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Abstract

Coronal mass ejections (CMEs) are a transient phenomenon in which a large mass of
magnetized coronal plasma is expelled from the Sun into the interplanetary space and
propagate through the solar wind which is a continuous outflow of the solar corona. Be-
cause Farth-reached CMEs are the main driver of intense geomagnetic storms to affect
the operation of satellite, radio communication, and power grid, the understanding of
their propagation is very important for the space weather forecasting to predict when a
geomagnetic disturbance begins. To achieve this goal, we investigate the interplanetary
propagation of CMEs in the inner heliosphere during 1997 —-2011. By comparing obser-
vations from a space-borne coronagraph, interplanetary scintillation at 327 MHz, and
plasma spectrometers on satellites, we identify 46 interplanetary CMEs (ICMEs) which
could be tracked from the Sun to the Earth. We examine kinematic properties of 15 fast
(Vsono — Vbg > 500 km s71), 25 moderate (0 km s~ < Vsomno — Ve < 500 km s71), and
6 slow (Vsoro — Vbg < 0 km s71), where Vsono and Vhe are the initial speed of ICMEs
and the speed of the ambient solar wind, respectively. Examinations of their kine-
matics yield the following results: i) Fast ICMEs rapidly decelerate, moderate ICMEs
show a little decelerating motion, and slow ICMEs accelerate, and their radial speeds
converge on the speed of the solar wind during their outward propagation. ii) The
acceleration and deceleration are nearly complete by 0.34 £ 0.03 and 0.79 £ 0.04 astro-
nomical units from the Sun, respectively, and those are ended when the ICMEs reach
479 £+ 126 km s~!'. These results support the assumption that the radial motion of
ICMEs is affected by the drag force(s) due to interaction with the solar wind. From
comparison between drag force models and observations, we find that a linear drag
model a = —71(V — V) with 41 = 6.58 (£0.23) x 1079 s~ gives a good approximation
for the kinematics of ICMEs with 0 km s™! < V — Vbe < 1000 km s~!, where a and
V' are the acceleration and radial speed of ICMEs, respectively, while a quadratic drag
model a = —y2(V — Vig)|V — Vig| with 42 = 2.36 (£1.13) x 107" m~! is appropriate
for describing the motion of slow ICMEs. From a careful examination, we find a mod-
ified drag equation a = —2.07 x 10712(V — Vo) |V — Vie| — 4.84 x 1079(V — V;,) for
the kinematics of the fast and moderate ICMEs. From the viewpoint of fluid mechan-
ics, we interpret this equation as indicating that massive ICMEs (10'2-10'3 kg) with
Okms ' <V — Vg < 2300 km s~! are controlled mainly by the hydrodynamic Stokes
drag force, while the aerodynamic drag force is a predominant factor for more faster
ICMEs.
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Chapter 1

Introduction

The Sun emits not only electromagnetic waves including the visible light, radio wave,
and X-ray but also the magnetized plasma in all directions at any time. This continuous
outflow of plasma is called the solar wind. The solar wind is disturbed occasionally by
blasts called coronal mass ejections (CMEs). CMEs are a transient event in which large
amounts of magnetized plasma are expelled from the solar corona. CMEs move outward
from the Sun through the solar wind. Because some of them reach the Earth and often
cause intense geomagnetic disturbances, the understanding of their propagation is very
important for the space weather forecasting. From a large number of satellite-based and
ground-based observations for the last several decades, it has been suggested that the
interplanetary propagation of CMEs is affected by the interaction with the solar wind.
In this chapter, we review the current knowledge of the solar wind, CMEs, and their
associated solar activities and observations as the bases of our study, and introduce the

outline of this dissertation.

1.1 The Solar Wind

1.1.1 Brief History of the Solar Wind

An idea that a continuous emission of substance from the Sun was proposed by some
scientists in the late 19th century. One of them, the Norwegian physicist K. Birkeland
argued this hypothesis from the research on the Northern Lights. In 1901, Birkeland
constructed a vacuum chamber with a magnetized sphere and performed discharge ex-
periments using that in his laboratory, which named “terrella” experiments (Egeland,

2009). From these experiments, Birkeland (1908) suggested that electric corpuscle rays



Chapter 1. Introduction 2

emitted from the Sun to the interplanetary space and then they made the Aurora Bore-
alis by an interaction with the Earth’s magnetosphere. He also imagined that such rays
originated in the region surrounding sunspots and formed narrow streams; these were
different from the current description of the solar wind. This corpuscle-flow hypothesis
did not be accepted at the community of physicists in those days, and appeared again in
the 1950s (Meyer-Vernet, 2007). The comet have two kind of tail called the dust tail and
ion tail, respectively; the former consists of the dust grains while the latter is made of the
ionized gas. In the 1940s, the cometary ion-tail was well known to be oriented away from
the Sun with a deviation angle of less than 10° between the tail axis and Sun—comet line
(Hoffmeister, 1943). Furthermore, it was also known that the internal structure of the
ion tail such as rays or jets requires the electrodynamic forces to explain its shape (see
Wurm, 1968 and references therein). From these, Biermann (1951) suggested that the
cometary ion-tail was produced by the charged particle emission from the Sun. Because
the comet’s orbit passed at all heliolatitudes and the ion tail was observable during
approaching the Sun, it was verified that the Sun is emitting charged particles in all
direction at any time (Antrack et al., 1964). At around the same time, an upper limit
of electron density in the interplanetary space was estimated to be 8 x 1021 x 10?
ecm ™3 at one astronomical unit (AU) from the observation of zodiacal light (Whipple

and Gossner, 1949). These studies brought a new view of the interplanetary space.

On the other hand, a research on the solar corona gave a different conclusion. The
solar corona is the outer atmosphere of the Sun. Grotrian (1933; 1939) and Edlén
(1943) found that spectral lines at 530.3 nm and 637.4 nm in coronal spectra were
emitted from highly ionized atoms, namely the Fe X1v and Fe X, respectively. Here, the
Fe x1v and Fe X represent the thirteenth-order and the ninth-order charged ions of iron,
respectively. Existence of these ions indicates that the corona has a high temperature of
~ 10% K (Miyamoto, 1949). Figure 1.1 shows variations of the temperature and number
density with height in the chromosphere, transition region, and corona. As shown in
this figure, the temperature of solar atmosphere rapidly increases from ~ 10* K at the
chromosphere corresponding to the inner atmosphere of the Sun to 10% K at the corona
through the thin transition region. Under the such high temperature, the hydrogen
gas being the primary component of the Sun is fully ionized, and then becomes the
plasma, which is a proton-electron mixture. The thermal conductivity of coronal plasma
reaches ~ 10* W m~! K=! (Meyer-Vernet, 2007), which is two orders of magnitude
higher than the thermal conductivity of the brass at room temperature. Because of
the high thermal conductivity, the corona have a small temperature gradient. The
British physicist S. Chapman and his colleague calculated the thermal conductivity and
the distance dependence of coronal temperature in an ideal corona comprising protons

and electrons with the same number density (Chapman and Zirin, 1957). They also
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FIGURE 1.1: The temperature and density variations of ionized material with height
in the solar chromosphere, transition region, and corona (adopted from Withbroe and
Noyes, 1977).

calculated variations of the pressure and number density by assuming a static equilibrium
of the ideal corona. From these calculations, they found exponential decreases of the
pressure and density with an increase of distance and finite limits of those, which were
three orders of magnitude or more larger than the interstellar medium (e.g. Spitzer,
1941). They also suggested that the coronal temperature variation with the solar activity
caused an outward or inward movement of the coronal plasma. The Chapman’s solution

did not show the continuous flow of the ionized gas from the Sun.

The American physicist E. N. Parker also examined the hydrostatic equilibrium of
the solar corona, and then found that it was not possible for the solar corona because
a gas pressure in the static equilibrium could not balance the interstellar gas pressure.
Therefore, Parker (1958a) claimed that the solar corona was stationary expanding. He
solved equations of mass conservation and momentum for an isothermal and spherically
symmetric corona, and revealed that the coronal plasma was flowing steadily into the
interplanetary space with a radial velocity of 450 km s~! at the Earth’s orbit. The
constant expansion of the solar corona was consistent with not only the charged particle
emission proposed by Birkeland and Biermann but also the requirement in which the
terminal pressure should balance the interstellar gas pressure. This continuous outward

flow of the coronal plasma was named the “solar wind” (Parker, 1958b).
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1.1.2 Fundamental Concept of the Solar Wind

From a viewpoint of the fluid dynamics, the solar corona obeys the following set of

equations for the conservation of mass and momentum:

1 d

ﬁ$r2Nmpng(r) =0, (1.1)
and Vi (1)
bg(r)  dp Nmp Mg
Nmpng(r) P GT, (1.2)

where N, my,, r and Vi,z(r) are the number density, mass of proton, radial distance from
the solar center, and the flow speed, respectively, p is the pressure, G is the gravitational
constant, and Mg is the solar mass. Because the mass of electron is about eighteen
hundred times smaller than the proton, the contribution of electrons to the total mass
of plasma is negligible. Here, the solar corona is assumed to be in the spherical symmetry,
and then its physical properties are functions of r only. In addition to this, the Lorentz
force is ignored in Equation (1.2). If V4 (r) = 0, which satisfies Equation (1.1), Equation
(1.2) describes the hydrostatic equilibrium. However, this solution yields an unrealistic

pressure of the interplanetary medium at infinity as shown by Chapman and Zirin (1957).

