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Abstract

Solar Energetic Particles (SEPs) are high-energy particles that originate from solar
active phenomena. SEPs cause radiation hazards for astronauts and airline passen-
gers or damage satellites, which results in serious social impacts. Therefore, it is
an important subject in space weather research both scientifically and practically
to elucidate the mechanism of SEPs and to forecast the occurrence of SEP events
and, if it occurs, also arrival times and the scale of SEP events. One of the major
origins of SEPs is considered to be coronal mass ejections (CMEs), in which the
shock waves driven by CME accelerate the particles. The SEP events derived from
CMEs are called “Gradual SEP events”. In this thesis, in order to clarify the relation-
ship between CMEs and gradual SEP events, especially what determines the times-
cales of SEPs, we studied gradual SEP events mainly focusing on the timescales. In
Chapter 2, we compiled a large event list of SEPs and performed the statistical ana-
lysis. In Chapter 3, we extracted two events that are characterized by their timescales
from our event list and investigated their observational characteristics in detail.

Chapter 2 presents a statistical study of SEP occurrences and timescales with respect
to the CME source locations and speeds, considering all 257 fast (vCME ≥ 900
km s−1) and wide (angular width ≥ 60◦) CMEs that occurred between December
2006 and October 2017. Examination of the source region of each CME reveals
that CMEs more often accompany SEP events if they originate from the longitude of
E20 – W100 relative to the observer. For the associated CME-SEP pairs, we measure
three timescales for each of the SEP events: (1) TO, the SEP onset time at 1 AU with
respect to the CME launch, (2) TR, the rise time from the SEP onset time to the SEP
half-peak during the rising phase, and (3) TD, the duration between SEP half-peak
during the rising and declining phases. They are correlated with the longitude of the
CME source region relative to the footpoint of the Parker spiral (∆Φ) and vCME . TO
tends to be short for |∆Φ| <60◦. A similar trend is seen in TR and TD, but weaker,
and they are more continuously distributed. The SEP timescales are only weakly
correlated with vCME . Positive correlations of both TR and TD with vCME are seen
in poorly connected (large |∆Φ|) events. Additionally, TO appears to be negatively
correlated with vCME for events with small |∆Φ|.

In Chapter 3, we focused on TO, which has a distribution of at least an order of mag-
nitude, even when the source region is not far from the well-connected longitudes.
We studied two SEP events from the western hemisphere that are different in TO on
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the basis of >10 MeV proton data from the Geostationary Operations Environmental
Satellite, despite similar in the CME speed and longitude of the source regions. We
tried to find the reasons for different TO, or proton release times, in how the CME-
driven shock develops and the Alfvén Mach number of the shock wave reaches some
threshold, by combining the CME height-time profiles with radio dynamic spectra.
We also discussed how CME-CME interactions and active region properties may af-
fect proton release times.

Supervisor: Ayumi Asai
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CHAPTER 1
General introduction

1.1 Flares, CMEs, and SEPs

1.1.1 Overview

Solar Energetic Particles (SEPs) are high-energy particles or events that observe particles

originating from solar active phenomena. It is known that protons, electrons, and heavy

ions from He to Fe are accelerated from a few keV to a maximum of a few GeV. High-

energy particles are found not only in the solar phenomena but everywhere in the universe,

but the question of what is the source of the high-energy particles is a common and difficult

problem unsolved across all fields of astrophysics.

SEP event was first reported by Forbush (1946). Forbush discovered that ion chambers on

the ground, which observe secondary particles generated when galactic cosmic rays inter-

act with the Earth’s atmosphere, showed an irregular rise three times in 1942 Feb 28, in

1942 Mar 7, and in 1946 Jul 25. High-energy particles from space are usually not observed

on the ground because the Earth’s atmosphere acts as a “shelter”. However, extreme SEPs

accelerated to a few GeV rarely intrude into the Earth’s atmosphere and generate second-

ary particles, which result in SEPs being observed indirectly on the ground. These events

are now called Ground Level Enhancement (GLE) events and are an important research

subject as extreme events of SEPs (e.g., Gopalswamy et al., 2012). Forbush noted that

these irregular rises occurred when the active region of the Sun was toward the Earth and

suggested that those high-energy particles are derived from the Sun.

Environmental changes in near-Earth space caused by solar active phenomena such as

high-energy particles are called space weather. In a modern society in which human be-

ings advance into space and make extensive use of space, space weather disasters can

cause very serious damage to our infrastructure. The radiation hazard due to SEPs is one

of the most serious incidents in space weather along with the electromagnetic radiation
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1.1.1. Overview

from solar flares (see Section 1.1.2) and the geomagnetic storms from coronal mass ejec-

tions (CMEs; see Section 1.1.3). The National Oceanic and Atmospheric Administration

(NOAA) has announced three space weather scales, including “solar radiation storms.”

There are five scales from S1 “Minor” to S5 “Extreme” according to the flux level of

>10 MeV particles observed by GOES satellite*. Each scale covers three areas (bio-

logical, satellite operations, and other systems such as high-frequency communications)

and characterizes the severity of the effects. High-energy particles exceeding several tens

of MeV cause serious radiation damage for astronauts operating in space with very little

shielding (Malandraki & Crosby, 2018). In the polar regions of the Earth, magnetic field

lines are open and particles from interplanetary space are easily accessible, which can

cause radiation damage to the crews of aircraft navigating at high latitudes. In addition,

high-energy particles provide noise to the satellite imaging data and cause the abnormality

or failure of semiconductor devices, called single event effects. It is sometimes observed

as a “particle storm” (see Figures 1.1) in the coronagraph C2/C3 on board the Large Angle

and Spectrometric Coronagraph Experiment (LASCO; Brueckner et al., 1995) of the Solar

and Heliospheric Observatory (SOHO; Domingo et al., 1995) satellite.

(a) (b)

Figure 1.1: The particle storm observed by the coronagraph C3 on the SOHO/LASCO on
14 Jul 2000. (a) Before the particle storm and (b) during the storm. Cited from https:
//soho.nascom.nasa.gov/hotshots/2000_07_14/.

This section briefly introduces the solar active phenomena and reviews the discussion of

the origin of SEPs, focusing on solar flares and coronal mass ejections (CMEs), which are

the two major sources of SEPs in their simplest classification.

*https://www.swpc.noaa.gov/noaa-scales-explanation
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1.1.2. Solar Flares

1.1.2 Solar Flares

Solar flares are sudden brightening phenomena observed in the solar atmosphere. The first

observation of a solar flare was carried out in white light by Carrington (1859) or Hodgson

(1859). The brightening of a solar flare is often observed in wide wavelengths such as

radio waves, visible, ultraviolet, and X-rays, as shown in Figure 1.2 (Kane, 1974). Solar

flares also release energy in various forms such as radiation, kinetic, thermal, and non-

thermal, and the amount of release energy is as much as 1028 – 1032 erg during minutes to

hours (Benz, 2017).

Figure 1.2: A typical time profile of a solar flare in various wavelengths from radio to
X-ray. Cited from Kane (1974)

It is now widely accepted that solar flares are caused by magnetic reconnection in the solar

corona (Shibata & Magara, 2011). Magnetic reconnection is a phenomenon in which the

topology of the magnetic field is changed by the reconnection of antiparallel magnetic

fields to a state of lower energy. A part of the magnetic energy released in magnetic re-

connection is observed as a brightening in solar flares. Since the late 1940s, the theory

that solar flares occur due to magnetic reconnection has been proposed (Giovanelli, 1946;

3



1.1.2. Solar Flares

Figure 1.3: Schematic representation of flare reconnection model. Note that this is not
the original CSHKP model but is modified with the findings of later observation so that it
includes the process of a plasmoid/filament eruption. Cited from Shibata et al. (1995).

Hoyle, 1949; Sweet, 1958; Parker, 1957; Petschek, 1964). The current “standard model”

for describing solar flares is called CSHKP model (see Figure 1.3), named after the pi-

oneers who contributed to the model construction (Carmichael, 1964; Sturrock, 1966;

Hirayama, 1974; Kopp & Pneuman, 1976). This model was supported by the observa-

tions in the 1990s (Figure 1.4; Tsuneta et al., 1992; Tsuneta, 1996; Forbes & Acton, 1996)

thanks to the launch of the Yohkoh satellite (Ogawara et al., 1991). In addition, it has been

proposed that many solar phenomena accompanied by brightening or eruption in different

spatial scales and time scales can be explained by one model (unified model) using mag-

netic reconnection, and this model is now common (Shibata et al., 1995; Shibata, 1996,

1997, 1999).

Solar flares are often associated with plasma ejections. An example of what is ejected is

a prominence, which is a cool (∼104 K) and dense plasma structure floating in the solar

corona (>106 K). A prominence is observed as a dark structure sometimes called “fila-

ment” for example in the Hα line. A prominence inside an active region is short-lived and

can erupt in minutes to hours, while a prominence outside an active region is relatively

stable and typically exists for several weeks. It is sometimes observed that a prominence

rises and erupts or it disappears without being observed. These are called “prominence

(filament) eruption” or “prominence (filament) disappearance”. The erupted prominence

(or a plasmoid, a bubble of plasma that is not so cold as prominence) sometimes escapes
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1.1.2. Solar Flares

Figure 1.4: A soft X-ray image of a cusp-shaped loop structure in a solar flare observed
by Yohkoh satellite (Tsuneta et al., 1992; Tsuneta, 1996). The colored region is the area
that emits soft X-rays and is consistent with the lower structure of the reconnection model.
Cited the modified version (contrast is shown in reversed) from Shibata & Magara (2011).

from the Sun’s gravity and can be ejected into interplanetary space with the plasma in

the corona. This phenomenon is thought to be strongly linked to coronal mass ejection

(CME) and is described in Section 1.1.3. This series of processes can be described by the

CSHKP model or the unified model. Figure 1.5 illustrates the sequence of solar flares in

two phases (or two types). As shown in Figure 1.2, at the start of a flare, an impulsive

phase (the left of Figure 1.5) represented by the emission of hard X-ray (HXR) or mi-

crowave continues for several minutes, and then it shifts to a gradual phase (the right of

Figure 1.5) in which soft X-ray (SXR) or Hα is dominant. As a prominence (or a plas-

moid) rises, extended antiparallel magnetic field lines are pressed down at the bottom of

the prominence, causing intermittent magnetic reconnection. This reconnection generates

high-speed outflows in the vertical direction, and the upward flow itself accelerates the

prominence eruption. Due to the downward flow of energetic electrons generated in the

reconnection region and thermal conduction, chromospheric plasma is heated to 107 K.

This causes the chromospheric plasma to move up and down while being trapped by the

magnetic flux tube due to the increased gas pressure so that the magnetic loop is observed

as an SXR loop. A phenomenon in which the heated plasma rises from the chromosphere

to the corona is called “chromospheric evaporation” (Fisher et al., 1985). The foot of the

loop is also heated to 104 K, and two ribbons (or flare ribbons, Hα ribbons) are observed

in the Hα line. The SXR loops are then cooled by radiation, and the low temperature

(∼104 K) loops are sometimes observed in Hα.

In general, the existence of high-energy particles cannot be directly detected by any meth-

ods other than observing particles that reach the observer, but observational evidence has

been found suggesting that various types of particle acceleration can occur in solar flares.
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1.1.2. Solar Flares

Figure 1.5: The illustration of the sequence of solar flares in impulsive (left) and gradual
(right) phases. The source regions of various emissions are also shown. Cited from Shibata
& Magara (2011) but the original version of schematic illustration and the observational
examples originate from Magara et al. (1996), Masuda et al. (1994) (top left), and Tsuneta
(1996) (top right), respectively.

For example, HXR emission sources observed at the foot of the SXR loop are believed

to be due to bremsstrahlung by the high-energy electrons accelerated in the reconnection

region and descending along the magnetic field of the SXR loop. HXR emission has also

been detected at the top of the SXR loop (Masuda et al., 1994). It is considered that a

downward flow derived from reconnection generates a shock wave at the top of the SXR

loop to form an acceleration region of high-energy particles. Although the particle accel-

eration mechanism at this location is not yet clear, it is a piece of important observational

evidence that solar flares are derived from magnetic reconnection and generate recon-

nection outflow. These high-energy electrons radiate microwaves due to gyrosynchrotron

motion as they move along the magnetic loop. Furthermore, as high-energy electrons

move upward through the solar atmosphere along the open magnetic fields, the instabil-

ity caused by electron beams with different speeds generates Langmuir waves (Ginzburg

& Zhelezniakov, 1958). They are converted to electromagnetic radiation and produce ra-

dio emissions at the local plasma frequency (and two times that frequency) (e.g., Reid &

Ratcliffe, 2014). Thus, solar radio bursts, classified as “type III” among several types, are

often observed. Type III radio bursts are characterized by strong and short-duration emis-
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1.1.2. Solar Flares

(a) (b)

Figure 1.6: The examples of solar radio bursts. (a) Typical type II and III radio bursts by
Hiraiso RAdio Spectrograph (HiRAS) ground-based observation. (b) Type II, III, and IV
radio bursts observed by the Radio and Plasma Wave Experiment (WAVES; Bougeret et al.,
1995) on the Wind spacecraft. “Type IV” radio bursts, which are not described in the text
are thought to be derived from synchrotron radiation from high-energy electrons trapped in
closed magnetic loops. The difference between the two panels is the observed frequencies,
i.e., the local plasma frequencies. Since the source of emissions is (a) in the solar corona
and (b) in interplanetary space, the latter is often called interplanetary radio bursts. The
original image of (a) is extracted from https://sunbase.nict.go.jp/solar/
denpa/hiras/gif/93102600.gif and (b) is cited from Gopalswamy et al. (2019).

sions over a wide range of frequencies immediately after the occurrence of solar flares (see

Figure 1.6).

