried out that infers directly the release timescales of relativistic Solar Energetic Particles (SEPs) at or near
the Sun (Malandraki et al., 2015). Recently, the Fermi-LAT collaboration (Ackermann et al., 2017) proposes that
>10-GeV protons (accelerated in the CME 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 flare site and
the hard X-ray emission. In the particular case of the GLE71 (17 May 2012) several outstanding synchroniza-
tion between particles and electromagnetic radiation studies have been done (e.g., Battarbee et al,, 2017; Li
etal, 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.
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Among the descriptions for describing particle spectra of GLE at the top of the Earth atmosphere, a number of
proposals can be found in the literature: an exponential over rigidity (e.g., Freier & Weber, 1963; Lockwood et al,,
1974), a power law with an exponential roll-off (e.g., Ellison & Ramaty, 1985), or 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 rigidity 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 well, especially for high
energies above several GeV. Nevertheless, whatever the approach, the observational spectra obtained at the
Earth level give scarce 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 from 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 of the effects of particle 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 (SCR) propaga-
tion, that is, the reconstruction of their characteristic near the roots of the interplanetary field lines at the high
corona cannot be solved exactly. It can only be done under certain model approximations (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 particles from the upper
corona occur near the longitude of the Sun-Earth connection (¢ = 60°W). 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 particles in the magnetic fields of the solar corona as proposed originally
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 proposes two coronal regions of particle transport (in the ecliptic
plane), a fast propagation region and a slow propagation region. According to Alvarez-Madrigal et al. (1986), in
their conclusion no. 4, if the fast propagation region contains the solar longitude of connection 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 maximum 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 well-connected region of the Sun (55°W-88°W), to avoid
effects of coronal and interplanetary transport. This assumption allows estimating suitable integral energy spec-
tra of several 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 (collision-
less Boltzman equation) in the frame of the quasi-linear theory; such equation leads us to a Fokker Planck kind
equation in energy space, which we have analytically solved by means of the WKBJ method (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 observational 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-
tional spectra given by different authors were measured around the TOM. Besides, since the responsible flare
was located at 13°N, 83°W, it can be considered that it is within the fast propagation region of the corona,
allowing us to consider the observational spectrum as a proxy of the source spectrum.

2. Energy Spectrum of the 17 May 2017

On 17 May 2012 took place a peculiar GLE that has been conventionally designated as GLE71. As mentioned
above, determination of the observational energy spectra of GLE has been done historically by several
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Figure 1. Confrontation of the observational spectra at 02:10 and 02:30 universal time (UT) (Balabin et al., 2013) versus theoretical spectra with deterministic accel-
eration in a magnetic neutral current sheet (MNCS).

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, eg.,
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-latitude polar NM and some 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 £ < 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-
tics of the associated flare and electromagnetic emissions have been widely described by many authors (e.g.,
Augusto et al., 2013; Firoz et al., 2014; Heber et al., 2013; Li et al., 2013; 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 observational spectra of the 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
results 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 fit of their spectrum is by assuming deterministic acceleration from a magnetic neutral
current sheet (MNCS). In Figure 1 we show such adjustment, at times 02:10 and 02:30, with equation (4) in the
supporting information (corresponding to equation (1) in Pérez-Peraza et al, 2009). The obtained source
parameters point toward an expanding chromospheric MNCS, which is lengthening as acceleration is taking
place in the first phase of the event. It could 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 could 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). This was done on the basis of the data of the large Antarctic installation (South
Pole monitors), the IceTop 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 £, = 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, Ap.J. 1995), where we have added adiabatic energy losses during acceleration in the expanding struc-
tures of the source up to the moment that particles escape to the interplanetary space. This is the best fit of
the reported spectrum, among the several different scenarios studied in G-P, ApJ. 1995.
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Figure 2, Confrontation of the observational spectra (Kuwabara et al., 2012) at 02:05-02:20 UT (left panel) and 02:35-03:35 UT (right panel) versus theoretical time-
dependent spectra with stochastic acceleration.

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 register 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 of the existence
of two acceleration processes. Figure 3 shows our fit to the soft component just at the beginning of the event
when particles belong rather to the SPE component, but high-energy protons scarcely have arrived at ground
level (01:45 UT). The best fit 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 fit of our source spec-
trum to their observational 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 1-MeV protons, while particles
are losing energy at the source by adiabatic deceleration. Both fittings 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 determine the energy spectrum of the GLE71 that
turns out to be quasi-independent of the latitude of NM stations. To derive a suitable spectrum the authors
drew on low-latitude stations that seemingly 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. Confrontation of the observational 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.
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Figure 4. Confrontation of the observational early phase (02:00-02:40 UT) and late phase (02:40-0320 UT; Figure 5 in Mishev et al,, 2014) versus theoretical time-
dependent and steady state spectra, respectively,

distinctly showed the presence of an “early” phase and a “late” phase in the ground NM data during the
GLE71, which in some measure could be considered as equivalent to the PC and DC that were put in evidence
long ago by the 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,
with monoenergetic injection of 1-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 interval 02:40-03:20 UT (Mishev et al.,, 2014). For this time
interval the best description of the spectrum is obtained with the steady state spectrum from stochastic accel-
eration and monoenergetic injection, given in equation (3) of the supporting information (corresponding to
equation (43) in G-P, Ap.J. 1995), where it is assumed that particle escape is inversely proportional to the velo-
city of the particles. In Figure 5 we show the observational spectra at specific times during the so-called late
phase 02:40 and 03:10 UT. These can be reproduced with 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 quite 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 observational
one might indicate that even if the steady state was not yet reached, it was very near to be reached after

6 6
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Figure 5. Confrontation of the observational late phase (02:40 and 03:10 UT; Figure 4 in Mishev et al., 2014) versus theoretical time-dependent spectra.
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03:20 UT): according to Figures 4 and 5b such steady state situation
took place at an acceleration time just above 30 s, which at the Earth
level occurred between 03:10 and 03:20 UT.

Recently, Asvestari et al. (2017) give a spectrum of the GL71 on the
basis of the PAMELA data that differs from the GOES + NM data only
at E > 1 GeV. The authors do no mention the specific time of their dif-
ferential spectrum neither comment on different acceleration stages; it
should be noted that the fluence is not per time unit and differs by sev-
eral orders of magnitude with respect to the other authors. In Figure 6,
it is shown that in this case the best fit to their spectrum is given with
deterministic acceleration in a reconnection process of a MNCS (equa-
tion (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 energies ~ 3 x 10 % pfu (cm 2s "sr ") of GLE71, no confident
energy spectrum can be determined in the high-energy portion by the
standard model, just in agreement with Buitikofer & Fllickiger (2013). In
order 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 fits correctly
the low-energy portion from GOES-13. The black curve in Figure 7
shows the derived TOM spectrum including data at low energies. It
should be noted that in contrast to other authors, they give an integral
spectrum instead of a differential one, so instead of converting their
spectrum to the differential form, we have chosen to integrate our
equations (1)-(3) of the supporting information. In this case, our study
indicates that above 400 MeV very good fittings may be obtained with
the steady state spectrum from stochastic acceleration with monoener-
getic injection and adiabatic 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 two main causes: (1) Forman et al. (1986) precluded the TOM
method for low-energy particles, because it is less reliable not only
due to transport effects but also because particles are more subject
to convection and adiabatic deceleration, so the spectrum becomes
flatter than the spectrum at the Sun; (2) the low-energy portion of the
spectrum is produced by another stage of acceleration, most probable
due to shock wave acceleration 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) who 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 their 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 logical 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 MeV of relatively soft nature, changing to a hard one as the time elapses. There is a consensus
that the lack of a latitude effect of nonpolar MN stations inhibits the standard model to derive the observa-
tional spectrum at £ > 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 class 5.1 flare that took place at about
01:25 UT. Such increase was registered also for some nonpolar 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 variants of the conventional standard model. The
observational spectrum tends to show two different behaviors: a rather flat spectrum from 01:45 to
02:30 UT that we have identified as a PC and a steeper spectrum that we designate here as a DC. 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 particles can be
inferred from the timing synchronization between the several electromagnetic flare emissions and CME.
Another option is by means of energetic particles on the basis of the confrontation of observational spectra
with theoretical source spectra. In 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), Gallegos-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
fact, the closest translation is when the source is in the Sun-Earth connection (~55°-88°); particles traveling
out of that cone 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 structure is momentarily closed, even the most energetic particles may be modulated by collisional
energy losses before they escape to the interplanetary medium. Given the involved flare location, for the
particular event, the GLE71, 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 of the 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 excellent review by
Cargill, 2013) and (2) a stochastic process by local magnetohydrodynamic turbulence in the flare body and/or
turbulence generated behind the shock generated in the CME associated to the flare, when the preceding
CME can provide enough enhanced turbulence to feed a particle population ahead the main
CME-driven shock.

Regarding the source 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 & = 0.9-0.0023 5™
and the deceleration efficiency by adiabatic losses p = 0.01-0.001 s~ ', 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 Eg = 1 MeV. For the deterministic acceleration process by reconnection in a MNCS the values
of the magnetic field strength are in the interval B = 250-50 Gauss, the density n = 95 x 10'* to
6.5x 10'2 cm~> and the length of the neutral sheet L = 7.5x 10° to 1.15x 10% cm. Such a dispersion of
the physical parameters can be understood from the fact that the observational spectra 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
functions of asymptotic cones, and different flux intensity with different spectral indices, so that their
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Table 1
Source Parameters Derived From the Best Fittings in Figures 1-7
Author Spectrum uT Fit als)  pols) Eo(MeV) 1(s) t(s) Bigauss) L{cm) n{cm ) Injection
Kuwabara et al. (2012) Time-dependent stochastic ~ 02:05-02:20  Ec. 41, ApJ. 0.48 053 10 1.0 5.0 Monoenergetic
acceleration 446,1995
Kuwabara et al. (2012) Time-dependent stochastic ~ 02:35-03:35  Ec. 41, ApJ. 0.125 0.005 1.0 1.0 300 Menoenergetic
acceleration 446,1995
Li et al. (2013) Time-dependent stochastic Ec.41,ApJ.  0.026 0.001 1.0 1.0 5.0 Monoenergetic
acceleration 446,1995
Li et al. (2013) Steady state stochastic Ec. 42, ApJ. 0.0029 0.01 1.0 1.0 Monoenergetic
acceleration 446,1995
Li et al. (2013) Steady state stochastic Ec. 43, ApJ. 0.0023 0.01 1.0 1/p Monoenergetic
acceleration 446,1995
Balabin et al. (2013) Deterministic acceleration 2:10 Ec. 01, Ap.J. 250.0 7.50E406  6.50E+12
695,2009
Balabin et al. (2013) Deterministic acceleration 2:30 Ec. 01, ApJ. 50.0 1.15E+08  3.80E+12
695,2009
Plainaki et al. (2014) Time-dependent stochastic 1:45 Ec. 41, ApJ. 09 0.1 10 1.0 1.0 Monoenergetic
acceleration 446,1995
Plainaki et al. (2014) Time-dependent stochastic 3:05 Ec. 41, ApJ. 0.55 0.005 1.0 1.0 300 Monoenergetic
acceleration 446,1995
Mishev et al. (2014), early = Time-dependent stochastic ~ 02:00-02:40  Ec. 41, ApJ. 0.09 0.005 1.0 1.0 100 Monoenergetic
phase acceleration 446,1995
Mishev et al. (2014), early ~ Steady state stochastic 02:40-03:20  Ec. 43, ApJ. 0.048 0.005 1/8 Menoenergetic
phase acceleration 446,1995
Mishev et al. (2014), early ~ Time-dependent stochastic 2:40 Ec. 41, ApJ. 0.09 0.035 1.0 1.0 100 Monoenergetic
phase acceleration 446,1995
Mishev et al. (2014), early ~ Time-dependent stochastic 3:10 Ec. 41, ApJ. 0.09 0.035 1.0 1.0 300 Monoenergetic
phase acceleration 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.
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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 particles; all what we
can hope is that they only differ no more of an order of magnitude. Nevertheless, it should be noted that
the source parameters obtained here are within the conventional range of chromospheric and coronal
solar flares values. 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 particles 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. (2017). 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 particle 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 that gives us an approximate conception
of the scenarios of production. The analysis of the spectra leads us to consider the presence of two different
particle 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 PC and DC, 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 could conceive different scenarios according
to different observational spectra. However, here we opt for proposing a general picture of particle genera-
tion phenomena which leads us to conclude that among all the scenarios that were able to occur during par-
ticle generation in the GL71, 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 with time leads us to propose a tentative scenario where particles of the PC
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 particle component is produced in a concomitant MNCS. 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 situation 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 (Plainaki et al., 2014), before 03:05 (Figure 4), as well
as the angle average spectrum of the early phase of Mishev et al. (2014) during the lapse 02:00-02:40 UT, and
(Li et al,, 2013) at low energies may be indicative of the possible contribution of shock wave acceleration. It
should be mentioned that modern literature favors shock wave acceleration due to the frequent presence of
a CME; for the GLE71 Li et al. (2013) invoke shock wave acceleration, though we think 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 particles registered by GEOS-13 at E < 433 MeV. Whatever the reason of our
fail to reproduce adequately the above mentioned spectra, it must be considered that the derived spectra by
several authors disagree among them not only within a factor around 10 in the magnitude of the fluency but
also in the slope of their spectra.
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ABSTRACT

