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Abstract

The mechanisms behind solar energetic particle (SEP) transport have been investigated
for decades in the development of accurate and predictive space weather models. This
dissertation investigates certain potential influences on the transport parameters that the
SEPs experience within the inner heliosphere (< 1 AU). Inverting SEP events involves
overlaying model simulations to existing observational data to an accurate fit; this process
provides the transport parameters from the model as a result. To introduce the process of
fitting model simulations to observational data, synthetic data are created and the best-fit
results are found using the coefficient of determination (CoD) goodness-of-fit statistic. The
one-dimensional (1D) transport model utilised in this project requires that observations
of SEP events be recorded by instruments on magnetically well-connected spacecraft. By
modelling the GLE#73 event of 28 October 2021, this process of finding observations for
magnetically well-connected instruments is introduced. The final transport parameters are
then investigated to find potential trends as well as compare them to previously determined
estimates. It was found that the results presented in this project compared well with
already defined trends, such as those presented by Droge| (2000), Engelbrecht and Moloto
(2021)), and Teufel and Schlickeiser| (2002]).

Keywords: solar energetic particles; focused transport equation; mean free path
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Opsomming

Die prosesse wat die transport van energieke sondeeltjies (ESD’s) beskryf is reeds vir
dekades in die ontwikkeling van akkurate ruimteweervoorspellings bestudeer. In hierdie
verhandeling word die potensiéle invloed op die transportparameters van die ESD’s in
die binneste heliosfeer (< 1 AU) bestudeer. Die transportparameters van die model word
bepaal deur modelsimulasies met bestaande ESD-waarnemings te vergelyk. Om hierdie
proses te verduidelik word die bepalingskoéffisiént-toets (BK) toegepas op sintetiese data
om die beste-passingsresultate te vind. Die eendimensionele (1D) transportmodel wat
in hierdie verhandeling gebruik word, benodig ESD-waarnemings van ruimtetuiginstru-
mente wat magneties goed gekoppel is. Hierdie proses word geillustreer deur die GLE#73-
gebeurtenis van 28 Oktober 2021 te modelleer. Die finale transportparameters word dan
ondersoek om moontlike tendense te vind, asook om dit met voorheen bepaalde beramings
te vergelyk. Die resultate van hierdie verhandeling stem goed ooreen met die van Droge
(2000), Engelbrecht en Moloto (2021) en Teufel en Schlickeiser (2002).

Sleutelwoorde: energieke sondeeltjies; gefokusde transportvergelyking; vryeweglengte
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Table of abbreviations

A list of abbreviations used in the text. When an abbreviation occurs for the first time in

the text it is written out in full with the abbreviation given in brackets.

1D One-Dimensional
AU Astronomical Units
CME Coronal Mass Ejection
CoD Coefficient of Determination
DT Damping Turbulence
FTE Focused Transport Equation
GCR Galactic Cosmic Ray
GLE Ground Level Enhancement
GOES Geostationary Operational Environmental Satellite
HMF Heliospheric Magnetic Field
MFP Mean Free Path
MeV Mega electron Volts
MV  Mega Volts
NASA National Aeronautics and Space Administration
NM Neutron Monitor
NOAA National Oceanic and Atmospheric Administration
PFU Particle Flux Units
PSP Parker Solar Probe
RS Random Sweeping
SDO Solar Dynamics Observatory
SEP Solar Energetic Particle
SOHO Solar and Heliospheric Observatory
Solar- M ACH Solar-MAgnetic Connection Haus
SolO Solar Orbiter
STEREO Solar TErrestrial RElations Observatory
SW  Solar Wind
UTC Coordinated Universal Time
WIND Global Geospace Science Wind Satellite



Chapter 1

Introduction

The inversion of solar energetic particle (SEP) events to obtain the so-called unobservable
parameters for the event has been a topic of research for over half a century. Using
the |Roelof (1969) transport equation as a foundation for SEP transport models, this
dissertation forms a guide to inverting SEP events by utilising a one-dimensional (1D)

SEP propagation model and exploring any trends in the model parameter results.

Chapter [2| introduces the nature of SEPs and their transport through the inner helio-
sphere. It starts with a brief overview of the environment that SEPs propagate through
and moves to the fundamental processes that occur. The chapter concludes with a brief

discussion of the parameters involved in particle transport as well as the focused transport
equation (FTE).

Chapter (3| presents the 1D SEP transport model by van den Berg et al. (2020) that
utilises the FTE, as well as the Reid-Axford temporal profile as a source function. Using
the coefficient of determination (CoD) goodness-of-fit statistic, this chapter guides the

reader through the process of fitting the model to observational data using synthetic data.

Chapter [4] describes the procedure of finding relevant observational data that satisfy the
requirements of the model as well as interpreting the outcome of the resulting best-fit
parameter values. This procedure includes the use of JHelioviewer and Solar-MACH as
tools to find information on the solar flare and the instruments in orbit at the time of the

event.

Chapter [5| uses the results from fitting the model to more than a dozen events to probe
multiple possible comparisons and connections of the best-fit free parameters. There is
a focus on the rigidity dependence on the parallel MFP that is compared to previous
historical and analytical estimates from |Droge| (2000)), [Palmer| (1982), and Teufel and
Schlickeiser| (2002).



CHAPTER 1. INTRODUCTION 2

Results from this work were presented at the South African Institute of Physics (SAIP)
67th annual conference and the SHINE 2023 Workshop['}

"https://helioshine.org/



Chapter 2

Solar Energetic Particles

2.1 Introduction

In order to understand the nature of solar energetic particles (SEPs) and their transport,
an understanding of their source and environment is necessary. This chapter first discusses
the Sun and the heliosphere and focuses on the heliospheric magnetic field (HMF) that is
generated by the Sun and extends to over 100 AU to the edge of the heliosphere. Section[2.3]
provides a brief background of the history and variation of the different cosmic ray groups.
A major differing factor between cosmic ray species is their acceleration mechanism. For
SEPs this is then explored in Section with a focus on solar flares.

The details involved in particle transport are then discussed in Section [2.4] Section [2.5

explores the transport equation for the model used in this project.

2.2 The Inner Heliosphere

At the centre of our solar system, the point around which the local neighbourhood of
planets revolves, is the Sun. The Sun is a natural source of energy that sustains life on
Earth and generates a protective bubble of solar plasma around the solar system (Prinsloo,
2016). This solar plasma forms a boundary when it interacts with interstellar plasma;
within the boundary is the heliosphere (Strauss, [2013; Prinslool 2016) The heliosphere is
a region of space defined by the Sun’s magnetic field extent (Prinsloo, |2016; |[Wolmarans,
2021), more formally known as the Parker HMF.

The HMF reach extends over 15x10? km (122 AU), whereas Pluto, at the edge of the solar
system, is only 6x 10? km (40 AU) from the Sun. The preferred unit of measurement used

in this project is the astronomical unit (AU) where 1 AU is the average distance between
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the Earth and the Sun (approximately 150 x 10% km). This project is only considering

particle transport within the inner heliosphere, up to ~1 AU.

2.2.1 The Sun

By combining the total mass of the solar system, including the planets, moons, and as-
teroids, it is found that more than 99% of this mass is attributed to the Sun (Hanslmeier),
2002). This massive ball of plasma spins a full revolution on its own axis every ~ 24 days
at the solar equator (Steyn, 2022)). This increases to ~ 26 days when observing the time
taken for one sunspot to rotate around the Sun before it reaches the same position as seen

by an observer at Earth; this is called the synodic period (Steyn, [2022).

Sunspots are the most common indicator of solar activity, dating back to Carrington in
the late 1800s, who first discovered that the Sun undergoes a somewhat routine rise and
fall of solar activity every 11 years called the solar cycle (Steynl 2022). This increased
activity impacts properties such as the magnitude of the HMF, the solar wind speed, and

the frequency of solar events (Engelbrecht and Moloto, 2021]).

2.2.2 Solar Wind

The solar wind (SW) is a plasma that flows radially out from the Sun (Steyn, 2022). Due
to its high electrical conductivity, it is the mechanism responsible for carrying the HMF
into the heliosphere (Bruno and Carbone, 2016; Gurnett and Bhattacharjee, [2017). The
SW speed (Vsy) is latitudinally dependent during solar minimum conditions where the
speed at the solar equatorial belt is slow (Vi ~ 400 km.s™1), but from +30° to the poles,
there is a drastic change in speed to much higher values (Vi ~ 800 km.s™!; McComas
et al., [1998]).

2.2.3 Parker Heliospheric Magnetic Field

The HMF originates at the Sun as the coronal magnetic field that gets dragged into the
heliosphere, and, due to the rotation of the Sun, forms archimedean spirals (Steyn, 2022).
The HMF, first modelled by [Parker| (1958a)), is given in [van den Berg et al.| (2020) as

2
BHMF:ABO(Z_O) (f‘—tanw é), (21)

where A = +1 is the magnetic field polarity, r is the radial distance, By is a normalisation
constant (which is often given as the HMF magnitude at Earth, Bg = 5 nT, at rg = 1
AU), 4 is the winding angle, and the unit vectors ¥ and (Z) label the radial and azimuthal

directions, respectively.
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Figure 2.1: A diagram of the inner heliosphere looking from the north pole of the Sun,
where the yellow circle indicates the Sun, to illustrate the winding angle ¥ between the
magnetic field vector and radial vector. Note that the solar equatorial rotation 2 shows

in which direction the Sun is spinning on its axis.

The winding angle is seen in Figure [2.1| as the angle between the magnetic field vector and

the radial vector. The equation for this is given in |Steyn| (2022) as

B Q
¥(r) = arctan (—Bﬁd)) ~ arctan(

T

r ) (2.2)

sw

where Q = 10.3x 1073 rad.hr™! is the solar equatorial rotation rate, and the Vi, is assumed
to be 400 km.s™! or 9.6 x 1073 AU.hr™! on average. The first panel in Figure displays
how the winding angle changes as a function of increasing radial distance from the Sun

for a range of solar wind speed values.

2.2.3.1 Parker Length

The distance from the Sun can be defined as either the radial distance or as the arc length
along the Parker spiral (s), seen in Figure The calculation for the Parker length s is
given in van den Berg et al.| (2020)) as

s=[\/1+tan21pd7". (2.3)

When calculating 1D particle transport in the heliosphere, transport along the Parker
spiral is used. To gauge the difference between the radial distance and the Parker length,
the distance from the Sun to Earth along the spiral is s = 1.2 AU for an average value of
Viw = 400 km.s™!. The third panel in Figure shows how s increases as a function of

the radial distance.
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Figure 2.2: Winding angle (), magnetic focusing length (L), and Parker length (s) as a
function of increasing radial distance, with different solar wind speeds to illustrate their

effects.

2.3 Solar Cosmic Rays

Solar energetic particles (SEPs) were initially called solar cosmic rays alongside their
cosmic ray siblings: galactic cosmic rays (GCRs) and anomalous cosmic rays (ACRs).
Cosmic rays are grouped by defining characteristics such as their origin or acceleration
mechanism (Steyn [2022)). GCRs have galactic origins from outside the heliosphere, ACRs
are accelerated at the termination shock, and SEPs are accelerated by solar events at the
Sun (Steyn, 2022).

Solar particles were first discovered by [Forbush| (1946|) when studying cosmic ray intensi-
ties on Earth’s surface. Forbush recorded three sudden, distinct increases in cosmic ray
intensity that aligned to similar times for solar events. This form of radiation can be
highly volatile in large enough doses. The Earth’s magnetosphere offers some protection,
redirecting most of the energy to the poles where the aurora is formed as a result (Cravens,
2004). However, the closer to ground level the more protection is offered, leading to avia-
tion workers such as aircraft pilots to also be referred to as radiation workers due to the

increased radiation experienced at higher altitudes (Mosotho et al., [2021)).

2.3.1 Solar Events

Parker| (1958b)) states that SEPs are only ever emitted by the Sun if there is a coronal mass
ejection (CME) or solar flare. These particles can be studied through direct measurements
by remote instruments such as X-ray telescopes, radio imagery, and particle detectors
(Drogel, 11996). SEP events are described as either gradual or impulsive, where gradual

events are said to be accelerated by CMEs and impulsive events by solar flares (Reames,
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1999; Strauss et al., [2020)). The terms impulsive and gradual describe the length of time
for particle observations to reach the maximum flux. However, they originally describe the
time scales of the X-ray observations (Reames| (1999). Gradual events imply that there is a
continuous particle acceleration (Reames|, [1999), while impulsive events are described as an
injection of particles into the inner heliosphere. This project works with SEPs accelerated

exclusively by impulsive solar events.

2.3.1.1 Solar Flares

Solar flares are produced in active regions or sunspots which occur on the layer of the
Sun called the chromosphere. This layer is only visible to the naked eye on Earth during
a solar eclipse (Sakurai, 1974). Flares occur when the magnetic field on the surface of
the Sun has stored large amounts of energy and is released when the field lines break
and reconnect to different field lines instantaneously leading to the process of magnetic

reconnection (Steinacker et al., 1988)).

2.3.1.2 Active Regions and Sunspots

Sunspots are cool, dark regions located within 30° of the solar equator and occur within
bright active regions (Steyn, 2022)). The darkness of the sunspots is attributed to the much
higher magnetic flux compared to its surrounding regions (Steynl, [2022)), which increases
in intensity until the solar flare releases the trapped energy. The solar cycle was discovered
in the 1800s when studying the trend of sunspot numbers over time; this trend is seen in
the figures of Section

2.3.2 Ground Level Enhancements

A ground level enhancement (GLE) event occurs when a solar event erupts with enough
energy that the particles can travel to Earth, through the Earth’s atmosphere, and reach
the ground-level instruments distributed across the planet known as neutron monitors
(NMs). The minimum energy required for this process is, in terms of rigidity (see Equation
[2.5)), called the cut-off rigidity. At the Earth’s equator, this value is P, = 17 GV and at
the Earth’s poles, it is P. = 1 GV (Moraal, 2013). Once the particles reach the atmosphere
they start to break down into more fundamental particles, such as neutrinos and bosons,
this is a process called a cosmic-ray shower. GLE events are so rare that there are only
73 recorded at the time of writing, the most recent event at the time of writing occurred
on 28 October 2021 and is discussed in Chapter
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2.4 Solar Particle Transport

2.4.1 Particle Velocity

To calculate the particle speed in terms of the rest mass energy, the equation from [Steyn
(2022)) can be rewritten such that

Pec

vE— (2.4)
Ek + Ey

where ¢ = 7.2 AU.hr™! is the speed of light, F}, is the particle’s kinetic energy in MeV, Ej
is the particle’s rest mass energy (Eo. = 0.51 MeV for electrons and Ejyj, = 938 MeV for
protons), and P is the particle rigidity in MV.

101 101
=
e
5 0 0
s 10 3 10 3
©
(O]
(O]
Q.
)

101 3 101 E

103 103 101 10! 103 107 103 101 10! 103
Energy (MeV) Rigidity (MV)

Figure 2.3: The speed of electrons (orange) and protons (blue) over a range of energies
(left panel) and rigidities (right panel) compared to the speed of light. This graph was
plotted using equation|2.4] This shows that electrons are faster at lower energy and rigidity
values compared to heavy protons. The speed of light is indicated by the horizontal red
line. This figure is recreated from |Steyn| (2022)) and changed to a log scaling on both axes.

SEPs are grouped into electrons and protons when studying their transport due to the
differences in their rest mass energy and thus their speed. The first panel of Figure
shows that as the energy increases for electrons (orange line), they quickly become
relativistic by moving close to the speed of light (red line) before their energy reaches 10
MeV, while the protons (blue line) only become relativistic after 10000 MeV. The particle
rigidity is a preferred means of considering energy-like comparisons for both electrons and
protons as, at the same rigidity, both particles have the same Larmor radius. The relation

for particle rigidity in terms of the kinetic and rest mass energy is

P ~\/Ey(Ey, + 2Ey). (2.5)

The second panel in Figure shows the particle speed with increasing rigidity values.