On the other hand, r2N mpVig(r) = C, where C is a constant which is non-zero, is

also applicable to Equations (1.1). It is multiplies by 47 to obtain
Anr? NmpVig(r) = I, (1.3)

where [ is just the mass flux through the sphere with r. The plasma pressure is given
by p = 2NkgT, where kg and T are the Boltzmann constant and coronal temperature,
respectively, because protons and electrons are assumed to have the same density and
temperature in the ideal corona (Hundhausen, 1995). Substituting these expressions
into Equation (1.2) with the weaker distance dependence of plasma temperature in the

corona, the momentum equation is modified as follows:

(1.4)

2kgT 1 dw 4kgT GM
[ng(T)Q— b } be(7) = =B _ .

mp | Vig(r) dr mpr 72

This equation was found by Parker (1958a) as describing the stationary expansion of
the solar corona. For any realistic quantity of 7', the right-hand side of Equation (1.4)

retains negative between the base of the corona and the critical radius

_ GMgm,

c — 9 1.5
T kT (1.5)
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and becomes positive at a larger distance than that. This fact means that the coronal
plasma lying below r. is gravitationally bound, while a parcel of charged particles being
above that may escapes from the Sun against the solar gravity. If Vi (r) satisfies the
equation

<0 atr<re
2kgT

mp

ng(r)2 — =0 atr= Te, (16)

>0 atr>nr.

dVig(r)/dr maintains positive anywhere, namely the velocity of charged particles can
continue to increase with the heliocentric distance. With this condition, Equation (1.4)
is solved as (Hundhausen, 1995):

2
Vig(ry? — 2Rl 2kl (mpvbg(r) ) _ Skt <T> +2G M, <1 - 1) L (L)

mp mp 2kgT mp Te T Te

This is the solar wind solution. Figure 1.2 shows variations of Vi (r) derived from
Equation (1.7) with various values of T'. From this figure, one may find that the solar
wind driven by the thermal energy only has its velocity range from 550 to 800 km s~*
around the Earth’s orbit for the realistic coronal temperature between 1.0 x 10° and
2.0 x 10° K. Equation (1.7) also shows a rapid acceleration of the coronal plasma stream
in the near-Sun region below 2.0 x 10’km and a gradual increasing of the flow speed
in the interplanetary space in Figure 1.2. As the radial distance becomes larger, the
number density reaches asymptotically zero because of Equation (1.3) with the mass
flux conservation. Hence, the plasma pressure also approaches zero with an increase in
distance. The solar wind solution satisfies a request that the coronal plasma pressure
must be equal to the low pressure of the interstellar medium at the boundary of the

solar system.

The magneto-hydro dynamics (MHD) tells us that the solar magnetic field is “frozen” in
the coronal plasma because it has not only the high thermal but also the high electrical
conductivities. Therefore, Parker (1958a) suggested that the solar wind brought the
coronal magnetic field into the interplanetary space, and the field line was taken an
Archimedean spiral configuration by the solar rotation because an end of that was fixed

on the solar surface.

1.1.3 Confirmation of the Solar Wind

The Parker’s solar wind theory was strongly supported by observations of the cometary
ion-tail and direct plasma measurements. Liist (1961; 1963) verified from observations

of cometary tails that the particle stream was emitted continuously from the Sun with
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FIGURE 1.2: Radial speed evolution of the solar wind derived from an isothermal
corona model with coronal temperatures of 0.75, 1.00, 1.50, 2.00 and 3.00 x 10® K. The
vertical broken line indicates the Earth’s heliocentric distance (after Parker, 1958a).

a speed of 300400 km s~! even in time for low solar activity. In 1957, the space age
was begun by the launch of the first satellite Sputnik-1. The satellite technology enabled
us to probe the interplanetary space. The moon probe Luna-2 detected a proton flux
with an energy of > 25 eV outside of the Earth’s magnetosphere in 1959 (Gringauz
et al., 1960). Although the direction of the particle flux could not be confirmed, this
was the first detection of the solar wind by a spacecraft. The first clear measurement
was given in 1962 by the Venus probe Mariner-2 (Neugebauer and Snyder, 1962). The
Mariner-2 carried the charged-particle spectrometer which always pointed to the Sun,
and made plasma measurements in the interplanetary space using that during August
29— October 31, 1962. The Mariner-2 data of ion spectra showed that most of the
plasma flux had the velocity of 464563 km s~! (Neugebauer and Snyder, 1962). Such
solar particle streams were also corroborated by observations using another satellite.
The Interplanetary Monitoring Platform 1 (IMP-1) was launched in 1963 and observed
the Earth’s magnetosphere and interplanetary medium with a plasma detector. From
analyzing plasma data obtained by IMP-1, Wolfe et al. (1966) found that the average
velocity of the solar wind was 378 km s~!, and its significant flux was observed inside an
azimuthal sector including the solar direction. The spiral configuration of the interplan-
etary magnetic field was also confirmed by spacecraft observations (e.g. Wilcox, 1968;
Thomas and Smith, 1981).

Careful analysis for Mariner-2 observations revealed that the actual solar wind was

more complex than the Parker’s ideal one. Neugebauer and Snyder (1966) reported that
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the solar wind comprised its low (a2 400 km s~!) and high (=~ 700 km s~!) speed streams,
which made the 27-days recurrence pattern. They also found that the number density of
the solar wind generally reached a maximum on the leading edge of a fast stream. This
feature related to the co-rotating interaction region, which will be explained briefly in
Section 1.2. The slow and fast streams of the solar wind were examined in detail in later
years. The solar source of the fast wind remained a mystery for a while. A detection of
the fast wind often related to the absence of sunspots in the vicinity of the solar disk
center. Before discovering the solar wind, it was already known that the recurrence of ge-
omagnetic storms could not relate to any visible features on the Sun including sunspots.
The geomagnetic storm is an extraordinary fluctuation of the Earth’s magnetic field,
which was discovered in the mid-18th century (Gonzalez et al., 1994). Bartels (1932)
assumed special areas, which were responsible for recurrent geomagnetic disturbances,
and called this areas “M-regions”. Neugebauer and Snyder (1966) also pointed out that
the 27-days recurrence of the fast solar wind may be associated with the M-regions.
Unmasking the M-regions required observations of high-energy electromagnetic waves
in space. Munro and Withbroe (1972) discovered the “coronal hole” as the low emis-
sive area of the coronal extreme-ultraviolet (EUV) from an satellite experiment. The
relationship between the coronal holes and fast-wind stream was identified by Krieger
et al. (1973). Sheeley et al. (1976) proved clearly from comparison between the coronal
hole, solar wind speed, and geomagnetic index that coronal holes were responsible for
recurrent magnetic storms. From these findings, it was established that the large coronal
hole was the solar source of the fast wind. Some investigators reported that the slow
solar wind was emitted from the vicinity of the coronal hole boundary or the edge of the

active region (e.g. Kojima et al., 1999; Sakao et al., 2007).

1.1.4 Properties of the Solar Wind

Properties of the slow and fast solar wind have been investigated using in situ mea-
surements. A series of IMP spacecraft have made observations of the interplanetary
plasma in the vicinity of the Earth since 1963. Bame et al. (1977) analyzed plasma
data from IMP-6, IMP-7, and IMP-8. They examined the variability of the solar wind
characteristics and then found that parameters of the fast wind such as the density and
temperature were less variable than the slow wind. Table 1.1 summarizes the physical
properties of the solar wind near the Earth’s orbit. The solar wind contains not only
ionized hydrogens but also other heavy ions such as helium, oxygen, and iron ions. It
is known that the abundance of these ions depends on the speed of the solar wind.
Richardson and Cane (2004) studied the relationship between the ratio of heavy ions

and wind speed. Table 1.2 gives velocity dependences of the mean Fe charge (Qpe) and
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TABLE 1.1: Average physical properties of the slow and fast solar wind near 1 AU
(adopted from Bame et al., 1977).

Average with standard deviation

Property Slow wind Fast wind
Flow speed Vpg (kms™1)  327+15 702 + 32
Density N (cm™3) 11.9+45 3.9+0.6

Proton temperature 7' (K) 3.4(£1.5) x 10* 2.3(£0.3) x 105

TABLE 1.2: Velocity dependences of the mean Fe charge (Qp.) and the O viir/ O vit
ratio in the solar wind without disturbances (adopted from Richardson and Cane, 2004).

Ratios Relationship with Vj,g
(Qre) 11.2 — 0.000857Vi,g
Ovir /Ovir  3.004 exp(—0.00578V4,)

the O viir / O vir ratio found by them. Here, the O viir and O VII represent the seventh

and sixth-order charged ions of oxygen, respectively.

The time evolution of the solar wind velocity was studied by combining satellite
observations of plasma streams during a part of a solar cycle. Gosling et al. (1971)
examined the solar wind data from eight satellites during 1962—1970 and found that
the frequency distribution of the wind velocity varied with a phase of the solar cycle.
Bame et al. (1976) showed an anti-correlation between the average maximum speed of
the solar wind and the relative sunspot number during 1962 —-1974. These examinations
suggested that the velocity structure of the solar wind was not stable but variable with

the solar activity.