Coronal shock waves are frequently observed in association with solar flares. The earliest

observation of wave propagation is carried out in Hα line (Moreton, 1960; Moreton &

Ramsey, 1960; Athay & Moreton, 1961) and is called Moreton wave. It is widely accep-

ted that it is derived from fast-mode MHD shock waves propagating in the solar corona

(Uchida, 1968). Also in other wavelengths, those observed in extreme ultraviolet (EUV)

range (e.g., Moses et al., 1997; Thompson et al., 1998; Chen & Wu, 2011) are called EUV

waves, and in SXR range (e.g., Khan & Hudson, 2000) are called X-ray waves. Although

there have been many simultaneous observations suggesting relationships between them

(e.g., Khan & Aurass, 2002; Narukage et al., 2002; Asai et al., 2012), it is still unclear

what drives the shock waves in the solar corona. The coronal shock waves are believed to

cause radio emissions at high frequencies (typically several tens to hundred MHz) through

plasma oscillation of electrons and are responsible for “type II” radio bursts. Type II ra-

dio bursts are characterized by drifting of observed frequencies with time as the shock

wave propagates (Figure 1.6), which is often discussed in correlation with Morton waves

(e.g., Uchida, 1974) and EUV waves (e.g., Nitta et al., 2013, 2014; Muhr et al., 2014), and

especially with CMEs described in Section 1.1.3.
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1.1.3. Coronal Mass Ejections

1.1.3 Coronal Mass Ejections

Coronal mass ejection (CME) is a phenomenon in which a magnetized plasma is ejected

from the solar atmosphere into interplanetary space, and is observed mainly by white light

coronagraphs. CME was first observed by the coronagraph on board Orbiting Solar Ob-

servatory 7 (OSO-7; Koomen et al., 1975) from 13 to 14 December 1971 (Tousey, 1973),

delayed from the detection of flares and SEPs. OSO-7 subsequently observed ∼30 CMEs

by 1974. The next mission which continuously observed CMEs was NASA’s Skylab. Gos-

ling et al. (1974) reported in detail the morphology and the speed of more than 30 CMEs

observed by the Skylab mission. From the latter half of the 1970s to the 1980s, Solwind

white light coronagraph on P78-1 satellite and Solar Maximum Mission (SMM) satellite

respectively observed >1000 CMEs (e.g., Howard et al., 1985; Hundhausen, 1993). The

primary CME observations at present are carried over to C2/C3 on board SOHO/LASCO

launched in 1996, and COR1/COR2 on board the Sun-Earth Connection Coronal and He-

liospheric Investigation (SECCHI; Howard et al., 2008) of the Solar-Terrestrial Relations

Observatory (STEREO; Kaiser et al., 2008) satellite launched in 2006.

Previous observations have shown that CMEs typically have a “three-part” structure con-

sisting of a leading edge, core, and cavity (Illing & Hundhausen, 1985, see also Fig-

ure 1.7(a)). The outermost dense plasma “shell” is called a leading edge (or a bright

front) and is the region where the flux rope, detached from the solar surface, sweeps the

plasma in interplanetary space. The speed of a CME is generally measured by tracking this

leading edge. The innermost bright feature, called the core, is believed to be a prominence

because it is often observed in Hα line. Many previous studies (e.g., Munro et al., 1979)

have investigated how CMEs are related to prominence eruptions and the correlations have

been reported to vary from a few % to almost 100% (Al-Omari et al., 2010, and references

therein) (see also Parenti, 2014, for review). The CME width, i.e., how wide the CMEs

are observed on the field of view (FOV) of the coronagraph, is one of the indicators of

the magnitude of CMEs. In particular, a CME covering the whole occulting disk of the

coronagraph is called "Halo CME" (Howard et al., 1982, Figure 1.7(b)), where the CME

is ejected along the Sun-observer line (or is ejected from the opposite of the solar surface

to the observer).

Since LASCO was launched, more than 30000 CMEs have been observed and they are

summarized in the LASCO CME catalog* (Yashiro et al., 2004). According to the major

statistics using LASCO observation data (e.g., Yashiro et al., 2004; Gopalswamy et al.,

2009), the speed of CMEs is ∼30 km s−1 at minimum and ∼3000 km s−1 at maximum.

The average is ∼450 km s−1, but depending on the 11-year solar cycle; it is ∼300 km s−1

in the solar minimum and ∼500 km s−1 in the solar maximum. Approximately 3% of all

*https://cdaw.gsfc.nasa.gov/CME_list/
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1.1.3. Coronal Mass Ejections

(a) (b)

Figure 1.7: (a) The classical three-part structure of a CME. The “bright front” corresponds
to the leading edge of a CME. Cited from Riley et al. (2008) (b) A typical observation of
a halo CME observed by the C2 coronagraph on board SOHO/LASCO. The image is the
running difference between the two observations. The white ejecta covers the occulting
disk. The running difference of the extreme ultraviolet (EUV) image observed by Extreme-
Ultraviolet Imaging Telescope (EIT; Delaboudinière et al., 1995) of SOHO is shown inside
the occulting disk, and the white circle is the limb of the Sun. Extracted from the LASCO
CME catalog (Yashiro et al., 2004)

CMEs are Halo CMEs with an average speed of ∼900 km s−1.

The ejection of magnetized plasma by a CME is one of the sources of disturbances in

space weather. The CME ejected into interplanetary space is called interplanetary CME

and it propagates in interplanetary space with a magnetic field detached from the solar

surface, forming a shock wave in front of it. When a CME is released toward the Earth

(i.e., observed as a Halo CME in most cases), it reaches the Earth within a few days.

If the magnetic field associated with the released CME is southward, in other words, in

the opposite direction of the Earth’s magnetic field, a geomagnetic storm can occur (e.g.,

Gosling et al., 1991). For example, most of the intense geomagnetic storms that occurred

in solar cycle 23 were caused by halo CMEs with a source near the central meridian of

the Sun (Gopalswamy, 2010). The Carrington Flare, which occurred in 1859 and was the

first observed flare event (Carrington, 1859), also generated the largest geomagnetic storm

in the observation history which is considered to be originating from the associated CME

(Tsurutani et al., 2003).

9



1.1.4. Two Class Paradigm of SEP

1.1.4 Two Class Paradigm of SEP

In the history of solar observations, it would have been natural to assume that solar flares

were the primary cause of disturbances in interplanetary space and space weather effects

on the Earth, given that the explosive phenomena known as solar flares were first detected

and CMEs were observed more than 100 years later. However, even if a filament erupts

with a solar flare, it cannot always reach interplanetary space, and a solar flare is not always

accompanied by a CME. On the other hand, even if a rapid brightening as a flare is not

observed, a CME can be observed (Webb & Howard, 2012; Parenti, 2014). In addition, as

a unified model using magnetic reconnection has been constructed, it has been considered

that solar flares and CMEs are related phenomena. They are only from different aspects of

a single magneto-hydrodynamic energy release phenomenon and one does not cause the

other.

The idea that solar flares are the primary cause of interplanetary disturbances such as

SEPs, the so-called “Solar Flare Myth” (Gosling, 1993), has long been the subject of

discussion. However, as it becomes clear that flares and CMEs are different aspects of a

single phenomenon, the different ideas of the origin of SEPs are gradually becoming clear.

It was radio observations that first showed that there can be two distinct processes for

high-energy particles from the Sun. Wild et al. (1963) proposed that electrons are related

to type III radio bursts and protons are related to type II radio bursts. Each type of radio

burst is currently associated with solar flares and CMEs, respectively.

Soon after the discovery of CMEs, it was found that they were essential for the occurrence

of proton events (Kahler et al., 1978). Moreover, it became clear that 26/27 cases of the

proton event associated with solar flares were also associated with CMEs, and the speed

and the width of CMEs were found to be correlated with the peak proton flux (Kahler et al.,

1984). The close relationship between proton events and CMEs gradually collapses the

“Solar Flare Myth”. Besides, the idea that there are two origins of SEPs began to emerge.

Pallavicini et al. (1977) distinguished SXR flares into impulsive events and long-duration

events (LDE), although both of which are now described together by the unified model,

and LDE flares were associated with CMEs (Sheeley et al., 1975). Cane et al. (1986)

showed that the SEP events associated with impulsive flares and LDE flares (i.e., CMEs)

exhibit different characteristics in electron/proton ratio and radio observations. Thus, in

the late 1990s, the “two-class paradigm” of SEPs began to be accepted (Reames, 1999,

2013).

The mechanism and observational features of two classes of SEPs, gradual SEP and im-

pulsive SEP, are shown in Figure 1.8 and Table 1.1. Gradual SEP is thought to be derived

from particles accelerated by the shock wave driven by the CME, and impulsive SEP is

thought to be derived from particles accelerated in the reconnection region of the solar
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Figure 1.8: Schematic illustrations of the acceleration mechanism (top) and the typical
time profile (bottom) of gradual SEP events ((a) and (c)) and impulsive SEP events ((b)
and (d)). Cited from Desai & Giacalone (2016) but the original figures are from Reames
(1999).

flare. Figure 1.8(a) shows that the accelerated particles are transported over a wide area

by the widely spread shock wave driven by the CME, whereas the particles accelerated

in solar flares are only transported and observed along the limited field lines extending

therefrom (Figure 1.8(b)).

The events shown at the bottom of Figure 1.8 are (c) a proton event generated by a CME

derived from a filament eruption without solar flares, and (d) a 3He-rich event derived

from impulsive flare without CMEs (Reames, 1999). A typical difference between the two

is in their timescales. In gradual SEP events, particles are continuously accelerated by

the shock wave driven by the associated CME, so that particles are observed for a long

time. In impulsive SEP events, a short-time electron peak associated with acceleration

in flare is observed, and the duration is determined by the scattering of particles during

propagation in interplanetary space. The event rate of SEP events depends on the solar

cycle, but at the solar maximum, it is about 10 events per year for gradual SEP events

and about 1000 events per year for impulsive SEP events (Reames, 1995). The elemental
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composition ratio is also an important difference that separates the two classes. Impulsive

SEP events are sometimes referred to as electron-rich events or 3He-rich events. In this

classification, ∼1 – 100 keV electrons are dominant and the electron/proton ratio is high.

The Fe/O and 3He/4He ratios are about 10 and 1000 times the typical coronal values,

respectively. In addition, the ionization rate of iron is∼20, and may simply originate from

a high-temperature region of ∼107 K during magnetic reconnection of solar flares. In

gradual SEP events, the proton ratio is high, but Fe/O, 3He/4He, and the ionization rate of

iron typically indicate an average value of the solar corona. On the other hand, events in

which typical features of both are mixed have also been observed. For example, it has been

reported that an increase in 3He is also detected in the particle acceleration derived from

interplanetary shock waves and is not necessarily limited to impulsive SEP events (Desai

et al., 2001), that the high ionization rate of iron is also observed in gradual SEP events

(e.g., Leske et al., 1995; Oetliker et al., 1997), and that there are impulsive SEP events

associated with CMEs (e.g., Nitta et al., 2006). Cane et al. (2010) found that the features

of 280 ∼25 MeV proton events observed from 1997 to 2006 are not simply separated

into two groups, but are continuously distributed, and proposed that both flares and CMEs

contribute to large SEP events (Cane et al., 2010, and references therein).

Table 1.1: Properties of Gradual and Impulsive SEP Events. Data are extracted

from Desai & Giacalone (2016) but some data originate in Reames (1995) and

Kallenrode (2003).

Property Gradual SEP Impulsive SEP

Electron/Proton ∼50 – 100 ∼102 – 104

3He/4He ∼ 4× 10−4 ∼ 1
Fe/O ∼ 0.1 ∼ 1
Ionization rate of iron ∼14 ∼20

SEP Duration <1 – 3 days <1 – 20 h

Seed Particles Ambient Corona or Solar Wind Heated Corona

Radio type II III

X-ray duration &1 h ∼10 min – 1 h

Coronagraph CME –

Event rate ∼10 / year ∼1000 / year

As described above, the acceleration mechanism of high-energy particles is one of the

major unsolved problems in the whole of astrophysics. Three acceleration mechanisms

that are considered to contribute to the generation of SEPs are only briefly introduced here

(see also Miller et al., 1997; Aschwanden, 2002; Desai & Giacalone, 2016; Klein & Dalla,

2017, for review). The first mechanism is electric DC field acceleration by a strong direct
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current (DC) generated by magnetic reconnection. It is effective for the acceleration of

∼100 keV electrons in the reconnection region of solar flares and is considered the main

source of electrons in impulsive SEP events. The second mechanism, called stochastic

acceleration or second order Fermi acceleration, is that particles gain energy in the long

term while repeating the gain and loss of energy in the short term due to interaction with

complex electromagnetic fields caused by turbulence or wave resonance. This is also con-

sidered to be related to turbulent flow associated with magnetic reconnection of solar flares

and contributes to impulsive SEP events. The third one is shock acceleration, which can be

divided into Shock-Drift Acceleration and Diffusive Shock Acceleration (first order Fermi

acceleration). In the former mechanism, at quasi-perpendicular shock (i.e., the shock nor-

mal and the upstream magnetic field make a large angle), particles gain energy from an

electric field E = −V × B, where V is the particle speed and B is the magnetic field up-

stream of the shock wave. In the latter, particles gain energy from the velocity difference

between upstream and downstream as they move back and forth through the shock front

due to the turbulent flow. The major contribution of shock acceleration is the gradual SEP

events by the shock wave driven by CMEs. On the other hand, the existence of shock

waves, such as termination shock due to the collision of the reconnection outflow of the

flare and the magnetic loop, has been suggested everywhere in solar active phenomena,

and it is conceivable that the shock acceleration accompanying solar flares can also con-

tribute more or less to SEPs. Therefore, these acceleration mechanisms cannot completely

correspond to the classification of SEPs and may cause a large event-to-event variation of

SEPs.

1.2 Gradual SEP events

1.2.1 Motivation

Many unsolved problems such as acceleration mechanisms and elemental compositions

remain for the two classes of SEPs. Among them, it is crucial to forecast the occurrence

and arrival of SEPs in light of the active use of space in recent years. Even though numer-

ous SEP models have been developed and efforts have been made to forecast SEPs (e.g.,

Whitman et al., 2022, and references therein), reliable SEP forecasting has not been suc-

cessful even after the observation of possibly associated solar active phenomenon. This is

obviously because our understanding of the origins of SEP events is not sufficient. From

the aspect of practical forecasting of SEPs, the long duration due to continuous accelera-

tion by shock waves and the wide observation range over which particles can be observed

even when CMEs occur directly behind the observer, both are often found in gradual SEP

events, are crucial factors. Therefore, in order to establish the basis of practical forecast-
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ing, especially the arrival of SEPs, this thesis focuses on the relationship between gradual

SEP events and CMEs, in particular, on what determines the timescales of SEPs. This

section introduces the observational characteristics of gradual SEP events associated with

CMEs, including the timescales of SEPs, and describes the aim of this thesis.