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

KEY WORDS: SOLAR CYCLE 24 - SOLAR 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 particles have
been addressed long ago (e.g. Sakurai, 1974, Shea et. al, 1988; Dorman and
Venkatesan, 1993; Miroshnichenko and Perez-Peraza, 2008; McCracken et al., 2012;
Miroshnichenko, 2014) due to its incidence at the astrophysical scale and the effects
on the terrestrial level. In particular, the temporal profile of the particles provides
information about the processes of interplanetary transport and the structure of the
interplanetary magnetic field, while the energy spectrum provides information
regarding the phenomena at the source, particularly in the acceleration process(es).
As it was shown by Pérez-Peraza et al.,, 1985, at least for protons of E < 480 MeV the
modulation of the fluxes may be relatively important for some events. On the other
hand, in Miroshnichenko 2001, (beginning of section 1 at the end of section 8.1, there
are some arguments (e.g. Reames, 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 discussion 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 ejections (CME) is the
method used to explore the physical conditions and processes that take place at the
sources of solar particle generation (e.g., Gopalswamy et al,, 2013). Alternatively, the
comparison of the observational and the theoretical energy spectra leads us to make
inferences regarding the phenomena at the source, particularly the physical
parameters of the source and the type of acceleration mechanisms involved in the
phenomenon (e. g, Gallegos-Cruz and Perez- Peraza, 1995; Perez-Peraza et al., 2009,
2018). At present, it is generally envisaged that the particles are accelerated 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 of the flare plasma, or behind the shock waves associated
with the coronal mass ejection (ME). Besides, it was observed that some GLE present
two acceleration phases: a Prompt Component (PC) and a Delayed Component (DC),
as was evidenced long ago by the group of the Polar Geophysical Institute of Apatity,
Russia, (e.g. Vashenyuk et al,, 1993, 1994, 2011) and recently designated as early and
late phases of Mishev et al.,, 2014, or even as episodes (Plainaki et al,, 2014). For the
particular case of the Ground Level Enhancement of May 17, other authors (e.g.
Kuwabara, et al, 2012, 2013; Berrilli et al., 2014) have also indicated two possible
populations, during the GLE71, supporting the presence of a PC and a DC.

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

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

2
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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 claim 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, SOPO and SOPB, assuming that the
spectrum derived using these two high altitude polar neutron monitors give a
reasonable description of the energetic flux that reach the earth ground level.

2.1. GLE OF MAY 17,2012

This event took place due to a medium intensity solar flare (1F/M5.1, N12W83) and a
high-speed CME (1,582 km s1). Many researchers were involved in the study of the
different characteristics of this event and its mother solar flare (e.g,, Gopalswamy et
al, 2013; Li et al,, 2013; Balabin et al., 2013; Augusto et al.,, 2013; Papaioannou et al,,
2014, Kuwabara et al,, 2013) and so on.

High energy solar protons during this event were recorded not only by high latitude
Neutron Monitor stations but also by several spacecraft close to Earth: WIND, GOES,
ALTEA and ACE, Berrilli (2014), and some 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 with a geomagnetic cutoff < 3 GV. The maximum
increase 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 level. Such behavior may give some insights regarding
whether the low and the high energy populations proceed from the same, or, different
sources.
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Figure 1 Increase of the proton flux of 9 stations (NMDB) including SOPO and SOPB during the
GLE of May 17, 2012.

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)
flux (Forman et al., 1986; Li et al,, 2013); Figure 2: illustrates that for 30.6 MeV, the
differential flow becomes = 7.9 protons / (cm? s sr MeV), for 63.1 MeV the differential
flow becomes = 2.0 protons / (cm? s sr MeV), for 165 MeV the differential flow becomes
=~ 0.18 protons / (cm? s sr MeV) and for 433 MeV the differential flow becomes = 0.058
protons / (cm? s sr MeV). The corresponding spectra values obtained in this way are
shown in the section of Results.
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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 SEPTEMBER 10, 2017

It has been globally disseminated that at the beginning of September 2017 there was a
period of extreme solar activity, precisely at the minimum of the solar cycle 24, in the
Active Region AR2673 which produced four powerful class X flares, including the
strongest flare of the Solar Cycle 24 (X9.3, SO8W83) on September 6, 2017. This was
the one that produced intensive solar-terrestrial disturbances including a severe
geomagnetic storm on September 07 and 08. The corresponding solar activity center
also included the second strongest flare (X8.2) of Cycle 24, on September 10, 2017,
when the GLE was generated (Augusto et al,, 2018; Zhao et al.,, 2018; Gopalswamy et
al,, 2018, Cohen and Mewaldt, 2018). The event was observed mainly in high-latitudes
(NM) neutron monitors and stations in lower latitudes with a geomagnetic cut < 4 GV.
It was also a low intensity and highly anisotropic event: the increase at SOPB was ~
8% according to one minute NMDB data was recorded 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  profiles in  units of differential flux, taken from:
https://www.swpc.noaa.gov/products/goes-proton-flux (Figure 4). As in the case of the
GLE 71 we take the flux for four different energies at the Time of Maximum flux (TOM)
(Forman et al., 1986): for 7.5 MeV, the differential flow becomes = 44.6 protons / (cm?
s sr MeV), for 20 MeV, the differential flow becomes = 70 protons / (cm? s sr MeV), for
40 MeV, the differential flow becomes = 7 protons / (cm? s sr MeV), and for 75 MeV the
differential flow becomes = 2.0 protons / (cm? 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 P and atmospheric depth x
is calculated from the following equation:

N(P;,x) = [, S(P,x)](P)dp (1)

Here, S (P, x) is the atmospheric yield function given in Caballero-Lopez and Moraal
(2012) and J(P) is the primary cosmic-ray spectrum at the top of the atmosphere. For
the solar cosmic rays, the counting rate, Ng, is usually assumed as a power-law
spectrum of the form /=P at the top of the earth’s atmosphere. The fractional
increase, 8N/N, is given by the ratio Ng /Ng where Ns and Ng are the counting rates
due to solar and galactic cosmic rays, respectively. P. is the well-known geomagnetic
threshold (cutoff rigidity), which determine the minimum energy for cosmic rays
reaching the top of the atmosphere at the neutron monitor location (Smart and Shea,
2005).

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

One of the most distinctive features of a GLE is its anisotropy. Therefore, if one
compares the increases observed by different neutron monitors, the anisotropy must
first be subtracted before spectral information is inferred. With this in mind, several
techniques have been used (e.g. DeKoning 1994; Bieber et al,, 2002; Ruffolo et al,
2006; and references therein). Moraal and Caballero-Lopez (2014) and Caballero-
Lopez and Moraal (2016) have used the method proposed by Stoker (1985) and used
in many works by the University of Delaware group (see for instance, Bieber and
Evenson 1991; Oh et al, 2012; Bieber et al, 2013) to minimize the effect of the
anisotropy from the spectral sensitivity. This method analyzes the ratio of increases
in two neutron monitors with different rigidity response functions, but in the same
location. This scenario eliminates the uncertainties due to different 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 reducing the effects of anisotropy by analyzing the ratio of increase 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-Lopez and Moraal (2016), the ratio of the fractional
increases, observed by these two neutron monitors at the South Pole station, can be
written as follows:

NNM6ay [ g (Px)P7YdP
(8N/N)LFNM - ( g ) Py~ LENM =iy B) (2)

(6N/N)nmes  \Ng™"™M ] [2° Snmea(PX)P7YaP

Yield functions in this expression, Syayes and Sppvy, 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 independent of the direction of arrival
of particles. We want to emphasize that this technique has been wild used by several
authors to estimate the spectrum of solar cosmic rays during a GLE. Caballero-Lopez and
Moraal (2012) yield function properly reproduces the neutron monitor counting rate and is
in good agreement with other yields obtained from Monte Carlo simulations (see their
comparison in Caballero-Lopez, 2016).

Table 1 shows the results of applying 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 of time for both GLEs.

4. THE OBSERVATIONAL SOLAR PARTICLE SPECTRA

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

6.5 17

a) 17 May, 2012 5; b) 10 September,jm]‘!
i PC DC

PC

o

GAMMA

41
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UT (H:m) UT (H:m)
Figure 5. Time series of the 15 min. simple moving average of the parameter gamma.
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Spectrum parameters at Ground Level

" Gamma
Date GLE UT Stage J g [Protons/(GV m" sr s)] v
17-may-12 [02:00-02:30 PC 3.80E+04 53
17-may-12 |02:31-03:30 DC 2.39E+04 5.6
10-sep-17 [16:56-18:14 PC 1.43E+04 5.2
10-sep-17 [18:15-20:24 DC 1.85E+04 5.7
TABLE 1

We must notice that if we want the flux ( /e ) respect to proton kinetic energy (E) in
units of GeV-I mZ s sr-1, then we must multiply the flux respect to rigidity in units of
GV m<2 s1 srl by B (where 8 is the ratio of particle speed to speed of light).
Therefore, we should use the following expression:

" E+E, [(JE(E+2Ey)\ !
JE(E)_lo ]Om( 1000 ) {3J

where, Jo is the flux respect to rigidity for 1 GV protons (and shown in column 4 of
Table 1), £ is in MeV, Ep = 938 MeV and Ji is in units of MeV-? cm? s sr1. To deduce
expression 3, we used the relationship between rigidity, P, proton kinetic energy, E,
and as indicated in the next expression:

P=JEE+2E) =B(E+E) (4

From the data obtained in the Table 1 we have constructed the following energy
spectra at ground level. For both events we have derived the spectrum Jy, (P, t) = JoPY

by the method mentioned above of Caballero-Lopez and Moraal (2016). The results
are illustrated in Figure 6.

10° T T T T T

a) GLE May 17, 2012 b) GLE September 10, 2017
102 of
E * GOES-13 E = GOES-13 1
o ol | o
§ 10 £
4 18
2 : 2 .2
o _ 8"
a0 — QObservational Spectrum 02:00-02:30 UT o — Observational Spectrum 16:56 - 18:14 UT
o of Prompt Gompornent (This work, v =5.3) ool of Prompt Component (This work, + = 5.2)
z > 20 , 7=5.
108 ---Observational Spectrum 02:31-03:30 UT) ik ----Observational Spectrum 18:15-20:24 UT) .
of Delayed Component (This work, v = 5.6) 09 of Delayed Companent (This work, v = 5.7) Y
10t — . ! . . !
2¢10 102 10° axio? 10’ 10° 107 axt0?
Kinetic Energy (MeV) Kinetic Energy (MeV)

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 Sept. 10, 2017, from several author
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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 al,
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 Matthii 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 included in the order of magnitude of that of other authors,
who used a large number of stations; this may be understood from the use of many
response functions, and that each author resorted to a different yield function.
Although in the case of Kuwabara et al., 2012, the stations are the same as ours, they
do not use response and yield functions as those derived Caballero-Lopez and Moraal,
2012. For the GLE72 our spectrum is very close to that of Matthid et al, 2018,
specifically at satellite energies, which correspond to the data used by these authors.
Regarding Mishev et al. (2018) it can be seen in Figure 7c that the PC of the three
spectra are of the same order, while the DC differs, particularly at low energies (Figure
7d).

5. - THE SOURCE SPECTRUM.

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

For this later goal, usually two different approaches have been worked out in the
literature.; the first one consists in developing an acceleration mechanism for the
particles to gain energy- in the proposed electromagnetic field configuration and
deriving the corresponding energy distribution predicted by the mechanism (Perez-
Peraza et al, 1978; Gallegos and Perez-Peraza, 1987; Gallegos et al,, 1993; Perez-
Peraza et al., 1993) and on the other hand a more general method consists in solving a
Fokker-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-
Peraza (1995), for several types of plasma turbulence and including adiabatic energy
losses (Perez-Peraza et al, 2009). Those works have been summarized in the
Appendix of the present work

To infer about the physical parameters of the source and the different acceleration
mechanisms involved in the GLE phenomenon, for both events, we compared the
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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
source spectra of the GLE71 has been done by means of the comparison of the
theoretical source spectra with the experimental spectra, that several authors had
published up to the end of 2017. Basically, we have dealt with stochastic acceleration,
either in its time-dependent or steady state approaches. As an injection process, we
are considering two options: pre-acceleration by monoenergetic flux of protons and
reconnection in a Magnetic Neutral Current Sheet (MNCS) typical of flare plasma
regions (Perez-Peraza etal., 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 source, 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 close to the satellite data
of GOES-13. It should also be noted in Figures 7c and 7d that most of spectra are close
to the data of GOES-15.