The same trend for each particle species is seen where the speed of electrons increases and
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reaches relativistic speeds first, and then the protons increase. The comparison between
energy and rigidity in Figure 2.3 shows that there are minor differences when converting

to rigidity.

2.4.2 Pitch-Angle

A particle moving through a magnetic field will gyrate around its guiding centre, which
indicates the average direction of motion of the particle. The guiding centre should follow
the path of the magnetic field line. The angle between the guiding centre’s direction of
motion and the magnetic field direction is the pitch-angle, the relation for which is given

in jvan den Berg et al.| (2020)) as

v-Bo ) : (2.6)

o= arctan(
UBO

where p = cosa is the pitch-cosine. Particles propagating away from the Sun will have
p~ 1 and towards the Sun will have p ~ —1 (Strauss et al., [2020). The change in pitch-
cosine due to diverging or contracting field lines (i.e. focusing or mirroring) is further
defined by van den Berg et al.|(2020)) as

du (1= pP)v

at - 2(s) 2.7)
where

1 1 dB(s) (2.8)

L(s) B(s) ds

denotes the magnetic focusing length in one dimension (1D) as a function of the magnetic
field gradient. This can be rewritten in terms of the winding angle as
r (1 + tan? ¢)3/2

L= . 2.
2 + tan2 ) (29)

To understand how L changes with increasing rigidity, the second panel of Figure
displays how it remains similar for a range of solar wind values up to 1 AU whereafter it

starts increasing exponentially.

2.4.3 Mean Free Path

The mean free path (MFP) of a particle is described by van den Berg et al.| (2020)) as
the average distance moved by a particle in between collisions or interactions. Following
the transport of SEPs along the HMF line requires a focus on the parallel propagating
MFP in particular. This is further defined by van den Berg et al.| (2020)) and [Hasselmann
and Wibberenz| (1968]) to be the distance travelled by a particle in a turbulent plasma
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before the velocity is no longer determined by its initial velocity from interactions with
pitch-angle scattering. This is a measure of the scattering strength for SEP transport. The
parallel MFP is derived by |[Hasselmann and Wibberenz| (1968) and given in Kallenrode
(1995) as a function of changing pitch-angle,

A
8 f uu(M) (2.10)

where D, is the pitch-angle diffusion coefficient. The MFP is not a quantity that can
be observed or measured, it can be studied theoretically or found through inverting SEP
event observations with transport models to find the best MFP value to fit the observation

profile. This is the first unobservable parameter that is studied in this project.

2.5 Focused Transport Equation

The SEP transport model used in this project utilises a focused transport equation (FTE)
to model 1D particle propagation. SEP transport is influenced by many mechanisms and
processes in the inner heliosphere that Ruffolo| (1995 compacted into a comprehensive
1D transport equation using the Fokker-Planck equation. This comprehensive equation is

broken down such that

of 0 :
i v f (streaming)
3 2 'U2 .
—— | 1-p*—= | Vawsecp f (convection)
Js c?
- % 2le3) [1 MV— sec1) — ,uV sec ¢] (1-p>f (focusing)
+ g‘/sw (cos Q,Z)d— sec 1/)) (1= %) f (differential convection)
w
+ %DW% ( - ,uvsw Y sec ¢) f (scattering)
gpp Vow [2820(1/1) (1-p%) + cosw%(sec ¢)u2] 1, (deceleration)

where f = f(t,p, s,p) is the distribution function and ¢ is the time. It is assumed that SEPs
have a high enough velocity (v > V) due to their high energies that the solar wind speed
can be made redundant in terms of calculating the FTE (Heita, |2019). After neglecting
any terms with Vj,, the equation now becomes that which was derived by Roelof| (1969),

which no longer includes advection or energy loss (van den Berg et al., 2020)),

8f 0 (1-p®)v 0 af
at (,u )+ M( 2L(s) f)—a_u(Duua_'u)- (2.11)

The focusing length seen in the third term still requires Vg, to compute so this is set to

an average of Vi, = 400 km.s™!
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2.5.1 Omni-directional Intensity

Using the distribution function f from Equation the omni-directional distribution

function can be found using

S5 (s t)dp 1
S5 du 2

where F' is the omni-directional distribution function. This function is then directly pro-

F(s,t) = [:1f(s,u,t)d,u, (2.12)

portional to the particle intensity at a fixed energy. Observed particle intensities are
measured in particle flux units (PFU) which is the number of particles/(sr.cm?.s.MeV)™
as seen in Chapters [3| and 4] (Strauss et al., [2022).

2.5.2 Anisotropy

Isotropy is when there is uniformity in all directions; thus anisotropy is either when there is
uniformity in only one direction or when there is no uniformity at all. For example, a nett
streaming of particles along the HMF'. Diffusion in SEPs was first noticed to be anisotropic
during the 1960s when Reid| (1964]) described that solar particles are anisotropic at the
early stages of SEP events but not as the event evolves back down to an isotropic state

due to a system involving a tube of force, seen in Figure [2.4

Figure 2.4: Configuration of the tube of force described and taken from Reid (1964). The
tube follows the path of the magnetic field line from the flare on the surface of the Sun to
Earth.

This high anisotropy in the early stage of SEP events is due to the observer (being some
distance away and along the magnetic field) only being able to observe particles travelling
from the Sun. After particles have travelled past the observer, some can be scattered
back towards the Sun. The observer would now detect particles moving in both directions

(towards and away from the Sun). This would indicate a more isotropic phase of the event.
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The anisotropy can be calculated over time using the formal definition,
1

S (s, pst)dp
1 )

S f(sspt)dp

which falls within —3 and +3 (Strauss et al., 2022). This is the first-order anisotropy, which

indicates if the particles are travelling in the direction of the Sun (negative) or away from

An(r,¢,t) =3 (2.13)

the Sun (positive). When An ~ 0 then the particle’s transport has become isotropic again.

2.6 Summary and Conclusion

Chapter [2| introduces a brief understanding of the characteristics of SEPs and their trans-
port as well as the environment they travel through. It starts with a discussion regarding
the inner heliosphere and how it is formed by the magnetic field generated by the Sun,
before exploring what solar cosmic rays are and how they are accelerated. Focusing on
the particles themselves, Section describes the equations necessary for modelling their
transport through the heliosphere. The chapter concludes with the FTE that is used in

the 1D particle propagator model for this dissertation.



Chapter 3

Solar Energetic Particle Transport
Model

3.1 Introduction

This chapter introduces the focused transport model by [van den Berg et al.| (2020), which
will be compared to SEP observations, and the goodness-of-fit test that is necessary to
determine if the model fits the observations, before creating synthetic data to test the
method against. Section [3.2] explores solutions of the 1D SEP transport model using the
input parameters discussed in Chapter 2] including the injection function originally derived
by Reid| (1964) that provides the initial particle flux. The next section will then discuss
the model assumptions and the three free parameters that the model utilises. These free
parameters adjust the shape of the flux profile to fit the observations. A goodness-of-fit
test is then required to quantify that the model fits the data accurately. Section will
delve into the coefficient of determination (CoD) test and how it is used. Thereafter,
synthetic data are created in Section to test the process of finding the best-fit values

and interpreting the results.

3.2 One-Dimensional Transport Model

Section introduces the FTE, derived by Roelof (1969), which is the foundation for
the numerical model used in this project. The ‘SEP Propagatorﬂ is a 1D SEP transport
model that is designed using Fortran90. The transport being modelled in only one spatial

dimension restricts the observations to only well-connected measurements, assuming that
SEPs follow the Parker magnetic field lines discussed in Section [2.2.3]

"https://github.com/RDStrauss/SEP _propagator

13
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The model reads in a set of event parameters as well as free parameters, discussed in
Section [3:3.1], which are the unobservable characteristics that can not be measured for
a SEP event. The event parameters are gathered from the observational data that is
being compared to, including the particle’s kinetic energy (in MeV), which species (either
electrons or protons) is considered, the radial position (in AU) that the instrument is from
the Sun, the total time (in hours) the simulation is computed for, the solar wind speed
(in km.s‘l), and the ‘injection switch’. There are two options for the injection function,

namely the delta function and Reid-Axford injections; this project only utilised the latter.

A few adjustments are made to the publically available version of the model; they are
to the minute counter, the background flux intensity, and the spatial dependence of the
parallel mean free path. The minute counter that prints out the decimal time of the
simulation each minute, is updated such that the time does not reset to zero after every
output is printed; instead it reduces the printed time by a minute value with up to 25
decimals to be accurate. Before this adjustment is made, a very slight difference in the
model outcome is noticed concerning the number of data points that are returned, the

impact is small but significant due to numerical truncation in the model.

The background flux intensity, originally set to F = 1x10™* PFU, is changed to F = 1x107'2
PFU because some of the data sets (specifically from the WIND-3DP instrument) provided
flux intensities as low as F' = 1 x 107! PFU. By making sure the model background flux is
always lower than the observed values, it makes it possible to renormalise the model data

without impacting the profile.

The Fortran code is set to find the radial MFP ., which is related to the parallel MFP
through the winding angle. |Droge et al.| (1997)) defines the relation as

Ar = cos> 1, (3.1)
where either the radial or parallel component of the MFP is kept spatially constant.

To avoid this extra step, the cos? 1 term, seen in Equation is removed from the D,

calculation in the code and the parallel MFP is assumed to be spatially constant.

3.2.1 Reid-Axford Temporal Profile

To account for the early stage of SEP events being highly anisotropic and then gradually
reducing back to an isotropic state, time-dependent injection functions are derived that
explain the anisotropy while also explaining the flux time profiles (Reid, 1964). The
injection function used in this project is the Reid-Axford temporal profile originally derived
by Reid| (1964) and built on by |Axford| (1965). It is used as the time-dependent boundary
condition, specified at the model’s inner boundary. The Reid-Axford profile is given by
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Droge| (2000) as

Fols = s0,1) = %exp [—E _ i], (3.2)

t  Te

where the distribution function fy is a function of time ¢ at the inner boundary where
s = 89, Tq and T, are the acceleration and escape times of the particles, and C' is a constant
used to normalise the profile (van den Berg et al., 2020; Drogel 2000; [Reid) [1964; | Axford)
1965)).

The acceleration and escape times are denoted by [Droge (2003)) as rise and decay timescales
and originally described the diffusion of particles from the flare to the tube of force (dis-
cussed in Section and escaping out of the tube later. The current mathematical
definition for the time-dependent injection is understood to be a more generic injection
process that shows the steep increase to the peak and then a monotonic decay (Drogel
2003).

For more information on the physics involved in this time profile, Burlaga (1967) breaks
down the models from both Reid| (1964) and |Axford| (1965) to understand why they are

merged into one. The original temporal profile from |[Reid| (1964) is given as
N —p?
U= -kt 3.3
dma?t P { 4a2t }’ (3:3)

where U is the surface density of particles on the Sun at a distance p from the flare,

N is the number of particles, a? = %v)\ is a diffusion constant that is dependent on the

particle velocity and MFP, and k is the fraction of particles lost over time. The loss term
k relates to the escape time 7. but the acceleration time appears to be a combination of
the particle’s velocity and an initial MFP with respect to the distance from the flare that
the magnetic footprint of the instrument lies on. From the original relation to the version
commonly used now, variables have been reduced without any clear explanation of where
those variables went; the belief must be that they are simplified to be contained within
both 7, and C.

3.3 Model Assumptions

The model is only able to simulate SEP transport along Parker HMF lines, thus neglecting
cross-field transport. Observations that follow this restriction that the flare must be
magnetically well-connected to the receiving instrument, are discussed in Section
This project assumes a constant average solar wind speed of Vi, = 400 km.s™! for all

model results and calculations.
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3.3.1 Free Model Parameters

The model is run using parameters that are determined by the event and need to be
found beforehand, such as the kinetic energy of the particles and the radial distance of
the instrument under consideration. However, some parameters cannot be measured or
observed; these are the unobservable values or unobservables. The unobservables still
pertain to the event and describe the particle transport. These are found by simulating
enough combinations of free parameter values. The best-fit values should be the values
describing that specific event or the environment in which the event occurs. Chapter
discusses some insights into these results and how they could potentially describe the event

or environment around them.

To understand the impact that each free parameter has on the flux time profile, Figures
and are designed using a baseline set of parameter values; A\j = 0.5 AU, 7, = 0.1
hrs, and 7. = 1.0 hrs for both electrons and protons. Simulations are shown at a radial
distance of 1.0 AU, kinetic energy of Ey = 0.1 MeV for electrons and Fj = 10.0 MeV for

protons.

The first panel in the electron parameter guideline shows an unchanging flux profile at
the Sun due to the MFP not having any involvement in the injection of particles (seen in
Equation. However, panel two in the top row illustrates that changing the acceleration
time adjusts the height and sharpness of the distribution at the peak and the slope of the
onset, while panel three mostly demonstrates a change in the declining slope for the

changing escape time.

This impact for 7, appears to carry through into the row below where the magnitude of
the peak and slope of the onset are the major changing factors, where lower values of 7,
lead to a sharper peak and higher intensity. Changing the value of 7. at 1.0 AU leads
to a change in the distribution around the peak where lower escape time values create a
sharper peak. This almost indicates that the injection at the Sun defines the profile up to

a point around the peak in terms of the escape time.

The changing A values indicate that smaller values lead to a smaller profile decay slope.
This panel also shows that there are limitations to the model such that it is unable to
produce simulation values when using the lowest and highest MFP values (A = 0.01 and
7.0 AU). This is even seen for the anisotropy in the bottom row; this plot should always
show a sharp peak with an exponential function decreasing to zero. For the four extreme

values it is not plotted at all after a certain point or never approaching zero.

The proton simulations need to run for a longer period compared to electrons because
protons are heavier and slower at the energies considered. The same profile will be seen

with protons just more stretched out over time than electrons.
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Electron Parameter Guideline
10t

10t

10°
107 :
1072

107

Flux at the Sun

104 -

102 E

10 =

Flux at 1 AU

100 =

107 =

102; 102 —

107 1073

25+ 25+ 25 -

20" 2.0+ 2.0 -
>
S1s5- 15- 15 -
-
5
o
)
‘= L0~ 1.0 - 1.0-
<

0.5 1 0.5 - 0.5 -

0.0 0.0 - 0.0 -

o 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Time Time Time
— 0.01 — 0.05 — 0.1 0.5 0.8 1.0 — 4.0 — 7.0

Figure 3.1: The electron free parameter guide shows how the time profile reacts to chang-
ing the values for the parallel MFP (left column), acceleration time (centre column), and
escape time (right column). To show how the model changes when changing each param-
eter, the other two (unchanging parameters) are kept at the following values: A\j = 0.5
AU; 7, = 0.1 hrs, and 7. = 1.0 hrs. The legend below the figure indicates the array of
values tried for all three parameters, where the units for \|, 7, and 7. are AU, hours,
and hours, respectively. The top row displays the intensity at the Sun in arbitrary units,
calculated using the Reid-Axford time profile in equation [3.2l The middle row displays
the flux intensity in arbitrary units at 1.0 AU from the model and the bottom row displays
the anisotropy at 1.0 AU from the model output.

There are some similarities between the electron and proton parameter guides; the most

notable difference being the onset time for protons is much later.
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Proton Parameter Guideline
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Figure 3.2: Proton free parameter guide showing how the time profile reacts to changing

the free model parameters. The figure follows the same layout and structure as Figure

B

The results related to the extreme values of the MFP are again in the proton guideline

displaying limits to the values with which it can produce simulations where the profile
for 0.01 AU is cut off early and 7.0 AU is not displayed at all; bordering these limits is

4.0 AU which displays an irregular shape for the flux and anisotropy. The Reid-Axford

parameters display the same changes as seen in the electron parameter guide.

These guides are a useful tool when fitting events to aid the user to find the best values

faster, i.e. if the slope needs to be steeper than the model is currently outputting, then it

is easy to see that the mean free path needs to be increased.
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3.3.2 Normalisation

The fourth free value that can be openly adjusted, yet is not formally defined to have any
physical meaning outside of being a simple scaling factor, is the normalisation constant C'
in the Reid-Axford model. This value allows the model’s output intensity to be directly
shifted up or down without impacting any profile or physical understanding. This is simply
done by finding the average peak height of the observation and dividing it by the average
peak height of the model to get C. The normalised model is then calculated by multiplying
the model output by C.