As shown in Figure 1.2, the Parker’s solar wind theory suggested that the coronal
plasma stream accelerated rapidly in the near-Sun region and subsequently propagated
with its final speed in the interplanetary space. The propagation of the solar wind in
the interplanetary space was investigated using a pair of the Helios solar probes. Helios
were a unique set of spacecraft which approached =~ 0.3 AU to study the solar wind in
the near-Sun region. Using their plasma data, Schwenn et al. (1981) examined radial
variations of plasma parameters for the fast and slow wind. Figure 1.3 shows radial
evolutions of the wind speed and proton temperature observed by Helios between 0.3
and 1 AU. They found that the average speed of the solar wind gradually increased up
to 51 & 11 km s~! in 0.3-1 AU for the slow wind, while remained nearly constant in
the interplanetary space for the fast solar wind; these were consistent with the Parker’s

—0.69£0.08

theory. Proton temperatures of the fast and slow wind decreased as r and

pmL21IE0L respectively.  Sheeley et al. (1997) studied the velocity profile of the slow

solar wind around the solar equator from tracking plasma blobs using a coronagraph.
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observed by the Helios solar probes between 0.3 and 1 AU for each velocity range of the

solar wind. Top, middle, and bottom rows correspond to the fast (600—800 km s~1),

moderate (400—600 km s~!), and slow (200—400 km s~!) solar wind, respectively
(adopted from Schwenn et al., 1981).

From this investigation, they found that the slow wind approached its final speed (=
300 km s~!) within a distance of 1.74 x 107 km (0.12 AU).

1.2 Co-rotating Interaction Regions

Co-rotating interaction regions (CIRs) are an interface between the fast and slow solar
wind, where the plasma density is enhanced. An idea of CIRs originated with an attempt
to explain the cause of geomagnetic storms. In 1929, an investigation of the weak and
medium magnetic storms revealed the 27-days periodicity of the geomagnetic activity;
the weak and medium magnetic storms generated AH < 180 nT, where AH was a
variation in the horizontal magnetic intensity (Greaves and Newton, 1929). Because
the Sun had the relative rotational period of ~ 27 days for the Earth, it seemed that
the sunspot activity was responsible for the recurrence of geomagnetic storm. However,
most of geomagnetic storms excluding intense events were associated with no sunspots.
Chapman and Ferraro (1931a; 1931b) presented their theory in which a slab-shaped

stream of ionized gas caused the geomagnetic storm by an interaction with the Earth’s
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FIGURE 1.4: Two-dimensional drawing of the co-rotating interaction region on the

solar equatorial plane. A posterior fast wind overtakes a prior slow wind, and therefore

the plasma is compressed at an interface between them to form shocks (adopted from
Jian et al., 2006a; the original is in Pizzo, 1978).

magnetosphere. It was assumed that this stream was emitted from a certain area on
the solar surface. CIRs were discovered from in situ observations of the space plasma in
the early years of the space age. Neugebauer and Snyder (1966) identified the low and
high speed solar wind and that the plasma density generally reached a maximum on the
interface between them. They also reported that observed density enhancements had
not yet form shocks between 0.7 and 1 AU. Beyond 1 AU, Smith and Wolfe (1976) found
from plasma observations of the Pioneer-10 and Pioneer-11 spacecraft that “interaction

regions” were accompanied by shocks, which were called “co-rotating shocks”.

Figure 1.4 shows an interaction between the slow and fast solar wind to form the
co-rotating shocks. As illustrated in this figure, the solar rotation and a set of the fast
and slow wind are responsible to form a CIR. As the Sun spouts radially the low and
high speed wind while rotating, the fast solar wind catches up with the prior slow one,
and hence the plasma is compressed to develop shocks at the leading edge of a fast wind
stream. CIRs trace out an Archimedean spiral which co-rotate with the Sun (Siscoe,

1972). The Earth often encounters few CIRs during 27 days.
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1.3 Solar Flares and Prominence Eruptions

Solar flares are one of the most intense outburst for the Sun, which emit electromagnetic-
waves and energetic particles. It occurs in active regions where the strength of the
magnetic field is high and then sunspots are generally seen. The British amateur as-
tronomer R. Carrington saw intensely bright patches suddenly appear on a large sunspot
on September 1, 1859. This spectacle which faded out within five minutes was sketched
by him (Carrington, 1859). This transient event is referred to as the white-light flare
at present, which is observed using an optical telescope without any filter. Because the
white-light flare was a very rare event to occur, the flare research had not progressed
until 1892. The American astronomer G. E. Hale invented the spectroheliograph to
enable us to observe solar phenomena by a specific spectral line and taken photographs
of a solar flare using that (Hale, 1892). The systematic flare observation had been made
using the spectroheliograph and spectrohelioscope which could take movies of the solar
flare and prominence since the 1930s (Svestka and Cliver, 1992). This ground-based
flare patrol had observed visible spectral emissions such as the hydrogen-Ha (656.3
nm) and calcium-K (393.4 nm) lines. In the 1960s, the X-ray emission of solar flares
was confirmed by the balloon (e.g. Anderson and Winckler, 1962) and satellite (e.g.
Hudson et al., 1969) experiments. At present, solar flares have been monitored us-
ing the X-ray sensor onboard the Geostationary Operational Environmental Satellite
(GOES), and their energy is estimated from the X-ray flux. Solar flares are classified
as B (107°-10"7" Wm™2), C (1075-107¢ Wm=2), M (107*-10"°> W m~2), and X
(1073 -10~* W m~2) according to the peak X-ray flux. Intense solar flares have a peak
flux between 107° and 10~ W m™2, which correspond to the M and X classes. Since
1957, the largest flare occurred on November 4, 2003, which emitted the energy flux of
~ 2.8 x 1073 W m~2 classified as X28 (Cliver and Svalgaard, 2004). Many investigators
have considered that the flare energy is supplied from the coronal magnetic field via the

magnetic reconnection (see, e.g. Sweet, 1969).

Solar flares sometimes accompany by prominence eruptions. Solar prominences are
a dense cloud of the cooler plasma (number density ~ 10! cm™3, temperature ~ 10*
K) than the corona, which are maintained in the solar corona by the magnetic field
(Hirayama, 1985). Solar prominences are classified into two types, namely the quiescent
and eruptive prominences. The former may changes to the latter when a supporting
magnetic field becomes unstable by some physical mechanisms which are not yet well
understood (van Ballegooijen and Martens, 1989). FEruptive prominences show their
different motion from each other; some ones accelerate rapidly to reach velocities of
300—1000 km s~! (Tandberg-Hanssen et al., 1980), and others show a little acceleration.

Figure 1.5(a) shows a picture of a solar flare with three prominences, which was obtained



Chapter 1. Introduction 12

Eruphng Filament

(b) Coronal Mass Ejection 1

FIGURE 1.5: (a) Solar flare (the brightest region) and prominences (above the solar

limb) observed using the Atmospheric Imaging Assembly (ATA) onboard the Solar Dy-

namics Observatory (SDO) on July 28, 2012 (Courtesy of NASA/SDO and the ATA

science team). (b) Schematic explanation of the CSHKP flare model (adopted from
Shiota et al., 2005).

by an EUV imaging from the Solar Dynamics Observatory (SDO) on July 28, 2012. In
this picture, a solar flare emits a strong light, and one of the prominences exhibits its
arch-shaped structure. The relationship between solar flares and prominence eruptions is
often explained by the Carmichael, Sturrock, Hirayama, Kopp and Pneuman (CSHKP)
model (Carmichael, 1964; Sturrock, 1966; Hirayama, 1974; Kopp and Pneuman, 1976;
see also Shibata and Magara, 2011). Figure 1.5(b) explains schematically CSHKP model
in which an ascending prominence (filament) stretches magnetic loops to lead to the
reconnection at field crossing points. Shiota et al. (2005) proposed a self-consistent
HMD model, which explained the formation of a cusp-shaped arcade with a prominence
eruption. These phenomena lead to coronal mass ejections which are explained in the

next section.

1.4 Coronal Mass Ejections

1.4.1 Brief History of Coronal Mass Ejections

Coronal mass ejections (CMEs) are a transient phenomenon in which a large lump of
magnetized coronal plasma erupts from the Sun into the interplanetary space. Hence,
CMEs are different from the solar wind as a continuous flow of plasma, and some-
times accompany with solar flares. The presence of such events had been predicted
from the relationship between solar flares and geomagnetic storms. A solar flare and a
subsequent magnetic storm are firstly referred by Carrington (1859). Maunder (1904a;
1904b) pointed out that the occurrence rate of “great” magnetic storms which gener-

ated AH > 300 nT was correlated with the variation of the sunspot number. These
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findings suggested the solar origin of intense geomagnetic storms. In the first half of
the twentieth century, it had generally been known that magnetic storms on the Earth
followed solar flares with a time lag between < 1 and 3 days (e.g. Hale, 1931; New-
ton, 1943). This fact implied that something which caused magnetic storms was not an
enhanced radiation traveling at the speed of light but a sporadic emission of charged
particles from the Sun (Chapman, 1950). Gold (1959) discussed a material eruption
with magnetic fields resulting from a solar outburst. His description of eruption, i.e.

I was close to the present

magnetic arches expanding with the velocity of 1000 km s~
picture of CMEs. Parker (1961) elucidated from solving the hydrodynamic equations
that the coronal plasma heated by a large flare could generate a blast wave, which moved

1

out through the interplanetary space with a speed of 1500 km s™". The observational

confirmation of such eruptions required to develop a solar observing instrument.