1.2.2 Gradual SEP and CME

Among the relationships between gradual SEPs (hereinafter, “SEP” refers to gradual SEP)

and CMEs, the most well-known one is the positive correlation between the CME speed

and the peak proton flux (Kahler, 2001). As shown in Figure 1.9, the higher the CME

speed, the larger the maximum observed proton flux in several energy ranges. However,

even if CMEs of the same speed are the source, the peak proton flux varies up to four

orders of magnitude. This represents a wide variation of SEP events and also means that

our understanding of the generation of SEPs is lacking.

Figure 1.9: Correlation between CME speed and peak proton flux of 2 MeV (left) and of
20 MeV (right) from the two data sets. Cited from Kahler (2001).

How the SEPs are observed in 1 AU depends on where the source CME was launched

from. Particles released from the Sun basically travel in interplanetary space along the

magnetic field lines extending from the solar surface. The magnetic fields are spiral due

to the effect of the rotation of the Sun (Parker Spiral; Parker, 1958) so that the footpoints
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1.2.2. Gradual SEP and CME

Figure 1.10: Three cases of the behavior of protons when CMEs are observed from dif-
ferent locations. Each panel represents how the time profile varies when the source CME
is launched downward and the protons are observed from near where the panel is located.
Cited from Desai & Giacalone (2016) but the original concept is shown by Cane et al.
(1988) or Reames (1999)

of the lines connected to the observer are not located directly in front of the observer but

on the west side of the solar surface. This longitudinal range in which those footpoints

are located is called “well-connected longitude”, and SEPs are frequently observed when

CMEs are launched around these longitudes. In addition, the typical time profile of SEPs

is also roughly determined by the released longitude of CMEs.

Figure 1.10 introduces three cases of the behavior of protons when CMEs are observed

from different locations (Cane et al., 1988). The first (left panel) is the case where the

solar longitude of the observation instrument is located east for the launched direction of

the CME. In this case, the source region of the CME is on the west side seen from the

instrument and is magnetically well-connected to the “nose” corresponding to the front

part of the shock wave driven by CME. The acceleration efficiency is thought to be high

in this region (e.g., Gopalswamy et al., 2013), and the particles are observed immediately

after the launch of the CME and reach the peak. The proton flux gradually decreases as

the shock wave (acceleration region) is separated from the magnetic field lines connected

to the instrument. The second (middle panel) is the case where the instrument is located in

the launch direction of the CME. When the CME is launched, the shock wave is far from

the well-connected magnetic field lines, but they intersect as the shock wave propagates
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and spreads, and the proton flux increases. Since the shock wave driven by the CME

propagates straight toward the instrument, the flux rises or reaches the peak when the

shock wave reaches the instrument, and it decreases after the shock wave passes. The

third (right panel) is the case where the instrument observes the CME on the east side

of the solar surface, which has the worst connectivity among the three cases. Therefore,

the connectivity increases with the temporal spread of the shock wave, and the flux also

increases. Finally, the connectivity becomes the best and it reaches the peak after the shock

wave passes through the instrument.

1.2.3 Timescale of SEP

While the work by Cane et al. (1988) does well describe the characteristics of SEPs ac-

cording to the longitudes of CMEs, the timescales of SEPs are still unclear in many cases.

When the particles reach the Earth and how long they keep high levels are essential inform-

ation to prevent radiation hazards. One of the earliest investigations of SEP timescales was

by Van Hollebeke et al. (1975), which showed that the time between the onset and max-

imum of a proton event is a minimum of 2.5 hours when the source event (but a flare, not

a CME) is near W50. Kahler (2005, 2013) and Pan et al. (2011) analyzed three timescales

related to SEP defined by Kahler (2005) and reported that the timescales of SEPs had large

variations between events but sometimes correlated with the CME speed, the CME width,

and proton peak flux. In particular, the SEP onset time (the time from the occurrence of

a CME to the detection of SEPs in 1 AU, which corresponds to “TO” defined by Kahler

(2005)) is the most important information for warning of radiation hazard on the Earth, but

it is not yet clear on what timescales SEPs are accelerated and released either theoretically

or by observation.

When and at what height in the solar corona or interplanetary space the particles are accel-

erated and released also affects the timescales of SEPs. Since it is not possible to capture

the release of particles by remote observation, various attempts have been made to invest-

igate the acceleration source of particles (more specifically, the release timing and released

height) based on numerical simulation (e.g., Rouillard et al., 2016; Kouloumvakos et al.,

2019) or observation (e.g., Kahler, 1994; Tylka et al., 2003; Huttunen-Heikinmaa et al.,

2005; Reames, 2009a,b; Gopalswamy et al., 2012; Kouloumvakos et al., 2015). Details

are described in Section 3.1, but variable results have been obtained depending on the

event, and further analysis is required.

1.2.4 Aim of this Thesis

The three main topics addressed in this thesis are as follows:
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Q1. How are SEPs associated with CMEs?

Q2. How are the timescales of SEPs related to the parameters of the CMEs?

Q3. What are the factors that determine the timescales of SEPs with large variations

between events, especially the SEP onset time (TO)?

Chapter 1 traced the history of the discovery of SEPs and the search for their origins, and

introduced the discussion of the relationship between gradual SEPs and CMEs. Chapter 2

is a statistical study of the relationship between CMEs and SEPs, and the timescales of

SEPs. This chapter discusses Q1 and Q2 based on the published paper Kihara et al. (2020),

which compiles one of the largest SEP event lists. In Chapter 3, we report the results of

the detailed event analysis of two examples of SEP events with characteristic timescales

extracted from the event list complied in Kihara et al. (2020). The detailed analysis from

the observations of the solar surface to the conditions of the upper solar atmosphere is

conducted to investigate when and how SEPs are accelerated and transported to the Earth,

and it provides implications for Q3. The contents of this chapter are based on the sub-

mitted paper Kihara et al. (2022, submitted). Finally, Chapter 4 concludes with a current

understanding of SEPs based on these analyses.
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CHAPTER 2
Statistical Analysis of the

Relation between Coronal Mass
Ejections and Solar Energetic

Particles

The content of this chapter is based on Kihara et al. (2020). Some content has been

changed due to the structure of the thesis.

2.1 Introduction

This thesis deals with gradual SEP events, but as described in Section 1.1.4, the roles of

solar flares cannot be ignored. There has been renewed interest in the role of solar flares

in producing large gradual SEP events. This is due to the intimate association of gradual

SEP events with type III radio bursts (which have been considered “flare” attributes, see

Cane et al., 2002) and to the apparent correlations between SEPs and flare parameters

(Dierckxsens et al., 2015; Grechnev et al., 2015; Trottet et al., 2015). However, these

arguments may not exclude CMEs as the main contributor for gradual SEP events for

the following reasons. First, CMEs are also frequently accompanied by type III bursts.

Second, the parameters of large flares may vary in proportion to CME parameters as a

result of the so-called “big-flare syndrome” (Kahler, 1982). Moreover, there are no SEPs

from intense flares if they are not associated with CMEs (e.g., all the X-class flares in

AR 12192 in October 2014, see Sun et al., 2015), and some of the most intense SEP

events can be associated with flares that are quite modest (Cliver, 2016).

Therefore, we assume that particles in gradual SEP events, at least the large ones, are

accelerated by CME-driven shock waves. In this assumption, we may expect a correlation

between the SEP peak flux and the CME speed, which is generally the case, although for
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a given CME speed, a scatter of up to four orders of magnitude in the SEP peak fluxes was

found (Kahler, 2001). This large scatter can be attributed to a number of factors, ranging

from the conditions for particle acceleration at the CME-driven shocks to the transport

processes undergone by the particles. Earlier events may set up preconditioning in favor

of SEP production by providing seed particles and producing enhanced levels of turbulence

at the shock (e.g., Li & Zank, 2005). Observationally, a CME preceded by another CME

within a short interval tends to be more SEP-productive (Gopalswamy et al., 2004; Kahler

& Vourlidas, 2005). Additionally, even though the CME speed is a good measure of the

shock speed, the efficiency of particle acceleration depends on various shock parameters

that may vary significantly over the shock surface. The SEP flux may be affected by

where on the shock the observer is dynamically connected to (e.g., Kouloumvakos et al.,

2019, and references therein). These factors, together with the transport effects, that might

involve cross-field diffusion (e.g., Zhang et al., 2009), affect not only the measured SEP

peak but also the SEP temporal variations. The latter may often be consistent with the

patterns expected from the longitude of the source region relative to the observer (Cane

et al., 1988), but occasionally SEP events with prompt onsets may be observed even from

poorly connected longitudes (e.g., Cliver, 1982; Gómez-Herrero et al., 2015). It is likely

that the observed SEP peak fluxes and temporal variations result from a combination of

the above-mentioned factors. With this in mind, it is meaningful to study SEP events

statistically in relation to the CME speed and the longitude of the source region.

In this chapter, we present a statistical study of SEP occurrences and timescales with re-

spect to CME source locations and speeds. Here we start from fast and wide CMEs and

relate them to SEP properties. Most previous studies have started from SEP events and

have then studied the properties of the associated CMEs and flares, ignoring CMEs not as-

sociated with SEP events. The recent study of 11 CMEs which did not produce SEP events

by Lario et al. (2020) may be an exception. Our work focuses on the presence/absence and

timescales of SEP events in association with individual CMEs, as presented in Sections 2.3

and 2.4, respectively. These are preceded by a description of our event list (Section 2.2)

and followed by a discussion of how to explain our findings (Section 2.5). We summarize

our findings in Section 2.6.

2.2 Event List

Our ultimate goal is to understand how the properties of CMEs may affect the properties

of SEP events, such as their occurrence, peak fluxes and timescales. To acknowledge the

fact that some energetic CMEs, even from well-connected longitudes, produce no SEPs or

that CMEs from poorly-connected regions produce SEP events that quickly rise to a peak,

it is meaningful to study all those CMEs irrespective of their associated SEPs and then to
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investigate the reasons for the wide variety of SEP properties. This approach complements

one that discusses the properties of only those CMEs that are associated with SEP events

(e.g., Kahler, 2001).

Our study is based on fast (vCME ≥ 900 km s−1) and wide (angular width ≥ 60◦) CMEs.

In the first approximation, these CMEs may be considered to drive the shocks that are

responsible for accelerating the protons observed at 1 AU, although the occurrence of a

shock wave depends not only on the CME speed, but also on the conditions of the ambient

solar wind. We imposed the restriction on angular width in order to exclude narrow CMEs,

which are typically associated with small impulsive SEP events (Kahler et al., 2001). We

selected them from the CDAW SOHO LASCO CME catalog* (Yashiro et al., 2004), which

is a complete manually-generated catalog of CMEs as observed by the Large Angle and

Spectrometric Coronagraph Experiment (LASCO: Brueckner et al., 1995) on board the

Solar and Heliospheric Observatory (SOHO). Measurements of the kinematic parameters

of CMEs included in the catalog come from visual inspection of all the available difference

images.

Another important factor that can affect the properties of SEP events is the magnetic field

connection between the observer and the CME-driven shock wave, which may be as-

sumed to expand concentrically from the source region of the CME. If the region is on

the visible side of the Sun, we can locate it using known low coronal signatures of CMEs,

such as coronal dimming and post-eruption arcades (e.g., Zhang et al., 2007; Hudson &

Cliver, 2001; Nitta et al., 2014). These signatures are found in coronal images at extreme-

ultraviolet (EUV) wavelengths. In order to maximize the number of CMEs for which

source regions can be identified, including those from the far side, we have studied those

CMEs that occurred since December 2006, so that we can make use of information from

the EUV imagers on board the Solar-Terrestrial Relations Observatory (STEREO), in ad-

dition to those near the Sun-Earth line from SOHO (until 2010) and the Solar Dynamics

Observatory (SDO: Pesnell et al., 2012, from 2010). All the fast and wide CMEs in solar

cycle 24 were included in the period of our investigation (i.e., from December 2006 to

October 2017). After examining the EUV images taken around the times of the 257 CMEs

that meet our criteria for speed and angular width, we removed 18 CMEs for which source

regions could not be identified. Almost all of them occurred while no STEREO data were

available around the great conjunction in 2015.

Instead of discussing common SEP events observed by multiple spacecraft at separate

longitudes (e.g., Richardson et al., 2014) or CMEs without SEPs at any of these spacecraft

(Lario et al., 2020), we studied the SEP events (or lack thereof) at Earth, STEREO-A,

and STEREO-B that are associated with each of the 239 CMEs. We thus have a total of

717 potential measurements. We extracted the time profiles of >10 MeV proton fluxes by

*https://cdaw.gsfc.nasa.gov/CME_list/
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using data with five-minute temporal resolution from the Energetic Particle Sensor (EPS:

Onsager et al., 1996) on the Geostationary Operations Environmental Satellite (GOES)

and from the High-Energy Telescope (HET: von Rosenvinge et al., 2008) and the Low-

Energy Telescope (LET: Mewaldt et al., 2008), which belong to the suite of instruments

for the In Situ Measurements of Particles and CME Transients (IMPACT: Luhmann et al.,

2008) on STEREO. The >10 MeV integral flux is one of the standard products of GOES,

but for STEREO / IMPACT we had to compute it by combining the HET and LET data,

as illustrated by Gopalswamy et al. (2016).

Now we show how the >10 MeV proton flux compares between GOES and STEREO.

Rodriguez et al. (2017) performed a cross-calibration between GOES and STEREO using

two SEP events that occurred in 2006 December while STEREO-A and STEREO-B were

still located near Earth. They reported that the STEREO 10 – 100 MeV flux were smaller

than GOES: the first, the second, and the third quartile of STEREO-A (STEREO-B) to

GOES ratios are 0.850 (0.874), 0.926 (0.948), and 1.017 (1.071), respectively. We carried

out the same analysis for the >10 MeV integral flux and confirmed that the first, the

second, and the third quartile are 0.841, 0.921, and 1.008 for STEREO-A, and 0.858,

0.935, and 1.042 for STEREO-B. The 5th and 95th percentiles of the ratios are 0.736 and

1.215 for STEREO-A, and 0.767 and 1.272 for STEREO-B. Therefore 90% of >10 MeV

integral fluxes agree within 27%.