3.4 Goodness-of-Fit Testing

Achen (1982)) poses the question “How can a good fit be recognized?”. A statistic, first
mentioned by Wright| (1921) when trying to predict the weight of guinea pigs, is the R?
goodness-of-fit statistic, formally known as the coefficient of determination (CoD). This
is a regression analysis tool that is used when trying to confirm if a predictive model

compares well to observations.

3.4.1 Coefficient of Determination

The CoD statistic is simply defined by |Achen| (1982) as the fraction of explained variance
over the total variance. This is defined by Berry and Feldman| (1985) to be
n A\ 2
R2-1- j:l(ifj_}/j)

) 3.4
S (Y- ) o

where the observations are denoted by Y; for j number of observations, YJ is the estimated
or predicted values, and Y is the average value of the observations. The resulting value for
a good fit for R? should lie between 0.0 and 1.0. If it is negative then it implies that the
two sets are completely mismatched. If the model can include all the potential impacts of
the SEPs’ transport, then the CoD must equal 1.0 or unity (Wright|, [1921)). However, the
real world is far from ideal and there will always be unaccounted-for disturbances, which
is why |Achen| (1982)) describes it as “the percentage of variance explained”. This statistic
will come in use later in Sections 3.5.3] and [4.3.3] where the remainder of the variance that

is unexplained will be hypothesised.
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3.4.2 Implementation

To better understand how this analysis is used in this project, Equation [3.4] is broken up

into three parts. The most crucial part is the sum of squares of the residuals,
n A\2
SSres =Y. (Y;-Y;)", (3.5)
j=1

because if Y; - YJ = 0 for all the items j, then the two sets of data are perfectly in sync
(Berry and Feldman, 1985). To bring Equation into a relative space that can be

compared more generally, it must be divided by the total sum of squares

n

1\ 2
SSiot =Y. (Y;-Y)". (3.6)
j=1
Lastly, by subtracting this value from one, the CoD is found as
SS
R*=1-"T% 3.7
SStot ( )

to turn the fraction of the two equations into a “rhetorical” percentage, as |Achen| (1982

calls it and provides a route to find the best possible fitting simulation for the model.

Fortunately, there exists a Python module called scikit-learn (Pedregosa et al., |2011)
that includes the r2_score(obs, mod) function that performs this calculation when it is
supplied with the observation (obs) and model (mod) data sets. For the function to work
both sets must be of equal length and (in the version used in this project) no values can

be NaN or infinite.

3.5 Synthetic Data Testing

To understand how the model functions and to show how the model will be compared to
observations, a single set of synthetic data is generated and, using the goodness-of-fit test

alongside the free parameter guideline, the synthetic data is thereafter fitted and analysed.

3.5.1 Generating Synthetic Data

Using the Fortran code with the changes mentioned in Section a single instance is run
for an electron event with a kinetic energy of 0.1 MeV, set to a distance 1.0 AU radially
away from the Sun, using a time-dependent injection, with the free parameters set to A
= 0.5 AU, 7, = 0.1 hrs, and 7. = 0.8 hrs. The model values are then adjusted by adding
0.1 PFU to every flux value so that the background data are not at the very low value of

F =1x10"!"! PFU, making it more reasonable and relatable to real observed data.
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3.5.2 Introducing Noise

The synthetic data still look like a single continuous line, which is unrealistic, so noise is
required as a final step in creating the data set. To do this the random.gauss(x, sigma)
Python function (Van Rossuml |2020) is utilised where x is a single flux value and sigma is
the maximum standard deviation ¢ that it will adjust the values by. This function creates
pseudo-random values using x’ = x + xo, where 2’ is the randomly adjusted value, z is the

original value, and o is the maximum standard deviation.

For this data set the flux deviation is set to ogqux = 0.35 and the anisotropy deviation is
Tanisotropy = 0.2. The original and final synthetic data sets are shown in Figure in

orange and black, respectively.
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Figure 3.3: Synthetic data created from the 1D SEP transport model. The orange dashed
line indicates the original values drawn from the model which are then adjusted to get the

black noisy synthetic data.

The resulting synthetic data still clearly follow the original time profile with the noise
skewing the profile downwards around the first and eighth hours. Due to the logarithmic
scaling that this is plotted in, the distribution is always more likely to shift the profile

down.

To anticipate the resulting parameters Figure can be compared to the parameter guide-
line in Figure [3.1] which shows that skewing the profile down could shift the acceleration
time down and provide a sharper peak to pivot at. It could also shift the escape time when

trying to correct itself back to the original intensity profile (as though the two numbers
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are oscillating about the equilibrium). The guide also shows a slower decay phase for
lower MFP values, while drastically changing the profile (sloping downwards and forming
a ‘cone’ at the peak) at higher values so there is little anticipation for change in the A

value.

3.5.3 Numerical Modeling of Synthetic Data

Fitting this data set should be straightforward as the best-fit values ought to be approxi-
mately what the original model values are (A\j = 0.5 AU; 7, = 0.1 hrs; and 7. = 0.8 hrs),
potentially shifted slightly downward to adapt to the noise added in Section [3.5.2] Figure
-4 displays the best fitting results for the synthetic data; the panels on the right outline

what the R? results are for each final parameter value.
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Figure 3.4: The grid result when fitting the synthetic data. The top left panel shows the
particle flux result in PFU for the top 10 results (in order from best fit to worst fit), and
the bottom-left panel shows the anisotropy for those same results. The right panels show

the R? results for each of the free parameters.

Considering the goodness-of-fit graphs from Figure (right panels), it can be seen that
as the model fit improves the scatter points converge to the best fit and are not arbitrarily
distributed. The flux and anisotropy for the top 10 best fits are plotted on the left panels
where it is clear that there is very little difference between sets. In terms of the R? values,
the top two values are R? = 0.78495 and R? = 0.78487, with a difference of only 8 x 107°

between them.
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3.5.4 Interpretation of Synthetic Fit

The best possible fit for the free parameters (up to 2 decimal places), with an R? = 0.78,
is seen in Figure where the resulting free parameter values are A\ = 0.55 AU, 7, = 0.18
hrs, and 7, = 0.58 hrs.
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Figure 3.5: The best-fit result (where R? = 0.78) of fitting the synthetic data created using
A = 0.5 AU, 7, = 0.1 hrs, and 7. = 0.8 hrs. The particle flux in arbitrary units is in the

upper panel and the anisotropy is in the lower panel.

While the derived value of | is not substantially different from the original value, a quick
calculation can be done to quantify the difference. The MFP has a final best-fit value of
0.55 AU; this is only 0.05 AU or 10% different to the original value that the synthetic
data is created with. Based on the free parameter guideline, this further indicates that

the majority of the profile is defined using the A variable.

Applying the same comparison with the acceleration time shows a much bigger difference
where the best fitting value is 0.08 hrs different to the original value of 0.10 hrs. This is
a difference of 80% after fitting the data. Considering the free parameter guideline, this
parameter mostly influences how sharp the peak is and the vertical onset. It could be
argued that the incorporation of noise disrupted this profile by making the distribution
around the peak blunt enough that the acceleration time is directly impacted, resulting in

a value that is almost double that of the original.

Lastly, the difference in escape time after fitting the data is 27.5% lower (with 0.22 hrs)

than the original value of 0.80 hrs. This is a much smaller change in terms of the total
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percentage difference. While adjustments in the escape time mostly influence the distri-
bution around the peak, which experiences slight changes to its slope from 7. = 0.5 to 7.0
hrs (as seen in Figure [3.1)). This explains why the distribution around the peak influences
the acceleration time so much more than the escape time, and how this value has a much

smaller difference in terms of the percentage when compared to 7,.

3.6 Summary and Conclusion

This chapter introduces the 1D SEP transport model, developed by [van den Berg et al.
(2020), and all the parameters and assumptions required to run it, including the Reid-
Axford injection model (Reid, 1964; Axford} |1965). The chapter then explores the CoD
goodness-of-fit test, denoted using R?, which guides the model simulations towards the
best fitting parameters as seen in Figure To understand how the model and R?
test work, synthetic data are created with the use of Python functions to add somewhat
realistic noise. The synthetic data are tested against numerous simulations until the best

possible fit is found, shown in Figure [3.5

With the aid of the free parameter guides, a better understanding of the impact that the
flux and anisotropy time profiles experience due to each free parameter is gained. Figure
however, indicates how open the parameters are to interpretation. Without further

insight, many assumptions can be made about the injection parameters.

While the free parameter guides can be useful, they are not holistic in describing every
energy’s results, and consulting these figures is not meant to provide definite conclusions.
Despite the indication of parameter boundaries seen in the free parameter guides, there
are also values for which the model becomes unstable and is unable to produce intensity
(and thus anisotropy) values for arbitrary combinations of parameters. This is something
that is considered throughout Chapters [4] and

This chapter lays a foundation for the understanding of how to model observations and a

start on how to interpret the results.



Chapter 4

Numerical Modelling of

Observational Data

4.1 Introduction

The aim of Chapter |4 is to introduce the procedure of finding appropriate SEP events
that satisfy all requirements for the model and illustrate the outcome of finding the best
fit. The process of fitting observational data with the focused transport model, discussed
in Chapter is only applied to fit synthetic data in a hypothetical scenario. When
working with real-world data it is vital to recall any restrictions that the model or data
processing puts in place. The model only considers 1D transport and therefore requires
a good magnetic connection from the observing instrument to the flare site; Section [4.2.1]
explains how this can be found. Understanding this restriction, observations can then be
found by surveying various solar event archives to find appropriately large particle events

that have the potential to be recorded by a magnetically well-connected instrument.

Having found events to model, Sections and explain how the JHelioviewer
program and Solar M Agnetic Connection Haus (Solar-MACH) tool are used to confirm
the location, size, and time of the eruption, and corroborate that the instruments are
magnetically connected. A key aim of this project is to remove as much subjective input
as possible, using scientific reasoning and calculations to make most of the decisions; this
restriction is mostly seen when the data is initially compiled and the judgement to use

that specific set comes down to the time onset normalisation procedure set up in Section

124

Note that any times mentioned in the following chapters are in reference to the Coordinated
Universal Time (UTC).

25
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4.2 Observations

In order to find large SEP events there are a multitude of archived lists for solar flares,
including the Space Climate Groups Cataloﬂ NASA’s list of Major SEP Eventsﬂ and

SpaceWeatherLive.com’s archive for solar flared’]

Solar flares are classified under five different labels using a logarithmic scale based on the
soft X-ray peak flux magnitudes (Ursi et al., 2023), evidenced by Figure Using this

scale, the flares are defined as the corresponding letter and float value.
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Figure 4.1: The classification of solar flares based on their peak flux magnitudes in the
1.0-8.0 A wavelength band. This figure is created using the SunPy Python package (The
SunPy Community et al., [2020). Focus is put on the 1.0 — 8.0 A wavelength band which
corresponds to approximately a 1.5-12.5 keV energy range (Ursi et al.,[2023). This graph
is plotted over the full 24 hours of 28 October 2021.

In the case given in Figure the highlighted flare is shown to be of magnitude 1.0x 10~
W.m™2 which corresponds to a value of X1.0. Each letter corresponds to the opposing
units scale such that ‘A’ is nx 107 W.m™2, ‘B’ is n x 1077 W.m ™2, ‘C’ is n x 107 W.m2,
‘M’ is nx 107> W.m 2, and ‘X’ is n x 107* W.m™2 (where n is the float value from 1.0 to
9.9). X-class flares however do exceed this n range and have been recorded to go as high
as X28.0 (Kaufmann et al., 2012).

Background activity is predominantly measured to be within the B-class (between 1.0x107"

Yhttp://www.stil.bas.bg/SEPcatalog/homeind new.html
https://cdaw.gsfc.nasa.gov/CME list /sepe/
Shttps://www.spaceweatherlive.com/en/solar-activity /top-50-solar-flares /year /2023.html
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and 1.0x107% W.m™2), therefore this project mostly considered flares in the M- or X-classes

to ensure that the background activity is minimally intrusive.

4.2.1 Magnetic Connectivity

Given that the model, discussed in Section [3.2] is 1D, it only describes particle transport
along a single magnetic field line. As discussed in Section the guiding centre of the
charged particle will therefore only follow the Parker HMF line away from the Sun (Roelof,
1969; van den Berg et al., 2020)). Using this Parker line as the axis in which the motion

of the particle is confined, the model restrictions will be satisfied.

2023-8-18 19:00:00
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Figure 4.2: Figure generated using the Solar-MACH tool displaying the three closest
planets to the Sun and their Parker Magnetic Spirals using Vi, = 400 km.s™' (Gieseler
et al., 2023)).

Using Figure [4.2| as a guide, where the Sun is at the origin, the particles would therefore
be required to traverse one of the coloured spirals to reach the respective coloured circles
for that planet to be magnetically connected. To find an instrument measuring SEPs on
a field line originating from the flare site would make it a magnetically connected event

measurement.

Roelof| (2015) notes that the recording instrument’s magnetic footprint must lie within

30° of the flare site for it to be considered magnetically well-connected. The limit on the



CHAPTER 4. OBSERVATIONAL RESULTS 28

distance used for this project is set to a maximum of 27° from the flare site. With this
knowledge in hand, Jhelioviewer is used to get the location of the flare and Solar-MACH

can confirm if there are any instruments that were connected at the time.

4.2.2 JHelioviewer

Using the dates and times for the largest registered solar flares, JHelioviewer is utilised to
locate a more definite time and position for the flare’s eruption. This visualisation tool,
forming part of the ESA/NASA Helioviewer Project, is an open-source desktop and web
application allowing anyone with access to a computer and internet connection to explore
the Sun and inner heliosphere (Miiller et al., [2017)).

202151 0FZBTaS 30045007

Figure 4.3: Snapshot from JHelioviewer using the SDO AIA 304 A images for the flare
at 15:30 associated with GLE#73 on 28 October 2021, located at the red circle which is
approximately (270°, =29°) in Carrington coordinates (lMiiller et al.|, |2017|).

According to Miiller et al.| (2009, 2017), JHelioviewer provides images and stop-motion

movies using footage captured through telescopes on board various spacecraft, such as
the Solar Dynamics Observatory (SDO, [Pesnell et al., 2012) and the Solar TErrestrial
RElations Observatory (STEREO-A, Kaiser et al., 2008).

There are a variety of telescopes imaging the Sun in various fields of view across the
spacecraft currently in orbit (Miller et al., 2017; Hurlburt et al) 2012). As an exam-
ple of the many instruments capturing the Sun, there are the twin STEREO spacecraft
that have the Sun-Earth Connection Coronal and Heliospheric Investigation (SECCHI)
instrument on board which consists of five telescopes: the Extreme Ultraviolet Imager
(EUVI), two Coronagraphs (COR1 and COR2), and two Heliospheric Imagers (HI1 and
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HI2); for more information on this instrument suite see [Howard et al. (2008]). Of these
five telescopes: the EUVI and HIs image the low corona at different radial distances, and
the coronagraphs image the inner and outer corona (Howard et al.l |2008]). These cameras
use a variety of filters to be able to capture as many solar phenomena as possible (Howard
et al.l 2008)). Figure is an image taken from the JHelioviewer desktop application of
the GLE#73 event with the SDO AIA instrument measuring with the 304 A ultraviolet
passband (Miiller et al., 2009, [2017)).

The main features of JHelioviewer include being able to efficiently browse through repos-
itories to find events or regions, overlaying multiple images or filters, and adjusting layer
transparency levels to better observe certain features on the Sun. The bottom panel of
Figure is a timeline of solar flare events from the Heliophysics Events Knowledgebase
(HEK, Hurlburt et al., [2012), archived into the Space Weather Events Knowledgebase
(SWEK) built specifically for the Helioviewer Project (Mtller et al., 2017). To get the
starting time for the flare in Figure [4.3| eight minutes must be subtracted from the ob-
served start of the instruments to account for the photon travel time, thus the resulting
flare start is estimated to be 15:07.