Figures 8a and 8b show the fitting of the equations, appearing in the works indicated
just above, to our observational Prompt and Delayed spectra illustrated in Figures 6a.
The obtained source 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 illustrated in Figure 6b. The source parameters for both components of the
spectrum are indicated in the body of the Figures.
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Figure 8. The comparison of the theoretical spectra to the observational spectra of this work is
shown for the GLE of May 17, 2012. Figure (a) corresponds to the PC of the GLE event and
Figure (b) corresponds to the DC of the same event, when it is reaching the stationary state.
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Figure 9. The comparison of the theoretical spectra to the observational spectra of this work is
shown for the GLE of September 10, 2017. Figures a, ¢ and e correspond to the PC of the GLE
event, including flux values at low energies from the GOES-13 and GOES-15. Figures b, d and f

correspond to the DC of the GLE event.
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Source Parameters derived from the best fittings in figures 8 and 9 *

Date GLE| UT |Stage Speetram = Fig
%€ observational Theoretical Egs. |afs™) pofs™) |EofMeV) |tfs) |tfs) Blgauss) |L{cm) |nfem ) |Injection |
17-may-12 | 02:00-02:30 PC This work Time-Dep. Stoch Accel Ad 0.400 0.800 1.0 1.0 | 35 Menoenergetic 8a
17-may-12 | 02:00-02:30 PC This work Time-Dep. Stoch Accel A4&AT7| 0.330 0.800 1.0 3.5 430.0 2.8E+07 1.3E412  |MNCS (Eq. A7) 8a
17-may-12 | 02:44-03:30 DC This work Time-Dep. Stoch Accel A 0.070 0.010 1.0 1.0 | 350 Monoenergetic | 8b
17-may-12 | 02:44-03:30 DC This work Steady State Stoch Accel AS 0.060 0.070 1.0 Monoenergetic 8b
17-may-12 | 02:44-03:30 DC This work Steady State Stoch Accel A6 0.045 0.010 1/ Monoenergetic | 8b
10-s8p-17 | 16:56-18:14 °C This work Time-Dep. Stoch Accel Ad 0.390 0.800 10 1.0 | 100 Monoenergetic 9a
10-sep-17 | 16:56-18:14 PC This work Time-Dep. Stoch Accel A4&AT| 0.260 0.750 1.0 | 100 500.0 1.0E+08 1.0E+12  |MNCS (Eq. A7) 9a
10-sep-17 18:15-20:24 DC This work Time-Dep. Stoch Accel Ad 0.070 0.040 1.0 1.0 | 37.0 Monc i 9b
10-sep-17 | 18:15-20:24 DC This work Steady State Stoch Accel A5 0.050 0.030 1.0 Monoenergetic | gh
10-sep-17 | 18:15-20:24 DC This work Steady State Stoch Accel A6 0.067 0.093 1/8 Monc 9
10-sep-17 16:30-17:30 PC Matthid et al. 2018  |Time-Dep. Stoch Accel AIRAT( 0470 0.350 1.0 5.0 500.0 1.0E408 1.0E+412  |MNCS (Eq. A7) 9
10-sep-17 | 19:30-20:30 DC Matthid etal. 2018  |Time-Dep. Stoch Accel A4 0.900 0.010 10 10 | 250 Monoenergetic | 9d
10-sep-17 | 19:30-20:30 DC Matthid et al. 2018  |Steady State Stoch Accel A5 0.500 0.300 1.0 Monoenergetic | 9d
10-sep-17 19:30-20:30 DC Matthid et al. 2018  |Steady State Stoch Accel Ab 0.330 0.075 1/ B Monoenergetic ad
10-sep-17 16:15 pC Mishev etal. 2018 | Time-Dep. Stoch Accel A4 0.230 0.750 1.0 1.0 | 20 Monoenergetic | 9¢
10-sep-17 16:15 PC Mishev et al. 2018 |Time-Dep. Stoch Accel A4&AT| 0320 0.550 1.0 2.0 550.0 3.0E407 3.0E+11  |MNCS (Eq. A7) ge
10-sep-17 19:00 DC Mishev et al. 2018 | Time-Dep. Stoch Accel A 0,050 0.007 1.0 1.0 | 300 Monoenergetic | Of
10-sep-17 19:00 DC Mishev et al. 2018 |Steady State Stoch Accel AS 0.043 0.070 1.0 Monoenergetic 9f
10-sep-17 19:00 DC Mishev et al. 2018  |Steady State Stoch Accel A6 0.049 0.030 1/p Monoenergetic of

Table 2




*The meaning of the 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 indicates
the efficiency of the deceleration process of adiabatic cooling. Column 9 indicates the
monoenergetic injection energy to the acceleration process. Column 10 indicates the
mean confinement time of particles in the source. Column 11 is the acceleration time
of particle, which may be assimilated to the time where the process reaches the
steady-state. Column 12 is the average of the magnetic field in the magnetic neutral
current sheet (MNCS). Column 13 is the average length of the MNCS. Column 14 is the
density number in the source. Column 15 indicates the kind of injection into the
acceleration process.

The flare conditions in these two small events are quite similar, in fact, it can be noted
that there is not a considerable dispersion of the acceleration efficiency values;
turbulence must have been quite similar in regions where the magnetic field strength
is in the range of 400 to 550 Gauss and density in the range 1011-10'2 cm. Also, upon
observing column 8 one can infer that the adiabatic deceleration efficiency (py) in
these two small events is in the range of 0.01-0.8 s1. It should be noted that the
accelerated particles escape from the source either with a quasi-constant mean escape
time or, with an inverse dependence of their velocities (1/f).

7. - DISCUSSION

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

This paper demonstrates the effectiveness of the method developed to calculate the
observational energy spectrum, for the particular case where the involved
instruments are at the same location. This allows to determine the spectra parameters
Jo and y during weak events, Caballero-Lopez and Moraal (2016), and we did this here
for both phases (PC and DC) of each event, and in this way, we generated the
observational spectrum (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. Also, 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 GeV.

As was mentioned in Section 1, the phenomena that take place in the sources of solar
energetic particles can be inferred from different standpoints, most of them appealing
to the temporal synchronization between the various electromagnetic emissions of
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flares and coronal mass ejections (CME). 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 source phenomena
through this last option. This is done by adjusting the observational spectra to our
theoretical spectra developed in (Gallegos-Cruz and Perez-Peraza, 1995; Perez-Peraza
et al, 2009, Perez-Peraza et al,, 2018; Perez-Peraza and Marquez-Adame, 2018) and
applied, under the assumptions made of a time-dependent situation and a stationary
one. The corresponding spectra developed in Gallegos-Cruz and Perez-Peraza, (1995),
are synthesized in the Appendix. Such a comparison leads us to infer as to plausible
scenarios of particle generation in these two peculiar GLEs (Table 2). In the process of
comparison of the theoretical spectra with the observational one, we have employed
Eq. A4, Eq. A5 and Eq. A6, as well as Eq. A7, assuming that the stochastic acceleration
is preceded by an injection process, either by a local monoenergetic flux of protons of
mean energy about 1 MeV, or by an injection from a deterministic process due to the
intense electric fields generated in a Magnetic Neutral Current Sheet (MNCS)
reconnection process (Perez-Peraza et al,, 1978, 2009).

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 (DC) 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 (DC) seems to be
systematically better described by stochastic acceleration with the injection from a
monoenergetic flux. The steady-state situation seems to be reached after a time
around 40 s in the source.

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

Regarding the physical scenarios, in general, we have found that stochastic
acceleration while losing energy by adiabatic losses during the source expansion
compares much better to the observational spectra in contrast to the case when
adiabatic cooling is ignored. As can be seen in Figures 8b, 9b, 9d and 9f, the possible
scenario at the source of the Delayed Component for both GLEs is better described
with a time-dependent spectrum of stochastic acceleration, with a monoenergetic
injection and a mean confinement time of ~ 1 s (Eq. (41) in Ap. ]. 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 9e. The
corresponding parameters of the source processes are shown in Table 2.

We claim thus that our work leads to construct possible scenarios in the source during
the generation of each GLE: throughout the enhanced solar activity of the first days of
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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 particles 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 of both GLEs, the main results of this
work to be emphasized are the set of source parameters for the generation of particles
and the acceleration processes involved, which lead to plausible scenarios during the
events under study. It is precisely the comparison of the theoretical source 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. Some 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 single acceleration mechanism in two different acceleration 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
physical parameters that prevail at the source.

Acknowledgments. RA.CL.'s contribution was made during the sabbatical leave
supported by a PASPA-DGAPA-UNAM grant. We acknowledge the NMDB database
(www.nmdb.eu), founded under the European Union's FP7 program (contract no.
213007) for providing data. The neutron monitor data from South Pole are provided
by University of Wisconsin, River Falls. We acknowledge the U.S. Dept. of Commerce,
NOAA, Space Weather Prediction Center for GOES data. Juan C. Marquez-Adame
thanks the for economical support from the CONACyT scholarship program. Data
regarding Figures 1-9 can be found in
https://drive.google.com/open?id=1LgR4ZP4wlIVJUXPcVaXvOvyr7litvBoSe

22

106



APPENDIX

By means of the quasi-linear theory, and introducing the effects of spatial transport
in a time escape (Schlickeiser 1989)a diffusion equation in moment space is obtained
from the Vlasov equation (collisionless Boltzmann equation). That can be also
derived from the Chapman-Kolmogorov equation (eg,Schatzman 1966).

Af(@t) _ 1 0 [ on .\ 0f(pi)
at  p2ap [p D(p) ap Al

In Eq. Al f (p, t) is the pitch angle averaged-density of particles of momentum p
interacting with turbulence at time ¢, and D(p) is the diffusion coefficient
characterizing the interaction dynamics between particles and the specific type of
turbulence, which is assumed to be homogeneous and time independent (Tsytovich
1977). Furthermore, an alternative solution for this diffusion equation may be found
by its transformation into a Fokker-Planck-type equation in the energy space of
particles (Ginzburg & Syrovatskii 1964), Eq. A2:

AN(EL) 1 82 9

o1 = 33 [PEIN(E, )] — —[B(E)N(E,t)] A2

where E is the particle kinetic energy, and N(E, t) is the number of particles 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). Also, a source term Q(E, t) is added, (indicating external particle
injection into the acceleration region) and a sink term, assumed to describe any kind
of particle disappearance process from the acceleration volume by means of
characteristic disappearance (or scape) time 7(E, t), employing these arguments, the
previous equation is usually rewritten as:

dN(E,t) a? a
S8 = S [D(E)N(E, )] — — [A(E)N(E, )] -

N(E,t)
T(E,t)

+Q(E,t) A3

A(E) being 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 expressions have
been only derived in the asymptotic ranges, E << mc? and E >> mc? (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 lines in solar flares.
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Among the usual simplifications to solve Eq. A3 are to assume time independence for the
escape and injection functions as well as time-independent and energy-independent
acceleration efficiency (constant). To avoid some of these simplifications, we herein
propose the use of the 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 approximate solutions to linear differential equations with spatially varying
coefficients. It is typically used for a semiclassical calculation in quantum mechanics in
which the wavefunction is recast as an exponential function, semiclassically expanded, and
then either the amplitude or the phase is taken to be changing slowly. Some people
designate it as WBK, BWK or JWKB. An authoritative discussion and critical survey has
been given by Balson Dingle, (1973) and Kichigin et al. 2019.

Since we have no confident inferences about the time dependence of the injection
process, we retain, for simplicity, the general assumption that the flux N(E, t} is being
injected at a rate Q(E) = q(E)O(t) ~ q(E) [where @(t) is the step function] and is
escaping at a rate 7 7, Gallegos-Cruz and Perez-Peraza, 1995.

The theoretical spectra used in this work are:

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

1/4 /2rp3/2, y—1 2 :
N(E, t) = Bo/BY(e/ o) By e0) [(ﬁ) exp (—aft = %) + (q?o) (;—f)z Ry(gg,8)

(4ma/3)1 72 17z Flp,)

protons/ (MeV s cm? str) (A4)

dE . .
where (E) = gffE (MeV /s) = the stochastic acceleration rate;
acc

dE .

and (E) = —p,B*E (MeV /s) = deceleration rate,
ad

With o (s™1) the acceleration efficiency and Py = 2/3)(V./R) (s™1)is the deceleration

efficiency due to adiabatic cooling. Furthermore V, and R are the expanding velocity and

linear extension of the expanding magnetic structure respectively; Ny, = protons/4mR%;;
qo = protons/4nR%:s and Rsg = 1.5x10" ¢m = sun-earth distance.