In Table 2.1, we list the selected CMEs. The first three columns show the onset date

and time, the projected speed, and the angular width of the CME, taken from the CDAW

SOHO LASCO CME catalog. Note that the CME onset time is calculated by extrapolating

the height-time profile in the LASCO field of view to the solar surface (1 solar radius

from the Sun center). The next two columns show the magnitude and location of the

associated solar flare. The remaining columns show the quality and the peak proton flux,

if it exceeded 1 particle flux unit (pfu: defined as particles s−1 sr−1 cm−2), separately for

GOES, STEREO-A, and STEREO-B. The “quality” is one of the following.

• Good (110 events): SEPs are detected unambiguously with the peak >10 MeV pro-

ton flux exceeding 1 pfu. It is >10 pfu in 69 events and ≤10 pfu in 41 events.

They are sufficiently well-observed that we can compute all the timescales (see Sec-

tion 2.4).

• Contaminated (26 events): The observed SEP onset is clearly associated with the

CME, but the later, post-peak temporal variations are contaminated by another SEP

event due to a later CME or an energetic storm particle (ESP) event due to the shock

wave driven by the present or an earlier CME*. In 15 events, the peak >10 MeV

*There are a few confusing cases, where an ESP-related shock arrived during the SEP event in question.
We identified a non-ESP peak before the shock arrival as the SEP peak.
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2.3. SEP Association of Fast and Wide CMEs

proton flux exceeds 10 pfu. We were able to measure all the timescales but the

duration (see Section 2.4).

• No SEP (395 events): No >10 MeV protons are detected exceeding the 1 pfu level

during the normal background. The normal background is about 0.2 pfu for GOES

and about 0.1 pfu for STEREO-A and STEREO-B. In 71 of them, we noted a smaller

enhancement (≤1 pfu), and they are so indicated.

• HiB_N (85 events): The background was elevated from the normal due to earlier

events, preventing a small SEP event from being detected. Despite the higher back-

ground, however, we clearly find the presence of a SEP event in 18 cases, of which

16 have the peak >10 MeV proton flux that exceeds 10 pfu. An approximate back-

ground level (in pfu) is indicated by N . Subsets of these events, depending on N ,

are excluded in the discussion of the SEP association rate of CMEs (see Section 2.3).

• No data (79 events): No SEP data are available around the time of the CME. This

includes the periods of no STEREO data due to the great conjunction in 2015, no

STEREO-B data since its contact was lost in October 2014, and occasional data

gaps for various reasons. These events are excluded in the following analysis.

• Multiple (22 events): No link can be established between the CME in question and

the SEP event because of multiple CMEs and ESP events that occurred in succes-

sion. These events are excluded in the following analysis.

We note that the required threshold vCME ≥ 900 km s−1 excluded some large SEP events.

Four >10 MeV proton events with peak fluxes exceeding 10 pfu are not included in this

study. The starting dates of these events are 2012 July 12, 2013 April 11, 2014 Novem-

ber 1, and 2015 October 29. The speeds of their associated CMEs were 885 km s−1,

861 km s−1, 740 km s−1, and 530 km s−1, respectively. We also point out that our se-

lected events are different from those in previous statistical studies of SEP events that

were not restricted in CME parameters. For example, the fraction of CMEs with v ≥
900 km s−1 was only 147/217 and 85/214, respectively, in the works by Kahler (2013) and

by Richardson et al. (2014). Accordingly, these authors included SEP events as observed

by Wind, SOHO and STEREO that were too weak to be observed by GOES; since the

GOES background is higher than those of the other three missions.

2.3 SEP Association of Fast and Wide CMEs

This work involves careful analyses of EUV images to locate the region from which each of

the selected CMEs originated, using known low coronal signatures of CMEs (e.g., Zhang
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Figure 2.1: Distribution of CMEs with source longitude (in 20◦ bins) relative to the ob-
server. (a) All the CMEs, irrespective of their associations with SEP events. CMEs that
occurred during high background periods are excluded (39 HiB_N events, with N ≥10,
see Section 2.2). (b) Only the CMEs associated with a SEP event exceeding 10 pfu (black)
and between 1 and 10 pfu (gray). (c) The percentage of CMEs associated with a SEP event
(the color usage same as (b)). Panels (b) and (c) exclude 10 and 2 HiB_N events (with
N ≥10 and N ≥1) for >10 pfu and 1 – 10 pfu, respectively.
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2.3. SEP Association of Fast and Wide CMEs

et al., 2007; Hudson & Cliver, 2001; Nitta et al., 2014). Figure 2.1 shows the distribution

of our CMEs with the longitude of the source region relative to the observer. Note that

the same CME can appear up to three times at different longitudes, as seen from Earth,

STEREO-A, and STEREO-B. In Figure 2.1(a), we include all the CMEs, irrespective of

their associations with SEP events, except for 39 “HiB_N” (N ≥10) events (Section 2.2).

In these high background events, the association with a SEP event exceeding 10 pfu is

uncertain, since it is possible that such an event could be buried under the background.

Thanks to multi-spacecraft observations, we have at least 23 CMEs in each of the 20◦

bins. Figure 2.1(b) shows the distribution of SEP-associated CMEs, and Figure 2.1(c)

the ratio of SEP-associated CMEs to all CMEs. In Figures 2.1(b) and 2.1(c), we show the

association of CMEs with SEP events as defined by two thresholds for the peak flux: 10 pfu

and 1 pfu. Figure 2.1(c) shows that the SEP association rate is elevated in the range of

longitude of E20 – W100. We therefore refer to this range of longitude as “well-connected”

in this section (i.e., Figures 2.2 and 2.4(a)). This is broader than what was shown in

previous studies on the longitudinal distributions of SEP events (e.g., Smart & Shea, 1996;

Laurenza et al., 2009). It is possible that the broader distributions in Figure 2.1(c) may be

characteristic of our SEP events measured at >10 MeV, most of which come from solar

cycle 24.

In Figure 2.2, we show the distribution of CMEs with speed in 200 km s−1 bins. Here we

limit the CMEs to those from the well-connected longitudes (E20 – W100). As expected,

there are more CMEs that are slower (but≥ 900 km s−1), although the SEP association rate

rises sharply with the CME speed. All the CMEs faster than 2100 km s−1 are associated

with a SEP event.

The dependence of the SEP association rate of CMEs on both the longitude of the source

region and the CME speed can be visualized in heat maps, as shown in Figure 2.3. Here

the maps come from a 2D array of the longitude relative to the observer (in 45◦ bins)

and the speed (in 600 km s−1 bins) of the CME. Colors from yellow to red represent

low to high association rates, as indicated in the color bars in the figure. Note that the

SEP association rates have large uncertainties except for the bottom row because of the

limited number of events. Figures 2.3(a) and 2.3(b) are heat maps for the SEP association

rate for SEP events with threshold peak fluxes >10 pfu and >100 pfu, respectively. The

number of all the CMEs and of the SEP-associated CMEs, together with the association

rate, is also indicated in each cell. As in the previous figures, we exclude the HiB_N

events that prevent us from determining the association of the CME with a SEP event.

For the association with SEP events exceeding 10 pfu (panel (a)), 39 events with N ≥10

are excluded. For SEP event exceeding 100 pfu (panel (b)), 9 events with N ≥100 are

excluded. As a result, the number of all the CMEs is greater in panel (b). Note that

there was only one CME faster than 2700 km s−1, which occurred on 2017 September
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Figure 2.2: Distribution of CMEs with speed in 200 km s−1 bins. Here we limit the CMEs
to those from the source longitudes E20 – W100. (a) All the CMEs, irrespective of their
associations with SEP events. (b) Only CMEs associated with a SEP event exceeding
10 pfu (black) and between 1 and 10 pfu (gray). (c) The percentage of CMEs associated
with a SEP event (the color usage is the same as in (b)). Note that there were no CMEs
between 2300 km s−1 and 2500 km s−1 and between 2700 km s−1 and 3100 km s−1, as
indicated by the hatched areas in panel (c). As in Figure 2.1, HiB_N events are excluded
(N ≥10 in (a), N ≥10 and N ≥1 in (b) and (c), for >10 pfu and 1 – 10 pfu, respectively.
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Figure 2.3: SEP heat maps, showing how the SEP association rate varies with the source
longitude and speed of the CMEs. (a) and (b) show, respectively, a heat map for SEP
events >10 pfu and >100 pfu. Higher (lower) association rates are shown in red (yellow).
Cells in gray indicate no CMEs in those ranges of speed and source longitude. Cells in
white indicate no SEP association. Different numbers of the HiB_N events are excluded
in (a) and (b), depending on N ; N ≥10 and N ≥100 for (a) and (b), respectively (see
text).
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2.3. SEP Association of Fast and Wide CMEs

10. Its speed was 3163 km s−1. This CME appears twice in each heat map, since it

occurred after the contact with STEREO-B was lost. Its source location was S09W90

from Earth. This translates to E142 from STEREO-A, at which only a weak SEP event

was observed that seemed to be directly linked to the CME. The >10 MeV proton flux

peaked on September 12*, and the peak flux was less than 10 pfu. Therefore the top left

cell indicates no SEPs in Figures 2.3(a) and 2.3(b). There were fewer CMEs with higher

speeds, and based on limited statistics, it appears that faster CMEs are associated with

SEPs over wider longitudes. For the association rates of CMEs with SEP events for which

the peak exceeded 10 pfu, we can confirm that faster CMEs contribute more to the SEP

association rate. For example, Figure 2.1(c) shows that the SEP association rate of CMEs

around W60 is ∼40%, which results from the 100% association rate for CMEs faster than

1500 km s−1 offsetting the lower association rate for slower CMEs. Figure 2.3(b) shows

that the CMEs associated with >100 pfu SEP events not only are much rarer but also are

limited to higher speeds and narrower ranges of longitude.

In space weather applications, the SEP peak flux is routinely forecast using basic properties

of CMEs and flares. In Figure 2.4, we show the relations among the SEP peak flux, the

CME speed, and the magnitude of the associated flare. Figure 2.4(a) shows the relation

between the peak proton flux and the CME speed. Even though they appear to be weakly

correlated, especially for those events in the well-connected longitudes (plotted in blue),

there is considerable scatter, as found in past studies (e.g., Kahler, 2001); the peak proton

flux for the same CME speed can vary by three orders of magnitude, even though we limit

the CMEs to fast ones (vCME ≥ 900 km s−1) in this study. This is unlike Kahler (2001),

who included even CMEs slower than 200 km s−1. The regression lines of each group

of longitudes are also shown in Figure 2.4(a). The peak proton flux tends to be higher

for the SEP events from well-connected longitudes. The difference is about one order of

magnitude for a CME with 2000 km s−1.

In Figure 2.4(b), we plot the peak soft X-ray (SXR) flux of the associated flare vs the

CME speed, considering separately those CMEs associated with, and not associated with,

>10 pfu protons. There is a somewhat higher correlation for SEP-associated CMEs, which

tend to be faster (Figure 2.2(a)). This relation may largely reflect the big-flare syndrome

(Kahler, 1982). Figure 2.4(c) shows a weak correlation between the peak SXR flux and

peak proton flux, irrespective of whether the source region is in the western or eastern

hemisphere. Note that this plot contains only flares that were associated with fast and

wide CMEs. The scatter would be much more pronounced if all flares were included

irrespective of their associations with CMEs.

*A higher (>100 pfu) >10 MeV proton flux was seen on September 14, but this appears to have been due
to a stream interaction region rather than to the CME on September 10 (see Guo et al., 2018).
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Figure 2.4: Correlations between the parameters of flare, CME, and SEPs. (a) Correlation
between CME speed and peak proton flux. Each symbol shows whether or not the events
come from well-connected longitudes. The dashed lines are the regression lines for each
group. All the events in which the peak proton flux was measured are included (“Good”,
“Contaminated”, and “HiB_N”). (b) Soft X-ray (SXR) flux vs CME speed as observed
by GOES. This figure contains only the data from frontside events at longitudes E90-W90
from GOES. The symbols show whether or not each CME is associated with a >10 pfu
SEP event. (c) Peak proton flux vs soft X-ray flux (both from GOES) for frontside events.
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2.4 SEP Timescales

The timescales are also important properties of SEP events. Typical questions include:

When does the SEP event start? How fast does it rise to the peak? And how long does it

stay at a high level? We measured the key times of SEP events only when the onset was

clearly found. They are labeled either “Good” or “Contaminated” in Table 2.1, not includ-

ing events that have high pre-event background. If the quality in Table 2.1 is “Good”—

we measured the following four times in this study: the SEP start time, the SEP half-peak

(start), the SEP peak time, and the SEP half-peak (end). We measured all times on a log

scale plot. We defined the SEP start time manually as the time when the proton flux in-

creased above the background, typically in three consecutive 5 min intervals. The SEP

peak time is usually the time after the SEP start time when the proton flux is the highest.

More complex cases are described below. The SEP half-peak (start) and SEP half-peak

(end), respectively, were automatically extracted as the times when the proton flux first

exceeded—and last went below—half of the flux at the SEP peak time.

Many SEP events show simple rise-and-fall time profiles, and we were able to measure

the four times defined above unambiguously for these events. However, in some events

the proton flux time profile exhibited a second or even third peak, following a plateau or

plateaus after the first peak. In such events, we usually took the time of the first peak as

the SEP peak time. This is because later peaks may be produced by transport effects and

thus may not directly reflect the CME properties. Other SEP events show a clear onset,

but subsequent time profiles are contaminated either by another SEP event due to a later

CME or by an ESP event locally produced by the passage of the shock wave driven by

the present or an earlier CME. They are labeled “Contaminated” in Table 2.1. We did not

measure the SEP half-peak (end) for any of these 26 events, but in all of them the SEP

peak was clearly seen, allowing us to measure the SEP start time, SEP half-peak (start)

and SEP peak time.