The coronagraph was invented by the French astronomer B. Lyot, and the first
monochromatic photo of corona was obtained using this telescope in 1939 (Lyot, 1945).
In the coronagraph field-of-view (FOV), the bright solar surface was hidden by a circular
disk to see the faint corona. This instrument allowed us to monitor the solar corona
without waiting for a total solar eclipse. Sporadic ejections of the solar material sug-
gested from theoretical studies were discovered by space-borne coronagraph observations
in 1971 (Tousey, 1973). Tousey et al. (1974) observed 19 outward-moving clouds in the
corona using the white-light coronagraph (Koomen et al., 1975) onboard the Orbiting
Solar Observatory 7 (OSO-7) between October 1971 and May 1973. Similar phenomena
were also monitored using a ground-based coronagraph and radio observations. DeMas-
tus et al. (1973) investigated data of the coronal FeXIv emission obtained using the
Sacramento Peak Observatory six-inch filter coronagraph during 1956 - 1972 and iden-
tified 30 “rapid green-line events” such as oscillations and disruptions. They found that
18 of them showed a material ejection. Smerd and Dulk (1971) examined the charac-
teristics of 12 moving type-IV radio bursts detected by the 80 MHz radioheliograph at
the Culgoora Observatory between February 1968 and April 1970 and found that some
of them were associated with prominence eruptions. At that time, the above events
in the solar corona were called “coronal transients” (Tousey et al., 1974) or “coronal
disturbances” (DeMastus et al., 1973). According to Howard (2011), a famous term of

“coronal mass ejection” appeared for the first time in Gosling et al. (1976).

Since 1971, CMEs have been observed mainly using space-borne coronagraphs. OSO-7
operated for CME observations before its re-entry in 1974 (Howard, 2011). The United
States space station Skylab was launched in 1973. The Skylab carried a white light
coronagraph as one of six experiments on the Apollo Telescope Mount (ATM) instrument
package (MacQueen et al., 1974). During 227 days of Skylab mission, 77 CMEs were
identified using this coronagraph (Munro et al., 1979). In the 1980s, CME observations
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FIGURE 1.6: Successive pictures of a coronal mass ejection observed by the Large

Angle and Spectrometric Coronagraph (LASCO) onboard the Solar and Heliospheric

Observatory (SOHO) between August 5 at 18:18 and 6 at 02:42, 1999. In each panel,

the Sun is hidden by a circular disk and its position is indicated by the white circle.
(Courtesy of SOHO/LASCO consortium of ESA and NASA).

were continued using two satellites. The US Air Force’s P78-1 satellite with the Solwind
coronagraph was launched in 1979 and operated until 1985 (Howard, 2011). The Solar
Mazimum Mission (SMM: Bohlin et al., 1980) carried the Coronagraph/Polarimeter
(C/P: MacQueen et al., 1980) and observed many CMEs during 19801989 without a
data gap from 1981 to 1983. After seven years for the absence of CME observations,
the Solar and Heliospheric Observatory (SOHO) spacecraft began to operate in 1996.
SOHO carried the Large Angle and Spectrometric Coronagraph (LASCO: Brueckner
et al., 1995) instrument for CME observations. Since then, SOHO has identified more
than 8000 CMEs (Gopalswamy, 2004) to enable us to make an exhaustive study of them.
Figure 1.6 shows successive pictures of a CME taken by SOHO/LASCO in August 1999.
It is seen that a balloon-shaped structure as a CME expands in the north-east direction

of the Sun.

1.4.2 Solar Source and Morphology of CMEs

In the late 1970s, it was already known from CME observations using space-borne coro-
nagraphs that CMEs were associated with solar flares and prominence eruptions. Munro
et al. (1979) examined the relationship between 77 CMEs which observed by the white-
light coronagraph on Skylab/ATM and other solar activities. From this examination,

they found that 34 CMEs were accompanied by Ha phenomena on the solar surface, and
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FIGURE 1.7: Three part structure of a representative CME observed on February 27,
2000 (Courtesy of SOHO/LASCO consortium of ESA and NASA).

40% of them were associated with solar flares while 50% were associated with promi-
nence eruptions without flares. Webb and Hundhausen (1987) studied the relationship
between CMEs and other solar phenomena using SMM observations and confirmed re-
sults presented by Munro et al. (1979). Gopalswamy et al. (2003) found that out of 186
prominence eruptions observed by the Nobeyama Radioheliograph during 1996 —2001,
134 (72%) events were associated with CMEs. On the other hand, Kahler (1977) in-
vestigated the relationship between X-ray flares and coronal transients and found that
long-duration X-ray events (LDEs) correlated with CMEs. Sheeley et al. (1983) pointed
out that the probability of CME occurrence monotonically increased with the X-ray

duration, and all solar flares with durations more than six hours had CMEs.

A mass of chromospheric and coronal materials expelled by a solar flare or prominence
eruption is observed as a CME when it comes into the coronagraph FOV. Some CMEs
have the three-part structure, namely the leading edge, cavity, and core, as shown in
Figure 1.7. Hundhausen (1987) pointed out that prominence-associated CMEs had this
structure. They also suggested from a comparison between SMM C/P and the Mauna
Loa prominence monitor observations that the core corresponded to a prominence, and
the leading edge was a compressed coronal plasma by an expansion of the cavity. The
cavity has been thought to be the magnetic flux rope of which its both ends anchored on
the solar surface (Gopalswamy, 2004). Indeed, the three-part structure is often observed
in CMEs associated with prominence eruptions from quiet regions (Gopalswamy, 2004),
and considered to be the standard configuration of CMEs. However, it is indicated from
observations that only ~ 30 % of CMEs have the complete three-part structure (Chen,
2011). Most of CMEs are consist of the leading edge and cavity without the core (Low,
2001).
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FIGURE 1.8: (a) Normal and (b) full-halo CMEs observed by SOHO/LASCO. (a) and

(b) were observed on July 12 and 14, 2000, respectively. In each panel, the white circle

represents the Sun. The normal CME has a width of < 120°, which erupts in the west

direction of the Sun. The full-halo CME is expelled toward the Earth, and then the

Sun is seen to surround itself with the CME material in the sky plane. (adopted from
the web page of the SOHO/LASCO CME catalog).

An aspect of CMEs is changed due to not only the relationship with solar phenomena
but also their source position. If a solar flare or prominence eruption occurs when
its source is around the center of the solar disk, an associated CME would be expelled
toward the Earth. Earth directed and anti-Earth directed CMEs are called “halo” CMEs
because they appear to an observer on the Earth as if the CME material would surround
the Sun. Full-halo CMEs have an apparent width of 360°. On the other hand, CMEs
show their balloon-shaped structure when their source region is near the solar limb.
Figure 1.8 shows a normal and full-halo CMEs observed in July 2000. Here, “normal”
means that the appearance of CMEs is neither a halo nor a “partial halo”. Partial-halo
CMEs are defined as CMEs with a width of > 120°, but they never completely surround
the Sun in the coronagraph FOV (Yashiro et al., 2004). Almost all of CMEs which
reached the Earth are observed either as halo or partial-halo CMEs.

1.4.3 General Properties of CMEs

Basic characteristics of CMEs are the apparent speed (Vsono), apparent width (), mass
(m), and kinetic energy (Fx). The apparent speed of CMEs is measured by tracking
the leading edge for CMEs in the coronagraph FOV (Yashiro et al., 2004). The mass of
CMEs is estimated from the ratio of the observed excess brightness over the brightness
of a single electron deduced from the Thomson scattering function with the assumption
of the plasma abundance, and the kinetic energy of CMEs is the mass times squares of

the center-of-mass velocity (Vourlidas et al., 2000). It is noted that the center-of-mass
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TABLE 1.3: Average, minimum, and maximum values for physical properties of CMEs

identified using SOHO/LASCO during 1996 —2006. The averages of mass and width are

calculated from data of normal CMEs with width of < 120° (adopted from Gopalswamy
et al., 2009 and the web page of the SOHO/LASCO CME catalog).

Property Average Minimum Maximum
Apparent speed Vsono (km s=!) 475 21 3387
Width ¢ (deg) 44 1 360

Mass m (kg) 3.5 x 10" 5.5 x 107 2.0 x 10*
Kinetic energy Ey (J) 2.9x 102 6.6 x 1017 6.9 x 10%°

velocity is not equivalent to the apparent speed because of the CME expansion. These
properties were already estimated in the early phase of the CME study with space-
borne coronagraphs. Gosling et al. (1974) found 4 x 10'2 kg for the mass and estimated
3.2 x 10?3 J as the kinetic energy from Skylab/ATM observations of the 10 August 1973
CME. Gosling et al. (1976) made a systematic study of ejection speeds and revealed that
the speed of CMEs ranged between < 100 km s~! and ~ 1200 km s~! with the average
value of 470 + 50 km s~!. Poland et al. (1981) analyzed P78-1/Solwind observations of
six CMEs near the peak of a solar cycle and found that CMEs had masses of 7 x 10! —
2 x 10" kg and outward speeds of 150900 km s~!. They also found from comparison
with earlier studies that the occurrence rate of CMEs near solar maximum tended to
be higher than the rate during the declining phase of the solar cycle. The solar activity
dependences of the CME occurrence rate and the average CME speed were confirmed
by SOHO/LASCO observations in later years (Gopalswamy, 2004).

The estimation of CME properties depends on the sensitivity of instruments (Gopal-
swamy, 2004). Here, properties of CMEs derived from SOHO/LASCO observations are
presented because SOHO/LASCO is the most sensitive instrument in space-borne coro-
nagraphs had ever been used. Table 1.3 gives an average, minimum, and maximum
values for the apparent speed, width, mass, and kinetic energy of CMEs, which esti-
mated from SOHO/LASCO observations during 1996 —2006. There were 37 CMEs with
speeds exceeding 2000 km s~! in the period of 1996 — 2006, and 23 of them were observed
at and near the solar maximum (2000 —-2003). Properties of each CME are presented in
the SOHO/LASCO CME catalog (Yashiro et al., 2004; Gopalswamy et al., 2009; avail-
able at cdaw.gsfc.nasa.gov/CME list/). The largest speed (Vsono = 3387 km s~ 1)
was observed for the 10 November 2004 halo CME with a large (X2.5 in classification)
solar flare, while the smallest one (Vsono = 21 km s~1) was for a normal CME with no
obvious flare on May 5, 2005.