Rs(gg,€) = [erf(Zy) — 1 exp|(3ap/2a)JF| + [erf(Z2) + 1] exp|—(3ap/2a)JF);

Zy, = (apt)¥? £ 3ap/4at) V2] ap = (%) (F + % —3p(4-p° - 3)/20:);
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F=05[7"+38-28%+ 5" + 380 — 255];
B = (Ez _m254)1/2/5: Bo = (fg - mzf4)1/2/50
(1+8Y9)(1-8")]
(1-pv2)(1+ 4,3
3po

_ [g0(1+B0) /2a : A
F(pg) = [ PR ] with gythe injection energy (MeV)

i -1p1/2
Jf =tan™"fp2 — tan""B,"" + 0.5[n

2. The Steady-State Spectrum for MHD turbulence, monoenergetic injection, T=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 inclusion of adiabatic energy
losses:

N(E) ~ (@0/2)(apa/3) ™2 (B3 %e0) Bo/ B)V/*(e/e) exp [~ (3ay /@) sy | [F(py) /4 RE]
protons/ (MeV cm? str) (A5)

Where: a, p,, a5, F,J5 ,B,Bo, €, F(p,) and Rszare the same as in Eq. A4

3. The Steady State Spectrum for MHD turbulence, monoenergetic injection, 7 = 1/5,
and D(p) = p2/f, 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):

(@0/2)(Bo/ BYA(e/ £0)? | e+ e

~(v+35) 1
2 11 4 3 g +,6"0£0] 4 [(E) i 1)]F(p°)
(4mRZp)(a/3)2a%(E)ar(Ey)Byeo

N(E) =
protons/ (MeV cm? str) (A6)
Where: a, Py A, ﬁ,jf B, Bos €as F(pu) and Rsg 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 been given in Perez-Peraza et al, (1978) and
Eq. (1) in Perez-Peraza eta al., 2009):

N(E) = No(E/E.) Y*exp[—1.12(E/E.)*/*| protons/(MeVcm?str) (A7)
With N, = 8.25 x 10° ("Tsz) (Ei) JAmRZ; protons/(MeV c¢m? str), assuming anomalous
conductivity; E, = 1.792 x 103 (B%) MeV, B = magnetic field strength (gauss), L =
length of the MNCS (c¢m); and n = plasma number density (cm3).
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PRESENTACION DEL ARTICULO: “The Quasi-Biennial Oscillation of 1.7 years in Ground Level
Enhancement Events”

Los llamados eventos de incremento a nivel del suelo son incrementos espordadicos de particulas solares
relativistas medidos a nivel terrestre por una red de detectores de rayos cdsmicos en todo el mundo.
Generalmente se asume que estos eventos esporadicos ocurren aparentemente por azar. Sin embargo,
encontramos que al estudiar los ultimos 56 eventos registrados desde 1966 hasta 2014, estos eventos
ocurren preferentemente en la fase positiva de la oscilacion cuasi-bienal de la periodicidad de 1,7 afios.
Estos eventos discretos muestran que hay otro tipo de emision solar (es decir, paguetes en forma de
onda) que ocurre solo en una fase especifica de una oscilacion muy particular. Interpretamos este
resultado empirico para admitir que los eventos de incremento a nivel del suelo no son el resultado de
procesos estocasticos 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 esporadicos. Encontramos periodicidades cuasi regulares de 10.4, 6.55, 4.12, 2.9, 1.73, 0.86,
0.61, 0.4 y 0.24 afios. Aunque algunas de estas periodicidades de oscilacién cuasi-bienales (es decir,
oscilaciones que operan entre 0.6 y 4 afos) pueden interpretarse simplemente como armadnicos del ciclo
solar fundamental del fendmeno subyacente del magnetismo de las manchas solares. Las fuentes de
estas periodicidades aun no estan claras. Tampoco existe un mecanismo claro para la variabilidad de las
periodicidades de oscilacidon cuasi-bienales. Las periodicidades de las oscilaciones cuasi-bienales se
consideran en general una variacion de la actividad solar, asociada con el proceso de dinamo solar.
Ademas, la intensidad de estas periodicidades es mas importante alrededor de los afios de maxima
actividad solar porque las periodicidades de oscilacién cuasi-bienales estdan moduladas por el ciclo solar,
donde el Sol aumenta su energia durante los maximos de actividad. Para identificar las relaciones entre
los incrementos a nivel del suelo y los indices de los rayos solares y césmicos en el marco tiempo-
frecuencia, nosotros aplicamos el analisis de coherencia Wavelet. Las huellas dactilares de la actividad
solar y los rayos cdsmicos galdcticos en estos fendmenos también se pueden discernir en términos de la
prominente oscilacién cuasi bienal de aproximadamente 1.7 afios.

Estatus: Publicado.
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ARTICLE INFO ABSTRACT

Keywords:

Solar flares

Ground level enhancements
Cosmic rays

Wavelet analysis

The so-called Ground Level 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 chance. However, we find that by studying the last 56 ground level 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

PACS: emission (i.e., wavelike packets) that occurs only in a specific phase of a very particular oscillation. We interpret

Physics
Astronomy

this empirical result to support that ground level enhancement events are not a result of purely stochastic
processes. We used the Morlet wavelet to analyze the phase of each of the periodicities found by the wavelet

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
some of these quasi-biennial oscillation periodicities (i.e., oscillations operating between 0.6 and 4 years) may be
interpreted as simply harmonics and overtones of the fundamental solar cycle from the underlying sun-spot
magnetism phenomenon. The sources of these periodicities are still unclear. Also there is no clear mechanism for
the variability of the quasi-biennial oscillation periodicities itself. The quasi-biennial oscillation periodicities are
broadly considered to be a variation of solar activity, associated with the solar dynamo process. Also, 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 discerned in terms of the prominent quasi-biennial

oscillation of about 1.7 years.

1. Introduction

The occurrence of solar proton events is a rather frequent phe-
nomenon, which up to now is considered as a random event associated
mostly with solar flares. At the same time, their close 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 11-year Schwabe cycle
of solar activity intimately related to the sunspot phenonemon.

Sporadically, with an average rate of 1.1 year~', a relativistic solar
proton event occurs when protons acquire energies above 433 MeV (up
to =10GeV). This particular kind of events are also known as ground
level enhancements of relativistic solar particles. These sporadic events

* Corresponding author:
E-mail address: vimv@geofisica.unam.mx (V.M. Velasco Herrera).

http://dx.doi.org/10.1016/j.newast.2017.09.007

are associated with solar flares and eventually with shock waves, and
are assumed to be quasi-random in nature. Their study turns 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 11-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 seemingly harmonics of the
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11 year solar activity cycles. Many of these periodicities are quite si-
milar to those 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). Recently, in Pérez-Peraza et al. (2015) it
was established that some 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 turn 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 that are taking place in the 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-biennial 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)). But there is a practical pro-
blem, it is not clear what are the criteria to choose the correct and
appropriate filters. Here we propose to use the wavelet coherence to
resolve this problem Velasco Hererra (2008a). A first wavelet coherence
analysis was performed by Velasco Hererra (2008b) and those authors
found that many of the relativistic solar particles periodicities are in
common with different facets of the solar atmosphere. Following this
work, in Pérez-Peraza et al. (2011) we proposed a classification of
ground level enhancement of relativistic 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 established 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 that 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, which in turn is generally
placed in the context of solar flare 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 from
the Bogazi¢i University Kandilli Observatory, Istanbul, Turkey which
we will use in this paper.

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 study, using
the wavelet coherence analysis, directly the solar flare index for the
period 1966 to 2014, which is a close-enough proxy of the particle
acceleration source itself. We ignore here the ground level enhance-
ment statistics available from 1942-1965 interval mainly because the
solar flare index dates only from 1966 onward. In addition, we also
carry out here a wavelet coherence analysis pairwise among galactic
cosmic rays, ground level enhancement and solar flare index indices.

New Astronomy 60 (2018) 7-13

2, Data

The network of neutron monitors stations worldwide furnishes data
of the ground level enhancement and galactic cosmic rays. Data since
1964 with high reliability are available from many neutron monitors
stations; for the period from 1966 up to 2014 we have used monthly
averaged galactic cosmic rays data from the Oulu neutron monitor
station: http://cosmicrays.oulu.fi/.

The fact that the solar flare 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 transformed into
a binary signal (Velasco Herrera and Cordero, 2016), as follows:

_ |1 there are GLE in given month
~ 10 no GLE or no reported m

We note that the use of the binary function (F) does not produce
spurious or fictitious periodicities but only influence 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 basically produced in solar flares
and only indirectly through the sunspot index, in this work we take a
new step forward by using the source of the phenomenon itself, that is,
solar flare, solar flare index, statistics.

The solar flare index is a value related to the measure of this short-
lived explosive activity on the Sun (Atag, 1987; Ozgiic and Atag, 1989;
1996; 2003; Atac and Ozgiic, 1996; 1998; 2001). Here we used the
monthly averaged data on total solar flare index from the Bogazici
University Kandilli Observatory, Istanbul, Turkey hittp:
boun.edu.tr/astronomy), from 1966 up to 2014.

www.koeri.

3. Wavelet analysis

Concerning 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 level enhancement and solar flare index), we apply the wavelet
tool using the Morlet wavelet (Torrence and Compo, 1998) because it
provides a relatively higher resolution of the periodicity (frequency)
scales. And because the basis analyzing function for the wavelet
transform is a complex function, we are also able to calculate the phase
information accurately (e.g. Velasco Herrera et al., 2015).

Meaningful wavelet periodicities (confidence level greater than
95%) must be contained inside the cone of influence (lightly shaded
zones in Figs. 1 and 2) of solar flare index and the interval of 95%
confidence (Torrence and Compo, 1998) is marked by red dotted lines
(left panels in all figures). The global spectra (left panels in all figures)
have been included 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
either white noise (with a flat Fourier spectrum) or red noise (in-
creasing power with decreasing frequency). We established our sig-
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 obtained from the full-width at half maximum
values (Mendoza et al., 2006).

The squared coherency is used to identify frequency bands within
which two time series are covarying and is a measure of the intensity of
the covariance of the two series in time-frequency space. The wavelet
transform coherence (WTC) is especially useful in highlighting the time
and periodicity intervals, when the two phenomena (X and ¥) have a
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Fig. 1. Wavelet transform analysis of solar flare
index (SFI), ground level enhancements (F) and
galactic cosmic rays (GCR) time series (black
line in a, d, and g) between 1966 and 2014. The
wavelet powers are shown in the central panel
{c, f, and i), where the curved outlines mark
zones of the cone of influence. The color bar
scale shows the wavelet spectral power in ar-
bitrary normalized units, The thick contour is
the 95% confidence level for the corresponding
red-noise spectrum. The global wavelet is
shown in the left panel (b, e, and h). The red
dotted lines marked the 95% red-noise levels of
the global spectra. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this ar-
ticle.)
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strong coupling, and is defined (Torrence and Compo, 1998) as:

WY ()1
(WY ()Y WY ()17

WTCX (s) =
(¢)]

where MXY (s) is the cross wavelet spectrum of two time series X and ¥,
with wavelet transforms W' (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! is used to convert to energy density.

The global wavelet coherence spectrum (GWTC) is defined
(Velasco and Mendoza, 2008) as:

GWTC = E WTCY (s)

n

The statistical significance level of the wavelet coherence is esti-
mated using Monte Carlo methods with red noise to determine the 5%
significance level (Torrence and Webster, 1999), The Monte Carlo es-
timation of the significance level uses on the order of 1000 surrogate
data set pairs (Grinsted et al., 2004).

If the wavelet spectrum is calculated individually for two or more
time series and these spectra show that they have some 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, modulation and/or resonance between
these two distinct phenomena studied.

Broadly speaking, the WTC 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 0° (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 of phase 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 flare index , the ground
level enhancement and the galactic cosmic rays records, respectively.
The time series are shown in the top panels (black line in Fig. 1a, d, and
g), and the wavelet powers are shown in the central panels in time-
frequency representation (Fig. lc, f, and i). The global-averaged wa-
velet spectra (GWS) indicating the main periodicities appears in the left
panel of each figure (Fig. 1b, e, and h).

In Fig. 1a, we show the wavelet analysis of the solar flare index from
1966 to 2014. The GWS (Fig. 1b) presents periodicities of 10.4, 5.2,
3.27, 2.45, and 1.73 years and of 262, 146, and 76 days. It is noted that
in the central panel where a periodicity of 10.4 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 of the ground level enhancement from 1966 to
2014 is shown in Fig. 2d. The GWS (Fig. 1e) presents periodicities of
10.4, 6.55, 4.12, 2.9, and 1.73 years and of 313, 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

10
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around the phase of solar activity maxima (Fig. 1f).

The wavelet analysis of the galactic cosmic rays between 1966 and
2014 is shown in Fig. 1g. The GWS (Fig. 1g) 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. 1i).

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 (2008a), while the periodicities
between 0.6 and 4 years are noted as the quasi-biennial oscillation of
solar activity (Bazilevskaya et al., 2014; 2016), presumably associated

with the solar dynamo process. Regarding the 4.7-5.5 years periodicity,
Djurovi¢ and aquet (1996) reported these periodicities in sunspot areas,
as well as in the coronal activity index, Wolf numbers and solar flux at
10.7 em.

We wish to note that the periodicity of 1.8 years in Total Solar
Irradiance index has been contemplated and reported by
Lietal (2010). The plausible connection of such short-term periodicity
to the underlying instrinsic solar magnetism or solar dynamo operation
can be further motivated by the recent exciting discovery of such a mid-
term periodicity by Egeland et al. (2015) in a young (about 1 Gyr old)
Sun analog, HD 30495. Apparently, the solar and stellar dynamo gen-
eration and/or modulation of such mid-term 1.7-1.8 years oscillation is
nearly universal.

The periodicity of 146 days is the Rieger-type cycle, and 76 days is a
short periodicity. The intensity of these periodicities is more important
around the years of maximum solar activity because the mid-term, short
and ultra-short periodicities are modulated by the solar cycle where the
Sun is more energetically enhanced during activity maxima Valdés-

Galicia and Velasco (2008). The intermediate-term 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
flare index, ground level enhancement and galactic cosmic rays records
deduced in our analyses.