Setting the grid in the program to Carrington coordinates and hovering the mouse over
the still-image of the flare site provides an approximate location in longitude and latitude,
which can then be compared to the potential receiving instruments to note their magni-
tude of magnetic connection. According to Bhatnagar and Livingston (2005]), Carrington
coordinates are defined in such a manner that the heliographic latitude is measured from
the Sun’s South pole to the North Pole as —90° to 90°, and the longitude is measured as a
full rotation starting from the meridian, called the Carrington Central Meridian, heading
West from 0° to 360°. This central meridian is internationally agreed to be the apparent
centre of the disk as of 1 January 1854 at 12:00 (Bhatnagar and Livingston), 2005]).

4.2.3 Solar-MACH

The date, time, and location of the solar flare are then inserted into the Solar-MACH tool
created by the Solar EneRgetic ParticlE aNalysis plaTform for the INner hEliosphere
(SERPENTINE) group in Turku, Finland (Gieseler et al., 2023), with examples shown in
Figures [4.2] and Each coloured circle indicates a planet or spacecraft actively in orbit
around the Sun at the time of the event, with the radial distance from the centre providing
the scaled radial distance in AU that they are from the Sun. The lines that connect the
spacecraft to the Sun are the Parker HMF spirals, calculated using the average solar wind
speed of Vi, = 400 km.s™'. The straight black line with the arrow indicates the position
of the flare and the direction that it erupted towards, while the dashed spiral denotes the

Parker spiral connected to the flare site.
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Figure 4.4: Figure provided from the Solar-MACH tool, created by the SERPENTINE
group, provides the Parker spirals of the flare and the instruments actively in orbit during
that time period (Gieseler et al.,2023|). This figure specifically shows the spacecraft, Earth,
and the flare for the event on 28 October 2021 (GLE#73) with the peak intensity of the
flare occurring at 15:07 and peaking at 15:27 at Carrington coordinates (270°; —29°).

From this diagram, it can be deduced that the STEREO-A and Parker Solar Probe (PSP
Fox et all) 2016) instruments are closest to the flare’s Parker Spiral, and from the data
output that the tool has provided (seen in Table , they are approximately 22° and 15°

away, respectively.

Included in Table is the connection of the Earth, which is indicative of spacecraft
in orbit around or near the planet or instruments at ground level, such as NMs, that
could potentially be measuring SEP data. The most common spacecraft represented by
Earth in the Solar-MACH tool for the purposes of this project are from the Geostationary
Operational Environmental Satellite (GOEEEI) and Comprehensive Solar Wind Labora-
tory for Long-Term Solar Wind Measurements (WINDEI) missions.

*https://www.nasa.gov/content/goes-overview/
®https://wind.nasa.gov/



CHAPTER 4. OBSERVATIONAL RESULTS 31

Solar
Earth | PSP | SOHO STEREO-A
Orbiter
Magnetic
62 -15 62 48 22
Connection (°)
Radial
0.99 | 0.62 0.98 0.80 0.96
Distance (AU)

Table 4.1: Earth and multiple spacecraft positions from the flare for GLE#73 on 28
October 2021 in which the flare started at approximately 15:07 at (270°; —29°). Values
are provided using the Solar-MACH tool (]Gieseler et al.L |2023|).

4.2.4 Time Onset Normalisation

The flare is now found along with the instruments that are magnetically well-connected,
but this still does not imply that the data will be good enough to fit. Chapter [2| discussed
all the different influences that exist in the inner heliosphere that could have an impact

on what the instrument measures.
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Figure 4.5: STEREO-A High Energy Telescope (HET) electron (left) and proton (right)
bins for energies of Ej . = 1.98 MeV and Ejj, = 38.0 MeV, for the 28-29 October 2021
GLE event.

Looking at Figure it can be viewed as a subjective choice to fit an energy bin (a set
of data that is measured within a specific energy range). Using another tool created by
the SERPENTINE group, but rewriting it slightly, the choice to use an energy bin mostly
comes down to whether or not the data displayed an acceptable onset time. When an
instrument starts observing SEPs from a flare at a higher level than the background, it is
called the onset and for impulsive SEP events it is seen as a flux increase in the form of a
steep vertical line, as seen in Figure at approximately 16:00 on 28 October 2021. The
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same sharp increase is also seen in the anisotropy before sloping back to zero again soon

after.

To calculate the onset time, the implemented tool uses a 3-0 method outlined below:

1. Define a window period that is made up entirely of the pre-event background; this

is the green vertical bar in Figure that takes up approximately 30 minutes.

2. Calculate the particle intensity mean (Zp, the red horizontal line) and standard

deviation (o, the yellow shaded area around the mean) of this window interval.

3. Compare the next intensity value following this window (z1) to the background

interval, testing if it agrees with the expression: =1 > Zp + 30 3.

(a) If it is greater than the expression then check the next point: zo > Zp + 30p.

(b) If this is also true then the onset is found at the time where x; occurred.

4. If the expression is false then shift the window period forward by one timestep and

repeat steps two and three until the time onset is found.

Figure displays the range in which the window is calculated as the green highlighted
region, what the mean value is from the horizontal red line, where the o range falls in
the highlighted yellow region, and the onset time as the vertical black line. An upside
to calculating the onset is that a Velocity Dispersion Analysis (VDA) can be calculated
without relying on a by-eye method. A downside is that due to the Sun’s activity, this

time onset can be influenced by other flares and interruptions.

4.3 GLE#73: 28 October 2021

Section introduces GLEs as SEP events which are detected at ground level by NMs.
Only 73 GLEs have been recorded since the 1940s and they occur with a frequency of
about 0.9 per year (Papaioannou et al., [2022). The previous solar cycle (Solar Cycle 24 or
SC24) included the fewest GLE reports per cycle with the only one occurring on 17 May
2012 (also fitted in Appendix Section [A.2). Some insights into why SC24 was so inactive

were covered in Vainio et al.| (2017).

The most recent GLE event recorded at the time of writing occurred on 28 October 2021,
which is the first and currently the only GLE for the current solar cycle (Solar Cycle
25 or SC25) (Papaioannou et al., 2022; Martucci et al., 2023). NMs and spacecraft,
such as SOHO and STEREO-A, are reported to have observed the onset of particles at
approximately 16:00 (Mishev et al., 2022} |Papaioannou et al.l [2022; Martucci et al., 2023).
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4.3.1 The Observation

Multiple large (M-class or higher) flares were recorded by GOES on 28 October 2021
shown in Figure SEPs from the last flare, occurring just after 15:00, were measured

on Earth, thus making this event a GLE (Papaioannou et al., [2022). From this same

figure, it can be seen that the flare had a magnitude of 10™* W.m™2 which implies that
it is an X1.0 flare. The active region causing all three large flares is NOAA AR12887
(Papaioannou et al., [2022; Martucci et al., 2023).

_al)

Figure 4.6: Snapshot from JHelioviewer using STEREO-A EUVI 195 A images for the flare
at 15:30 associated with GLE#73 (28 October 2021), located at approximately W02526
in Stonyhurst coordinates. (Miiller et al., 2017).

The solar flare associated with this event, seen in Figures [4.3] and [£.6] erupted at ap-
proximately 15:07 at the Carrington Coordinates (270°, —29°) and W02S26 in Stonyhurst

Coordinates. These values correlate to the results seen in [Papaioannou et al.| (2022) and

Martucci et al|(2023). Stonyhurst Coordinates use the intersection of the central meridian

on the Sun as seen from Earth and the solar equator as the central point of the coordinate

system (Thompson, 2005)). This is the more commonly found coordinate system within

scientific articles. The position is provided in terms of North or South (from 0-90°), and
East or West (0 - 180°). Note that the Solar West limb is increasing to the right while

the East increases to the left.

For this event, the best magnetic connection, seen in Figure [£.4] and using Table is
to PSP, with its magnetic footprint at 15° away from the flare; the only other notable
connection being STEREO-A at 22°. This means that this event can potentially be fitted
at two radial distances, 0.62 AU and 0.96 AU, respectively.



CHAPTER 4. OBSERVATIONAL RESULTS 34

4.3.2 Validating the Data

The time onset graphs shown in Figures [4.5] and demonstrate that the event has the
potential to be fitted to an array of electron and proton data. The STEREO-A data in
Figure [4.5 shows a well-defined time profile with little deviation in its form.

Both the example bins for electrons and protons illustrate the flux increasing by almost
four orders of magnitude from the averaged pre-event background intensity. There are
some visible fluctuations, the most visible being at the peaks, that will need to be taken
into consideration when applying the goodness-of-fit test as the model will create a smooth
profile around any such fluctuations. The PSP data in Figure [£.7] show similar intensity
increases at the onset when compared to the STEREO-A data.
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Figure 4.7: PSP Integrated Science Investigation of the Sun (IS®IS) electron (left) and
proton (right) bins with energies of Ej . = 1.54 MeV and Ej, = 20.7 MeV for the 28-29
October 2021 event.

From the aforementioned figure, there are observable gaps in the PSP data from approxi-
mately 06:00 to 12:00 and 14:00 to 19:00 on 29 October 2021, and the PSP electron data
peaks experience a stepwise decrease due to an instrument issue that occurred early in
the mission from about 16:00 to 00:00 on 28 October 2021. Some discontinuities can be
accounted for during the fitting process; however, the PSP electron data are not a data gap
that can be worked around. When modelling electron transport, only the first 10 hours
after the eruption are compared (20 hours for protons), but the shifted data account for
eight of those hours, so the model will try to fit the shifted values as well as the main time
profile. The PSP electron data are not utilised due to the stepwise decrease in the time

profile after the peak skewing the parallel MFP results.

Taking into account the discontinuities mentioned in this Section, the full set of results
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for fitting the model to the observations are summarised in Table and one of the final

best-fit results for each instrument is displayed in Figures[4.8 and [£.9] Note that the fitting

process limits all the free parameter values to the range 0.01 to 9.99.

4.3.3 Fitting Results
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Figure 4.8: The result for the first STEREO-A electron bin that has a goodness-of-fit of
R? =0.96. The mean energy for this bin is Ej = 1.98 MeV, that corresponds to a rigidity
of P =2.44 MV, and the corresponding parameter best-fit are A = 0.11 AU, 7, = 0.92 hrs,
and 7, = 0.43 hrs.

Figure shows a best-fit model-data comparison that compares well with the observa-
tional data, including around the onset peak where the data appear to fluctuate slightly.
However, the model gives a steeper increase compared to the observations which show a
more gradual increase than what is normally expected. The anisotropy in the panel below
indicates a smooth time profile where the particles become isotropic just after 18:00, three
hours after the flare initially erupted. The isotropic decay phase of the event is what
impacts the MFP the most, as seen in the free parameter guide from Section Thus,
due to the fit of the declining slopes being so unambiguous, the A\ result can be trusted.
However, the calculated onset is an imperfect comparison during the increasing phase,

which implies that the acceleration and escape times are less trustworthy.

The gaps in the PSP data discussed earlier in Section are visible again in Figure
[4.9] However, the remaining data are still sufficient such that the model can fit the onset
and tail, allowing the reader to build faith in the result. The proton PSP data for the
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Figure 4.9: The result for the sixth PSP IS®IS proton bin that has a goodness-of-fit of
R? =0.91. The mean energy for this bin is Ej, = 20.75 MeV which corresponds to a rigidity
of P =198.38 MV, and the free parameter results are A\ = 0.30 AU, 7, = 4.22 hrs, and
Te = 2.76 hrs.

bin with energy Ej = 20.75 MeV show a more gradual onset corresponding to the high
acceleration and escape times. The fluctuating peak provides a smooth enough shape to
fit which is why the goodness-of-fit can be as high as R? = 0.91. The profile beyond the
peak, where the MFP is most defined, deviates slightly from the best-fit model from 02:00
on 29 October 2021 which would imply that the MFP is not as close as it should be. The
anisotropy in the lower panel of Figure [4.9] shows the particles only becoming isotropic

from approximately 00:00, eight hours after the onset is recorded.

The far-right column of Table displays the R? goodness-of-fit result (as discussed in
Section where the average goodness-of-fit value for the whole event comes to approx-
imately R? =0.89 in agreement with the fit.

By aligning the onset time of the model and observations, the time given by the first data
point in the model data is taken to be the calculated start time of the event according to
that energy bin. Considering the start time of the event that is recorded using JHelioviewer
in Section to start at approximately 15:07 on 28 October 2021, this can be compared
to the calculated start times in column four of Table The average time calculated for
the start time for all the data sets comes to 15:01 which is only six minutes earlier than the
recorded time. The difference between the times could be due to a multitude of reasons,

including other activity at the Sun that is causing an influx earlier than anticipated, or the
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Instrument | Species | Bin | Event | Energy | Rigidity Al Ta Te Peak | R?
Start | (MeV) (MV) | (AU) | (hrs) | (hrs) | Flux

0 15:19 0.99 1.41 0.13 1.38 0.47 | 227.95 | 0.95

Electrons 1 15:20 1.98 2.44 0.11 0.92 0.43 | 132.32 | 0.96

2 15:15 3.35 3.83 0.14 1.70 0.37 | 46.62 | 0.95

0 14:49 14.30 164.44 0.31 9.99 1.02 | 20.554 | 0.72

1 14:59 16.00 174.02 0.30 9.99 0.89 | 18.932 | 0.78

2 14:58 18.10 185.19 0.33 9.99 0.92 | 16.435 | 0.79

STEREO-A 3 | 14557 | 2220 | 20531 | 0.37 | 9.99 | 0.93 | 13.654 | 0.83

(HET) 4 | 14:59 | 2510 | 21848 | 0.35 | 9.99 | 0.84 | 11.104 | 0.88

Protons 5 14:57 27.90 230.51 0.34 8.29 0.93 | 10.096 | 0.91

6 15:13 31.40 244.77 0.35 4.71 1.28 | 9.1884 | 0.94

7 15:09 34.60 257.15 0.35 5.68 1.02 | 8.3272 | 0.93

8 15:03 38.00 269.73 0.35 7.48 0.79 | 7.0200 | 0.93

9 14:55 49.00 307.17 0.36 9.97 0.55 | 5.3876 | 0.92

10 14:55 77.50 389.16 0.36 9.98 0.44 | 2.7621 | 0.95

1 14:47 8.72 128.23 3.00 9.99 2.50 | 720.89 | 0.75

2 14:18 10.37 139.90 0.08 9.69 0.82 | 230.41 | 0.78

3 14:38 12.34 152.64 0.07 7.15 0.78 | 196.51 | 0.92

4 14:49 14.67 166.55 0.06 3.83 0.72 | 146.80 | 0.87

5 14:59 17.45 181.76 0.16 3.69 2.12 | 105.77 | 0.90

(IIS)Z]I?S) Protons 6 15:01 20.75 198.38 0.30 4.22 2.76 | 90.425 | 0.91

7 14:59 24.68 216.56 0.29 5.50 1.68 | 81.715 | 0.93

8 15:04 29.34 236.45 0.63 5.72 1.91 | 63.600 | 0.94

9 14:55 34.90 258.23 0.30 6.58 1.15 | 54.155 | 0.94

10 15:11 41.50 282.09 0.60 4.46 1.79 | 40.060 | 0.93

11 15:09 49.35 308.25 0.23 4.49 0.97 | 30.568 | 0.92

Table 4.2: Final fitting values for the 28 October 2021 event using measurements from
STEREO-A HET and PSP IS®IS, where the observed peak flux is in terms of PFU. The
columns include the event start time (calculated from the time onset), the energy provided
for each bin, the calculated rigidity, the best-fit free parameters, the observed flux peak,

and the goodness-of-fit result.
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onset could be skewed due to the variations in the background data in the measurements.

No clear pattern is seen in the A results for the PSP protons, with the STEREO-A
electrons being confined to 0.11-0.14 AU, and the STEREO-A protons are then found to
be much higher with values of 0.30-0.37 AU. The results should show a difference between
the two proton results due to their different radial distances from the Sun, especially given
that the rigidities overlap from ~ 165 — 308 MV.