As mentioned in Subsection 1.4.2, there are two types of CMEs, namely the flare-
associated and prominence-associated CMEs. Further studies revealed that CMEs with

flares had different properties from ones associated with prominence eruptions. Gosling
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et al. (1976) pointed out that flare-associated CMEs had the average speed of 775+ 110
km s~!, while CMEs associated with eruptive prominences had the average speed of
330 & 40 km s~!. MacQueen and Fisher (1983) examined 12 CMEs using the Mauna
Loa K-coronameter and found that flare-associated CMEs had high velocities with little
accelerations, while prominence-associated CMEs exhibited large accelerations. From
these results, they suggested that the acceleration mechanism acting on CMEs was
different between flare-associated and prominence-associated CMEs. Moon et al. (2002)
made a statistical study of the CME kinematics in the coronagraph FOV with huge
sample of SOHO/LASCO CMEs and found that a median speed of CMEs with large
flares was higher than that of CMEs with weak flares. They also pointed out that flare-
associated CMEs tended to be more decelerated than CMEs associated with prominence

eruptions.

Theoretical studies of the CME kinematics have appeared since the late 1970s.
Mouschovias and Poland (1978) and Anzer (1978) proposed a model in which a loop con-
taining the electric current or magnetic field expanded outward in the ambient plasma
to explain the behavior of CMEs in the solar corona. From an examination of the model,
Anzer (1978) concluded that CMEs might obtain their final velocity ranging between
100 and 600 km s~! in a distance of 2.5 solar radii (1.74 x 10% km or 0.012 AU) from the
solar center by the electromagnetic force. Adopting their ideas, Chen (1989) studied the
motion of a toroidal current loop with the Lorentz force and showed as an example that
a loop might expand at ~ 1200 km s~! by the magnetic energy dissipation of 6 x 10%*

J in 30 minutes.

1.4.4 Interplanetary CMEs

CMEs propagate outward from the Sun to enter the interplanetary space. When they are
at larger distances from the Sun, generally much larger distances than the coronagraph
FOV, they are referred to as interplanetary CMEs (ICMEs: Howard, 2011). Some of
them reach the Earth and often drive geomagnetic storms (e.g. Tsurutani et al., 1988;
Gosling et al., 1990; Brueckner et al., 1998). Historically, therefore, ICMEs have been
detected at the Earth by magnetic storms followed by solar flares since 1859. In the
space age, ICMEs and their associated shocks have been observed directly by spacecraft
around the Earth. Gosling et al. (1968) reported observations of two interplanetary
shocks by the twin Vela-3 satellites. These interplanetary shocks were detected as a
sudden change of the plasma velocity and density on October 5, 1965, and January 20,
1966, respectively, which were associated with solar flares. Hundhausen et al. (1970)
examined 19 flare-associated disturbances which were identified by the Vela-3 and Vela-

4 satellites and found that the average values of their mass and kinetic energy were
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TABLE 1.4: Average physical properties of near-Earth ICMEs deduced from in situ
measurements during 1996 —2009 (adopted from Richardson and Cane, 2010).

Property Average with standard deviation
Speed (km s71) 476 £+ 6

Density (cm™3) 6.9+0.2

Radial size (AU) 0.33 £0.01

Proton temperature (x10% K) 4.87+£0.29

Magnetic field strength (nT) 10.1+0.3

3 x 10" kg and 5 x 10%* J, respectively, at 1 AU. This result suggested that these near-
Earth disturbances derived from coronal and chromospheric material expelled from the
Sun by flares. A comparison between a near-Sun CME observed by Skylab/ATM and
its related interplanetary disturbance detected by the Pioneer-9 spacecraft was made by
Gosling et al. (1975). They concluded from the comparison that estimated properties of
the interplanetary disturbance (m = 4.2 x 1013 kg, E\, = 1.2 x 10% J) at 1 AU agreed
reasonably with those of the near-Sun CME (m = 2.4 x 10'3 kg, By = 1.1 x 10% J).
This was the first confirmation of the connection between CMEs and near-Earth ICMEs.
After that, similar studies had been made by many investigators (e.g. Schwenn, 1983;
Lindsay et al., 1999).

At present, solar wind monitoring satellites such as IMP-8 (Paularena and King,
1999), the Wind (Acuna et al., 1995), and the Advanced Composition Ezplorer (ACE:
Stone et al., 1998) have been used for in situ measurements of ICMEs near 1 AU (e.g.
Cane and Richardson, 2003; Jian et al., 2006b). Because ICMEs have different plasma
properties from the solar wind, they may be distinguished from the ambient medium
by in situ measurements. ICMEs are characterized by higher charge-states of heavy
ions (Bame et al., 1979), large enhancements in helium abundance (Borrini et al., 1982),
magnetic flux ropes or magnetic clouds (Gosling, 1990; Burlaga et al., 1990), bidirec-
tional electrons (Gosling et al., 1987) and others (see also Wimmer-Schweingruber et al.,
2006). Richardson and Cane (2010) identified 322 ICMEs from in situ data with their
characteristics during 1996 —2009. Table 1.4 gives average properties of ICMEs at 1 AU
determined by them.

The detection of ICMEs between the Sun and the Earth required the interplanetary
probe and remote-sensing techniques. The Mariner-2 spacecraft observed an abrupt
increase of the plasma speed and magnetic field on October 7, 1962 when it was at
0.07 AU from the Earth (Sonett et al., 1964; Schubert and Cummings, 1967). This was
the first detection of an interplanetary shock between the Sun and the Earth by the
space probe. Lazarus et al. (1970) studied two interplanetary shocks using the Mariner-

5 space probe and the Fxplorer-3/ satellite which were at most 0.1 AU distant each



Chapter 1. Introduction 20

other along the Sun-Earth line and found that plasma parameters by the Ezplorer-34
showed a good correlation with those by the Mariner-5. This result implied that the
interplanetary shock retained its properties over radial distances of 0.1 AU. Twin Helios
spacecraft, which approached = 0.3 AU from the Sun, observed not only the solar wind
but also an ICME. Dryer et al. (1982) reported the tracking of a CME/ICME from the
solar surface to ~ 0.7 AU by combining the ground-based Ha telescope, P78-1 /Solwind,
Helios-2, and the Pioneer Venus Orbiter (PVO) observations. Burlaga et al. (1982)
examined an interplanetary magnetic cloud using the Helios-1, which was at 0.54 AU
from the Sun on June 20, 1980, and revealed its physical properties. In these studies,
researchers analyzed in situ measurements of ICMEs by the Helios solar probes. In
contrast to the in situ measurement, remote sensing allows us to obtain a global picture
of ICMEs. Jackson and Leinert (1985) and Jackson (1985a; 1985b) reported the remote-
sensing of ICMEs using the zodiacal light photometers onboard the Helios spacecraft.
From this observation, they estimated the mass of an ICME at 2.5 x 10'3 kg (Jackson
and Leinert, 1985). After their works, the Solar Mass Ejection Imager (SMEI: Eyles
et al., 2003) onboard the Coriolis satellite and the Heliospheric Imager (HI: Eyles et al.,
2009) onboard the Solar-Terrestrial Relation Observatory (STEREO: Kaiser et al., 2008)
spacecraft have been used for the optical remote-sensing of ICMEs (e.g. Jackson et al.,
2006; Howard and DeForest, 2012). Remote sensing using ground-based radio telescopes
is also a useful means for the observation of ICMEs. The interplanetary scintillation
(IPS) is a kind of the radio remote-sensing method. Figure 1.9 shows appearances of
ICMEs reconstructed for the 20 September 1999 and 14 July 2000 disturbance events
using radio remote-sensing by IPS (Tokumaru et al., 2006). The next section describes

IPS observations and reviews studies of ICMEs by those briefly.

1.5 The Interplanetary Scintillation

1.5.1 Brief History of the Interplanetary Scintillation

In the Universe, there are various celestial objects such as the fixed star, galaxy, nebula,
quasar, and pulser. Some of them emit not only the visible light but also the radio
wave. Radio signals emitted from a distant object propagate through the interstellar
and interplanetary space, and a small fraction of those reach the Earth. In 1962 and
1963, the British physicist A. Hewish and his colleagues found unusual fluctuations of the
signal intensity for radio objects 3C119, 3C138, and 3C147 from 178 MHz observations.
It was known that these radio objects had a small angular diameter. They investigated
these phenomena, and revealed that radio fluctuations had a time scale of 1—2 seconds,

which could not be caused by ionospheric irregularities. Therefore, they considered
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FIGURE 1.9: (a) Shell-shaped and (b) flux-rope structures of ICMEs reconstructed by

fitting models to data of interplanetary scintillation observations. (a) and (b) are recon-

structions for the 20 September 1999 and 14 July 2000 disturbance events, respectively.