The pairwise wavelet coherence analyses between solar flare index ,
ground level 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 flare index and ground level
enhancement statistics (black line 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. All 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 which 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 linearly correlated most of time
with the exception of Cycle 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 periodicity of 4.79 The 1.59 years periodicity (con-
fidence level greater than 95%) designated from here on as the 1.7-year
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Fig. 2. Results of the wavelet coherence (WTC) analysis

b
0.25/

0.5;

PERIOD (YEARS)

16¢
1 0.5 0
POWER (ARBITRARY UNITS)

1995

85 1991
TIME (Y%AHS)

2000

for the solar flare index and ground level enhancement
(black line and black bars respectively in a), galactic
cosmic rays and ground level enhancement (black line
and black bars respectively in d), and solar flare index
and galactic cosmic rays (blue line and black line re-
spectively in Fig. 2g) time series from 1966 to 2014, The
left panels (Fig. 2b, 2e, and 2h) shows the global spec-
trum of the wavelet coherence power. The red dotted
line represents the significance level of the global spec-
trum and refers to the power of red noise level at the
95% confidence interval, as described in Fiz. 1. The
center panels show the wavelet coherence power (c, f,
and i). The color bar scale shows the wavelet coherence
power. The orientation of the arrows shows relative
phasing of the two time series at each timescale; arrows
at 0° (pointing to the right) indicate that both time series
are perfectly positively correlated (in phase) and arrows
at 180° (pointing to the left) indicate that they are per-
fectly negatively correlated (180° out of phase), both of
these two perfect cases implying a linear relationship
between the considered phenomena; non- horizontal
arrows indicate an out of phase situation and a more
complex non-linear relationship. (For interpretation of

= o=
2005 2010

ger  d) 'F the references to colour in this figure legend, the reader
(monthly averages counts) is referred to the web version of this article.)
6000 0.5
e) 1
0.25/ f)
05 .8
7]
S 6
3 I
8 7 .
@ 04
g 4
8 2
[

1980

1975 1890

i
85 1985
TIME (YEARS)

1 05 0
POWER (ARBITRARY UNITS)

2000

2005

gcr 9
(monthly averages counts)
8000|

h)
0.25

0.5/

PERIOD (YEARS)

164

1985 1890 1995
TIME (YEARS)

il |
1870 1975 1880

1
POWER [AHEWR.‘?F‘QI UNITS?

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

2000

11

2005

anticorrelated. All 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 periodicities (in years) that contribute to solar flare index, ground level enhance-
ment and galactic cosmic rays.

Periodicities Solar flare index ground level Galactic cosmic

enhancement rays
Short (=1 years) 072 = 0.3 0.86 = 0.2 077 += 0.2
0.40 = 0.2 061 = 03
0.21 = 0.01 0.40 + 0.1
024 = 0.1
Mid-term periodicities 245 = 05 29 £ 05 1.73 £ 06
(1-2 years) 173 = 0.5 1.73 = 06 1.22 + 05
275 = 0.5
3 years cycle 33 = 07 412 = 07 3.09 + 0.8
(Quasi-triennial)
5 years cycle 52 = 1.1 6.55 = 09 520 = 1.4
(Quasi- quinquennial)
Decadal 10.4 + 23 104 = 21 104 += 1.9
Table 2

Main common periodicities (in years) in the pairwise wavelet coherence between solar
flare index, ground level enhancement and galactic cosmic rays.

Periodicities Galactic cosmic rays Ground level enhancement
Solar flare index 10.40 = 2.1 104 £ 23
479 = 1.3 474 = 1.1
319 * 05 304 = 07
176 + 0.3 1.67 = 03
113 = 0.2 090 = 01
076 = 0.1 059 = 01
030 = 0.03
0.23 = 0.01
ground level enhancement 10.40 + 2.3
452 = 1.2
289 £ 05
1.59 = 0.2
0.70 = 0.1
0.44 = 0.03

The quasi-biennial oscillation 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 function of time, we apply the
inverse wavelet 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 oscillation (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 observed that of the 57
ground level enhancement events analyzed, none of the events occurred
during solar minima of Cycles 20 to 23. In the solar Cycle 20, the
ground level enhancement-no. 15 to ground level enhancement-no. 26
events were registered, in the solar Cycle 21 the ground level en-
hancement-no. 27 to ground level enhancement-no. 39 events occurred,
during the Cycle 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, 2012.

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.

Event Event date Event Event date

15 7 July 1966 44 22 October 1989
16 28 January 1967 45 24 October 1989
17 28 January 1967 46 15 November 1989
18 29 September 1968 47 21 May 1990
19 18 November 1968 48 24 May 1990
20 25 February 1969 49 26 May 1990
21 30 March 1969 50 28 May 1990
22 24 January 1971 51 11 June 1991
23 1 September 1971 52 15 June 1991
24 4 August 1972 53 25 June 1992
25 7 August 1972 54 2 November 1992
26 29 April 1973 55 6 November 1997
27 30 April 1976 56 2 May 1998
28 19 September 1977 57 6 May 1998
29 24 September 1977 58 24 August 1998
30 22 November 1977 59 14 July 2000
31 7 May 1978 60 15 April 2001
32 23 September 1978 61 18 April 2001
33 21 August 1979 62 4 November 2001
34 10 April 1981 63 26 December 2001
35 10 May 1981 64 24 August 2002
36 12 October 1981 65 28 October 2003
37 26 November 1982 66 29 October 2003
38 7 December 1982 67 2 November 2003
39 16 February 1984 68 17 January 2005
40 25 July 1989 69 20 January 2005
41 16 August 1989 70 13 December 2006
42 29 September 1989 71 17 May 2012
43 19 October 1989

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 to be quasi-continuous
events. These ground level enhancement events show that there is ap-
parently another type of solar manifestation, i.e., 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 oscillation 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 admit,
that within this phase, there is an indeterminacy of when ground level
enhancement events can or will occur. But, we have managed to 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 al., 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 quasi-
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, each of
which are well defined within solar Cycles 20-24.
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Fig. 3. The distribution of discrete ground level en-
hancement events (black bars marking events 15 to
71) in solar Schwabe Cycles 20-24 (gray shaded
area). These events occur preferentially in the posi-
tive phase of the quasi-biennial oscillation of 1.7
years (dotted red line). (For interpretation of the
references to colour in this figure legend, the reader
is referred to the web version of this article.)
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The ground level enhancement sporadic events are typically as-
sumed to be of a random nature. However, we find that the last 57
ground level enhancement events reported from 1966 to 2012 occur
preferentially in the positive phase of the quasi-biennial oscillation of
1.7 years. This empirical result suggests that the ground level en-
hancement events may not simply be of chance occurrences after all.

In order to understand the physical relationship among solar ac-
tivity, galactic cosmic rays and ground level enhancement, we have
performed a wavelet coherence analysis of three inter-related phe-
nomena involved: galactic cosmic rays, ground level enhancement and
the source itself of ground level enhancement, that is, solar flare index.
As it can be expected galactic cosmic rays are in anti-correlation with
phenomena of solar activity, specifically in our case, with solar flare
index and ground level enhancement. In contrast, the relationship be-
tween ground level enhancement and the solar flare index is positively
related and roughly linear in its correlation.

The changes in galactic cosmic rays provide information about the
occurrence when ground level enhancement can be related to the
synchronization of some periodicities of galactic cosmic rays with those
developed in solar flare index and ground level enhancement during the
gestation of an ground level enhancement event. Thus, the empirical
relation deduced here may ultimately be used as a predictor of ground
level enhancement occurrences.

In Table 1, we summarize the most prominent periodicities for each
of the studied phenomena. It can be appreciated that in spite of slight
differences, these periods can be grouped in five categories.

In Table 2 we show the 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 prominent 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 prominent role for the
synchronization between solar flare index , ground level enhancement
and galactic cosmic rays. Our independent analyses confirm the mid-
term flare periodicities previously reported by Kilcik et al. (2010). Fi-
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 result on the study of a young Sun analog,
HD 30495 (Egeland et al., 2015).
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PRESENTACION DEL ARTICULO:
“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 analisis de Coherencia de Wavelet de Morlet para determinar los
armoénicos dominantes de la actividad solar, 1.73, 3.27, 4.9, 10.4 y 11 aiios. Las periodicidades obtenidas
se procesan mediante el método de Légica Difusa que nos permite reproducir las fechas de ocurrencia
de los Incrementos a nivel del suelo (GLE) de particulas solares relativistas registradas en la red global
de Monitores de Neutrones, desde 1942 a 2006. En las técnicas espectrales mencionadas utilizamos
dichas fechas como linea base de entrenamiento para determinar la ocurrencia de los incrementos de
particulas solares en los Ciclos Solares. El resultado en Légica Difusa se extiende a tiempos posteriores
al periodo de entrenamiento para cubrir el final del ciclo 24 y el inicio del ciclo 25. Ademas del aspecto
previsivo de este trabajo, los resultados obtenidos son de gran interés en vista de la reciente controversia
despertada en relacién con la aparicion de GLEs débiles (es decir, Sub-GLEs), durante el presente Ciclo
Solar 24.
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Abstract

Using three nonstationary solar series, the solar flare index (FS), the sunspots index (SS), and the solar flux (F10.7)
index, we apply the Morlet wavelet analysis to determine the most dominant harmonics of solar activity, 1.73,
3.27,4.9,10.4, and 11 yr. The periodicities obtained are processed by the fuzzy logic method, which allows us to
reproduce the occurrence dates of ground level enhancements (GLE), since 1942-2006, which we use as a training
baseline of these spectral techniques to determine the occurrence of solar particle enhancements in solar cycles.
Then, the result of fuzzy logic is extended to periods later than the training period so as to cover the end of cycle 24
and the beginning of cycle 25. In addition to the forecastable aspect of this work, the obtained results are of high
interest in view of the recent controversy that has arisen in relation to the occurrence of small GLE (namely sub-

GLE), during cycle 24.

Key words: Sun: flares — Sun: particle emission

1. Introduction

The solar energy particles that arrive to the ground have been
given several names: relativistic solar proton events and/or
ground level enhancements (GLE). The latter name has
remained the general one, and a subdivision has even been
presupposed. The GLE are measured at the terrestrial level by
the worldwide network of neutron monitor (MN) detectors.
These sporadic events are associated with solar flares and are
assumed to be of a solar quasi-stochastic nature: their
occurrence is not always connotative of solar activity intensity.
Taking into account that even when solar cycle 22 was much
more intense than cycle 23, the latter had more GLE than cycle
22; for example, there were 13 GLEs in the period from 1989
July to 1991 June, and not a single event since the end of 2006
December up to 2012 May. A previous study that establishes
the synchronization between some periodicities of the various
layers of the solar atmosphere argues against a complete
stochability of the relativistic particle production phenomenon.
This leads to the determination 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 production of GLE is not an isolated
local phenomenon, but rather it involves global regions of the
Sun’s atmosphere. In this last study, it was shown that despite
the quasi-stochastic nature of GLEs, it is possible to predict
them with relative precision, months or even years before they
occur: even for the next solar cycle. Additionally, in this work,
we can clearly distinguish the occurrence of 10 GLE during
solar cycle 24 that had not been comprehensively categorized.

2. Data and Methodology
2.1. Morlet Wavelet Analysis

To determine the main oscillation periodicities as well as
their time evolution in nonstationary series, such as those of
solar energetic particles, we apply the Morlet wavelet technique
(Torrence & Compo 1998). This is a very well-known tool for
analyzing localized variations of power within a given time
series for many different periodicities 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
level. That is to say, it is assumed that the time series has an
average power spectrum relative to the red noise of the Fourier
series: harmonics above this average spectrum (the slashed line
in the right panels of Figure 1) represent real signals with levels
of reliability higher than 95%. The importance of the GWS is in
the distribution of signals with the same characteristics in order
to determine which harmonics contain greater power (Torrence
& Webster 1999),

We apply the wavelet analysis to the series of monthly data
obtained from the following index that pertains to solar
activity: number of sunspots (SS) from 1749 to 2017 (http://
www.side.be/silso/datafiles), solar flux index (F10.7) from
1947  to 2017  (https://www.esrl.noaa.gov/psd/data/
correlation/solar.data; Xiao et al. 2017; Chatterjee 2001;
Henney et al. 2012), and the Flare Index (FI) from 1966 to
2014 (http://www.koeri.boun.edu.tr/astronomy /fi_nedir.htm;
Atag & Ozgiig 1998, 2001). Figure 1 demonstrates the wavelet
spectrum and the global energy spectrum (intermediate panels)
of each of the series. In order to discern high frequencies, we
apply the Daubechies filter (Daubechies 1992) so as to
eliminate the 11 yr harmonic or its approximate in the case
of Index F10).7, that contains a much higher level 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: 11 and 4.9 yr; for
the index F10.7: 11 and 3.27 yr; and for FI: 10.4, 3.27 and
1.73 yr. It should be mentioned that in the case of the FI, we
found the quasi-biennial periodicity (1.73 yr) proposed by
Velasco Herrera et al. (2018).