Acceleration time values commonly reach much higher values in some bins than antici-
pated, taking a minimum acceptable goodness-of-fit value as R? = 0.80. The corresponding
R? values for these high acceleration times indicate that many of the final model fits are
not acceptable in terms of the observations. These 7, times are most likely as high as
they are due to the slope/curve at the onset not being comparable to the model within
the limitations. The full set of results is found in Appendix Section

Finally, the escape times (usually disregarded and left to be 7. = 1.0 hrs in other scientific
research) are all within 0.3 — 3.0 hrs. During the process of fitting, it is found that the
two Reid-Axford times are influenced by each other. The procedure often starts with
the MFP found first, then the escape time, and then the acceleration time (with minor
adjustments to the escape time). This implies that most of the shape is determined by the
MFP, followed by the escape time, and finished with minor details from the acceleration
time. However, the acceleration time being so large for some bins could imply more time
required to find the final fitting values; most fitting grids start with (0.10, 0.50, 0.90) for
all three parameters, so it might be different if the initial grid started with much higher

values.

Chapter [p]explores the potential trends that have been detected from fitting various events.
All the results for the events fitted in this project are found in Appendix [A] which includes

the observational data as well as all the fitting results.

4.4 Summary and Conclusion

This chapter introduces the process of finding SEP events that correspond with the re-

strictions from the model and show examples of fitting these observations.

Information about the GLE#73 event on 28 October 2021 is found using JHelioviewer
and Solar-MACH. This confirms where and when the solar flare erupted and which in-
struments were magnetically well-connected through their Parker spirals to the eruption
site. The time onset normalisation then assisted in determining which observational data
are objectively suitable for the fitting process where unreliable data sets are also manually
discarded due to certain discontinuities. Thereafter, the chapter explored the final results

for fitting the event with different species and at varying energy levels.
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The information gathered about the event through the use of JHelioviewer and Solar-
MACH corresponds to that of |Papaioannou et al.| (2022) and Martucci et al.| (2023) which
confirms the procedure and use of both tools in this process. While the time onset calcu-
lations can be a good initial tool to decide on which data can be fitted, examples like the

PSP electron bin expose why more input is necessary to fully accept the data sets.

Scrutinizing the final results from the fitting procedure assisted in fully breaking down
which parts of the time profile are responsible for determining each free parameter and
how much influence they have in the final shape. There is potentially a radial influence on
the proton MFP values as seen from some of the results at » = 0.62 AU and r = 0.96 AU.

In terms of obstacles faced in this chapter, the model runtime has a complementary con-
nection to the magnitude of A as a smaller MFP leads to a longer runtime. Having small

MFP values for most of the bins does prove to be time-consuming.

The next chapter will explore any patterns or trends that may arise from the results of

fitting this and the other events that are summarised in Appendix [A]



Chapter 5

Unobservable Results

5.1 Introduction

By fitting the 1D SEP transport model to numerous observations, Chapter [5| aims to
compare the free parameter results in various ways to find potential trends in these un-
observable results. Chapter [3| defines the fitting process using the CoD goodness-of-fit
test, while Chapter {4] outlines how to find observations that are within the constraints of
the model’s restrictions. Appendix [A] details the observations and fitting results for over
a dozen events recorded at various distances at multiple energies for both electrons and

protons.

A possible solar cycle dependence on the free parameters is investigated in Section [5.2
where both the 11- and 22-year solar cycles are considered. Section discusses the en-
ergy spectrum at the particle source and at the observers at 1.0 AU. The Reid-Axford
acceleration and escape times, measured at various distances and different levels of mag-
netic connection to the flare site, are explored in Sections and Section briefly
discusses a rigidity dependence on all three parameters, with the focus on the parallel
MFP.

This rigidity-dependent MFP result is then compared to trends in historical observations
by |Droge (2000) and |[Palmer| (1982) in Section Bieber et al| (1994) discusses an
analytical theory considering these same trends. Section breaks down this analysis

and discusses how well it compares to the derived parameters.

All results presented in Chapter [5| have a goodness-of-fit that is greater than or equal to
R? = 0.80. Table defines the markers used in the upcoming figures unless otherwise
stated.

40
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Instrument Markers Date Colours
SOHO | o Orange 22 November 1998 11 June 1999
WIND | O Moss Green 19 October 2001 Pine Green 20 February 2002
STEREO-A | % Green-Blue 1 November 2004 Midnight Green | 14 August 2010
PSP | & Prussian Blue | 17 May 2012 Medium Blue 20 September 2015
GOES | © Steel Blue 9 October 2021 Marian Blue 28 October 2021
SolO | A Purple 18 January 2022 Dark Magenta 20 January 2022
Purple-Red 21 March 2022 Red 2 April 2022

Table 5.1: Markers and colours, representing different spacecraft and events, used for all
the figures in Chapter 5} The results for electrons will have an open-faced marker, while

the proton results marker face will be coloured in unless otherwise indicated.

5.2 Solar Cycle Dependence

Every 11 years the Sun experiences a full solar cycle, rising from minimal solar activity
to solar maximum and back down to solar minimum (Hathaway, 2015)). Solar activity
changes are mostly visible in the number of sunspots recorded, as seen in Figures [5.1
and for Solar Cycles 23 (SC23; 1995-2009), 24 (sc24; 2009-2020) and 25 (sc25;
2020-). Figure 1 in Engelbrecht and Moloto| (2021)) shows the solar cycle to correlate
with properties such as the Sun’s tilt angle s, the HMF magnitude B, and the magnetic
variance at Earth § B%. From these properties, other values are impacted such as the solar

wind speed, the Alfvén speed V4, and focusing length.

In addition to these changes over the 11-year cycle, at the end of the 11 years, there is
a polarity change in the magnetic field. The polarity is seen in Equation [2.1| as the sign
of A. When A > 0 the magnetic field lines point outwards in the northern hemisphere of
the Sun and inwards in the southern hemisphere. When A < 0 the reverse is true. This

22-year cycle is referred to as the dynamo model or Babcock cycle (Babcock, |1961)).

Figure 2 in Engelbrecht and Moloto| (2021) shows that the parallel MFP remains mostly
constant in time for increasing rigidity up to P ~ 2 GV; thereafter the solar minima A
values are higher. This implies that any solar cycle dependence for A| is only expected at
extremely high rigidities, while the highest rigidity utilised in the results presented here
is 0.92 GV.

The A results compared to the yearly sunspot number are seen in Figure Unfortu-
nately, derived values of A\ are extremely sparse, and it is difficult to find a full trend,
especially, during the solar minimum phases. However, the rise and decay of SC23 indicate
that the MFP might be influenced by the solar cycle. Following the somewhat plateaued
solar maximum for SC24, the sunspots decrease again and the 17 May 2012 results show

that same decrease. In terms of a 22-year cycle dependence, one could only speculate that
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Figure 5.1: The sunspot number from 1996 to 2023 indicating the solar cycle, plotted
using the SunPy package in Python (The SunPy Community et al., [2020), along with
MFP values overlayed.

the upper limits of the event MFP results were lower for SC24. Without knowing the
results for MFPs in solar cycles beyond the limits of the figure, it is difficult to ascertain

whether there is a polarity dependence on the parallel MFP.

Other studies of solar cycle variation on the parallel MFP focus on GCR simulations
using NMs, as done by Engelbrecht and Moloto (2021]), Moloto and Engelbrecht| (2020)
and (Chen and Bieber| (1993). All three papers agree that the parallel MFP indicates a
solar cycle dependence, while only (Chen and Bieber| (1993)) note a solar magnetic polarity
dependence. |Chen and Bieber| (1993), having studied a time frame of approximately 30
years, are able to show results for A through most of that period. It was found that the
A| values more than doubled when comparing the average during solar minimum with
a positive polarity (A = 0.8 AU) to the average during solar minimum with a negative
polarity (A =2.1 AU, Chen and Bieber, [1993).
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Figure 5.2: The number of sunspots indicating the solar cycle from 1996 to 2023, plotted
using the SunPy package in Python (The SunPy Community et all 2020), along with the

acceleration time values overlayed.

The acceleration time results are compared to the sunspot numbers in Figure The

acceleration time results seem to follow the SC23. However, from the 2004 event onwards,
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there does not appear to be any pattern. More data are required to determine if there is

a solar cycle dependence on the acceleration time.
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Figure 5.3: The sunspot numbers indicating the solar cycle, plotted using the SunPy
package in Python (The SunPy Community et al., |2020)), along with escape time values
overlayed from 1996 to 2023.

The results of the escape time parameter over multiple solar cycles are shown in Figure
It could be argued that the upper limit for each event follows the same trend as the
activity of the solar cycle. However, it could also be argued that the average for each event
remains somewhat consistent. More data are required to determine if there is a potential

solar cycle dependence on the escape time.

5.3 Energy Spectrum

Figures and show the energy spectrum for electrons and protons respectively. The
left panels are the calculated Reid-Axford injection peak intensities and the right panels
show the observed peak intensities at 1.0 AU. For each event at 1.0 AU, the maximum
intensity for each energy bin is plotted as a function of that energy, removing any data sets
that only contained one point and any data sets that would have resulted in a positively

sloped power-law (Dresing et al., [2020).

The peak flux from the Reid-Axford injection profile is plotted using the resulting ac-
celeration and escape times as well as the normalisation constant that was determined
during the fitting process. The electron energy spectra show a slope that becomes flatter
with radial distance. These results are comparable with Strauss et al.| (2020) who also
calculate an average spectral index for two radial distances (0.3 AU and 1.0 AU) to be
0 = —=3. This indicates that the particles follow the same spectral shape almost entirely
from their injection to 1.0 AU. According to Strauss et al.| (2020), this is due to the minimal

scattering.

The proton energy spectrum is seen in Figure [5.5| where the injected spectral index follows
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Figure 5.4: The electron energy spectrum is calculated using the peak flux of the Reid-
Axford injection profile (left) in arbitrary units and observed peaks (right) in PFU as a
function of energy. The average spectral index for the Reid-Axford injection profile and the

observed intensity at 1.0 AU is approximately dg., = —3.1 and dgq,¢5 = —2.6 respectively.
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Figure 5.5: The proton peak flux energy spectrum as a function of energy for the Reid-
Axford injection (left) in arbitrary units and observations (right) in PFU. The average
spectral indices for the Reid-Axford model and the observations at 1.0 AU are dgy, = —3.2
and Sgaren = —2.3, respectively.

almost the same power law seen in the electrons. However, the observed spectrum does

become somewhat harder during transport.
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5.4 Radial Dependence

The question arises whether there is a relation between the radial distance and level of
scattering that might influence the parallel MFP. When comparing the various simulations
for the components of A and how they respond to changing conditions (such as the solar
cycle), Engelbrecht and Moloto| (2021) noted a radial distance dependence for \j. It was
found that the parallel MFP increases with radial distance.
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Figure 5.6: The parallel MFP results as a function of the radial distance from the Sun.

Figure [5.6] confirms these sentiments, while the Solar Orbiter data at ~ 0.35 AU for the
21 March 2022 event (purple-red A) has a large range of MFP values, the range for this
event are lower than the range for the PSP data at ~ 0.62 AU for the 28 October 2021
event (Marian blue >). There is a slight trend where these ranges keep increasing with

increasing radial distance, specifically in terms of the upper limit on the MFP values.

Given that the Reid-Axford time profile is defined for the inner boundary where s = sg
at the Sun, there should not be any influence on the distance in the profile and thus its
components. Figure illustrates the acceleration (left panel) and escape (right panel)
times for all the events at different radial distances. Without additional data, it is difficult

to ascertain whether there are any trends in this comparison.

5.5 Magnetic Connection

With much emphasis placed on the importance of getting a magnetically well-connected
measurement of a SEP event, it seems necessary to explore whether that connection dis-
plays an impact on the unobservable times. It is worth noting that the coordinate values

provided for each event in Appendix [A] and used in this investigation are not exact, and
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Figure 5.7: The acceleration (left) and escape (right) time results as a function of radial

distance from the Sun.

should not be taken as such. The values found are taken to be the best scientific estimate
of the true value assuming, for instance, a constant solar wind speed and Parker HMF.

The acceleration and escape times compared to their magnetic connection are given in

Figure [5.§
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Figure 5.8: The injection times compared to the corresponding magnetic connection of
the SEP event. The acceleration time is in the left panel, and the escape time is in the

right panel.

Using the theory put forth by (1964)) that the acceleration time is the time taken for
the particles to accelerate towards the tube of force, this would result in a shorter time
for a closer distance to the source and longer time for a further distance to the source.

While no trends stand out in Figure the smallest 7, values are not seen at the closest
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distance to the connections. The escape time (also referred to as the decay time) shows
widespread results throughout the connections. More insight and data are required to

determine whether the Reid-Axford times have a dependence on the magnetic connection.

5.6 Rigidity Dependence

5.6.1 Acceleration and Escape Times

7, (hrs)
7. (hrs)

P (MV) P (MV)

Figure 5.9: The acceleration (left) and escape (right) times as a function of rigidity.

If only Equation [3:2] the standard version of the Reid-Axford equation, is considered,
then the units of the distribution function are contained almost entirely in the constant
C' as the exponent is unitless. Therefore, there is no reason for there to be any energy (or
rigidity) dependence on the acceleration and escape times. However, the original equation
by , Equation includes a variable a? = %v)\, where the particle velocity v
does depend on energy and rigidity (seen in Equation . While the conversion from
Equation to is still unknown, there is potential for an energy dependence. The
result of plotting all the 7, and 7, results as a function of their rigidities is seen in Figure

Isolating any of the events does not indicate a rigidity dependence at this time.

5.6.2 Parallel MFP

By following the data points in Figure for each individual energy, a minimum \ is
visible for each event. By following the gold circles and squares (11 June 1999 - WIND
and SOHO) this minimum is A\j = 0.4 AU and for the red markers (2 April 2022) it is
about A = 0.35 AU. This minimum potentially indicates the lowest MFP value possible
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Figure 5.10: The results of the parallel MFP as a function of rigidity from the events fitted
in Appendix [A] Only results for a radial distance of 7 ~ 1 AU were used. Note that the
two species, electrons (left) and protons (right), are separated with a wide rigidity gap of
P ~10-100 MV. The dashed line resembling a valley shape indicates the trend found in

(2000), and the box made of dotted lines indicates the (1982) consensus,
both of which are discussed in Section

for that event; the MFP of the electrons decreases to this value (with increasing rigidity)

and the MFP of the protons increase from this value.

5.7 Historical Estimates

5.7.1 Droge

Following the same procedure discussed in Chapters [3] and 4] including the use of the
1D transport model and Reid-Axford Injection, (2000)) finds a similar set of free

parameters as a function of energy.

All the results (Droge, 2000, and references therein) collectively indicate a trend, seen in
Figure where for increasing rigidity the electrons decrease to a minimum and the
protons increase from that same minimum (Droge, [2000). There is also notably a clear

variation between the MFP values for each event (Drogel 2000)).

This valley shape seen in Figure |5.11|is inserted into Figure to compare the patterns
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Figure 5.11: Figure, taken from Droge (2000)), depicting Droge’s results for the parallel
MEFP as a function of rigidity.

seen by Droge| (2000) and the trend discussed in Section The 11 June 1999 and 14
August 2010 electron events measured by WIND (the gold and midnight green O) follow
this pattern and only differ by 0.15 AU. In terms of the protons, the 20 September 2015
and 2 April 2022 SOHO proton events (the medium blue and red O) show a steady increase
and have a difference of 0.2 AU between them.

Given that the results of |Droge (2000) were from events recorded in the 1970s and 1980s
there is an uncertainty in the continuity of the observations from different spacecraft.
Plotting dozens of events using the same six magnetically connected spacecraft with the
same SEP propagation model, as is done here, reduces that uncertainty significantly and

still confirms the valley trend.