From these times, we calculated the four timescales listed in Table 2.2. They are illustrated

in Figure 2.5 using an example of a real SEP event. Here, TO is the onset time, which

measures how quickly the SEP event starts at 1 AU (defined as the SEP start time) after

the CME launch at 1 R�; TR is the rise time from the SEP start time to the SEP half-peak

(start); Tm is the full rise time from the SEP start time to the SEP peak time; and TD is

the duration, i.e., the length of time during which the proton flux stays above half the peak

value, which is between SEP half-peak (start) and SEP half-peak (end). These notations—

TO, TR, and TD—were adopted by Kahler (2013). He also used OR, which is the sum of

TO and TR; that is, the time from the CME launch at 1 R� to SEP half peak (start). The

timescale Tm is a redefinition of ∆Tm that was first used by Van Hollebeke et al. (1975).

Here we study the correlation of the SEP timescales TO, TR and TD with CME source
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Figure 2.5: An example showing the four timescales defined in the text. The dashed lines,
from left to right, are the SEP start time, the SEP half-peak time (start), the SEP peak time,
and the SEP half-peak time (end). The dotted line is the CME launch time from SOHO
LASCO CME catalog.

longitude and speed. The plots in Figure 2.6 show the correlation of TO and TR with the

CME source longitude relative to the footpoint of the Parker spiral (∆Φ). We calculated

the longitude on the solar surface of the nominal footpoint of the Parker spiral that was

connected to GOES, STEREO-A, and STEREO-B, using the solar wind speed around the

time of the SEP onset, as sampled by Wind and STEREO. When the Wind data were

missing, we used data from the Advanced Compositional Explorer (ACE). Some events

had to be dropped because we were not able to calculate the longitude of the Parker spiral

footpoint due to the unavailability of solar wind data. These timescales are plotted vs ∆Φ
in Figures 2.6(a – c), where larger and darker circles indicate faster CMEs. Figure 2.6(a)

shows that CMEs from regions within 60◦ in longitude from the footpoint of the Parker

spiral tend to be associated with SEPs with short onset times. In this region of ∆Φ, TO

is almost always shorter than five hours but longer than one hour. Note that it takes 1.15

hours for 10 MeV protons to travel the distance of 1.2 AU, which is often used as a typical

path length for the Parker spiral corresponding to a solar wind speed of ∼400 km s−1.

The longest TO is about 18 hours for an event that is far outside this range of ∆Φ. In

Figure 2.6(b), we find a similar trend for TR with ∆Φ, but with more scatter, even for

|∆Φ| < 60◦. In Figure 2.6(c), TD is characterized by a broad distribution for most ranges

of ∆Φ, with occasional high values.

Next we consider how TO, TR, and TD depend on the CME speed (vCME), as plotted in

Figures 2.7, 2.8, and 2.9, respectively. Panel (a) in each of these figures plots individual
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Figure 2.6: (a) SEP onset time from the CME launch (TO) vs the longitude of the CME
source region relative to the footpoint of the Parker spiral. (b) and (c) The same plot,
but for the SEP rise time TR and SEP duration TD. The size and darkness of the circles
correspond to the CME speed. Almost all the SEP events listed in Table 2.2 are included
in panel (a) and (b), except for the one on 2006 December 13 observed at STEREO-A and
STEREO-B. This is because both STEREO were located near Earth and their data points
are consistent with that of GOES. Events in the Contaminated category are excluded in
panel (c) because TD cannot be measured.
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Figure 2.7: SEP onset time TO vs CME speed (vCME). Different colors are used for events
in different ranges of longitude relative to the footpoint of the Parker spiral. Individual TO
values are plotted in the left panel. In the right panel, averaged TO values are plotted after
re-grouping all the data into four representative CME speeds. The number of data points
is the same as in Figure 2.6(a).

data, color coded to distinguish five ranges of the relative longitude as indicated in the

legends. We produced panel (b) by grouping all the events into five longitudinal ranges,

sorting each group into four subgroups by vCME , and finally taking the average in each

of the four vCME subgroups. This analysis follows the work by Kahler (2013), and it is

intended to make statistical trends easier to discern. We adjusted the ranges of vCME in

the four subgroups in each longitude range so that each subgroup contains roughly the

same number of events. In Figure 2.9, we note a reduced number of events that belong

to each of the five longitudinal groups. This is because for a number of events the SEP

half-peak (end) could not be measured, and therefore TD could not be calculated. Ac-

cording to Figures 2.7 – 2.9, the correlations of the timescales with vCME are not strong.

The apparent correlations are susceptible to grouping of the events in different longitude

ranges, and taking medians instead of averages does not make the correlations any more

solid. Nevertheless, we do see positive correlations for TR and TD with vCME , especially

for poorly connected (large |∆Φ|) events. Furthermore, TO appears to be negatively cor-

related for small |∆Φ| events. These trends are consistent with previous results (e.g., Pan

et al., 2011; Kahler, 2013). Finally, the relationship between TO and peak proton flux is

shown in Figure 2.10. TO is the only timescale that shows a correlation with the peak pro-

ton flux. The correlation is rather strong especially near the footpoint of the Parker spiral.

This trend was reported by Kahler (2013).
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Figure 2.8: SEP rise time TR vs CME speed (vCME). Same as Figure 2.7, but for the rise
time TR. The number of data points is the same as in Figure 2.6(b).
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Figure 2.9: SEP duration TD vs CME speed (vCME). Same as Figure 2.7, but for the
duration TD. The number of data points is the same as in Figure 2.6(c).
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Figure 2.10: SEP onset time TO vs peak proton flux. The color and used data are same
as Figure 2.7(a). The correlation coefficients are calculated between TO and logarithm of
peak proton flux.

2.5 Discussion

In order to clarify further the roles of CME-driven shocks in generating SEP events, we

have carried out a statistical study of the SEP occurrences, peak fluxes, and timescales with

respect to the CME source locations and speeds. As noted in Section 2.1, there are sev-

eral other factors that could affect the SEP properties, such as preconditioning by earlier

events (e.g., Li & Zank, 2005, and references therein), spatial distributions of shock para-

meters closely related to particle acceleration and their time-dependent connections to the

observer (e.g., Kouloumvakos et al., 2019, and references therein), transport effects (e.g.,

Zhang et al., 2009, and references therein), etc. How these factors as a whole affect the

SEP properties can ideally be studied in individual events with a comprehensive approach

that involves both data analyses and numerical simulations. On the other hand, it is also

important to know the trend of how the SEP properties vary with respect to the CME source

locations and speeds, as found in a large sample of events. Our approach of starting from

CMEs, rather than from SEP events, complements other works that discuss the properties

only of CMEs that are associated with SEP events. Recently, Lario et al. (2020) found 11

fast and wide CMEs that did not produce SEP events at any of the three locations, Earth,

STEREO-A, or STEREO-B. They discussed these events in terms of a deficit in the release

of particles at the time of the eruption and the limited extent of the strongest regions of

the shocks driven by the CMEs. In this paper, we presented the statistical trends found

in a large number of events observed at GOES, STEREO-A and STEREO-B. Moreover,
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we analyzed mostly solar cycle 24 events, whereas similar statistical studies dealt with

solar cycle 23 events (e.g., Kahler, 2005, 2013; Pan et al., 2011) or partially included solar

cycle 24 events (e.g., Papaioannou et al., 2016). Another difference from previous studies

of SEP timescales is that we used the CME source longitude relative to the footpoint of

the Parker spiral (∆Φ) rather than to the observer. We noted that ∆Φ has been used pre-

viously for discussing SEP intensities in multi-spacecraft observations (e.g., Richardson

et al., 2014).

We found the source regions of 239 fast (vCME ≥ 900 km s−1) and wide (angular width≥
60◦) CMEs. Thanks to STEREO data, we were able to determine the CME source regions

accurately, even on the far side of the Sun from the Earth, which was not possible for the

solar cycle 23 events. We looked for SEPs at each location, and we calculated the SEP

association rate with respect to the CME source longitude relative to the observer (Fig-

ures 2.1(c) and 2.3). We discussed only>10 MeV protons here, partly because they define

the space weather effects characterized by NOAA. We found higher SEP association rates

for CMEs that originate in what we usually consider to be well-connected longitudes.

This suggests that the acceleration of >10 MeV protons is more efficient at the nose of

a CME-driven shock than elsewhere, which also has been suggested to be the case for

higher-energy protons (Gopalswamy et al., 2013). On the other hand, the SEP association

rate is non-zero over a wide range of longitudes, consistent with multi-spacecraft obser-

vations of SEP events (e.g., Richardson et al., 2014). For CMEs faster than 900 km s−1,

only the narrower range of longitudes E180-E135 may be SEP-free. In this work, we did

not extensively study the effect of the CME width on SEP events except that we limited to

CMEs that were wider than 60◦. We, however, note that full halo CMEs that have angular

width of 360◦ more often accompany an SEP event than other CMEs (93/136 vs 33/103),

supporting the recent study by Lario et al. (2020) that CMEs without SEPs tend to be

narrow.

At the other extreme, a CME from well-connected longitudes must be faster than 1900 km s−1

to be always associated with a SEP event (Figure 2.2(c)), suggesting the importance of

shock waves, even when the CME originates in this longitude range. Moreover, the peak

proton flux from the regression line of well-connected events are one order of magnitude

higher than that of poorly connected events with 2000 km s−1, while the peak proton flux

of well-connected events vary by three orders of magnitude (see Figure 4(a)). It implies

that some important factors (e.g., preconditioning by earlier events) other than CME speed

and source longitudes exist. Another factor that may account for the scatter of the peak

SEP flux is the spatial extension of the CME-driven shock wave, which can vary for CMEs

with similar speeds. This has recently been diagnosed using the bandwidth of hectometric

type II bursts (Iwai et al., 2020).

By analyzing the timescales of SEP events, we found that TO (the SEP onset time relative
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to the CME launch) is correlated more tightly with ∆Φ (the source longitude relative to the

footpoint of the Parker spiral) than is TR (the SEP rise time) for |∆Φ| < 60◦ (Figure 6).

The SEP onset is defined by the first-arriving particles. This finding seems to support the

idea that only the first-arriving particles may be scatter-free. Particles that arrive later, even

well before the peak, may undergo scattering, possibly by irregularities in the magnetic

field, turbulence, etc., in the corona and interplanetary space. Past studies either showed

no correlation (Kahler, 2005; Pan et al., 2011) or a weak inverse correlation (Kahler, 2013)

between TO and vCME . We followed Kahler (2013) in analyzing the grouping of vCME

into four subgroups and calculating median values—here we showed averages instead of

medians. Our analysis also found weak inverse correlations between TO and vCME , as

shown by Kahler (2013) for the well-connected longitudes. Once protons are accelerated

to >10 MeV, the strength of the shock, as approximated by the CME speed, may not

affect the scatter-free transport of the first-arriving particles. As in previous works (Pan

et al., 2011; Kahler, 2013), we found a positive correlation of TR and TD with vCME

(Figures 2.8(b) and 2.9(b)). The positive correlation of TR and TD with vCME may be

explained if faster CMEs somehow produce wider areas over the shock surface that are

favorable for particle acceleration. As a result. the observer would be connected to the

regions that accelerate particles for longer time even though the magnetic field connection

may change. We did not use Tm for our analysis because, as discussed by Pan et al.

(2011), the full peak times do not necessarily represent typical peak times for each event,

since proton time profiles often show multiple peaks. Moreover, though we did not show

the graph, the tendency of Tm was similar to that of TR, so there is no problem in assuming

that TR represents a typical peak time.

Concerning the question of how the timescales are related to the SEP flux, we found an

inverse correlation between the peak proton flux and TO (but not TR or TD), similar to

Kahler (2013), who pointed out that coarse time bin (half-hour) compromise the timing

analysis and instead introduced a background effect to explain the apparent inverse cor-

relation. We measured timescales in five-minute data, and found a strong negative correl-

ation especially around the footpoint of the Parker spiral (Figure 2.10). This could be a

consequence of the correlations between CME speed and TO, and CME speed and peak

proton flux, but we may speculate that, in SEP events with shorter TO, the observer may

connect to the CME-driven shock wave close to the Sun, while it is still strong and efficient

in accelerating particles.

We found that the peak SEP flux appears to be correlated with the magnitude of the solar

flare (Figure 2.4(c)). This does not necessarily mean that solar flares produce SEPs. All

the flares included in the plot are associated with fast CMEs, and their magnitude is also

weakly correlated with the CME speed (Figure 2.4(b)). It is well-established that there

are no SEPs from intense flares if there are no CMEs (e.g., flares in AR 12192 in late
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October 2014; see Sun et al., 2015), and some of the most intense SEP events in solar

cycle 23 were associated with flares that were quite modest (Cliver, 2016). However, the

GOES soft X-ray flux data are more readily available for space weather operations in real

time. If combined with EUV imagery that shows low coronal signatures for CMEs—

such as coronal dimming and post-eruption arcades—the information on solar flares may

contribute to SEP forecasting. Another advantage of solar flares is that projection effects

may not be as severe as for CMEs in estimating the speed. It is well known that the true

speed of a CME may differ from the projected speed, especially when it is launched far

from the limb (Burkepile et al., 2004). In this study we used only the speed derived from

LASCO observations, which may be an underestimate, especially for halo CMEs. In the

future, we plan to compute the 3D speeds of CMEs, using the cone model (Xie et al., 2004)

or the graduated cylindrical shell (GCS) model (Thernisien et al., 2006).

2.6 Summary

We conducted a statistical study of the SEP associations of all the fast and wide CMEs that

occurred between December 2006 and October 2017. Our primary findings in this chapter

are summarized as follows:

1. The SEP association rate is higher for CMEs that come from the range of longitude

of E20 – W100 relative to the observer.

2. A CME originating in a well-connected longitude needs to be faster than∼2000 km s−1

to ensure 100% association with a SEP event.

3. The correlation of the peak SXR flux with the peak SEP flux is comparable to that

of the CME speed only when the flare is associated with a fast and wide CME.

4. The SEP onset time tends to be short when the CME source region is close in lon-

gitude (within ±60◦) to the footpoint of the Parker spiral. This trend is still present

but weaker for the SEP rise time.

5. There are inverse correlations between the SEP onset timescale and the CME speed

in events from regions close in longitude to the footpoint of the Parker spiral.