In each panel, the origin of coordinate axes is a position of the Sun, and the intersection

of the boundary of shell/flux-rope with the z-axis (Sun-Earth line) is marked by a cross
(adopted from Tokumaru et al., 2006).

a scintillation arising from irregularities of the interplanetary medium and referred to
this phenomenon as the interplanetary scintillation (IPS: Hewish et al., 1964). Hewish
et al. (1964) also pointed out that the IPS technique provided a useful means to observe
the solar wind over a wider range of latitude, longitude, and distance, while the direct
measurement of the solar wind using space probes were confined in the ecliptic plane.
After their pioneering work, a large radio telescope, which was a two-dimensional array of
the 480 m x 45 m aperture, was build at the Mullard Radio Astronomical Observatory in
United Kingdom in 1967 to study IPS because of faint emissions of radio sources (Hewish
et al., 1968). This radio array enabled to measure IPS of about 900 radio sources in each
day and monitor then the solar wind and interplanetary disturbances (Duffett-Smith
et al., 1980; Gapper et al., 1982). Similar instruments were constructed at the Pushchino
Radio Astronomy Observatory in Russia (Vitkevich et al., 1976) and at el Instituto de
Geofisica, Universidad Nacional Auténoma de México in Mexico (Mejia-Ambriz et al.,
2010). For IPS observations in India, the Ooty Radio Telescope (ORT: Swarup et al.,
1971) at the Radio Astronomy Centre had been used since 1986 (e.g. Manoharan and
Ananthakrishnan, 1990) and was upgraded during 19911992 (Manoharan et al., 2000),
which was a cylindrical parabolic antenna having the 530 m x 30 m aperture with the

elevation drive system.

The IPS observation with a single radio-telescope is capable of the measurement of

electron density irregularities in the interplanetary plasma (Antonova and Vitkevich,
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1969). Burnell (1969) found from a northern sky survey of IPS at the Mullard Radio
Astronomical Observatory that most of scintillation enhancements tended to recur with
a period of 27 days and pointed out the relationship between these enhancements and co-
rotating streams. Gapper et al. (1982) made maps of the enhanced scintillation across the
sky, which enabled us to visualize ICMEs and CIRs. The multi-station IPS observation
was also begun in the late 1960s, which could determine precisely the speed of the solar
wind. Because the diffraction pattern of radio scattering is caused by irregularities of the
interplanetary plasma and moved with those, one could estimate the speed of the solar
wind from the time delay of scintillated signal received at two or more stations which
are distant each other. Dennison and Hewish (1967) estimated the speed of the solar
wind using IPS data which derived from a triangular arrangement of 81.5 MHz radio
telescopes. Solar wind researchers in the University of California, San Diego began
the TIPS measurement with three stations of 74 MHz array in the 1970s (Armstrong
and Coles, 1972; Coles et al., 1978). Vitkevich and Vlasov (1970) made simultaneous
observations of the radio scintillation using three antennas in Russia and then determined

the velocity and size of plasma irregularities in the interplanetary space.

At present, IPS observations are taking by researcher groups at el Instituto de
Geofisica, Universidad Nacional Auténoma de México in Mexico, the P. N. Levedev
Physical Institute of the Russian Academy of Science in Russia, the Tata Institute of
Fundamental Research in India, the Korean Space Weather Center in Korea, and the
Solar-Terrestrial Environment Laboratory (STEL), Nagoya University in Japan. The
STEL IPS observation is detailed in the next subsection.

1.5.2 STEL IPS Observation

IPS observations in our country were begun to make at the Research Institute of At-
mospherics, which was the predecessor of STEL, Nagoya University in 1969. In this
year, the first radio telescope for IPS observation was constructed at the Toyokawa ob-
servatory. In 1971, the multi-station IPS observation at three separated observatories
(Toyokawa, Fuji, and Sugadaira) was begun to investigate properties of the solar wind
and interplanetary disturbances (Kakinuma et al., 1973). This early system comprised
three two-dimensional dipole arrays operated at 69 MHz of the very high frequency
(VHF), which was suitable to determine the speed and density irregularities of the solar
wind between 0.5 and 1.3 AU (Watanabe and Kakinuma, 1984). To investigate the solar
wind in the near-Sun region, new radio telescopes operated at 327 MHz of the ultra high
frequency (UHF) were begun to construct at the same observatories in 1977 (Kojima
et al., 1982) and to make simultaneous observations of radio scintillations in 1982. IPS

observations at 327 MHz allowed us to determine the solar wind condition between 0.2
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FiGURE 1.10: Locations of the Toyokawa, Fuji, and Kiso observatories and Nagoya
city in the central region of Honsht island, Japan.

and 1 AU with a cadence of 24 hours. In 1993, the fourth UHF telescope for IPS ob-
servations was built at the Kiso observatory to make more extended observations (Asai
et al., 1995).

At present, STEL IPS observations at 327 MHz are performing at the Toyokawa, Fuji,
and Kiso observatories. Figure 1.10 shows locations of these observatories. Antenna
stations are about 100 km distant from each other to take a cross-correlation analysis
of IPS signals to determine the speed of the solar wind. Figures 1.11 and 1.12 exhibit
antennas at the Fuji and Kiso observatories, which have a cylindrical parabolic reflec-
tor of ~ 2000 m? aperture with the elevation drive system. The reflector is made of
stainless-steel wires stretched through parabolic frames, and an array of dipoles with
pre-amplifiers is equipped near the reflector’s focal line. These antennas track radio
sources by combining the mechanical rotation of reflector in the North-South direction
and the electrical beam shifting with a phased array in the East-West direction. At the
Toyokawa observatory, a similar UHF antenna was replaced by the Solar Wind Imaging
Facility (SWIFT: Tokumaru et al., 2011) in 2007. Figure 1.13 shows a photo and sketch
of SWIFT. This radio telescope has two cylindrical parabolic reflectors and two arrays
of dipoles with pre-amplifiers, and can shifts the beam electrically with phased arrays
in the North-South direction. Because this antenna is not steerable, SWIFT measures

scintillations of radio sources around their local meridian transit.
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FIGURE 1.11: (a) A picture of the Fuji IPS Telescope (FIT) at the Fuji observatory
and (b) a sketch of FIT.
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FIGURE 1.12: (a) A picture of the Kiso IPS Telescope (KIT) at the Kiso observatory
and (b) a sketch of KIT.
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Toyokawa observatory and (b) a sketch of SWIFT.

(a) A picture of the Solar Wind Imaging Facility (SWIFT) at the
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1.5.3 ICME Investigations using IPS Observations

In IPS observations, an ICME or interplanetary shock is identified by an abrupt and
short-lasted increase of the scintillation index. Sharp and Harris (1967) reported a
large enhancement of scintillation associated with a solar flare on the radio source CTA
21. This was the first detection of ICMEs by IPS observations. Since 1970, many
researchers made IPS observations of interplanetary shock waves (e.g. Wiseman and
Dennison, 1972; Ward, 1975; Houminer, 1976; Pintér, 1982; Watanabe and Kakinuma,
1984). Tappin (1984) and Watanabe et al. (1989) made a connection between near-
Sun CMEs and ICMEs from a combination of the coronagraph and IPS observations.
For the kinematics of ICMEs, Rickett (1975) observed scintillation enhancements of few
radio objects which related to a major solar flare on August 7, 1972 and found that
this flare-associated interplanetary disturbance showed a less deceleration. Manoharan
et al. (2001) examined an ICME associated with the 14 July 2000 flare event, which
was particularly referred as the “Bastille day event”, using ORT and other instruments
and found its two-step deceleration. Yamashita et al. (2003) studied the interplanetary
propagation of the 8 November 1997 and 12 July 2000 CMEs by STEL IPS observations
and reported that their velocity evolution may be described by a power-law equation of

distance.

1.6 Dissertation Outline

In this thesis, we focus on the propagation of ICMEs from the Sun to the Earth. Because
ICMEs are the main driver of intense geomagnetic storms to affect the operation of satel-
lite, radio communication, and power grid, the understanding of their propagation is very
important for the space weather forecasting to predict when a geomagnetic disturbance
begins. CMEs are initiated by prominence eruptions with or without solar flares and
acquire the larger mass and volume than the initial state of eruptions by incorporating
the coronal plasma with the prominence material in the solar corona. Subsequently, they
enter the interplanetary space and propagate outward through the solar wind. Promi-
nence eruptions and their associated CMEs are tracked by the Ha and EUV imagings
and white-light coronagraph observations in the near-Sun region. ICMEs are gener-
ally detected by in situ observations around the Earth. These observations show that
near-Sun CMEs have velocities ranging between few tens and ~ 3000 km s~! (Gopal-
swamy et al., 2009) while velocities of near-Earth ICMEs have an absolute difference
of 30-615 km s~! from the ambient solar wind (Jian et al., 2006b). Therefore, many
investigators have considered that the interplanetary propagation of CMEs is affected

by the interaction with the solar wind.
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The fluid mechanics tells us that an object moving through a fluid undergoes the
drag force(s) caused by an interaction with the fluid. Two types of drag force model
have been proposed for the propagation of ICMEs. Chen and Garren (1993) applied
a toroidal loop model (Chen, 1989) to interplanetary magnetic clouds to examine their
kinematics. For the interplanetary motion of a toroidal loop, they considered a drag

force (Fy) which was described as follows:
Fd = Cd[Nmidt(V — ng)’V — ngH, (1.8)

where Cq, N, mj, di, V and V4 are the drag coefficient, number density of ions outside
the toroidal loop, ion mass, minor radius of the loop, radial velocity of the loop, and the
local speed of the solar wind, respectively, in addition to the electromagnetic force. Their
model calculation showed that a loop with a slower initial velocity accelerated to the
speed of the solar wind in a distance of 60 solar radii (0.28 AU) from the solar surface.
Cargill et al. (1995) studied the motion of a flux tube through a magnetized plasma
using the MHD simulation with a drag force Fy < V|V|. In the fluid mechanics, this
type of drag force is referred as the frictional drag or aerodynamic drag, which operates
on an object moving through a fluid for Re > 1 (e.g. Cargill, 2004; Kundu et al., 2012).
Here, Re is the Reynolds number, which is defined as Re = (pdU)/u, where p, d, U, and
1 are the mass density of a fluid, the size and speed of the object, and the viscosity of
the fluid, respectively. On the other hand, Vrsnak (2001a; 2001b) took a viscous drag

force, which was written as follows:
Fd = ’71(V — ng), (1.9)

where =1 is a coefficient, into account to explain the deceleration of solar eruptions. This
drag force acts on an object for Re < 1 and known as Stokes law of resistance (Kundu
et al., 2012) or Stokes drag force (Collinson and Roper, 1995). Vrinak and Gopalswamy
(2002) proposed a linear drag model dV/dt = —v1(V — W4,) for the motion of ICMEs.