2.2. Fuzzy Logic

The procedure of Fuzzy Logic consists of calculating the
time intervals of occurrence of the GLEs, by means of creating
membership functions (MFs) for the selected periodicities of
greater energy, in the wave power spectrum of the studied
series, as described by Mendel (1995). We observe that the
amplitude of the dominant periodicities, and their behavior
during the occurrence of a GLE event, have similar
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Figure 1, Spectral analysis: the upper panel of the first box shows the time series of the number of sunspots, the

central panel of the box refers to the wavelet spectrum,

and the right panel is its global energy spectrum before and after filtering. Similarly, in the central box we have the F10.7 series and below, the corresponding Wavelet

and its global spectrum. Similarly, in the lower panel the corresponding information of the FI can be found.
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characteristics that allow us to estimate the time intervals in Table 1
which subsequent events may occur in the future. First GLE and Last GLE of the First Eight Groups
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Equation (1) represents the function of the membership of the
frequencies, according to the studied periodicities, cvy and [3,,
that represent the average and the standard deviation of the
frequency amplitudes, respectively; a4 and (3,4, 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 frequency at
the moment in which the events of interest (or training)
occurred in the past, that is, the known GLE.

Finally, 7 is the variable that represents the distribution of the
amplitudes of the frequencies. Therefore, although the proposal
of an MF is somewhat arhitrarv. in the sense of selectine the
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we assume that our data can approximate a Gaussian bell, and
the MF is statistically related to our data.

Figure 2 shows the MF constructed with the 70 training GLE
mentioned. By definition, MFs have maximum unit amplitude,
and 0 indicates that there is no membership (Mendel 1995).

To predict the amplitude of the MF, we base our calculations
on the prospective behavior (periodic behavior in the future) of
the amplitude of a certain frequency. The information of the
MFs calculated for all analyzed periodicities leads us to define
time intervals for the probable occurrence of an event. Once the
MFs for each freauencv are constructed. the next sten is to
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Figure 4. Membership function graph of the initial 70 GLE training, and the membership functions of the first GLE and the last GLE subgroups.

the product.
D=y, M BC) =g X tg X feXem  (2)

where 1,NBNCN ... denotes the intersection function and i,
g, phes ... the MFs of each of the selected periodicities.

Figure 2 shows the results of fuzzy logic: the 70 GLE
training events are illustrated in light blue. The resulting MF is
in dark blue,

In this work we continue with the previous assumptions by
using the behavior of periodicities to describe the occurrence of
the GLE. The behavioral characteristics of periodicities
determine the time intervals in which a GLE may occur. The
procedure for calculating time intervals is to create MFs for the
periodicities with higher energy in the wavelet power spectra,
of the three indexes. Unlike to previous work, Pérez-Peraza &
Judrez-Zuiiga (2015), for “training” purposes the GLE were

grouped into three categories: first, last, and intermediate,
which were previously classified on the basis of the 11 yr solar
cycle. Later, the MF of each of those three groups was
obtained. On this basis the GLE occurrence intervals were
determined.

Instead, in this work, we use the first 70 GLEs (from 1942 to
2006) as initial training data, and together with the seven
periodicities (Figure | and Equation (2)) we obtained a more
accurate MF. From this MF the first and last subgroups were
obtained, see Table 1.

Nine groups are formed from the 70 GLE training. Thus we
call the training zone the first seven groups and the beginning
of the eighth group. We call the rest of the eighth group and the
entire ninth group the prognosis zone.

In Figure 2, we show the harmonic behavior of the dates of
occurrence of the GLE, according to the selected periodicities
of the indexes worked on (Equation (2)). This result is in
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agreement with previous works where the periodic nature of the
GLE events had already been included as evidence, Pérez-
Peraza et al. (2011).

Based on this MF, we can extend the analysis to later times
after the 70 GLE of training. This is where the importance of
our study lies, as it gives us a powerful tool to calculate the
values of the MF associated with the possible occurrence of the
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 limitation, two subgroups are defined of each group
established in Figure 2, see Table 2: a first GLE and a last GLE.
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Using these subgroups as training groups, we obtain
Figure 3.

In Figure 3 the ranges of groups 8 and 9 are extracted from
the MFs of the first GLE and last GLE subgroups.

In order to better visualize the above, we combine Figures 2
and 3 in a new figure (Figure 4).

The above graph now allows us to obtain the prediction
ranges that clearly define the end date of group 8 and the
beginning and end of group 9, which is shown in detail 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 particular period due to the
appearance of peculiarly weak GLE as reported in different
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works in the literature; this led to the discussion in the
international scientific community about the occurrence or not
of certain GLE events, such questions were derived in the
reconceptualization due to the fact that there is at present a high
discrepancy in the classification of events of cycle 24.

3. Discussion

In this discussion, the contribution we intend to render
through our work is to provide more tools within the
framework of the Wavelet technique and Fuzzy Logic in order
to extend the study to cycles 24 and 25, as well as to
corroborate the previous studies of the harmonic behavior of
the GLE evidenced in Pérez-Peraza et al. (2011) and Pérez-
Peraza & Judrez-Zuniga (2015).

In Pérez-Peraza & Judrez-Zuiiga (2015), two indices were
used, one of solar activity (SS) and another modulated by solar
activity (RCG): eight periodicities or harmonics were obtained
for each index, so in the process of working with Fuzzy Logic,
16 periodicities were applied. As mentioned above, it is
important to note that in the present work only indices of solar
activity were used (SS Index, F10.7 Index, and Flare Index)
and the periodicities that best grouped the occurrence of the 70
GLE of logic training were selected through the obtained MF,
Figure 1. This is of great importance since previously only the
11 yr periodicity of the sunspot index was used to try to group
the occurrence of GLE. In our present study, we note that the
grouping is more precise, Figure 2, since the grouping comes
from the MF resulting from the selected harmonics, Figure |
and Equation (2). This is to be taken into account as an
important sample of the periodic behavior of the phenomenon
of solar flares, which is broader and more precise than just
considering the 11 yr period of sunspots.

Subsequently, we focused our analysis on the time zone after
the 70 GLE of training, which we designate as the area of
prognosis, where two groups were clearly formed. The
treatment in fuzzy logic to obtain the start and end dates of
groups eight and nine of prognosis, Table 2, was limited to the
first GLE and last GLE of each group obtained in the training
zone, Figure 3 and Table 1.

Once the time ranges of groups eight and nine have been
obtained in the prognosis area, in order to corroborate the
validity we used the method developed in Pérez-Peraza &
Judrez-Zuiiga (2015). The relative profiles in the global MN
network were reviewed to identify the events that actually
indicate an increase at ground level.

From the above, we can observe that seven events, including
GLE71, fall within the predicted time range for group eight;
one more, the event of 2015 October 29, falls very close to the
end of the same group eight predicted for 2015 August 3.
Finally, we see that the two remaining events, including the
GLE72, occur within the range of the first events predicted for
group nine.

4. Conclusions

Among the important conclusions, we point out the
following:

a. Indexes specific to solar activity are used.

Pérez-Peraza, Marquez-Adame, & Velasco-Herrera

b. The conjunction of Wavelet and Fuzzy Logic methods
allows us to find the seven harmonics that accurately
describe the periodic behavior of the 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 obtained, extrapolated to later times, in the
prognosis area, defined the completion of group eight and
the entire interval of group nine.

d. To verify the veracity of the prognosis, we contrast it with
the events that occurred in cycle 24, which have been
mentioned in the literature.

e. It was found that nine events fall within the two groups of
the prognosis area and one more falls very close to the
end of group eight.

In summary, the above corroborates the potential of the
method for the study of the periodic nature of the occurrence of
GLE events.
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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 denominacion de Protones Solares
Energéticos, que generalmente se designan como incrementos a nivel del suelo (GLE por sus siglas en
ingles), Sub-GLE o simplemente Particulas 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 sefialado en la primera parte de este trabajo. Para unificar criterios, aqui
realizamos un analisis de varias bases de datos y diferentes catalogos de eventos de particulas. Observamos
que existe cierta discrepancia en la conceptualizacion de los eventos en la literatura especializada, y por
lo tanto proponemos una re-conceptualizacion 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 particulas solares que ocurren durante el presente Ciclo Solar, basamos nuestro trabajo en
diferentes bases de datos de Monitores de Neutrones, datos del catdlogo de satélites SOHO y catalogos
SEP. Esto nos lleva a recomendar una re-conceptualizacion del tipo de eventos involucrados.

Estatus: Aceptado para publicacion.
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There is currently a controversy in the literature about the denomination of Energetic Solar
Protons, which are usually designated as Ground Level Enhancements (GLE), Sub-GLE
or simply Solar Energetic Particles (SEP). Such classifications depend on the nature of a
given event behavior. There is some criteria discrepancy among different authors that we
have pointed out in the first part of this work. In order to unify criteria, here we carry out an
analysis of several data bases and different catalogs of particle events. We observe that there
is some discrepancy in the conceptualization of events in the specialized literature, and we
hereby propose a reconceptualization in the sense that all GLE fulfill the criteria given in
the literature to be considered as GLE, even those that have been classified recently as Sub-
GLE/GLE for the particular case of the present cycle 24 To discern the kind of solar particle
enhancements occurring during the present Solar Cycle, we base our work on different
database of NM, data from the SOHO satellite catalogue and SEP catalogs. This leads us to
recommend a reconceptualization of the kind of involved events. Our proposal is to name
the event according to its date of occurrence, which leads us to avoid renumbering in case
of detecting an intermediate event between two others already officially numbered, in the
specific case of GLE. We propose, for instance, the following nomenclature: GLE dd/mm/
yyyy. Another option is to consider all events that reach the terrestrial level simply as GLE
with the first nomenclature just given above, which obviously includes GLE and Sub-GLE.
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Introduction

GLE of'relativistic solar protons are sporadic phenomena associated
with solar flares and are assumed to be of a quasi-random nature.
These energetic particles span over most of the earth’s latitudes. To
a certain extent they follow the time behavior of the 11-year cycle of
solar activity (SA); however, they do not follow the intensity of the
SA: for instance, solar cycle 22 was much more intense than cycle
23, but the latter had more GLE than cycle 22: there were 13 GLE
in the period from July 1989 to June 1991, and not a single event
from the end of December of 2006 up until 2012. In principle, only
72 GLE have been officially recorded: the first measurement was on
February 28, 1942 (GLEO1) and the last one on September 10, 2017
(GLE72). Though the average occurrence rate is ~1.05 year”, their
occurrence may stretch at times for almost six years, as was the case
between GLE70 and GLE71. GLE are measured at ground level by
the worldwide network of Neutron Monitor (MN) detectors spanning
over most latitudes and altitudes (from sea level up to high mountains).

The original definition of a GLE is basically the detection of
a statistically significant increases of particles of solar origin in
counting rates, in common times, and at least in two neutron monitor
stations located in different places, at high latitudes, and one/two low
or middle latitudinal stations, This definition is accepted by quite a
number of scientists, however, since the decade of the 70s. In fact, all
GLE since 1942 have had significant increases in some stations at sea
level (<300m).

This definition was proposed by the community of cosmic rays
in the 1970s, when there was only one station at high latitudes and

T

altitudes (South Pole). With the installation of another station at
high latitudes and altitudes (DOMC/DOMB), for weak events,
the conditions of the original definition could be given without
requiring any station at sea level to detect the increase. According
Miroshnichenko' if particles are recorded by spacecrafis in the Earth’s
orbit, with no clear evidence of penetration at the earth ground level,
these are conventionally designated as SEP (Solar Energetic Particles)
events.

In the current solar cycle there were a great number of notably
weak events, which caused great confusion in designating them as
GLE, thus giving them a suitable nomenclature. Recently, a new kind
of GLE has been defined, the so called Sub-GLE events*® which differ
from the GLE definition in that no statistically significant enhancement
in the count rates of NM at the sea level (>300 m) is required, in which
case the count rate must be registered by at least two different located
high-altitude NM station.

In the course of solar cycle 24, only two GLE have been
“formally™ recognized; one is that of May, 17 2012, the so called
GLE71,*" and the second one is the GLE of September 10, 2017,
that has been “formally” designated as GLE72 by many authors
Tassev et al.,”* > However, there are some authors who claim that the
GLE72 corresponds to the 06 January, 2014 event Augusto et al.,”
* as can be observed in Table 1 there is a high discrepancy in the
nomenclature assigned to the same event. For instance, Augusto et
al.,”” have designated GLE73 the event of October 29, 2015. Table 1
shows the high dispersion in the classification of different authors for
a given event. In view of such a discrepancy of nomenclatures as can
be seen in Table 1, our goal in this work is to attempt to elucidate the
real nature of each event and to propose a more easily manageable
reclassification on the basis of specific conditions,

I Submit Manuscript | b Phys Astron Int ). 20193(5):161—170. 163
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Methodology

As can be seenin Table 1, there is a wide conception of a given event
according to the different authors. In view of these discrepancies, an
exhaustive analysis was made of all the events treated in the literature
for the solar cycle 24, Table 1. This implies a reclassification of the
concept of a GLE. Such a reclassification considers to some extent
some of the conditions previously established in the literature:*'®

I. AGLE event is registered when there are near-time coincident and
statistically significant enhancements of the count rates of at least
two differently located neutron monitors including at least one
neutron monitor near sea level and a corresponding enhancement
in the proton flux measured by a space-borne instrument(s).