6. There are positive correlations of the SEP rise timescale and duration with the CME

speed.

7. There are inverse correlations between the peak proton flux and onset timescale.
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2.6. Summary
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CHAPTER 3
Solar Energetic Particle Events

with Short and Long Onset
Times

The content of this chapter is based on Kihara et al. (2022, submitted). Some content has

been changed due to the structure of the thesis.

3.1 Introduction

The three timescales introduced by Kahler (2005) and the associated results presented in

Chapters 1 and 2 are summarized again. The three timescales are as follows, TO: the SEP

onset time with respect to the CME launch, TR: the rise time from the SEP onset time to

the SEP half-peak during the rising phase, TD: the duration between SEP half-peak during

the rising and declining phases. Kahler (2005) and Kahler (2013) revealed that TR and

TD were positively correlated with CME speed, and interpreted that fast CME continued

to drive the shock wave and injected SEPs for a long time. They also revealed that TO

was related to CME speed and peak proton flux, but no correlation with the acceleration of

CME was found. Pan et al. (2011) estimated the speed and the width of CMEs more accur-

ately using the ice-cream cone model, a 3D reconstruction model of CME, and showed that

they correlate with TR and TD, supporting the claim of Kahler (2005). TO is particularly

challenging to understand, as we know of some events with short TO from likely far side

regions that are almost certainly ill-connected (e.g., Cliver et al., 2005; Gómez-Herrero

et al., 2015; Kahler, 2016). TO, as determined by first-arriving particles, may contain

more information on acceleration processes close to the Sun than TR and TD, which may

be more susceptible to transport processes.

In a recent statistical study of the association of fast CMEs with SEP events mostly during

solar cycle 24 described in Chapter 2 (Kihara et al., 2020), the three timescales were
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3.1. Introduction

measured and compared with the source locations and CME speeds. In particular, TO was

found to be short if the source region was within 60◦ in longitude from the footpoint of

the Parker spiral (median: 86 minutes but 308 minutes in other longitudinal ranges), and

negatively correlated with the CME speed for better connected events. But the scatter was

quite large even for events with small longitudinal separations from the footpoint of the

Parker spiral.

There are previous studies investigating the timing or height of acceleration and release of

SEPs without using the timescales described above. Classically, by assuming an appropri-

ate value for the length of the Parker spiral, the particle release time can be calculated. The

path length of the Parker spiral corresponding to a typical solar wind speed of 400 km s−1

is about 1.2 AU. As a more practical method, there is a method called Velocity Dispersion

Analysis (VDA). Assuming that particles with different energies (i.e., different relativistic

velocities) are simultaneously released from the acceleration site and reach the observation

instrument without being scattered in interplanetary space, the particle release time at the

Sun and the path length can be calculated from the difference in the onset of each energy

channel of the instrument. In gradual SEP events, it has been reported that the particle

release times obtained by VDA are after gamma-ray peak (Tylka et al., 2003) and after the

onset of type II emission (30 cases of GLE: mean 13.3 min, median 9.4 min, maximum

43 min; Reames, 2009a). Gopalswamy et al. (2012) calculated particle release times for

16 cases of GLE events assuming a path length of 1.2 AU and reported that delays from

metric type II radio bursts were mean 17.2 min, median 15 min, maximum 44 min. In

addition, compared with results by Reames (2009a) which used VDA, the particle release

times independently calculated from two methods (VDA and fixed path length) had very

small errors (within 5 min) in many cases (10/13). Vainio et al. (2013) performed VDA

on 115 SEP events, and revealed that the path lengths were distributed around 1.4 AU;

on the other hand, the Parker spiral length calculated from the solar wind speed did not

generally exceed 1.2 AU. There was a discrepancy between the path length obtained from

VDA and the Parker spiral length. Although similar results have been reported in several

studies (e.g., Krucker & Lin, 2000; Kouloumvakos et al., 2015), several simulation results

suggest that scattering in interplanetary space can increase the path length (Lintunen &

Vainio, 2004; Rouillard et al., 2012).

At what height the particles are released can be estimated from the observation of where

the leading edge of the CME is at the particle release time. It was Kahler (1994) who

first linked the two. At the particle release time calculated with a path length of 1.3 AU,

the height of the CME interpolated/extrapolated from the LASCO FOV assuming constant

velocity was 2.5 – 4 R�. Huttunen-Heikinmaa et al. (2005) calculated the released heights

from proton and He observations and reported them as 2 – 10 R�. Reames (2009a,b) per-

formed VDA on GLE events and showed that the heights of CMEs at particle release times
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3.2. Observations

are located at 2 – 6 R� and increase as the difference between the source longitude and the

foot of the magnetic field line connected to the Earth increases. Similar longitudinal de-

pendency of released height has been reported by Gopalswamy et al. (2012) as a difference

between well-connected (W20 – W90) SEP events (mean 3.09 R�, range: 1.71 – 4.09 R�)

and poorly connected events (mean 5.18 R�, range: 2.75 – 8.49 R�). However, the ana-

lysis of 44 SEP events by Kouloumvakos et al. (2015) showed no longitudinal dependency,

although the peak SEP height was 3 – 4 R� and the maximum SEP height was 8 R�. Thus,

the timing and height of particle release have been studied in various ways but a unified

understanding has not yet been made. They are directly related to TO and more knowledge

is needed to understand the overall timescales of SEPs.

In this chapter, we further investigate two events from Table 2.2 that apparently had dif-

ferent TO, despite their similar source locations in the western hemisphere and similar

CME speeds of ∼1200 km s−1. We explore the possibility that the event with longer TO

may reflect a slow growth of the CME-driven shock wave that becomes strong enough for

particle acceleration only at later times. Combining CME height-time profiles with radio

dynamic spectra that contain type II radio bursts, we follow the temporal evolution of the

Alfvén Mach number of the shock wave with time above the two active regions without

conducting advanced modeling. In Section 3.2, we describe the event selection and give

an overview of the two events. We revisit in Section 3.3 the SEP timescales that are used

for the subsequent analysis. In Section 3.4, we study how the shock waves develop in the

two events in relation to TO or the SEP release times. In addition we study other factors

that may affect these times. We summarize our findings in Section 3.5.

3.2 Observations

3.2.1 Event Selection

Chapter 2 (Kihara et al., 2020) conducted a statistical study of energetic CMEs that oc-

curred between December 2006 and October 2017 in terms of their associations with SEP

events. We also studied the timescales of the associated SEP events with respect to the

speeds and source locations of the CMEs as shown in Table 2.2. Those analyses based on

data from the Energetic Particle Sensor (Onsager et al., 1996) on the Geostationary Opera-

tions Environmental Satellite (GOES), and the High-Energy Telescope (HET; von Rosen-

vinge et al., 2008) and the Low-Energy Telescope (LET; Mewaldt et al., 2008), which

belong to the suite of instruments for the In Situ Measurements of Particles and CME

Transients (IMPACT; Luhmann et al., 2008) on the Solar-Terrestrial Relations Observat-

ory (STEREO; Kaiser et al., 2008). The SEP events were identified when the >10 MeV

proton flux exceeded 1 particle flux unit (pfu; defined as particles s−1 sr−1 cm−2). The

56



3.2.2. Overview of the Events

CMEs responsible for the SEP events and the associated flares were found in white-light

coronagraph and EUV low-coronal images produced by the instruments on the Solar and

Heliospheric Observatory (SOHO; Domingo et al., 1995), Solar Dynamics Observatory

(SDO; Pesnell et al., 2012), and STEREO. As expected, Kihara et al. (2020) found that

SEP events that occurred in regions not far from the magnetic footpoints of the observer

tend to have shorter timescales (in both TO and TR, see Figure 6 of the paper). However,

TO mostly (77/82) ranges from 0.5 to 4 hours even when the longitudinal separation of the

region from the Parker spiral footpoint is less than 60◦. TO also appears to depend on the

speed of the associated CME.

Table 3.1: Basic Parameters of the Two SEP Events

CME type II radio burste SEP event
ID launcha speedb widthc sourced frequency time Ip

f TOg

date and time (km s−1) (deg) location (MHz) (pfu) (min)
Event 1 2014-04-18 12:43 1203 360 S20W34 60 12:55 58.5 62
Event 2 2017-07-14 01:12 1200 360 S06W29 14 01:20 13.6 158
a

The launch time of CME calculated by extrapolating the height-time relations from the LASCO C2 and C3 data to the
solar surface. Cited from the LASCO CME catalog.

b
The linear speed obtained by fitting whole data points in LASCO C2 and C3. Cited from the LASCO CME catalog.

c
The width in the plane of the sky of CME measured in LASCO C2 FOV. Cited from the LASCO CME catalog.

d
The location of associated flare analyzed in Chapter 2.

e
Frequency and time at the onset of the associated type II radio burst in each event.

f
The peak proton flux with energies above 10 MeV observed by GOES satellite. Defined in Table 2.2.

g
The >10 MeV proton onset time with respect to the launch of the CME. Defined in Table 2.2.

We selected two events that have widely different TO (i.e., 62 and 158 minutes) even

though they came from regions in similar longitudes and were associated with halo CMEs

with similar speeds. They occurred on 2014 April 18 and 2017 July 14. We hereafter refer

to these SEP events as Event 1 and Event 2, respectively. Their basic parameters are shown

in Table 3.1. The primary purpose of this chapter is to explain this wide difference in TO.

We also revise the SEP onset times in Section 3.3, which we will use in the subsequent

analyses.

3.2.2 Overview of the Events

In Figure 3.1 we plot the soft X-ray (SXR) and SEP (proton) time profiles of the two

events over two-day intervals. The flare associated with Event 1 (in panel (a)) is M7.3

in the GOES classification (the peak 1 – 8 Å flux of 7.3×10−5 W m−2), whereas the one

associated with Event 2 (in panel (c)) is M2.4. The latter flare is of much longer duration,

staying above the pre-event level in the GOES 1 – 8 Å channel for more than two days.

Both flares are associated with halo CMEs, whose mean linear speed is ∼1200 km s−1
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3.2.2. Overview of the Events
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Figure 3.1: The soft X-ray (SXR) and the integrated flux of >10 MeV protons observed
by GOES satellite for Event 1 ((a) and (b)) and for Event 2 ((c) and (d)). In panels (a) and
(c), red and blue lines correspond to 1-8 Å and 0.5-4 Å. In panels (b) and (d), the launch
time of CME and the time of proton onset are indicated by the black and red dashed lines,
respectively.

across the combined FOV of the C2 and C3 telescopes of the Large Angle Spectrometric

Coronagraph (LASCO; Brueckner et al., 1995) on board SOHO. The CME launch times

in black dashed lines are calculated by extrapolating the height-time relations from the

LASCO C2 and C3 data to the unit height (1 solar radius R�), i.e. the solar surface.

Both Event 1 and Event 2 are accompanied by type II radio bursts, while their appearances

are quite different as found in Figure 3.2, where we show radio dynamic spectra between

180 MHz and 0.1 MHz that consist of data from ground-based observatories and the Radio

and Plasma Wave Experiment (WAVES; Bougeret et al., 1995) on the Wind spacecraft. In

Event 1 (Figure 3.2(a)), the type II radio burst started at 12:55 UT from about 60 MHz

(fundamental), which is 12 minutes after the CME launch (12:43 UT) and 8 minutes before

the SXR peak (13:03 UT). It is preceded by strong type III radio bursts during the flare

impulsive phase.

In Event 2 (Figure 3.2(b)), the type II radio burst is weak and intermittent and seen only

in Wind/WAVES data below 14 MHz. It started at 01:20 UT, which is 12 minutes after

the CME launch (01:12 UT) and 49 minutes before the SXR peak (02:09 UT). Type III

radio bursts are also weak in Event 2, mostly at frequencies below the type II radio burst,

sometimes categorized as shock-accelerated events (Cane et al., 1981). Although type II

radio bursts are widely considered to signify shock waves, accelerating .10 keV electrons,
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3.2.2. Overview of the Events

Figure 3.2: Radio dynamic spectra of the two events in the combined metric and DH
ranges. The latter data are obtained with the Wind/WAVES instrument, and the metric data
obtained at (a) RSTN/San Vito for Event 1 and (b) Culgoora Observatories for Event 2,
respectively. The black (red) dashed lines indicate the CME launch times (the onset times
of >10 MeV protons as observed by GOES), which replicate those in Figure 3.1. The
cyan dashed lines indicate the start times of the type II radio bursts. The purple line in (b)
indicates a proton onset time from SOHO/ERNE (see Section 3.3).

the proton onset is delayed in Event 2 much more than expected of ∼10 MeV protons, as

reflected in larger TO. Lastly, note strong emissions starting around 03:00 UT in Fig-

ure 3.2(b). They do not follow the frequency drift of the type II radio burst. These features

may indicate an interaction of the CME in Event 2 with a previously-launched CME (Go-

palswamy et al., 2002). In Section 3.4.2 we will briefly discuss the possible effect of this

CME-CME interaction on the observed SEPs in Event 2.

Spatially-resolved coronal observations of the two events are given in Figure 3.3, where

panels (a) – (d) and (e) – (h) cover Event 1 and Event 2, respectively. Low coronal im-

ages (panels (a), (b), (e), and (f)) come from 211 Å channel of the Atmospheric Imaging

Assembly (AIA; Lemen et al., 2012) on board SDO. The remaining panels consist of coro-

nagraph images that come from LASCO. The origins of the eruptions – NOAA AR 12036

at S17W35 for Event 1 and NOAA AR 12665 at S06W29 for Event 2 – are contained in

the yellow boxes in Figures 3.3(a) and 3.3(d), in which we note coronal dimmings in pre-

event subtracted images (Figures 3.3(b) and 3.3(f)). Both events are associated with a halo

CME, although asymmetric, as seen in Figures 3.3(d) and 3.3(h).