Drag force models have been tested by comparing with ICME observations (e.g. Reiner
et al., 2003; Tappin, 2006; Byrne et al., 2010; Lara et al., 2011). However, these models
are still controversial. Tappin (2006) pointed out that an additional force balancing
was required to explain observations of the 5—7 April 2003 ICME using both linear
and quadratic drag models. Maloney and Gallagher (2010) reported that a linear drag
model reproduced well the kinematics of an ICME which had a larger velocity than the
solar wind, while the aerodynamic drag model gave an appropriate explanation for the
motion of a slow ICME. These earlier articles mainly presented analyses of dynamics for
individual ICMEs. Although a case study of the ICME motion is important, we need to
make a statistical study to understand general properties of the ICME propagation. A



Chapter 1. Introduction 29

reason why the kinematics of ICMEs are still not well understood is the smaller number of
interplanetary observations between 0.1 and 1 AU than near-Earth in situ measurements.
Since 1962, some spacecraft such as the Mariner-2 and twin Helios gave valuable data
of ICMEs in the inner heliosphere, while many solar wind observations made around
the Earth in the ecliptic plane. Twin STEREQO spacecraft bring HI which is a powerful
instrument for the remote sensing of ICMEs. However, HI data are not available before
2006, and positions of STEREQO are changed year by year because both spacecraft drift
ahead and behind the Earth, respectively. It is desirable that observations are made

using an instrument at a stationary point during a long period for the statistical study
of ICMEs.

We take advantage of IPS observation to examine the kinematics of ICMEs with drag
force models. STEL IPS observations at 327 MHz are capable of detecting interplanetary
disturbances between 0.2 and 1 AU with a time resolution of 24 hours and then a useful
means for the study of the ICME propagation. We analyze the solar wind disturbance
factor, the so-called “g-value” (Gapper et al., 1982), obtained from our IPS observations
during 1997-2011 to identify ICMEs. The SOHO/LASCO CME catalog is used for
determination of kinematic properties of near-Sun CMEs. For estimation of properties
of near-Earth ICMEs, we use an ICME list by Richardson and Cane (2010) during
1997-2009, and identify ICMEs ourselves using criteria of the ICME identification in
2010 and 2011 because there is no catalog. By combining SOHO/LASCO, IPS, and in
situ observations, we make the tracking of CMEs/ICMEs from the Sun to the Earth.
From statistical examinations of CMEs/ICMEs identified by combined observations, we
find general properties of the ICME kinematics. In this study, we assume that the
propagation of ICMEs is controlled by the drag force(s) due to interaction with the
ambient solar wind, and that the magnitude of drag force(s) is proportional to the
difference in speed between the ICME and the solar wind. We propose a modified

drag-force equation and provide its physical implication.

This dissertation comprises the following chapters: Chapter 2 describes how do we
identify ICMEs from SOHO/LASCO, IPS, and in situ observations and estimate their
speeds and accelerations. It also provide analyses of ICMEs during 1997 —2009 when
g-value data were obtained using the Kiso IPS Telescope (KIT: Asai et al., 1995) and a
simple expression describing the motion of ICMEs which are faster than the solar wind.
The contents of this chapter were published as Iju et al. (2013a; 2013b). Chapter 3
provides analyses of ICMEs during 2010—2011 when SWIFT was used for collecting
g-value data. In this chapter, we focus on the propagation of slow ICMEs and deter-
mine general properties of their kinematics. We also examine ICMEs which have larger
velocities than the solar wind again and then propose a modified drag-force equation for

their motion with an interpretation of that. The contents of Chapter 3 were published
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as [ju et al. (2014). Finally, Chapter 4 summarizes main conclusions of this study and

gives our suggestion for future study.



Chapter 2

Kinematics of ICMEs Faster
Than the Solar Wind

2.1 Introduction

Coronal mass ejections (CMEs) are transient events in which large amounts of plasma are
ejected from the solar corona (e.g. Gosling et al., 1974). Interplanetary counterparts of
CMEs are called interplanetary coronal mass ejections (ICMEs). Since ICMEs seriously
affect the space environment around the Earth, understanding of their fundamental
physics, e.g. generation, propagation, and interaction with the Earth’s magnetosphere,
is very important for space weather forecasting (e.g. Tsurutani et al., 1988; Gosling
et al., 1990). In particular, the dynamics of ICME propagation is one of the key pieces

of information for predicting geomagnetic storms.

Propagation of ICMEs has been studied by various methods. Earlier studies combining
space-borne coronagraphs with in situ observations revealed that ICME speeds signif-
icantly evolve between near-Sun and 1 AU. Schwenn (1983) reported the correlation
between CMEs and interplanetary disturbances using the P78-1/Solwind coronagraph,
the Helios-1 and -2 solar probes, and a ground-based Ha coronagraph. He showed that
fast CMEs associated with flares exhibit no acceleration into interplanetary space, while
slow CMEs related to prominence eruptions accelerate. Lindsay et al. (1999) examined
the relation between propagation speeds of CMEs observed by the Solwind coronagraph
and SMM C/P and those of the ICMEs observed by the Helios-1 and PVO for 31 CMEs
and their associated ICMEs. They found a good correlation between the speeds of CMEs
and those of ICMEs observed in interplanetary space between 0.7 and 1 AU. They also
found that the speeds of most ICMEs range from 380 km s~! to 600 km s~!, while CME

speeds show a wider range of from ~ 10 km s~! to 1500 km s~!. These findings suggest

31
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that the ICME speeds tend to converge to an average solar-wind speed as they prop-
agate through interplanetary space. Gopalswamy et al. (2000) determined an effective
acceleration for 28 CMEs observed by LASCO (Brueckner et al., 1995) onboard SOHO
spacecraft between 1996 and 1998. On the assumption that the acceleration is constant,
they found a very good anti-correlation between the accelerations and initial speeds of
CMEs, and a critical speed of 405 km s~!; this value is close to the typical speed of the
solar wind in the equatorial plane. Following this research, Gopalswamy et al. (2001)
described an empirical model for predicting of arrival of the ICMEs at 1 AU; this model
is based on their previous work (Gopalswamy et al., 2000) and its accuracy is improved
by allowing for cessation of the interplanetary acceleration before 1 AU. They showed
that the acceleration cessation distance is 0.76 AU, and this result agrees reasonably
well with observations by SOHO, ACE (Stone et al., 1998), and other spacecraft at 1
AU.

We expect that the acceleration or deceleration of ICMEs is controlled by a drag force
caused by interaction between ICMEs and the solar wind. Vrsnak and Gopalswamy
(2002) proposed an advanced model for the motion of ICMEs; this model considered the

interaction with solar wind using a simple expression for the acceleration:
a=—7(V = Vig), (2.1)

where v1, V', and V4 are the coefficient, ICME speed, and speed of the background solar
wind, respectively. They also compared their model with the drag acceleration of the

following form:
a = =72V = Vig) [V = Vig, (2.2)

where 79 is the coefficient for this equation; this expression is known as the aerodynamic
drag force (e.g. Chen, 1996; Cargill, 2004). Both models have been tested by com-
paring with CME observations. Tappin (2006) studied the propagation of a CME that
occurred on 5 April 2003 using observations by the SOHO/LASCO, SMEI onboard the
Coriolis satellite, and the Ulysses spacecraft. Maloney and Gallagher (2010) derived the
three-dimensional kinematics for three ICMEs detected between 2008 and 2009 using
STEREO-A and -B spacecraft observations. Temmer et al. (2011) examined the influ-
ence of the solar wind on the propagation of some ICMEs using the STEREO-A and
-B spacecraft. Although the propagation of ICMEs has been studied by many investi-
gators, their dynamics is still not well understood. This is mainly due to the lack of
observational data about ICMEs between 0.1 and 1 AU. Almost all ICME observations

are currently limited to the near-Earth area in the equatorial plane.