Table | Events of cycle 24, and their classification according different authors

Copyright:

©2019 Pérez-Perazaecal. 164

I1. Asub-GLE event is registered when there are near-time coincident
and statistically significant enhancements of the count rates of
at least two differently located high-elevation neutron monitors
and a corresponding enhancement in the proton flux measured
by a space-borne instrument(s), but no statistically significant
enhancement in the count rates of neutron monitors near sea level.

We begin for analyzing which of the studied events coincided with
an appreciable overlap effect of Diurnal Variation during one or two
days before the beginning of each event. This was done on basis to
the database www.mndb.eu. We found that only two events where all
stations were strongly affected by the Diurnal Variation March 13,
2012, and the event of 18 April 2018. Consequently, no increment
at ground level can be perceived; though some authors claim to have
perceived them as a possible Sub-GLE/GLE.**"

Event Author or database Observations
jzaon:.lzary n, Bazilevskaya, et al.,* Gopalswamy et al.,” Li et al.,'* Makhumoto et al,, 2013 SEP
This work based in www.nmdb.eu No discernible enhancement
January
27-28, Bazilevskaya, et al.** Gopalswamy et at.** Li et al.'*" SEP
2012
Augusto et al,” "almost" GLE
Belov et al.* possible GLE
Velinov et al..*? Contender for GLE
GLE database University of Qulu Sub-GLE
This work based in www.nmdb.eu (Figure |a:INVK, NAIN, THUL, SOPO, SOPB, MRNY, TERA, MCMU, MXCO, NEWK. FSMT) Discernible enhancement
March 7, 27 Bagil 35 % 213 ; 1
2012 Augusto et al,”” Bazilevskaya, et al.”* Gopalswamy et al,* Li etal,,'*" Ding et al, SEP
Belov et al.® possible GLE
Velinov et al..* Contender for GLE
GLE database University of Oulu: Mishev et al.,'* Sub-GLE
This work based in www.nmdb.eu (Figure |b; KERG:APTY, SOPB, SOPO, TERA, MCMU, MXCO, ARNM, NANM,AATB, ROME, Di bl h i
BKSN, JUNGI, LMKS, IRKS, IRKT, MOSC, KIEL, KIEL2.YKTK) iscernible enhancemen
;‘Lalrgh 13 Bazilevskaya et al.,”” Gopalswamy et al.,™ Li et al,,” SEP
Belov et al., possible GLE
Velinov et al.,** Contender for GLE
This work based in www.nmdb.eu (Figure | :THUL, SOPB, SOPO, TERA, MCMU, MXCO, NEWK, FSMT, NAIN, INVK) Discernible enhancement
Augusto et al, 2013, Asvestari et al..* Balabin et al.** Berrilli et al,, 2014 Firoz et al.* Gopalswamy et al,»*?* Krastova and Sdobnov
May 17, etal,'” Lietal,2013,2015,2016 Mishev et al,,'*!¢ Papaioannou et al.,'” Perez-Peraza et al., 2018, Plainaki et al.,'* Thakur et al * GLE7I
2012 Velinov et al..** The lceCube Collaboration et al.,'? Kiihl et al., 2015 GLE database University of Oulu; This work based in www.
nmdb.eu
Bazilevskaya et at.? SEP
Belov et al.,”® Ding et al.,” Thakur et al.* GLE
July 23, s
2012 Gopalswamy et at, Small GLE
This work based in www.nmdb.eu No discernible enhancement
;'Inargll. Gopalswamy etal.’; Li etal.,'® SEP

This work based in www.nmdb.eu

No discernible enhancement
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Table Continues...

Copyright:
©2019 Pérez-Perazaecal, 165

Event Author or database Observations
January 6, Augusto et al,” Balabin et al., 2015 Gopalswamy et al,** Krastsova and Sdobnov, 2017; Kihl et al., 2015;Velinov et al, 2016 The
: s GLE72

2014 IceCube Collaboration et al,

Li etal.'* Thakur et al. % GLE 72 (Small OLE)

Belov et al, 2015 GLE

GLE database University of Oulu: Mishev et al..* Sub-GLE

This work based in www.nmdb.eu (Figure | d):APTY,SOPB, SOPO, MCMU, OULU, MWSN Discernible enhancement
January 7, . -
2014 Li et al., SEP

This work based in www.nmdb.eu No discernible enhancement
April 18, n Favorable conditions for the
2014 Augusta et al, formation of a GLE

This work based in www.nmdb.eu (Figure le: MXCO, NEWK, PWNK, MWSN, SOPO, SOPB, NAIN) Discernible enhancement
November n Signals at ground level of
1,2014 Augusto etat, relativistic solar particles

This work based in www.nmdb.eu (Figure |f SOPO, SOPB. MCMU. NAM. PWNK) Discernible enhancement
June 07, : » ACRE (Anisotropic Cosmic-
2015 Gilketaly Ray Enhancement)

GLE database University of Oulu Sub-GLE

This work based in www.nmdb.eu (Figure |g:SOPB, SOPO, TERA, MCMU, NEWK, PWNK) Discernible enhancement
October i . i GLE73
29,2015 Augusto et al,” The IceCube Collaboration etal., _

Velinov etal.,”” Contender for GLE

GLE database University of Oulu; Mishev et al,* Sub-GLE

This work based in www.nmdb.eu (Figure Ib:JUNG, KERG, TXBY, MWSN, SOPB, SOPO, KIEL) Discernible enhancement
September 2 20. W —— .
10,2017 Augusto et at,* Kurt et al., 2018 Tassev et al..*”; GLE database University of Oulu;This work based in www.nmdb.eu GLE 72
‘;;f;'“ 26 GLE dambase University of Oulu Sub-GLE

Gil et al, 2018 Possible ACRE

This work based in www.nmdb.eu (Figure 2:TSMB, HRMS, MOSC, ICEFtG, OULU, APTY, NAIN, THUL, SOPB, SOPO, MRNY, MEN, Dikszarnible dianceent

AATB, ROME, BKSN, JUNGT, LMKS.IRKT)
Results associated SEP event to the ground level enhancement is substantially

In the case of events of 27 January, 2012, 07 March, 2012, 6 January
2014, 1, November, 2014 and 29 October, 2015, a number of stations
were not totally masked by the Diurnal Variation, as we will mention
later. These events that were partially affected by Diurnal Variation.
For all these events we analyzed the relative increase of particles
with respect to the Background of Galactic Cosmic Rays (GCR), two
hours before the events were detected, as indicated in Table 2 and
Figure 1. Also, as we mention before we consider the information
two days before the event in order to determine the intensity of the
Diurnal Variation. An interesting analysis of the event of 07 June 2015
indicates that this is an anisotropic cosmic ray enhancements of the
type ACRE.* They also argue that the event of 26 August, 2018 is
most probably also an ACRE. Obviously, in these cases there are not
associated flares nor increases of particles in the satellites detectors
(Figure 1g).

For each event, the relative increase with respect to the GCR
background was obtained, considering a range of two hours prior to
the event. It can have been observed in Figure 1 that the start of the

similar with the start of particle enhancement at the level of satellite
data, (Table 3) and (Figure 1). In view that the determination of the
start of the GLE is not easy, mainly when there is an overlapping
Diurnal wave we have considered the associated SEP start time. Note
that Figure 1 refers to the satellite-level count which excludes Diurnal
Variation, while Figure 2 refers to the count rate at the terrestrial level
where sometimes the Diurnal Variation is intense enough to mask
small increments of particles solar, of the type that took place in Solar
Cyecle 24, as the events that occurred on March 13,2012 and April 18,
2014 (Table 2).

Taking into a count the ample discrepancy in the classification and
the corresponding dates as exposed in Table 1, we proceeded to a new
reclassification on the basis of the existing database. For the events of
January 27, 2012, March, 2012, 6 January 2014, 1, November, 2014
and 29 October, 2015 (Figure 2) we have the following analysis: for
each event, the relative increase with respect to the GCR background
was analyzed, considering a range of two hours prior to the event
(Figure 1). The five selected events, (Table 2), were chosen because
they meet the above mentioned criteria 2.1.
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Table 2 Summary of stations that distinguished particle increment in spite of the Diurnal Variation

Event

27/01/2012
07/03/2012
13/03/2012
06/01/2014
18/04/2014
0l1/11/2014
07/06/2015
29/10/2015
26/08/2018

Station that distinguished the event
THUL, SOPB, SOPO, FSMT

KERG, SOPB, SOPO, MCMU, MXCO, BKSN
All stations were affected by the diurnal wave
SOPB, SOPO, OULU, MWSN

All stations were affected by the diurnal wave
SOPB, SOPO

ACRE®

TXBY, SOPB, SOPC

Possible ACRE*®

(https:/iwww.ngdc.noaa.gov/stp/satellite/goes/doc/SPE.txt; https://umbra.nascom.nasa.gov/SEP/)

Table 3 SEP corresponding to selected events from Table 2

Year

2012

2012

2012

2014

2014

2014

2015
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Particle event Associated CME, FLARE, and active region
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aj January 26-28, 2012
Maximun increase (SOPOH) = 2 6%

Increase %

Houts

<) January 06, 2014 Maximun increase = 2 8%

—

Hours

Increase %%
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bi March 06-07, 2012 Maximun increase = 5 4%

Inciease %

Hours

Increase

Hours

©) October 29, 2015 Maximun incresse = 20%,

Increase %

-

Hours

Figure 2 Increments obtained for potential GLEs or Sub-GLEs selected from table |, based on the data of the worldwide network of Neutron Monitors (www.

nmdb.eu).
January 27,2012

Figure 2a shows the relative rate of increase from the count to
every 5 minutes of the SOPB, SOPO, THUL and FSMT stations for
the days 26-28 January 2012, normalized to the count interval from
5:00to 7:00 UT of the GCR background of January 27, 2012 (Table 2)
and (Figure la), which indicate the start of the event. As we observed
in Figure 2a, in these stations a certain effect of Diurnal variability
is observed, however, it is possible to clearly distinguish the relative
increment of the event. Applying the criteria indicated in:*'*

I. The event was detected by spatial instruments at 19:05 UT from
the flare of class X1/1F (N27W71) (Table 2).

II. The event was detected at the South Pole station (SOPB and
SOPO) of high latitude and altitude.

TII. The event has been seen at the THUL and FSMT stations, both
of high latitude, but of altitude at mean sea level (<300 m mid-
level sea).

IV. Due to these criteria this event is classified as a GLE (According
to 2.1).

March 7,2012

Figure 2b shows the relative rate of increase from the count to
every 5 minutes of the SOPB, SOPO, KERG, MCMU and MXCO
stations for the days 06-07 March 2012, normalized to the counting
interval of 03:00— 05:00 UT of the GCR background of March 7, 2012
(Table 2) and (Figure 1b), which indicate the start of the event, As we
observe in Figure 2b in these stations, no effect of Diurnal variability
is observed and it is clearly distinguished the relative increase of the
event without any doubt. Applying the criteria indicated in: Poluianov
etal, 16

1. The event was detected by spatial instruments at 05:10 UT from
the flare class X5/ 3B (N17E15) (see Table 2).

II. The event was detected at the South Pole station (SOPB and
SOPO) of high latitude and altitude.

I11. The event has been seen at the KERG and MCMU stations, both
at altitude at mean sea level (<300 m mid-level sea).

IV. The event was detected at the low latitude and high altitude
MXCO station.

V. Due to these criteria this event is classified as GLE (According
to 2.1).

January 6,2014

Figure 2c shows the relative rate of increase from the count to
every 5 minutes of the SOPB, SOPO and MWSN stations for the days
05-06 January 2014, normalized to the counting interval of 07: 00-
09: 00 UT of the GCR background of January 06, 2014 (Table 2)
and (Figure 1d), which indicate the start of the event. As we observe
in the Figure in these stations a slight effect of daytime variability
is observed from the day before the event, however, it is possible
to clearly distinguish the relative increase of the event without any
doubt. Applying the criteria indicated in: Poluianov et al.,>'®

1. The event was detected by spatial instruments at 09:15 UT from
the flare class X1/2N (S15W11) (Figure 1d) and (Table 2).

IL. The event was detected at the South Pole station (SOPB and
SOPO) of high latitude and altitude.

III. The event has been seen at the MWSN station, of high latitude,
but of altitude at mean sea level (<300 m mid-level sea).
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IV. Due to these criteria this event would be classified as GLE
(According to 2.1).

November 1,2014

Figure 2d shows the relative increase rate from the count to every
5 minutes of the SOPB, SOPO stations for the days 10-11 November
2014, normalized to the counting interval of 11:00-13:00 UT of the
background of GCR of November 01, 2014 according to Table 2 and
Figure 1f, which indicate the start of the event. As we observe in the
figure in these stations no effect of Diurnal variability is observed,
however, there is a systematic drop in the count approximately at
07 UT on November 1, later it is possible to distinguish the relative
increase of the event. Applying the criteria indicated in: Poluianov et
aLRJﬁ

L The event was detected by spatial instruments at 14:00 UT from
the flare class C2.7 (Southeastern region) (Figure 1f) and (Table
2)

IL The event was detected at the South Pole station (SOPB and
SOPO) of high latitude and altitude.

I11. The event was not detected by any other station.

1V. Since both monitors (SOPB and SOPOQ) are in the same station,
the criteria for classifying the event as a possible GLE (as
assumed by Augusto et al.,’') are not met, whereas according to
this work only can be classified as a SEP.