Figures 3.3(c) and 3.3(g) show the first available LASCO C2 images of the CMEs in the

two events. It appears that we miss an early development of the CME in Event 1 due to

the data gap of ∼40 minute preceding the image in Figure 3.3(c). The CME in Event 2

was preceded by a narrower CME, which was associated with a C3.0 flare from AR 12667

around N12W71. This region, indicated by a green arrow in Figure 3.3(e), produced C2.0,

C5.9, and C3.0 flares starting, respectively, at 21:27, 21:46, and 23:30 UT on July 13.
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Figure 3.3: Low coronal and coronagraph images for Event 1 ((a) – (d)) and Event 2 ((e) –
(h)). (a) and (e): AIA 211 Å images prior to the eruptions that led to the CMEs. The
active regions that hosted the eruptions are included in the yellow boxes, in which coronal
dimmings are noted in difference images with the pre-eruption image subtracted ((b) and
(f)). (c) and (g): first available LASCO images of the CMEs in Event 1 and Event 2. (d)
and (h): later LASCO images. The green arrow in (e) points to AR 12667, which produced
narrower and slower CMEs than that in Event 2.

All of them produced a slow and narrow CME, and an electron event across the 10 keV –

2 MeV range but not a proton event. When protons increased in Event 2, the electron

background was still elevated due to the electron event associated with the C3.0 flare,

so it is not clear whether Event 2 produced an electron event. In contrast, Event 1 was

accompanied by a strong electron event well above the elevated background in Event 2.

The CME in Event 2 apparently caught up with the narrow CME and possibly resulted in

a CME-CME interaction suggested in Figure 3.3(h). However, this is an hour earlier than

the CME-CME interaction indicated in radio data (Figure 3.2(b)).

3.3 Further Analysis of SEP Events

Here, we re-evaluate TO of the two events. The GOES energetic particle data suffer from

high background, which may prevent the SEP onset from being properly captured if the

particle flux rises slowly from a low level. Another problem may be a possibly inadequate

energy discrimination because the detector is only passively shielded (Posner, 2007; Kühl

& Heber, 2019). These issues drive us to study similar data from other instruments. Here

we analyze data from the High Energy Detector (HED) of the Energetic and Relativistic

Nuclei and Electron (ERNE; Torsti et al., 1995) on board SOHO, which measures protons
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Figure 3.4: VDA analysis based on ERNE/HED data. The observed onset times are plot-
ted against the inverse velocities (v/c)−1 calculated from the effective energies of the
individual channels. The vertical axis is the elapsed time since (a) 2014 Apr 18 13:00 and
(b) 2017 July 14 2:00, respectively.

in the energy range of 13 – 130 MeV divided into 10 channels and has much lower back-

ground. In Event 1, protons were detected above the background up to the 64 – 80 MeV

channel, where the onset time is found to be the same (±5 minutes) as that of the GOES

>10 MeV integral channel; the onset time of the 13 – 16 MeV channel comes∼30 minutes

later. We keep the same TO that was calculated by Kihara et al. (2020) for Event 1, noting

that it refers to the ERNE 64 – 80 MeV channel. In Event 2, on the other hand, the onset

times of all the ERNE/HED channels that detected protons above the background (up to

the 50 – 64 MeV channel) are much earlier than that of the GOES>10 MeV integral chan-

nel, suggestive of an effect of the high background of the latter. The “revised” onset time,

coming from the 50 – 64 MeV channel of ERNE/HED, is used to redefine TO as indicated

by the purple line in Figure 3.2(b). This gives TO=85 minutes (down from 158 minutes).

The updated TO for Event 2 is still ∼25 minutes longer than TO for Event 1.

We also conduct the Velocity Dispersion Analysis (VDA), using all the ERNE/HED chan-

nels in which protons were detected above the background (up to the 64 – 80 MeV channel

for Event 1 and the 50 – 64 MeV channel for Event 2). We plot the onset times (per visual

inspection) against the inverse of speed (v/c)−1, which corresponds to the effective en-

ergy of the channel (Figure 3.4). A least-square fit yields the proton release time of 2014

April 18 13:13 UT±4.7 minutes and 2017 July 14 02:00 UT±5.3 minutes for Event 1

and Event 2, respectively. The associated path lengths come out as 1.32±0.14 AU and

1.44±0.15 AU, which are somewhat longer than the lengths of the nominal Parker Spiral
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Figure 3.5: Summary of the timeline for (a) Event 1 and (b) Event 2. SXR (1 – 8Å) flux
observed by the GOES satellite is shown as solid curves (black). The height of the leading
edge of the CME is shown as crosses (measurements) and dashed curves (models). The
vertical dashed lines in black and purple indicate the onset times of the flare and type II
radio burst, respectively. The shaded areas in red indicates the proton release times with
uncertainties (described in Section 3.3). The purple arrow indicates the interval between
the type II onset and the estimated proton release from the VDA analysis.

for the observed solar wind speeds but within a range that suggests no major effect of scat-

tering in the interplanetary space. Figure 3.5 shows the summary of the timeline of each

event. We indicate the proton release times with 8.3 minutes added to account for the 1 AU

travel time of light so that we can compare them with other electromagnetic-wave-based

observations. From now on, instead of TO, we shall investigate the proton release time

corrected for the 1 AU travel time of light, even though we originally aimed at explaining

different TO. Moreover, we concern the proton release time with respect to the start time

of the type II radio burst rather than the CME launch time. The proton release is delayed

by 26±4.7 minutes for Event 1 and 48±5.3 minutes for Event 2. So the difference still

exists between Event 1 and Event 2, although not as large as in the original TO.

Lastly, the multi-channel data from ERNE let us obtain fluence energy spectra of the two

events. We integrate the background-subtracted proton flux in each channel while it is
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above the background. The spectral fitting gives the power-law index of 3.65 for Event 1

and 4.18 for Event 2. These are close to the value of 3.83, that is the averaged indices of

fluence spectra of well-connected SEP events reported by Gopalswamy et al. (2016). The

slightly softer index in Event 2 may be an indication of a weaker shock, possibly related

to a longer delay of the SEP onset time, but the difference may not be large enough to be

conclusive.

3.4 Factors that may control the particle release time

As shown in Section 3.3, protons are not released immediately after the formation of the

shock wave as manifested in type II radio bursts. However, the time difference is longer for

Event 2. What is the reason for varying proton release times? In the following, we consider

the evolution of the CME-driven shock wave, CME-CME interaction and properties of the

active region that produces the CME.

3.4.1 Evolution of Shock Waves with Height

In this section, we investigate the possibility that particles (protons) are accelerated and

released only when the shock wave becomes strong enough. Specifically, we study how

the Alfvén Mach number (MA) of the shock wave changes with time. The Alfvén Mach

number is expressed asMA = (vs−vsw)/vA, where vs is the shock speed, vsw is the solar

wind speed, and vA is the Alfvén speed.

For the shock speed, we could simply use the linear or quadratic fits to the height of the

leading edge of the CME, as published in the CDAW LASCO CME catalog* (Yashiro

et al., 2004). However, these fits are made on the height measurements in the whole (C2

and C3) FOV and may be too coarse to discuss the CME kinematics in the height range that

likely corresponds to the SEP onset (e.g., below 10 R�). Here we instead model the height-

time profiles of CMEs such that they undergo constant acceleration from the onset to the

peak of the SXR flux. This may be justified by the general tendency of CMEs to accelerate

in the flare impulsive phase (e.g., Zhang et al., 2004; Temmer et al., 2010). We further

assume that CMEs move with a constant speed in the LASCO FOV after the SXR peak.

This modeled CME height-time profile is meant to better reproduce the behavior of the

shock speed near the proton release time, and does not necessarily match the information

from the CME catalog, including the estimated time of CME launch. The dashed curves

in Figures 3.5(a) and 3.5(b) show the modeled CME height-time profiles of Event 1 (blue)

and Event 2 (green), respectively. For each event the shock speed vs is calculated using

*https://cdaw.gsfc.nasa.gov/CME_list/
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the modeled CME height-time profile (Figure 3.6(a)). Even though the average speeds in

the LASCO FOV are similar in both CMEs, their height-speed profiles are very different.

The Event 1 CME (blue) accelerates quickly with a large acceleration of 627 m s−2 and

reaches ∼1200 km s−1 before 3 R�, while the Event 2 CME (green) accelerates slowly

(188 m s−2) and reaches ∼1300 km s−1 at 6.6 R�.

The Alfvén speed, vA, depends on the density and magnetic field, neither of which is

directly observed, so we must rely on models. In order to address the inherently model-

dependent nature of our attempt to calculate the Alfvén Mach number of the shock waves,

we use the frequency drift of the type II radio burst to constrain the density profile with

height. We choose the density model that places the shock wave of the type II radio burst at

heights closest to the modeled CME heights at overlapping times. Consider the frequency

(fundamental) of the type II radio burst to be the local plasma frequency, and we can get

the density. For both events, the 3-fold (multiplied by 3) Saito model (Saito et al., 1977)

yields the heights of the shock wave of the type II burst that best match the modeled CME

heights. For the magnetic field, we consider the following three models:

B1(r) = 2.2r−2 (3.1)

B2(r) = 6r−3 + 1.18r−2 (3.2)

B3(r) = 0.5(r − 1)−1.5 (3.3)

These are (1) the model assuming magnetic flux conservation (Mann et al., 1999), (2)

the model based on measurement of Faraday rotation (Patzold et al., 1987), and (3) the

empirical model by Dulk & McLean (1978). Three Alfvén speed profiles derived from

these three magnetic field models (B1, B2, and B3) are shown in the red solid (vA,1),

dash-dotted (vA,2), and dotted lines (vA,3) in Figure 3.6(a), respectively.

For the solar wind speed, vsw, the model by Sheeley et al. (1997) has been widely used,

but it starts only at 4.5 R�. Recently, vsw closer to the Sun (down to 1.53 R�) has

been obtained by Bemporad et al. (2021). We use the latter model up to the height of

5.07 R� (where vsw from the former model becomes larger), and the former model at

greater heights. The solar wind speed profile is shown as the black line in Figure 3.6(a).

We finally calculate three versions of MA, based on the three magnetic field models B1,

B2, and B3 that were used to calculate vA. Figure 3.6(b) shows the evolution of MA with

time for Event 1. The different types of lines for MA,1, MA,2, and MA,3, distinguish the

corresponding magnetic field models, B1, B2, and B3. The vertical lines and the shaded

area are identical to those in Figure 3.5. Figure 3.6(c) is the same as Figure 3.6(b) but

for Event 2. Note that the reliability of the magnetic field models may be somewhat com-

promised near the solar surface. For example, the model of B2 was originally calculated

only in the range of 2 – 15 R�. Accordingly, Figure 3.6 show the result only in >1.5 R�.
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Despite an apparent dependence of MA on the assumed magnetic field models, we may

understand the proton release times in relation to MA. In both cases, all the three models

of magnetic field yield MA that increase toward the proton release times. Including errors,

MA reaches 1.6 – 2.6 for Event 1 and 2.0 – 3.0 for Event 2 during the estimated proton

release time. Although it is beyond the scope of our work to discuss the critical Mach

number (e.g., Bemporad & Mancuso, 2011; Rouillard et al., 2016),MA in the above ranges

may serve as thresholds, above which protons can be accelerated.

In Event 1, when the CME ceases to accelerate at ∼3 R� and ∼10 minutes after the onset

of the type II radio burst, the shock speed already reaches ∼1200 km s−1. However,

the Alfvén Mach number remains low, because of the high Alfvén speed due to strong

magnetic field at a low altitude. MA reaches the critical value only ∼20 minutes after the

CME stops accelerating as vA decreases. In Event 2, on the other hand, the CME continues

to accelerate for ∼50 minutes after the onset of the type II radio burst until it travels to the

height of ∼6.6 R�. During the acceleration phase, MA only slowly increases, until it

reaches the threshold as the CME attains the speed of ∼1200 km s−1. This may explain

why the proton release is delayed more in Event 2 than in Event 1. It also aligns with a

longer duration of the flare in Event 2.

3.4.2 CME-CME Interaction

As an alternative explanation for a later particle release in Event 2, let us assume that

the shock is in fact too weak for particle acceleration, irrespective of the analysis given

in Section 3.4.1. Then what distinguishes Event 2 is the CME-CME interaction, which

may compensate for the weak shock. It is proposed that when a fast CME catches up

with a preceding CME, preconditioning by the preceding CME results in efficient particle

acceleration (e.g., Gopalswamy et al., 2002; Li & Zank, 2005; Li et al., 2012). The calcu-

lated proton release time is around 02:00 UT (Section 3.3), which is close to the time the

CME in Event 2 caught up with the preceding narrow CME associated with a C3.0 flare in

AR 12667 (Figure 3.3(h)). Note that the radio signatures that may indicate a CME-CME

interaction starts only around 03:00 UT (Figure 3.2(b)). However, it is not clearly un-

derstood at which timing during a CME-CME interaction such signatures appear in radio

spectra.

The possibility that Event 2 originally produced a weak shock wave with poor acceleration

efficiency may be supported by the bandwidth of the type II radio burst. Iwai et al. (2020)

reported a positive correlation between the bandwidth of the type II radio burst and the

peak proton flux, and proposed that the bandwidth represents the strength of the shock

wave. In our examples, the time-averaged bandwidth for Event 1 was > 1000 kHz, wider

than that for Event 2 (< 500 kHz), suggesting that the shock wave in Event 2 was weaker.
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Figure 3.6: (a): Shock speed for Event 1 (blue, solid) and Event 2 (green, solid) calculated
from the modeled height-time profiles. The red lines represent the Alfvén speeds based on
the three models of magnetic field. vsw is shown as the black solid line. (b) and (c): MA

for Event 1 and Event 2, respectively, calculated with all the information presented in (a).
As in Figure 3.5, the dashed lines in black and purple indicate the onset times of the flare
and type II radio burst, respectively, and the shaded areas in red the proton release times
with uncertainties.
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3.4.3 Properties of the Active Regions

We discuss how different proton release times may be traced back to the properties of the

active regions that produced the CMEs. Figure 3.7 shows Hα images and magnetograms

of the active regions that produced the two events (AR 12036 and AR 12665). For each of

the regions, the top three rows display Hα images taken at three times (before and around

the flare peak and during the decay phase) that are indicated by black dashed lines on

the GOES 1 – 8 Å light curves in the bottom panels. The fourth row gives a line-of-sight

magnetogram from the Helioseismic and Magnetic Imager (HMI; Scherrer et al., 2012)

on board SDO, taken in the early phase of the flare (see the black solid line in the bottom

row). The Hα data come from the Global Oscillation Network Group (GONG*; Harvey

et al., 1996) for Event 1 and the Solar Dynamics Doppler Imager (SDDI; Ichimoto et al.,

2017) installed on the Solar Magnetic Activity Research Telescope (SMART; Ueno et al.,

2004) at Hida Observatory.