5.7.2 Palmer

The ‘Palmer Consensus’, defined by Palmer| (1982), is a range of parallel MFP values
within a rigidity range found by simulating particle transport for various cosmic rays
(Engelbrecht et al. 2022). The consensus, seen as the dotted rectangle in Figure
does not discern between electrons and protons for rigidities from P =5x10™* GV to P =5
GV (Palmer, 1982 |Engelbrecht et al., 2022). This range, A = 0.08 - 0.3 AU, was defined
using results from the 1970s, which were adjusted to standardise the results between the

various models (Palmer, [1982).
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This theory is revisited twice by Bieber et al.|(1994) and |[Engelbrecht et al.|(2022), both
of whom were not able to recreate the same consensus with new data. |[Engelbrecht et al.
(2022) described the consensus, having been derived from multiple results, as being un-
realistic in that it included studies that neglected processes like convection and extended
particle injection at the Sun which are known to influence particle transport. Bieber et al.
(1994) note that only their lower-limit estimates of the parallel MFP appear to compare

well with these consensus values.

Considering the MFP results found in this project as a function of rigidity in Figure [5.10

most of the data points fell outside of this consensus range.

5.8 Analytical Estimates of Theories

Bieber et al| (1994) hypothesized that the rigidity dependence on parallel MFPs appears
to be different for electrons and protons. At lower rigidities the speed differences are
larger, while at higher rigidities the particles are all relativistic (Bieber et al., |1994).
With this understanding, a dynamical turbulence theory is postulated that includes two
different assumptions of how particles resonate with turbulence: random sweeping (RS)
and damping turbulence (DT) (Bieber et al., [1994; [Teufel and Schlickeiser, |2002, [2003).
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Figure 5.12: The reduced power spectrum recreated from Teufel and Schlickeiser| (2002)),
Bieber et al.| (1994), and Droge| (2003)

These two models were based on the power spectrum of the slab turbulence model seen
in Figure that consists of the piecewise function defined in [Engelbrecht and Burger
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(2013) to be

go k‘;fm, for |]€||| < k‘m;

gstab(K)) = { go k|, for ki, < |ky| < ka; (5.1)
[ kg—s |/€|||_p, for |k‘||| > kg,

where

s11-1 .
S=p (kmzn) l] 5B ki (s = 1)' (5.2)

go=[8+p_1 kq 8T

The spectrum utilises k| as the wavenumber with the two breaks in the spectrum at Ky, =
10719 m™ and kg =2 x 107° m™'. These three parts of the piecewise function correspond
to the three divisions in Droge’s curve. The outcome of the models are expressions for the
parallel MFP as a function of rigidity for electrons and protons separately. The expression
for the parallel MFP in the RS model is given in [Engelbrecht and Burger| (2013)) as

2
N R* [ Bo
= ﬁ(s — 1) kminb\ 0Bsiab
(5.3)

| b . 1 . 1 bt . 2 b
4/m \T(p/2) m(p-2)]Qr=>Rs /m(2-s)(4-s) R [

where the spectral indices are given as s = 5/3 and p = 3, R? = Ry, - kpin, Rr = P/By is the
Larmor radius, I is the Gamma function, b = a/2 where a = ﬁ, the background magnetic
field strength at Earth is By = 4.12 nT, the slab magnetic field is (6 Bgqp)? = 13.2 nT?,
and lastly, @ = Ry, - kg. The minimum wavenumber k,,;, corresponds to the first change
in slope in Figure [5.12] as shown by the orange dashed line, while k4 indicates the second
slope change in blue. All values and relations used to calculate the RS and DT functions
are found in |Bieber et al| (1994); Engelbrecht and Burger| (2013)) and [Engelbrecht| (2008)).

Alternatively, the expression in the DT model for the parallel MFP, modified from [Engel-
brecht and Burger| (2013)), is given as

Nz 3s R? ( By )2
= (3_1) Emin - a \ 0 Bgiap

a 1 P Wa) a® 2 a

[4w A 1 p-1 [Q) ARG T R(2-s)(d-s) B o)
2 2

+ 9

p—2 2-s

where f; =

where 9F)(a,b,c;z) is the Gauss hypergeometric function that can be calculated using
the hyp2f1(a,b,c,z) SciPy function (Virtanen et al.l 2020). Note that for the proton
A|, the second term in the square brackets falls away in both Equations and
Both equations do produce separate results for electrons at lower rigidities but merge at
approximately P =2 x 10?> MV.
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Figure 5.13: The random sweeping MFP from Teufel and Schlickeiser| (I2002I), as expressed

by [Engelbrecht and Burger| (2013), compared to the A results of this project.

Figure shows the comparison of the A\ results from this project alongside the RS
MFP. There exists only one instance of overlap between the data and the RS function and
that is with the SOHO 17 May 2012 data (Prussian blue 0) at P ~ 300 MV. The majority

of the fitting results are not consistent with the RS function using the turbulence values

from Bieber et al. (1994) and it seems unlikely to fit if there is an attempt to adjust the

RS model parameters.

Figure displays two intersections between the data and the DT model. It can be seen
that by updating the 1.0 AU parameters from Bieber et al| (1994), it might be possible

that the slope of the electron MFP function will increase enough to fit more event results.

Many of the values used to calculate the RS and DT functions are taken from
(1994) who calculated the standard conditions at 1.0 AU almost three decades before
this project. There is a need to confirm that these values are still representative of the
conditions at 1.0 AU with the use of modern data. Updating these conditions should not

show a major impact on the final result of the model.

5.9 Summary and Conclusion

Using the results of fitting several events, this chapter compares various aspects of those

results to find trends and gain insight into the propagation of SEPs. It starts with exploring
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Figure 5.14: The parallel MFP results of this project compared to the dynamical turbu-
lence MFP from [Teufel and Schlickeiser| (2002)), as expressed by Engelbrecht and Burger|

@013).

the changes in the 11- and 22-year solar cycles if the changing properties are connected
to the unobservable parameters. The gaps in time during solar minimum meant that only
solar maximum trends could be compared. The MFP results follow the rise and decay
for SC23 as well as the lower, plateaued solar maximum for SC24 with the 17 May 2012
event. The acceleration time shows a possible moderate dependence during SC23 but this
is not seen for the other solar cycles. The escape time requires more data to determine if

there is a visible trend.

The energy spectrum at the Sun and 1.0 AU is then discussed, using the measured peak
intensities from the observers at 1.0 AU and the calculated injection of particles at the
Sun with the Reid-Axford time profile. The spectral indices for almost all the spectra
are calculated to be § » —3, with the injected spectral index being slightly softer than the

observed index.

A radial dependence is seen in the MFP but, because 7, and 7. should be independent of
radial distance, there is no radial dependence seen for the acceleration and escape times.

The parallel MFP shows an increasing average value for increasing radial distance.

The acceleration and escape times, with respect to the magnetic connection between the
observing instrument and the flare site, show that the closest connections did not have the
smallest 7, values as expected based on the process described by (1964). However,
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no further trends can be identified without more data and insight.

Comparing the acceleration and escape times to their respective rigidities does not indicate
any dependence. The parallel MFP, however, shows a similar trend to what has been seen
in |Droge (2000) where the profile of the electron to proton data creates a valley shape with
increasing rigidity. As the rigidity increases the electrons’ MFP decreases to a minimum
that is different for each event, while the protons” MFP starts at that minimum and

increases, causing the valley shape to form.

Most of these results did not agree with the Palmer consensus range, as seen in Figure
5.10, most likely due to these consensus values being derived from models that neglected
fundamental processes and influences of SEP transport (as discussed in [Engelbrecht et al.,
2022).

The parallel MFP with respect to the rigidity shows a promising comparison to one of the
dynamical turbulence models defined by Bieber et al. (1994) and [Teufel and Schlickeiser
(2002)). The damping turbulence model shows a closer connection to the data that, with

small fitting changes, should be very comparable.

With more data to bridge the gaps in the solar cycle, radial distances, magnetic connec-

tions, and rigidity comparisons, more defined trends should become visible.



Chapter 6
Summary and Conclusions

This research considered various potential trends in SEP transport parameters. These were
found from the process of finding and fitting observations from instruments magnetically

connected to the particle source.

Chapter [2| introduces a succinct interpretation of SEPs and their transport character-
istics, starting with the environment they propagate through. This environment consists
mainly of the HMF, forming the heliosphere, stemming from the Sun and being carried
out by the solar wind, leading to the path for SEPs to travel along. This is followed by
an introduction on the various cosmic rays, and how solar cosmic rays are accelerated
by solar events such as solar flares and CMEs. Easing into the equations that make up
particle transport, the focus is on the parallel MFP which requires the particle velocity
and pitch-angle parameters. The chapter concludes with the FTE that is used in the 1D

SEP transport model that is used in this dissertation.

Chapter [3|introduces the SEP transport model along with the parameters and assump-
tions required to use it. This includes how the model has been altered from the publically
available version. These alterations include minor changes to the background values that
are adjusted when normalising the simulated data. The Reid-Axford temporal profile is the
injection function defined at the model’s inner boundary, which adds two more unobserv-
able parameters, namely acceleration and escape times. The R? goodness-of-fit statistic
is used to guide the model simulations towards the best-fitting parameters, providing the
result as a hypothetical percentage. A free parameter guide is created for electron and
proton model simulations that indicate the influence each unobservable parameter has on
the intensity of the SEPs over time. To test the fitting process, synthetic data is created
using the model and incorporating noise. When finding the best fit, Figure shows how
the parameter values converge to the final result, where the top two best fits differed by
only 8 x 1075 is their R? statistic.

95
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Chapter [4]illustrates the process of finding SEP events that correspond with the restric-
tions of the model with an example of fitting real observational data. JHelioviewer and
Solar-MACH provide information on the flare and magnetic connections of the instru-
ments for the GLE event on 28 October 2021. The time onset normalisation tool then
confirms whether the observational data is objectively suitable for the fitting process, by
discussing an example of when certain discontinuities leads to the full data set being man-
ually discarded. Thereafter, the remainder of the data sets from STEREO-A and PSP
that are fitted to model simulations for this event are reviewed using samples from each
instrument. The chapter closes with hints of a possible radial dependency in the parallel

MFP from the proton fitting results.

Chapter (5| uses the results of fitting several events (detailed in Appendix to explore
various possible trends in SEP transport with a focus on the parallel MFP as a function of
rigidity. Initially, a possible solar cycle dependence for both the 11- and 22-year solar cycles
are considered, where |[Engelbrecht and Moloto| (2021), Moloto and Engelbrecht| (2020) and
Chen and Bieber| (1993) all note that A displays a correlation to the solar cycle. There are
no results presented in this dissertation that were recorded during solar minima periods
so only solar maximum trends could be considered. Solar cycle 23 shows a moderate
dependence for A and 7, but not 7.. The MFP does follow the plateaued solar maximum
for solar cycle 24, but further trends with any free parameter are inconclusive. The peak
intensities derived from the Reid-Axford equation and the observational data allowed an
energy spectra comparison from the particle injection at the flare to 1 AU. The resulting
spectra are comparable with [Strauss et al. (2020) where most results are approximately
0 = —=3. The upper limit of the parallel MFP values shows a slight radial dependence from
0.3—1.0 AU which confirms the assumption from |Droge (2000), while the acceleration and
escape times show no discernable trend. Given the emphasis on a magnetic connection
in previous chapters, a brief inspection of its influence on 7, and 7. was necessary yet
inconclusive without more insight and data. Finally, there is no clear rigidity dependence
for the acceleration and escape times. However, the MFP results show a clear trend that
agrees with the pattern noted by Droge (2000), but not with the consensus discussed in
Palmer| (1982). This A (P) result is further investigated alongside the analytical estimates
initially derived by [Bieber et al.|(1994) and expanded on by |Teufel and Schlickeiser| (2002).
Using the Bieber et al. (1994)) input parameters for the analytical estimates, none of the
analytical estimates compare well with the derived values of \|. However, there is a
promising comparison to the damping turbulence model that might be a better fit with
updated model parameters. More defined trends should become discernable by fitting
observational data that bridges the gaps and expands on the current boundaries in the

solar cycle, radial distances, magnetic connections, and rigidity comparisons.

This dissertation serves as a guide to finding and fitting impulsive events with the 1D SEP
transport model by van den Berg et al.| (2020).



Appendix A

Results from Fitting Events

A.1 Solar Cycle 23

22 November 1998
11 June 1999

19 October 2001
— 1 November 2004

A.2 Solar Cycle 24

— 14 August 2010
— 17 May 2012 (GLE#71)
— 20 September 2015

A.3 Solar Cycle 25

— 9 October 2021

28 October 2021 (GLE#73)
18 January 2022

20 January 2022

15 February 2022
21 March 2022
— 2 April 2022

o7



APPENDIX A. RESULTS FROM FITTING EVENTS

A.1 Solar Cycle 23

22 November 1998

22 November 1998
10:00

Active region: 8384

Flare: X3.7 (3505 28)
Earth 0.988 AU | 19°
SOHO 0.977 AU | 19°

o8

Table A.1: Event details drawn from Helioviewer and Solar-MACH for 22 November 1998.

Instrument | Bin | Event Ej, P )‘H Ta Te R? Norm. | Obs.
Time | (MeV) | (MV) | (AU) | (hrs) | (hrs) Peak
0 06:39 14.5 165.59 | 0.42 0.35 1.10 | 0.74 | 2.0e-4 | 2.0e-1
1 06:42 18.0 184.67 | 0.34 0.25 0.50 | 0.84 1.3e-4 | 1.3e-1
2 06:50 22.5 206.71 | 0.40 0.04 1.45 | 0.87 1.5e-5 | 7.2e-2
3 06:50 28.5 233.01 | 0.43 0.09 1.05 | 0.89 1.9e-5 | 6.1e-2

SOHO HET
(p*) 4 06:40 36.0 262.40 | 0.42 0.31 0.75 | 0.92 | 3.2e-5 | 3.7e-2
5 06:44 45.0 294.06 | 0.41 0.20 0.76 | 0.95 1.4e-5 | 2.6e-2
6 06:49 57.0 331.99 | 0.45 0.23 0.95 | 0.90 | 4.9e-6 | 1.0e-2
7 06:49 72.0 374.57 | 0.51 0.19 1.19 | 095 | 3.2e-6 | 8.3e-3
8 06:51 90.0 420.71 | 0.65 0.34 0.84 | 0.92 2.8e-6 | 3.3e-3
6 08:47 5.7 6.19 0.09 1.90 0.03 | -0.06 7.6e2 1.4e0

SOHO LED
() 7 08:37 7.2 7.69 0.08 3.00 0.04 | 0.16 1.4e3 | 8.8e-1

e

8 08:57 9.0 9.50 0.30 0.01 2.00 | 0.26 1.5e-5 | 7.3e-1

Table A.2: The results from fitting the 22 November 1998 event.
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11 June 1999
11 June 1999
01:00

Flare: C1.0 (225; -21)

Earth 1.02 AU | 19°

SOHO 1.00 AU | 19°

Table A.3: Event details drawn from Helioviewer and Solar-MACH.
Instrument | Bin | Event Ey P Al Ta Te R?> | Norm. | Obs.
Time | (MeV) | (MV) | (AU) | (hrs) | (hrs) Peak
0 00:28 14.5 165.59 | 0.97 1.71 1.18 | 0.95 | 1.7e-3 1.4e-1
1 00:37 18.0 184.67 | 1.05 0.61 2.03 | 096 | 2.2¢e-4 9.1e-2
2 00:42 22.5 206.71 0.73 0.26 1.43 | 0.96 | 4.7e-5 5.3e-2
3 00:43 28.5 233.01 | 0.67 0.22 096 | 0.97 | 3.7e-5 4.8e-2
SOHO HET