October 29,2015

Figure 2E shows the relative increase rate from the count to every
5 minutes of the SOPB, SOPO and TXBY stations for the days 28-29
October 2015, normalized to the counting interval from 04: 00-05: 00
UT of the GCR background of October 1, 2015 according to Table 2
and Figure 1H, which indicate the beginning of the event. The noise
behavior of the TXBY station could indicate probable affectation
due to the daytime variability, while the monitors of the South Pole
station do not show this affectation. Applying the criteria indicated in:
Poluianov et al.,*'®

1. The event was detected by spatial instruments at 05:50 UT whose
source was apparently a CME (Figure 1H) and (Table 2).

I1. The event was detected at the South Pole station (SOPB and
SOPO) of high latitude and altitude.

Table 4 Reclassification of the category of events

Event Author or database

January

27-28, Bazilevskaya et al.,** Gopalswamy et al.* Li et al.,'*"
2012

Augusto et al.,”
Belov et al.,”®

Velinov et al., 2016

GLE database University of Oulu

This work based in www.nmdb.eu (Figure la)
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I11. The event has been seen at the TXBY station, of altitude at the
mean sea level (<300 m mid-level sea).

IV. In our opinion these events can be classified as GLE (According
to 2.1).3*3%

Conclusion

On the basis to criteria popular in the scientific community we have
made an analysis of all Solar Particle events (of any kind) that have
taken place during cycle 24 as is shown in Table 1. Basically, what
we have done in the present work consists of an exhaustive revision
of all the events that have been reported in the literature related to the
solar cycle 24. We have found 15 events which appear in Table 1: the
first column contains the date of the studied event, the second column
displays the data source, and/or the corresponding authors, and finally
the third column indicates the kind of event, as has been assigned by
each of the authors. It is precisely in these two columns where the
conflict in the classification of the events as reported by the different
authors, can be appreciated. In virtue of this, we have proceeded to
carefully examine the information regarding the particle counting
rate in the available data basis existing for this purpose: (www.nmdb.
eu, GLE Database University of OULU and Databases of neutron
monitors of McMurdo, Mirny and Kiel; data from the SOHO satellite
catalogue and SEP catalogs).

Basically, our study consists in making sure that a ground level
enhancement really existed. Of the above, procedure we have selected
nine events that presumable have shown a possible increment (Table
2). Among these nine events, two of them are not solar particle
enhancements (the so called ACRE) and other two are indiscernible due
to the effect of Diurnal Variation. After confirming the enhancements
of the other five events, we proceed to identify the generator SEP of
each event (Figure 1) and (Table 3) in order to reclassify each one of
the five selected events (Table 4) on basis to the criteria established in
section 2 Poluianov et al.,*'® According to our results (Table 4), it can
be observed that we are demonstrating that there are two GLE events
which occurred between the 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, 2015);
which comply with the established criteria to be considered as GLE,
which leads us to claim that the nomenclature of GLE events carried
out to date, based on consecutive numbering is not adequate. This was
made clear by the significant number of relatively weak events that
oceurred in the mentioned solar cycle between GLE70 and GLE72.

Previous class Station [R(GV),ALT(m)] Reclassification
SOPB(R=0. 10,Alt=2820m),
SOPO(R=0.10,Alt=2820m),

=4 THUL(R=0.30,Alt 26m), Glk
FSMT(R=0.30,Alt=180m)

“"almost" GLE

possible GLE

Contender for GLE

Sub-GLE

Discernible

enhancement
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Table Continues...

Event Author or database
March 7, Augusto et al.” Bazilevskaya, et al., 2013 Goplswamy et al.,
2012 Li et al,'*" Ding et al.,?
Belov et al..®
Velinov et al,, 2016
GLE database University of Oulu; Mishev et al.,’
This work based in www.nmdb.eu (Figure Ib)
Jonuri s Augusto et al.” Balabin et al., 2015 Gopalswamy et al.,
;3]4!7 " Kratsova and Sdobnov, 2017; Kiihl et al., 2015;Velinov et al.,
2016 The IceCube Collaboration at al.,'”
Li et al.,"* Thakur et al.,*%
Belov et al.,”®
GLE database University of Oulu; Mishev et al.,*
This work based in www.nmdb.eu (Figure Ic)
November 3
12014 Augusto et al,,
This work based in www.nmdb.eu (Figure 1d)
October 2§ i 19
29,2015 Augusto et al,” The IceCube Collaboration et al,,

Velinov et al,, 2016
GLE database University of Oulu; Mishev et al.,?

This work based in www.nmdb.eu (Figure le)

In our detailed analysis of all solar particle events of solar cycle
24, we observe the confusion existing between different authors;
which generates a great discrepancy regarding the consideration of
such events as GLE or not, as well as their nomenclature. In this
paper we classify, based on precise criteria (Section 2), 4 events
as GLE, which leads us to indicate that the consecutive numbering
method for GLE events is not adequate. Our proposal is to name the
event according to its date of occurrence, which leads us to avoid
renumbering in case of detecting an intermediate event between two
others already officially numbered, in the specific case of GLE. We
propose, for instance, the following nomenclature: GLE dd/mm/yyyy.
Another option is to consider all events that reach the terrestrial level
simply as GLE with the first nomenclature just given above, which
obviously includes GLE and Sub-GLE; entailing that the Sub-GLE
can not necessarily be seen by stations near sea level; while a 100%
of the GLE up to now have been registered at least by one station near
sea level (including the four GLE of Table 4 that have been seen in
at least one station at the sea level). On the other hand, in view that
both of these two types have a SEP counterpart, in reality there is not
a sharp distinction between them. In summary, according to our study,
small and intensive events that come to earth could be considered all
them as GLE.
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Previous class Station [R(GV),ALT(m)]

KERG(R=1.14,Alt=33m),
SOPB(R=0.10,Alt=2820m),

Reclassification

SEP SOPO(R=0.41.10,Alt=2820m), GLE
MCMU(R=0.30,Alt=48m)
MXCO(R=8.28,Alt=2274m)

possible GLE

Contender for GLE

(R41230 Al r=48m),

Sub-GLE

Discernible

enhancement
SOPB(R=0.10,Alt=2820m),

GLE 72 SOPO(R=0.10,Alt=2820m), GLE
MWSN(R=0.22,Alt=30m)

GLE 72 (Small GLE)

GLE

Sub-GLE

Discernible

enhancement

Signals at ground SOPB(R=0.10,Alt=2820m),

level of relativistic SOPO(R=0.10,Al 1=2820m) SEP

solar particles ’

Discernible

enhancement
TXBY(R=0.48,A11--Om),

GLE 73 SOPB(R=0.10,Alt=2820m), GLE
SOPO(R=0.10,Alt=2820m)

Contender for GLE

Sub-GLE

Discernible

enhancement
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DISCUSION Y CONCLUSIONES GENERALES

Con respecto a las secciones del Marco Tedrico y de Resultados podemos considerar lo siguiente:

En el Capitulo en libro (Pérez-Peraza & JC Marquez-Adame, 2018) los espectros de energia en estado
estacionario se trabajaron de forma independiente para los diferentes casos (aceleraciéon, compresiony
expansién adiabatica, desaceleracion por colisiones coulombianas y p-p), posteriormete se sumarizaron
varias combinaciones y de ahi se obtuvieron los pardmetros de la fuente de produccion de las particulas
solares relativistas, asi como el tipo de evento (caliente, célido o frio). En el Marco Tedrico en el punto 6
desarrollamos la solucién a la ecuacién de transporte (3) por medio de la aproximacién WKBJ a partir de
la cual obtenemos el espectro de energia dependiente del tiempo para turbulencia MHD, con inyeccién
monoenergética, deceleracién adiabatica, deceleracién por pérdidas colisionales y deceleracion por
degradacion energética por colisiones protén-protén, Ec. 12, en este caso en una sola solucion incluimos
todos los casos anteriormente citados. Enseguida mencionamos las mas importantes consideraciones y
resultados obtenidos:

- Los tiempos para los ajustes tedricos por medio de la aproximacion WKBJ se consideraron a t >
10 s, para ser acordes a las soluciones estacionarias dadas en el estudio inicial correspondiente
al capitulo en libro (Pérez-Peraza & JC Marquez-Adame, 2018).

- La curva resultante de la solucion tedrica por medio de la aproximacion WKBJ se ajusta mejor al
espectro observacional en los 12 eventos trabajados.

- El pardmetro de aceleracion (a) 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 demas parametros (n, rho, T, t, tau, etc.)
son valores Unicos por ajuste y por evento, en donde encontramos que los valores de aceleracion
(a) obtenidos con la aproximacion WKBJ son del orden de los obtenidos en el Capitulo en libro
(Pérez-Peraza & JC Marquez-Adame, 2018) para cada evento.

- Para el parametro de la temperatura (T) también obtenemos congruencia entre ambos estudios.

- La solucién de la ecuacién de transporte (3) por medio de la aproximacion WKBJ nos da por
resultado un modelo unificado para el estudio de los espectros de energia observacionales de
los GLEs, a partir de su modelacién tedrica y de esta forma obtener los parametros en la fuente
de produccion de las particulas solares relativistas.

- El presente método nos provee de suficientes parametros libres, lo cual potencia el proceso de
ajuste para darnos los escenarios mas plausibles de la produccién de particulas solares
relativistas en la fuente.

También se ajustaron tedricamente 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 articulos ya publicados y/o aceptados para publicacion podemos considerar lo
siguiente:

El trabajo aqui presentado se extendid hacia el estudio de tres puntos muy importantes relativos a los
incrementos de particulas solares relativistas detectadas a nivel del suelo por la red global de Monitores
de Neutrones, los cuales son el estudio de sus espectros de energia observacionales y tedricos. A partir
de la confrontacién de dichos espectros se obtienen los pardmetros de la fuente, de esta forma podemos
prever posibles escenarios de generacidén. El siguiente punto importante fue el estudio y confirmacion,
del caracter periddico de dichos eventos y en base a esto se desarrollé un método basado en el analisis
de coherencia Wavelet y de Légica Difusa para su descripcion y prognosis. Finalmente se realizd un
estudio exhaustivo concerniente a la clasificacion y denominacion de los eventos GLEs, aplicando los
ultimos criterios aceptados por la comunidad internacional y proponiendo una nueva nomenclatura
basada en su fecha de ocurrencia y no en una numeracién consecutiva, para evitar futuras confusiones
al respecto.

Debido a que cada trabajo contiene su respectiva seccidon de conclusiones, aqui resumimos las siguientes
conclusiones generales:

- De los 6 trabajos que se estan presentando como Tesis Doctoral, los tres primeros tienen que ver con
los espectros de energia 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, Pag. 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
publicacion: Advanced in Space Research, 2019), son la obtencion del conjunto de parametros de la
fuente para la generacién de particulas solares relativistas y la descripcion de los procesos de aceleracion
involucrados, que conducen a escenarios plausibles durante los eventos bajo estudio, basados en un
marco tedrico que abarca la dependencia del tiempo y el estado estacionario en todo el rango de
energias. Es precisamente la confrontacién de los espectros de energia tedricos contra los espectros de
energia observacionales lo que nos da una concepcién aproximada de los escenarios de produccidn. El
analisis de los espectros nos lleva a considerar la presencia de dos componentes de particulas 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 aceleracién de
naturaleza diferente, como lo evocan muchos autores. En ambas fases, el principal mecanismo de
aceleracién es probablemente de naturaleza estocdstica, donde el proceso de inyeccidén de particulas al
mecanismo estocastico también puede provenir de un flujo de protones monoenergéticos que puede
haberse originado en la parte de altas energias 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
opcién, en donde se podria generar un solo mecanismo de aceleracién en dos etapas diferentes en un
proceso determinista con un espectro como el que se muestra en la Ecuaciéon 7, de modo que la etapa
de aceleracidon Unica debido a la MNCS no se puede ignorar. Finalmente, enfatizamos que la
confrontacion entre los espectros tedricos y observacionales nos da una concepcién aproximada de los
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escenarios de produccion, es decir, de los procesos involucrados de aceleracidon y pérdida de energia, asi
como de los parametros fisicos 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 periddico en la ocurrencia de los incrementos de particulas solares
relativistas a nivel terrestre, GLEs. En este sentido, fuimos capaces de caracterizar con gran precision el
comportamiento armoénico de dichos eventos, haciendo uso de los principales indices de la actividad
solar: Solar Flare index (FSI), Sunspots Index (SS) y Solar Flux index (F10.7), gracias a la combinacién de
las técnicas de coherencia Wavelet y de Légica 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 produccion de GLE's débiles conllevé a la
redefinicidn de los criterios para clasificarlos y proponer un nuevo tipo de evento (Sub-GLE), haciendo
una revisién 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 publicacién: 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 ultimo, como conclusidn general podemos resaltar que la presente Tesis termind siendo un estudio
muy completo acerca de las caracteristicas de la generacion en la fuente de las particulas solares
relativistas que arriban a la Tierra y provocan los incrementos a nivel terrestre (GLE) detectados por la
red global de Monitores de Neutrones, asi como de la ocurrencia, periodicidad, prognosis y
nomenclatura de dichos eventos.
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