We readily note from the magnetograms that the region for Event 1 is more magnetically

complex than the one for Event 2, which is dominated by essentially a simple bipolar topo-

logy. This difference is also noted in the pre-flare Hα images (the top row of Figure 3.7).

The complex magnetic field configuration of the region for Event 1 may be reflected also

in the complex evolution of the flare ribbons in Hα images as shown in the second and

third rows of Figure 3.7. However, the apparent difference of the complexity of the two

regions may not be reflected in basic magnetic parameters from the Space-Weather HMI

Active Region Patches (SHARP; Bobra et al., 2014) over several (e.g., 6 hour, 12 hour,

24 hour) intervals preceding the flare onsets. None of them seem to distinguish the two

regions in a significant way.

Flare ribbons contain additional information of flares. Concerning our examples, the ini-

tial distance of the flare ribbons for Event 1 is shorter (∼20 Mm) than that for Event 2

(∼50 Mm). This is consistent with the result that those with widely separated ribbons in

the beginning tend to be of long duration (Toriumi et al., 2017). Accordingly, the flare

loops are longer in the region for Event 2 than in the region for Event 1, which may trans-

late to a higher initial reconnection point in Event 2. The magnetic field strength near the

reconnection point is, therefore, expected to be weaker in Event 2, suggesting that it could

not drive the faster ejection near the solar surface.

Another information we can get from the area of flare ribbons is the reconnection flux,

which may be related to the photospheric magnetic flux traversed by the flare ribbons

(e.g., Forbes & Priest, 1984; Kazachenko et al., 2017). Analyzing the flare ribbons in

AIA 1600 Å images, Kazachenko et al. (2017) created a database of the reconnected flux

of 3137 &C1 flares up to April 2016. The reconnection flux of the flare for Event 1 is

*https://gong.nso.edu
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Figure 3.7: The observations of the solar surface at each event. The top three panels
are Hα ground-based observations, and the bottom is HMI line-of-sight magnetogram.
The bottom panel is a 1 – 8Å light curve of SXR, and the black dashed and solid lines
correspond to the observation times of Hα and the magnetic field, respectively. The cyan
cross markers indicate the location of the top of the post-flare loop with reference to the
flare ribbon and polarity inversion line.
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Figure 3.8: The decay index vs height for the regions responsible for (a) Event 1 and (b)
Event 2. The red line corresponds to the critical height at which the decay index becomes
1.5. The error bars show the standard deviation at each height.

9.44×1021Mx, according to the database. A new calculation shows that for Event 2 to

be 2.92×1021Mx (M. Kazachenko, 2021, private communication). However, the recon-

nection rate normalized by the duration of the flare is 3.21×1018 Mx s−1 in Event 1 and

3.53×1017 Mx s−1 in Event 2, which is smaller by one order of magnitude.

Lastly, to address the possible difference of the overlying magnetic structure in the regions

responsible for Event 1 and Event 2, we calculate the decay index, n = −dlnB/dlnh,

which shows how quickly the magnetic field weakens with height over the polarity inver-

sion lines that align with the tops of the post-flare loops (cyan marks in the third and fourth

rows of Figure 3.7). The PFSS model* is used to calculate the coronal magnetic field. The

bottom boundary is the downsized (720×360 pixels) standard HMI Carrington synoptic

map, embedded with the original HMI magnetogram of an area of (200′′)2 around the core

of the active region, which is taken just before the flare. The decay index gives a criterion

for torus instability to trigger an eruption (Kliem & Török, 2006). In Figure 3.8, the decay

index over the height up to 200 Mm is shown for the two regions. We find almost no

difference in the so-called critical height (hcrit) at which ncrit=1.5.

However, the decay index above 50 Mm tends to be larger in the region for Event 2,

meaning the magnetic field decreases more quickly with height. Indeed, |Br| at the source

surface of 2.5 R�, which is the upper boundary of the calculation domain, is smaller in

Event 2 region than that in Event 1 region. We note that even the value in Event 1 is smaller

than calculated with any of the magnetic field models that are used in Section 3.4.1. A

similar finding was reported for example by Rouillard et al. (2016), consistent with the

smaller open flux at 1 AU as predicted with photospheric magnetograms than actually

*https://github.com/dstansby/pfsspy/ developed by Stansby et al. (2020)
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observed (e.g., Linker et al., 2017).

3.5 Summary

In this chapter, we choose two events that had widely different TO, the time of the SEP

onset (found in GOES >10 MeV proton data) from the onset of the CME, although they

occurred at similar longitudes and were associated with CMEs that had similar speeds

(Kihara et al., 2020). After reviewing SOHO/ERNE data, we decided to use these data

with much lower background and better energy discrimination. The revised TO, or particle

(proton) release time (as obtained with a VDA) from the onset of the type II radio burst,

shows a smaller difference between the two events. However, the difference of 20 – 25

minutes is still significant, unaccounted for by different path lengths (1.34 AU vs 1.44 AU,

see Figure 3.4) from the VDA.

In order to understand the longer delay of the proton release time in Event 2, we focus on

how the shock wave grows close to the Sun as characterized by the Alfvén Mach number

MA of the shock waves, by more closely examining the height-time profiles of the CMEs

than single fits over the entire FOV covered by LASCO data. Despite strong model de-

pendency of the Alfvén speed vA especially on the magnetic field, MA keeps rising and

reaches certain thresholds around the proton release times. It has been shown with more

sophisticated tools (e.g., Rouillard et al., 2016; Kouloumvakos et al., 2019) that protons

are released when MA reaches a critical value. We note that slow acceleration of the CME

over long time while the soft X-ray flux was on the rise is a key to the delayed accelera-

tion/release of protons in Event 2.

Another possibility is that the shock wave driven by the CME in Event 2 was intrinsic-

ally weak, as suggested by small bandwidths of the type II radio burst (cf., Iwai et al.,

2020), not being capable of accelerating protons on its own, but that interaction with the

previous CME may have been instrumental in the production of energetic protons (e.g.,

Gopalswamy et al., 2002; Li & Zank, 2005; Li et al., 2012). The timing of the possible

CME-CME interaction is consistent with the proton release as far as LASCO imagery is

concerned, but radio signatures come an hour later. This may not be a problem until we

better understand at what timing during CME-CME interactions we expect to observe the

radio signatures.

In either case, we try to find different properties of the active regions that hosted the CMEs.

The region for Event 2 had much simpler magnetic field configurations, consistent with

the way flare ribbons developed. The eruption involved a larger volume, producing a flare

that lasted for more than a day. Even though it is not straightforward to extract the possible

differences of active regions in the forms of the routinely calculated magnetic field prop-
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erties with HMI data (SHARP; Bobra et al., 2014), reconnection flux from flare ribbons

(Kazachenko et al., 2017), or the decay index (Kliem & Török, 2006), the overall simple

magnetic configurations allowed slow but steady acceleration of the CME in Event 2. They

should also be conducive to the long-duration flare. Although the energy release was not

intense at first, the injection of magnetic energy lasted for a long time. Eventually a shock

wave strong enough to generate SEPs was formed, or a CME fast enough to catch up with

the former one was formed.

We close with a cautionary note that GOES EPS data may not be suitable for scientific

analyses of onset times in particular for events like our Event 2, where protons increase

slowly from a low level. The smaller difference in the proton release time as found using

ERNE data may explain only marginal differences in active region properties. We suggest

that the past and ongoing results based on GOES EPS data should be calibrated with other

data.
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CHAPTER 4
Concluding Remarks

4.1 Conclusion

The aim of this thesis is to clarify the relationship between gradual SEP events and CMEs,

especially how CMEs affect the timescales of SEPs. Associated SEP events were extracted

starting from CMEs, and statistical analysis and detailed analysis focusing on individual

events were performed. In this section, the current understanding of the three questions

described in Section 1.2.4 is concluded based on the findings of the two studies.

Q1. How are SEPs associated with CMEs?

A1. With respect to 239 fast (vCME ≥ 900 km s−1) and wide (angular width ≥ 60◦)

CMEs with specified source location and an unbiased distribution, when CMEs are

launched in the E20 – W100 range from the observer, the so-called well-connected

longitude, the SEP association rate is high, up to over 50%. The SEP association rate

is non-zero except when CMEs are launched in a small longitudinal range (E180 –

E135), and almost all fast and wide CMEs have the potential to generate SEPs. In

addition, CMEs exceeding ∼2000 km s−1 are almost certainly associated with SEP

events.

It was confirmed that there is a positive correlation between CME speed and peak

proton flux, which is well-known in previous studies (e.g., Kahler, 2001). Well-

connected events have a larger variation in the peak proton flux of SEP events that

can occur from CMEs of similar speeds than poorly connected events. This suggests

that some important factors other than CME speeds and source longitudes determine

the peak proton flux.

Q2. How are the timescales of SEPs related to the parameters of the CMEs?

A2. In Chapter 2, the following three timescales were investigated, TO: the SEP onset

time with respect to the CME launch, TR: the rise time from the SEP onset time to
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4.2. Future Direction

the SEP half-peak during the rising phase, TD: the duration between SEP half-peak

during the rising and declining phases. In addition, ∆Φ (the source longitude relat-

ive to the footpoint of the Parker spiral) was measured for each event and correlated

with the three timescales. The results show that all timescales tend to become longer

as |∆Φ| increased, but it is most remarkable in TO, is slightly weak in TR, and is

further weak in TD. This supports the idea that the SEP onset time is determined

by the first accelerated particles near the Sun and strongly reflects the situation of

the acceleration site. There was a weak negative correlation between TO and the

CME speed in well-connected events. Faster CMEs can drive stronger shock waves

and can accelerate and release SEPs sooner, while the CME speed, which is a para-

meter that implies typical “shock wave strength”, may not affect particles that are

immediately accelerated to >10 MeV and released.

Q3. What are the factors that determine the timescales of SEPs with large variations

between events, especially the SEP onset time (TO)?

A3. In Chapter 3, the SEP event with long TO even though they originated from the fast

well-connected CME was investigated. Compared to the event with similar CME

which has a typical short TO, it was characterized by relatively simple magnetic

field configurations and a longer timescale of associated flares and radio bursts. In

the event in question, the long TO was directly due to the long interval between the

occurrence of the type II radio burst and the particle release time. One scenario to

explain this observation could be that the growth of the shock wave, represented

by Alfvén Mach Number MA, was slow in that event. Since the process of energy

release by the associated flare was gradual, the CME could be slowly accelerated.

This result suggests that it took time for the shock wave to reach a certain threshold

of MA required to accelerate SEPs and that particles were released with a delay

from the CME launch or the start of the type II radio burst.

4.2 Future Direction

One of the most important contributions of this thesis is the construction of the largest

SEP event list including timescales. In Chapter 2, we focused on gradual SEP events,

that is, the contribution of CMEs. In our event list, there are events with large solar flares

and events with increases in electrons. Expanding the event list by examining not only

the relationship between CMEs and protons, but also the relationship between solar flares

and electrons and other ions, and also considering the possibility of impulsive SEP events,

would allow validation of the flare contribution to the gradual SEP events recently claimed

(e.g., Cane et al., 2010), and would limit the acceleration mechanism of SEPs. The analysis
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presented in Chapter 3 is only one topic departing from the results of the statistical analysis

of the event list, and thus possesses various directions of analysis. The results of the two

events selected for the detailed analysis suggest a relationship between the timescales of

flares, CMEs, and SEPs. This analysis is the first step in a comprehensive analysis of solar

active phenomena, including solar flares and CMEs, with the aim of limiting the timescales

of SEPs. The hypothesis obtained in this thesis should be verified and supported by further

analysis of a larger set of events. It is also an interesting result that the relationship between

the complexity of the active region and the timescales of SEPs has been suggested. It was

proposed that the timescales of solar flares are correlated with the complexity of active

regions (Toriumi et al., 2017). They suggest a unified understanding of the parameters

of flares, CMEs, and SEPs, as well as active regions, or the existence of subgroups with

common characteristics.

These implications are also of critical importance in the practical forecasting of SEPs. At

present, real-time observations with short-time cadence are mainly available for Hα, EUV,

and magnetogram observations of the full solar disk, for X-ray observations integrated

over the solar disk, and for temporal data such as particles and magnetic fields around the

Earth. Since the current coronagraph observations of CMEs are deficient in time cadence

and real-time performance, particles can reach the Earth almost at the same time as the

observation of CME at the earliest. In order to prevent radiation hazards, it is necessary to

alert the possibility of the arrival of SEPs at an early stage of the event, that is, by making

full use of information on the solar surface that can be currently observed.

In very recent years, the results of “in situ” observations of SEPs by the Parker Solar

Probe (PSP; Fox et al., 2016) and the Solar Orbiter (SolO; Müller et al., 2020) have started

to appear (e.g., McComas et al., 2019; Giacalone et al., 2020; Hill et al., 2020; Mitchell

et al., 2020; Leske et al., 2020; Joyce et al., 2020; Schwadron et al., 2020; Wiedenbeck

et al., 2020; Kouloumvakos et al., 2020; Chhiber et al., 2021; Mason et al., 2021a; Gómez-

Herrero et al., 2021; Wimmer-Schweingruber et al., 2021; Bučík et al., 2021, 2023) and

the results of simultaneous observations in the inner heliosphere and 1 AU started to be

obtained (e.g., Lario et al., 2021; Mason et al., 2021b; Mitchell et al., 2021; Cohen et al.,

2021a; Kollhoff et al., 2021; Lario et al., 2022). In addition, further event-to-event vari-

ations are also being found (e.g., Cohen et al., 2021b). Although it is not yet possible to

capture the moment of particle release in situ, the observation at the midpoint between the

acceleration region and 1 AU makes the timescale measurements of SEPs more robust.

These observations will provide important clues to verify the particle release process and

mechanism obtained so far and to understand the possibility of scattering in interplanetary

space, which has not been addressed in this thesis.
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