(p*) 4 00:41 36.0 262.40 | 0.69 0.39 0.54 | 0.97 | 6.5e-5 3.5e-2
5 00:35 45.0 294.06 | 0.66 0.61 0.49 | 0.98 | 7.5e-5 2.1e-2
6 00:45 57.0 331.99 | 1.58 0.40 2.22 1 088 | 1.2e-H 9.2e-3
7 00:32 72.0 374.57 | 0.65 0.89 0.44 | 0.96 | 3.7e-5 5.8e-3
8 00:33 90.0 420.71 0.56 0.47 0.32 | 0.89 | 7.0e-6 2.6e-3
5 02:38 4.5 4.98 0.28 4.90 0.14 | 0.79 | 3.7e+1 | 1.9e+0
SOHOLED | 6 | 03:07 5.7 619 | 1.45 | 0.60 | 0.58 | 0.63 | 4.2e-3 | 1.3e+0
(e7) 7 02:57 7.2 7.70 0.73 0.78 0.50 | 0.81 | 2.2e-3 8.3e-1
9 01:52 11.5 12.0 0.25 1.50 0.63 | 0.74 | 5.3e-4 2.8e-1
0 00:05 0.03 0.17 0.93 3.07 0.25 | 0.94 | 2.0e-8 2.4e-8
1 00:15 0.04 0.21 0.80 2.17 0.24 | 0.97 | 3.6e-9 1.5e-8
2 00:26 0.07 0.27 0.66 0.85 0.27 | 0.99 | 7.5e-11 | 6.3e-9
WH\(HeD_)SDP 3 00:34 0.11 0.35 0.55 0.26 0.33 | 0.99 | 2.6e-12 | 2.4e-9
4 00:28 0.18 0.47 0.44 1.60 0.08 | 0.99 | 1.6e-9 | 8.3e-10
5 00:36 0.31 0.64 0.42 0.28 0.20 | 0.98 | 2.6e-13 | 1.9e-10
6 00:35 0.52 0.89 0.74 1.38 0.14 | 0.80 | 7.0e-12 | 4.0e-11

Table A.4: The fitting results for 11 June 1999.
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19 October 2001
19 October 2001
00:48
Active region: 9661
Flare: X1.6 (28; -13)
Earth 0.996 AU | 8°
SOHO 0.985 AU | 8°
Table A.5: Event details drawn from Helioviewer and Solar-MACH.
Instrument | Bin | Event £y, P Al Ta Te R? | Norm. | Obs.
Time | (MeV) | (MV) | (AU) | (hrs) | (hrs) Peak
0 00:38 14.5 165.6 0.11 9.75 0.71 | 0.82 | 2.3e-1 | 4.0e-1
1 00:33 18.0 184.7 0.10 9.91 0.45 | 0.81 | 9.8e-1 | 2.4e-1
2 00:42 22.5 206.7 0.09 9.89 0.29 | 0.80 | 4.5e4+0 | 1.2e-1
SOHO HET 3 00:37 28.5 233.0 0.08 9.21 0.39 | 0.69 | 3.1le-1 | 7.6e-2
(") 4 00:48 36.0 262.4 0.07 9.78 0.16 | 0.67 | 7.le+1 | 4.5e-2
5 00:45 45.0 294.1 0.07 9.42 0.09 | 0.70 | 5.6e+3 | 2.8e-2
6 00:52 57.0 332.0 0.07 9.16 0.04 | 0.76 | 5.2e+7 | 1.5e-2
7 00:47 72.0 374.6 0.11 9.86 0.15 | 0.63 | 1.4e+1 | 5.8e-3

Table A.6: The fitting results for 19 October 2001.
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20 February 2002
20 February 2002
05:48
Active region: 9825

Flare: M5.1 (192; -11)

Earth 0.989 AU | 7°

SOHO 0.980 AU | 6°

Table A.7: Event details drawn from Helioviewer and Solar-MACH.
Instrument | Bin | Event By P Al Ta Te R? | Norm. | Obs.
Time | (MeV) | (MV) | (AU) | (hrs) | (hrs) Peak
0 05:41 14.5 165.6 1.22 1.33 0.32 | 0.70 | 9.5e-2 | 2.3e+0
1 05:30 18.0 184.7 1.35 5.08 0.18 | 0.80 | 5.5e+1 | 1.2e+0
2 05:29 22.5 206.7 0.80 4.54 0.19 | 0.93 | 4.0e4+0 | 3.1le-1
SOHO HET

() 3 05:30 28.5 233.0 0.74 4.60 0.20 | 0.93 | 1.5e+0 | 1.7e-1
4 05:45 36.0 262.4 0.56 1.01 0.32 | 0.91 | 7.0e-4 7.3e-2
5 05:54 45.0 294.1 0.71 0.94 0.13 | 0.89 | 3.9e-3 8.0e-2
6 05:56 57.0 332.0 0.79 1.75 0.09 | 0.91 | 5.9e-2 3.2e-2
0 05:27 0.03 0.17 0.50 0.93 0.25 | 0.81 | 8.3e-9 6.3e-7
1 05:29 0.04 0.21 0.44 1.65 0.17 | 0.90 | 5.8e-8 4.1e-7
2 05:42 0.07 0.27 0.33 0.23 0.38 | 0.86 | 5.3e-11 | 1.3e-7
WH\(I?)?)DP 3 05:43 0.11 0.35 0.30 0.27 0.31 | 0.82 | 1.8e-11 | 4.3e-8
4 05:45 0.18 0.47 0.30 0.38 0.25 | 0.84 | 8.6e-12 | 1.2e-8
5 05:48 0.31 0.64 0.30 0.33 0.28 | 0.88 | 1.1e-12 | 2.0e-9
6 06:03 0.52 0.89 0.18 0.02 0.01 | 0.60 | 2.0e-13 | 3.2e-10

Table A.8: The fitting results for 20 February 2002.
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1 November 2004
1 November 2004
06:48
Active region: 0687

Flare: C2.9 (138; 1)

Earth 0.992 AU | 18°

SOHO 0.983 AU | 17°

Table A.9: Event details drawn from Helioviewer and Solar-MACH.

Instrument | Bin | Event Ey P Al Ta Te R?> | Norm. | Obs.
Time | (MeV) | (MV) | (AU) | (hrs) | (hrs) Peak
0 05:32 14.5 165.6 0.70 1.72 0.48 | 0.93 | 2.4e-1 | 7.7e+0
1 05:23 18.0 184.7 0.68 5.50 0.19 | 0.96 | 2.6e+2 | 6.4e+0
2 05:36 22.5 206.7 0.69 1.91 0.37 | 0.93 | 1.6e-1 | 2.7e+0
3 05:42 28.5 233.0 0.60 1.27 0.39 | 0.94 | 2.8e-2 | 1.8e+0
SOHO HET | 4 | 0546 | 36.0 | 2624 | 058 | 0.77 | 0.39 | 0.93 | 6.3¢-3 | 1.le+0
(") 5 | 05:48 | 450 | 2941 | 045 | 0.61 | 0.27 | 0.96 | 3.0e-3 | 6.3e-1
6 05:47 57.0 332.0 0.48 0.68 0.17 | 0.96 | 5.2e-3 3.6e-1
7 05:52 72.0 374.6 0.51 0.07 0.22 | 0.97 | 3.6e-5 1.0e-1
8 05:54 90.0 420.7 0.53 0.06 0.23 | 0.97 | 5.4e-6 1.7e-2
9 06:03 115.0 478.6 2.04 0.11 0.59 | 0.37 | 1.2e-6 1.6e-3

Table A.10: The fitting results for 1 November 2004.
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A.2 Solar Cycle 24
14 August 2010
14 August 2010
09:30
Active region: 1099
Flare: C4.4 (345; 18)
STEREO-A | 0.962 AU | 92°
Earth 1.01 AU | 15°
SOHO 1.00 AU | 14°
Table A.11: Event details drawn from Helioviewer and Solar-MACH.
Instrument | Bin | Event Ey P Al Ta Te R?> | Norm. | Obs.
Time | (MeV) | (MV) | (AU) | (hrs) | (hrs) Peak
0 09:42 0.03 0.17 0.70 1.31 0.28 | 0.85 | 3.6e-9 1.0e-7
1 09:17 0.04 0.21 0.51 9.96 0.11 | 094 | 6.5e-3 5.5e-8
2 09:23 0.07 0.27 0.40 9.49 0.09 | 095 | 5.9e-3 1.4e-8
WH\(H)_)SDP 3 09:45 0.11 0.35 0.33 1.76 0.15 | 0.94 | 7.2e-10 | 3.3e-9
) 4 09:26 0.18 0.47 0.29 9.86 0.08 | 091 1.1e-3 | 7.5e-10
5 09:55 0.31 0.64 0.14 0.41 0.07 | -0.33 | 1.5e-12 | 4.2¢-10
6 07:25 0.52 0.89 0.05 9.99 9.99 | 0.37 | 1.3e-14 | 6.9e-10
0 09:46 14.5 165.6 0.79 2.27 1.10 | 0.90 | 2.5e-2 | 1.4e+0
1 09:51 18.0 184.7 0.60 1.65 0.77 | 0.90 | 8.5e-3 6.6e-1
2 09:54 22.5 206.7 0.66 0.95 0.96 | 091 1.1e-3 3.0e-1
SOHO HET
(p*) 3 10:00 28.5 233.0 0.55 0.83 0.41 | 0.90 1.2e-3 2.0e-1
4 09:58 36.0 262.4 0.81 0.97 0.62 | 0.84 | 6.6e-4 1.1e-1
5 09:52 45.0 294.1 0.73 3.08 0.20 | 0.88 | 8.3e-2 5.5e-2
6 09:50 57.0 332.0 0.80 3.81 0.19 | 0.88 1.0e-1 2.1e-2

Table A.12: The fitting results for 14 August 2010.
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17 May 2012: GLE 71
17 May 2012
01:25
Active region: 1476

Flare: M5.1 (186; 11)

STEREO-A | 0.96 AU | 98°

Earth 1.01 AU | -13°

SOHO 1.00 AU | -13°

Table A.13: Event details drawn from Helioviewer and Solar-MACH.
Instrument | Bin | Event Ey P Al Ta Te R? | Norm. Obs.
Time | (MeV) | (MV) | (AU) | (hrs) | (hrs) Peak
0 00:45 0.03 0.17 0.35 9.88 0.09 | 040 | 3.8e-1 4.7e-7
1 00:54 0.04 0.21 0.32 9.81 0.06 | 0.59 | 2.7e+1 3.7e-7
2 00:55 0.07 0.27 0.29 9.99 0.05 | 0.71 | 1.2e4+2 | 1.4e-7
WII\(”)_)SDP 3 00:58 0.11 0.35 0.24 9.99 0.05 | 0.83 | 3.0e+1 | 4.6e-8
‘ 4 01:23 0.18 0.47 0.18 0.80 0.05 | 0.95 | 5.4e-9 1.3e-8
5 01:24 0.31 0.64 0.17 0.72 0.08 | 0.97 | 1.5e-10 | 3.6e-9
6 01:03 0.51 0.89 0.14 9.80 0.05 | 0.85 | 2.2e-1 4.0e-9
0 01:43 14.5 165.6 0.08 9.99 0.05 | 0.85 | 2.1e4+89 | 1.9e+0
1 02:09 18.0 184.7 0.09 2.43 0.05 | 0.69 | 5.3e+2 | 1.3e4+0
2 00:22 22.5 206.7 0.09 9.99 0.28 | 0.91 | 3.4e+1 | 6.6e-1
3 02:01 28.5 233.0 0.13 9.97 0.05 | 0.90 | 5.7e+8 | 5.4e-1
SOROHET 1y o203 | 860 | 2624 | 014 | 7.7 | 005 | 0.96 | 1.9e+7 | 3.9¢-1
%) 5 02:23 45.0 294.1 0.16 0.91 0.13 | 0.98 1.6e-2 3.3e-1
6 00:44 57.0 332.0 0.19 5.50 0.79 | 0.96 | 1.4e-2 2.4e-1
7 01:07 72.0 374.6 0.22 1.04 1.51 | 0.96 7.3e-5 7.7e-2
8 01:14 90.0 420.7 0.25 1.60 1.20 | 0.96 | 3.2e-5 1.7e-2
9 01:36 115.0 478.6 0.30 0.09 0.34 | 0.95 | 1.3e-6 5.8e-3
8 01:56 375.0 918.8 0.41 0.03 1.34 | 0.81 1.1e-6 1.7e-2
GOES-15

() 9 01:49 465.0 1,043.3 | 0.59 0.11 2.63 | 0.59 | 9.1le-7 7.7e-3
10 01:46 605.0 1,225.2 | 0.26 0.80 0.05 | 0.63 | 1.1e-3 3.6e-3

Table A.14: The fitting results for 17 May 2012.
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APPENDIX A. RESULTS FROM FITTING EVENTS 74
20 September 2015
20 September 2015
18:00
Active region: 2415
Flare: M2.1 (234; -20)
STEREO-A | 0.965 AU | -162°
Earth 1.00 AU | 11°
SOHO 0.996 AU | 10°
Table A.15: Event details drawn from Helioviewer and Solar-MACH.

Instrument | Bin | Event Ey P Al Ta Te R?> | Norm. | Obs.
Time | (MeV) | (MV) | (AU) | (hrs) | (hrs) Peak
0 17:16 0.03 0.17 0.46 1.98 0.98 | 093 | 2.5e-9 | 5.3e-6
1 17:08 0.04 0.21 0.52 1.99 1.46 | 0.97 | 9.9e-10 | 2.0e-6
WIl\(I]:i)?)DP 2 16:55 0.07 0.27 0.13 9.90 0.05 | 0.77 | 2.1e+1 | 6.1e-8
’ 4 17:42 0.18 0.47 0.36 0.51 1.17 | 0.94 | 1.5e-12 | 2.7e-9
5 17:43 0.31 0.64 0.39 0.66 0.89 | 0.77 | 3.5e-13 | 1.1e-9
0 17:45 14.5 165.6 0.71 3.38 1.25 | 0.97 | 4.1e-3 | 1.4e-1
1 17:41 18.0 184.7 0.74 4.06 1.06 | 0.98 | 4.4e-3 | 8.2e-2
SOHOHET 1y [ 177 | 225 | 2067 | 074 | 388 | 093 007 | 2003 | 3702
") 3 17:47 28.5 233.0 0.88 5.41 0.71 | 0.95 | 5.7e-3 | 1.8e-2
4 17:46 36.0 262.4 0.91 5.13 0.72 |1 094 | 2.3e-3 | 1.0e-2
5 17:28 45.0 294.1 0.69 6.76 0.56 | 0.92 | 4.4e-3 | 5.3e-3

Table A.16: The fitting results for 20 September 2015.
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APPENDIX A. RESULTS FROM FITTING EVENTS

A.3 Solar Cycle 25

9 October 2021

9 October 2021
06:30
Active region: 2882
Flare: M1.6 (159; 19)
STEREO-A | 0.957 AU | -27°
Earth 0.999 AU | 69°
SOHO 0.9883 AU | 68°
PSP 0.765 AU | 7°
Solar Orbiter | 0.679 AU | 35°

Table A.17: Event details drawn from Helioviewer and Solar-MACH.
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APPENDIX A. RESULTS FROM FITTING EVENTS 77
Instrument Bin | Event Ey, P Al Ta Te R? | Norm. | Obs.
Time | (MeV) | (MV) | (AU) | (hrs) | (hrs) Peak
1 06:48:00 0.55 0.92 0.95 0.25 2.00 | 0.56 | 1l.le-4 | 3.6e-1
2 06:23:00 0.65 1.04 0.09 0.75 0.08 | 0.77 | 8.8e-3 | 7.2e-1
PSP(eI_S)GIS 3 06:31:00 0.77 1.18 0.10 0.03 0.60 | 0.77 | 1.0e-5 8.6e-1
4 06:47:00 0.92 1.33 0.50 0.10 0.84 | 0.80 | 9.1e-5 8.3e-1
5 06:39:00 1.09 1.52 0.25 0.15 0.74 | 0.75 | 3.4e-5 | 4.1le-1
2 06:53:00 10.4 139.9 0.70 0.17 0.88 | 0.81 | 4.2e-3 | 1.2e+1
3 06:31:00 12.3 152.6 0.90 1.20 0.61 | 080 | 7.3e-2 | 1.2e+1
4 06:28:00 14.7 166.6 0.89 1.70 0.52 | 0.80 | 9.5e-2 | 5.9e+0
PSF(’pIF)OIS ) 06:29:00 174 181.8 0.90 1.90 0.51 | 0.80 | 6.5e-2 | 2.9e+40
6 06:38:00 20.7 198.4 0.68 1.10 0.51 | 0.84 | 9.6e-3 | 1.7e+0
7 06:40:00 24.7 216.6 0.75 1.00 0.55 | 0.77 | 4.6e-3 | 1.1e4+0
8 06:40:00 29.3 236.5 0.48 0.95 0.42 | 0.72 | 2.4e-3 7.2e-1
9 06:42:00 34.9 258.2 0.30 0.70 0.22 | 0.65 | 1.6e-3 | 4.2e-1
STEREO-A HET 0 06:38:58 0.99 1.41 0.29 1.72 0.25 | 0.85 | 5.5e-2 | 2.5e+0
(e7)
0 06:12:58 14.3 164.4 0.24 5.00 0.57 | 0.86 | 3.5e-1 | 2.1e+0
1 06:19:58 16.0 174.0 0.23 3.50 0.60 | 0.85 | 7.9e-2 | 1.8e+0
2 06:34:58 18.1 185.2 0.22 1.20 0.80 | 0.82 | 3.9e-3 | 1.5e+0
3 06:43:58 22.2 205.3 0.53 1.40 290 [ 085 | 1.8e-3 | 9.8e-1
STEREO-A HET 4 06:38:58 25.1 218.5 0.53 2.80 1.34 | 0.80 | 7.9e-3 | 7.5e-1
(") ) 06:48:58 27.9 230.5 0.48 1.17 1.91 | 0.80 | 1.0e-3 5.3e-1
6 06:45:58 314 244.8 0.45 1.80 1.13 | 0.78 | 2.3e-3 4.7e-1
7 06:49:58 34.6 257.2 0.55 1.10 2.00 | 0.74 | 6.0e-4 | 3.Te-1
8 06:58:58 38.0 269.7 0.50 0.53 2.55 | 077 | 1.7e-4 | 2.4e-1
9 06:59:58 49.0 307.2 0.53 0.33 2.00 [ 090 | 8.1e-5 1.4e-1
Table A.18: The fitting results for 9 October 2021.
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APPENDIX A. RESULTS FROM FITTING EVENTS

28 October 2021: GLE 73

28 October 2021
15:27

Active region: 2887
Flare: X1.0 (-270; -29)
STEREO-A | 0.959 AU | 22°
Earth 0.993 AU | 62°
SOHO 0.983 AU | 62°
PSP 0.623 AU | -15°
Solar Orbiter | 0.804 AU | 48°

Table A.19: Event details drawn from Helioviewer and Solar-MACH.
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Instrument Bin | Event Ey P Al Ta Te R? | Norm. | Obs.
Time | (MeV) | (MV) | (AU) | (hrs) | (hrs) Peak
1 | 14:47:00 8.7 128.2 | 3.00 9.90 | 2.50 | 0.75 | 3.3e+2 | 7.2e+2
2 | 14:18:00 10.4 139.9 | 0.08 9.69 | 0.82 | 0.78 | 2.5e+1 | 2.3e+2
3 | 14:38:00 12.3 152.6 | 0.07 7.15 | 0.78 | 0.92 | 9.6e+0 | 2.0e+2
4 | 14:49:00 14.7 166.6 | 0.06 3.83 | 0.72 | 0.87 | 1.1e+0 | 1.5e+2
PSP IS®IS 5 | 14:59:00 174 181.8 | 0.16 3.69 | 2.12 | 0.90 | 2.5e-1 | l.le+2
(p") 6 | 15:01:00 20.7 198.4 | 0.30 422 | 2.76 | 0.91 | 3.9e-1 | 9.0e+1
7 | 14:59:00 24.7 216.6 | 0.29 5.50 1.68 | 0.93 | 1.1e+0 | 8.2e+1
8 | 15:04:00 29.3 236.5 | 0.63 5.71 1.92 1 0.94 | 2.1e+0 | 6.4e+1
9 | 14:55:00 34.9 258.2 | 0.30 6.58 1.15 ] 0.93 | 2.4e+0 | 5.4e+1
10 | 15:11:00 41.5 282.1 0.60 4.46 1.79 1 0.93 | 7.2e-1 | 4.0e+1
11 | 15:09:00 49.4 308.2 | 0.23 449 | 097 ]0.92 | 4.5e-1 | 3.1le+1
0 | 15:18:58 0.99 1.41 0.13 1.38 | 047 | 095 | 4.1e-1 | 2.3e+2
STERE(‘O__)A HET 1 15:19:58 1.98 2.44 0.11 0.92 | 043 ]0.96 | 1.0e-1 | 1.3e+2
’ 2 | 15:14:58 3.35 3.83 0.14 1.69 | 037 | 095 | 2.2e-1 | 5.5e+1
0 | 14:49:58 14.3 164.4 | 0.31 9.99 1.02 | 0.72 | 7.6e+0 | 2.1e+1
1 14:58:58 16.0 174.0 | 0.30 9.99 | 0.89 | 0.78 | 1.0e+1 | 1.9e+1
2 | 14:57:58 18.1 185.2 | 0.33 9.99 | 092 | 0.79 | 8.9e+0 | 1.6e+1
3 | 14:56:58 22.2 2053 | 037 | 999 | 0.93 |0.83 | 7.5e+0 | 1.4e+1
4 | 14:58:58 25.1 218.5 | 0.35 9.99 | 0.84 | 0.88 | 8.1e+0 | l.1le+1
STEREO-A HET
") 5 | 14:56:58 27.9 230.5 | 0.34 829 | 093 | 091 | 2.5e+0 | 1.0e+1
6 | 15:12:58 314 244.8 | 0.35 4.71 1.28 | 0.94 | 2.1e-1 | 9.2e+0
7 | 15:08:58 34.6 2572 | 0.35 5.68 1.02 | 0.93 | 4.7e-1 | 8.3e+0
8 | 15:02:58 38.0 269.7 | 0.35 748 | 0.79 | 0.93 | 1.8e+0 | 7.0e+0
9 | 14:54:58 49.0 307.2 | 0.36 9.97 | 0.55 | 0.92 | 1.6e+1 | 5.4e+0
10 | 14:54:58 77.5 389.2 | 0.36 9.98 | 0.44 | 0.95 | 1.9e+1 | 2.8¢e+0

Table A.20: The fitting results for 28 October 2021.
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Figure A.14: The PSP proton results for 28 October 2021.
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APPENDIX A. RESULTS FROM FITTING EVENTS 84
18 January 2022
18 January 2022
11:58
Active region: 2929
Flare: B5.0 (323; 3)
STEREO-A | 0.966 AU | -25°
Earth 0.984 AU | 10°
SOHO 0.976 AU | 10°
PSP 0.739 AU | -151°
Solar Orbiter | 0.933 AU | -9°
Table A.21: Event details drawn from Helioviewer and Solar-MACH.
Instrument | Bin | Event Ey, P Al Ta Te R? | Norm. | Obs.
Time | (MeV) | (MV) | (AU) | (hrs) | (hrs) Peak
0 17:33:30 0.03 0.17 0.50 0.90 0.10 | -7.38 | 2.3e-8 1.6e-7
1 17:09:30 0.04 0.21 0.11 0.90 0.40 | 0.97 | 9.5e-11 | 3.9e-8
WIND 3DP | 2 | 17:15:30 | 0.07 027 | 0.11 | 0.85 | 0.36 | 0.98 | 2.3e-11 | 1.1e-8
(e7) 3 | 17:12:30 | 0.11 035 | 0.13 | 1.90 | 0.40 | 0.99 | 1.8e-11 | 2.2¢-9
4 17:13:30 0.18 0.47 0.14 2.00 0.45 0.98 | 2.1e-12 | 3.2e-10
5 01:57:30 0.31 0.64 0.50 0.90 0.10 | -3.14 | 8.7e-12 | 1.1e-10
1 17:29:00 0.04 0.20 0.72 0.33 0.81 0.93 | 2.0e+2 | 2.4e+45
17:28:00 0.05 0.22 0.59 0.40 0.58 0.95 | 1.3e4+2 | 1.3e+5
SolO EPT 7 17:30:00 0.06 0.25 0.53 0.33 0.69 0.95 | 4.2e+1 | 6.4e+4
(e7) 10 | 17:29:00 0.07 0.28 0.49 0.48 0.50 0.96 | 3.6e+1 | 3.1e+4
13 | 17:31:00 0.09 0.32 0.52 0.36 0.86 0.94 | 6.6e+0 | 1.2e+4
16 | 17:31:00 0.12 0.36 0.51 0.53 0.65 0.94 | 4.5e4+0 | 4.0e+3

Table A.22: The fitting results for 18 January 2022.
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20 January 2022

20 January 2022
05:47

Active region: 2929
Flare: M5.5 (320; 12)
STEREO-A | 0.966 AU | -45°
Earth 0.984 AU | -10°
SOHO 0.976 AU | -10°
PSP 0.730 AU | -173°
Solar Orbiter | 0.924 AU | -30°

Table A.23: Event details drawn from Helioviewer and Solar-MACH.

Instrument | Bin | Event Ey P Al Ta Te R?> | Norm. | Obs.
Time | (MeV) | (MV) | (AU) | (hrs) | (hrs) Peak

0 05:18 14.5 165.6 0.46 7.00 153 1092 | l.le-l | 1.4e+0

1 05:26 18.0 184.7 0.45 5.06 1.80 | 0.95 | 2.2e-2 | 8.9e-1

05:27 22.5 206.7 0.45 4.45 2.02 | 097 | 6.5e-3 | 4.4e-1

05:29 28.5 233.0 0.42 4.73 1.68 | 0.97 | 5.9e-3 | 3.0e-1

SOHO HET

(p*) 05:20 36.0 262.4 0.36 7.15 0.98 | 0.97 | 3.0e-2 | 2.2e-1
p

05:17 45.0 294.1 0.35 8.00 0.83 | 0.98 | 4.7e-2 | 1.6e-1

05:20 57.0 332.0 0.37 7.00 0.85 | 098 | 1.9e-2 | 1l.le-1

05:33 72.0 374.6 0.43 4.95 0.95 | 096 | 1.3e-3 | 2.7e-2

O | | O | O e W N

05:13 90.0 420.7 0.51 9.99 0.66 | 0.91 | 6.4e-3 | 4.3e-3

Table A.24: The fitting results for 20 January 2022.
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21 March 2022
21 March 2022
05:32
Active region: 2974
Flare: B4.2 (230; 16)
STEREO-A | 0.967 AU | -25°
Earth 0.996 AU | 11°
SOHO 0.985 AU | 10°
PSP 0.622 AU | 117°
Solar Orbiter | 0.342 AU | 14°
Table A.25: Event details drawn from Helioviewer and Solar-MACH.
Instrument | Bin | Event FEy P Al Ta Te R? | Norm. | Obs.
Time | (MeV) | (MV) | (AU) | (hrs) | (hrs) Peak
0 06:07:30 14.5 165.6 0.37 1.83 2.20 | 0.62 | 5.6e-4 1.7e-1
1 06:18:30 18.0 184.7 0.44 0.88 3.38 | 0.79 | 1.6e-4 1.1e-1
2 06:25:30 225 206.7 0.65 0.81 4.80 | 0.89 | 9.5e-5 6.3e-2
SOHO HET
() 3 06:21:30 28.5 233.0 0.52 0.98 2.20 1 0.93 | 9.1e-5 4.9e-2
4 05:46:30 36.0 262.4 0.55 3.55 1.05 | 0.95 | 1.1e-3 3.9e-2
5 05:34:30 45.0 294.1 0.67 4.90 1.04 | 0.96 | 2.2e-3 3.1e-2
6 05:08:30 57.0 332.0 0.66 6.00 1.03 | 0.94 | 2.3e-3 2.0e-2
1 05:06:30 0.04 0.21 0.23 9.81 0.05 | 0.85 | 2.7e4+0 | 5.5e-9
2 05:38:30 0.07 0.27 0.27 0.07 1.28 | 0.84 | 1.8e-13 | 2.1e-9
WH\Z?_)?)DP 3 05:38:30 0.11 0.35 0.25 0.08 0.99 | 0.86 | 5.7e-14 | 6.6e-10
4 05:38:30 0.18 0.47 0.26 0.14 0.77 | 0.84 | 2.5e-14 | 2.1e-10
5 05:30:30 0.31 0.64 0.21 1.13 0.16 | 0.84 | 7.6e-13 | 5.1e-11
1 05:24:00 0.04 0.20 0.04 0.90 0.59 | 0.88 | 7.0e+0 | 4.0e+4
4 05:15:00 0.05 0.22 0.02 1.80 0.15 | 0.91 | 3.1e4+2 | 2.7e+4
7 05:24:00 0.06 0.25 0.55 1.30 3.45 | 0.86 | 2.3e+1 | 1.6e+4
SOI(OG_E;PT 10 | 05:27:00 0.07 0.28 0.15 0.94 1.61 | 0.86 | 3.0e+0 | 1.1e+4
13 | 05:25:00 0.09 0.32 0.20 0.99 1.66 | 0.84 | 2.5e+0 | 5.6e+3
16 | 05:29:00 0.12 0.36 0.06 0.40 1.50 | 0.81 | 1.3e-1 | 3.5e+3
20 | 05:28:00 0.18 0.47 0.06 0.52 0.98 | 0.79 | 6.1e-2 | 1.0e+3

Table A.26: The fitting results for 21 March 2022.
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2 April 2022
2 April 2022
12:55
Active region: 2975
Flare: M4.3 (79; 11)
STEREO-A | 0.966 AU | -36°
Earth 1.000 AU | 0°
SOHO 0.988 AU | -1°
PSP 0.727 AU | 109°
Solar Orbiter | 0.356 AU | 69°
Table A.27: Event details drawn from Helioviewer and Solar-MACH.
Instrument | Bin | Event FEy P Al Ta Te R? | Norm. | Obs.
Time | (MeV) | (MV) | (AU) | (hrs) | (hrs) Peak
0 13:04:30 14.5 165.6 0.47 1.78 0.88 | 0.94 | 1.8e-2 | 1.7e+0
1 13:05:30 18.0 184.7 0.51 2.47 0.70 | 0.97 | 3.6e-2 | 1.2e+0
2 13:15:30 225 206.7 0.58 1.85 0.89 | 0.98 | 7.3e-3 6.3e-1
SOHO HET
() 3 13:13:30 28.5 233.0 0.60 2.45 0.74 | 0.98 | 1.le-2 4.5e-1
4 13:14:30 36.0 262.4 0.63 2.16 0.81 | 097 | 5.0e-3 2.9e-1
5 13:21:30 45.0 294.1 0.67 1.15 1.13 | 0.97 | 7.8e-4 1.9e-1
6 13:15:30 57.0 332.0 0.63 1.16 0.97 | 0.98 | 4.5e-4 1.0e-1
0 13:02:30 0.03 0.17 0.50 0.55 0.45 | 0.97 | 7.5e-10 | 2.7e-7
1 13:09:30 0.04 0.21 0.50 0.26 0.83 | 0.98 | 1.3e-10 | 2.1e-7
WIND 3pp | 2 | 13:17:30 | 0.07 | 027 | 051 | 010 | 149 | 0.96 | 1.8e-11 | 9.0e-8
(e7) 3 13:19:30 0.11 0.35 0.54 0.16 091 | 0.98 | 1.0e-11 | 3.2e-8
4 13:21:30 0.18 0.47 0.48 0.16 0.61 | 0.98 | 3.6e-12 | 9.8e-9
5 13:21:30 0.31 0.64 0.35 0.20 0.36 | 0.98 | 1.1e-12 | 2.5e-9
6 13:19:30 0.52 0.89 0.18 0.94 0.04 | 0.39 | 1.1e-9 | 5.8e-10

Table A.28: The fitting results for 2 April 2022.
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