Remote sensing using radio waves is a suitable method for collecting global data

on ICMEs. For example, Reiner et al. (2007) derived kinematic parameters for 42
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ICME/shocks from measurements of type-1I radio emission. Woo (1988) studied the
shock propagation using Doppler-scintillation measurements of radio waves emitted from
planetary spacecraft, and showed the speed profiles of shocks between 0.05 and 0.93 AU.
In addition to these measurements, interplanetary scintillation (IPS) is a type of remote
sensing. IPS is a phenomenon where signals from a point-like radio source, such as
quasars and active galactic nuclei, fluctuate due to density irregularities in the solar
wind (Hewish et al., 1964). IPS observations allow us to probe the inner heliosphere
using many radio sources, and this is a useful means to study the global structure and
propagation dynamics of ICMEs in the solar wind (e.g. Tappin et al., 1983; Watanabe
and Kakinuma, 1986; Janardhan et al., 1996; Tokumaru et al., 2000a, 2003; Manoharan
et al., 2000; Jackson and Hick, 2002; Bisi et al., 2010; Jackson et al., 2011; Manoharan,
2010; see also Watanabe and Schwenn, 1989). For the kinematics of interplanetary
disturbances, Vlasov (1988; 1992) reported that the radial dependence of speed can be
represented by a power-law function (V' ~ R™%) with « in the range 0.25 < o < 1
from analysis of all-sky scintillation-indices maps. Manoharan (2006) examined radial
evolution of 30 CMEs observed by SOHO/LASCO, ACE, and ORT between 1998 and
2004. He showed that most CMEs tend to attain the speed of the ambient flow at 1 AU

and also reported a power-law form of radial-speed evolution for these events.

We take advantage of IPS observation to determine the ICME speed and acceleration.
In the current study, we analyze the solar wind disturbance factor (g-value) derived
from IPS observations during 1997 —-2009 covering nearly the whole of Solar Cycle 23
and make a list of disturbance event days in the period. We define an “ICME” as a series
of events including a near-Sun CME, an interplanetary disturbance, and a near-Earth
ICME in this study. By comparing our list with that of CME/ICME pairs, we identify
many events that are detected at three locations between the Sun and the Earth’s or-
bit, i.e. near-Sun, interplanetary space, and near-Earth, and derive their radial speed
profiles. We then analyze the relationship between the acceleration and speed differ-
ence for the ICMEs. The outline of this chapter is as follows: Section 2.2 describes
the IPS observations made with the 327 MHz radio-telescope system of STEL, Nagoya
University. Section 2.3 describes the criteria for ICME identification and the method for
estimating ICME speeds and accelerations between the corona and 1 AU. Section 2.4
provides the radial-speed profiles of ICMEs and the analyses of the propagation proper-

ties. Section 2.5 discusses the results.
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2.2 Observation and Data

STEL IPS observations have been carried out regularly since the early 1980s using multi-
ple ground-based radio-telescope stations operated at 327 MHz (Kojima and Kakinuma,
1990; Asai et al., 1995). The IPS observations at 327 MHz allow us to determine the
solar wind condition between 0.2 and 1 AU with a cadence of 24 hours. In our observa-
tions, nearly 30 radio sources within a solar elongation of 90° are observed daily between
April and December. The IPS observations on a given day are made when each radio

source traverses the local meridian.

The solar wind speed and disturbance factor, the so-called “g-value” (Gapper et al.,
1982), are derived from IPS observations. A g-value is calculated for each source using

the following equation:
AS

g= ma (2.3)

where AS and AS,,(¢) are the observed fluctuation level of radio signals and their yearly
mean, respectively. ASpy,(g) varies with the solar elongation angle (¢) for a line-of-sight
(LOS) from an observed radio source to a telescope. When a radio signal is weakly

scattered, the g-value is given by the following equation (Tokumaru et al., 2003, 2006):

2 _ f()oo dZ{ANe(Q, qsv 7”)}20.)(2:)
fooo dz{ANc(0, ¢, r)}Zw(z) ’

(2.4)

where, z is the distance along a LOS, 8 and ¢ are the heliographic longitude and latitude
respectively, r is the radial distance from the Sun, AN (0, ¢, r) is the observed fluctuation
level of plasma (electron) density, ANqo(6,1,7) is the yearly mean of AN.(0,¢,r), and
w(z) is the IPS weighting function (Young, 1971) in a weak scattering condition. The
w(z) is given by the following formula (Tokumaru et al., 2003):

o0 K22\ k22202
g 17(] in2 —
w(z) /0 dkk 7 sin ( i ) exp < 5 > , (2.5)

where, k, ¢, A\, and © are the spatial wavenumber of density fluctuations, the spectral

index of the density turbulence, the wavelength for observing frequency, and the apparent
angular size of a radio source, respectively. We note that AN, is nearly proportional
to the solar wind density (No); AN, x N, (Coles et al., 1978), and the weak-scattering
condition holds for R > 0.2 AU, where R is the radial distance from the Sun.

A g-value represents the relative level of density fluctuation integrated along a LOS.
For quiet solar wind conditions, the g-value is around unity. With dense plasma or high
turbulence as an ICME passes across a LOS, the g-value becomes greater than unity

because of the AN, (x N,) increase. In contrast, a g-value less than unity indicates a
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FIGURE 2.1: (a) White-light difference image for the halo CME on 11 July 2000 from
the SOHO/LASCO-C2 coronagraph (adopted from the web page of the SOHO/LASCO
CME catalog), and (b) a g-map obtained from our IPS observations on 12 July 2000.
The g-map center corresponds to the location of the Sun, and concentric circles indicate
radial distances of 0.3 AU, 0.6 AU, and 0.9 AU. Colored open solid circles indicate the
locations of the closest point to the Sun (the P-point) on the line-of-sight (LOS) for the
radio sources in the sky plane. The center of the colored circle indicates the heliocentric
distance of the P-point on the LOS, and color and diameter represent the g-value level
for each source. We use four bins of g < 1.0 (black), 1.0 < g < 1.5 (green), 1.5 < g < 2.0
(blue), and g > 2.0 (red) for the g-map. A group of P-points with red or blue circles
indicates a disturbance related to the 11 July 2000 CME.

rarefaction of the solar wind. Hence, detecting an abrupt increase in g-value is a useful

means to detect an ICME.

The location of the LOS for a radio source exhibiting a g-value enhancement in the sky
plane indicates a turbulent region is present. A sky-map of enhanced g-values for the
sources observed in a day is called a “g-map” (Gapper et al., 1982; Hewish and Bravo,
1986). This map provides information on the spatial distribution of ICMEs. Figure
1 shows an example of a g-map for a CME event. A white-light difference image of a
CME observed by the SOHO/LASCO-C2 coronagraph is shown in the left-hand panel of
Figure 2.1. As shown here, a bright balloon-like structure was observed on the northeast
limb on 11 July 2000. This event was reported as an asymmetric halo CME in the
SOHO/LASCO CME Catalog (Yashiro et al., 2004; Gopalswamy et al., 2009; available
at cdaw.gsfc.nasa.gov/CME_list/). The right-hand panel of Figure 2.1 is a g-map
derived from our IPS observation on 12 July 2000. The center of the map corresponds
to the location of the Sun, and the horizontal and vertical axes are parallel to the East—
West and North—South directions, respectively. The concentric circles indicate the radial
distances to the closest approach of the LOS of 0.3 AU, 0.6 AU, and 0.9 AU. Since ten
LOS between 0.4 and 0.7 AU in the eastern hemisphere (left-hand side of g-map) exhibit
high g-values, a group of them is considered as the interplanetary counterpart of the 11
July 2000 CME event. This CME was also detected by in situ observation at 1 AU on
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FIGURE 2.2: Schematic explanation of an IPS along a line-of-sight (LOS) and the P-

point approximation. A function New(z) shows the contribution of radio wave scattering

to the IPS with a distance along the LOS, which have a maximum at the closest point

to the Sun (the P-point). For the P-point approximation, almost the entire of the wave

scattering occurs in the main scattering region with a length of ~ ripg, which contains
the P-point.

13 July 2000 and reported as a near-Earth ICME (Richardson and Cane, 2010). In a
g-map, the radial distance (rpg) for each LOS is given by rps = rgsine, where rg is
the distance between the Sun and the Earth, i.e. 1 AU and ¢ is the solar elongation
angle for the LOS. This calculation is based on the approximation that a large fraction
of IPS is given by the wave scattering at the closest point to the Sun (the P-point) on
a LOS (Hewish et al., 1964). Figure 2.2 exhibits an explanation of an IPS along a LOS
and the P-point approximation. In this way, a g-map can visualize an ICME between
0.2 and 1 AU. The g-value data have been available from our IPS observation since 1997
(Tokumaru et al., 2000b) and obtained by KIT between 1997 and 2009. To find the
g-value enhancements due to ICMEs from the g-value data, we define criteria for the

ICME identifications as mentioned in the next section.

2.3 Method

2.3.1 Criteria for ICME Identification

First, we define disturbance days due to an ICME in the IPS data. In this determination,
we consider a threshold g-value and the number of sources exhibiting the threshold or
beyond. The average (aq4) and standard deviation (o,) for the g-values obtained by
STEL IPS observations between 1997 and 2009 are 1.07 and 0.47, respectively. From
these, we regard a g-value for a disturbed condition on a given day to be a4+ 0, or more,

)

and we decide to use 1.5 as this threshold. We also define an “observation day” as a day
on which 15 or more sources are observed by our radio-telescope system; this minimum

number is equal to half the mean number of sources observed in a day. In an observation
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day, when five or more sources showed a disturbed condition, we judge that a disturbance
had occurred. Combining the above criteria, we define an “IPS disturbance event day”
(IDED) as a day on which g > 1.5 sources numbered five or more on an observation day.
Using this definition, we find 656 IDEDs in the period of our research. From these, we
eliminate periods with four or more consecutive IDEDs because they are likely related
to CIRs (Gapper et al., 1982). However, we do not eliminate two periods including the
2000 Bastille Day and 2003 Halloween events from among the IDEDs above, because
consecutive disturbances in them are caused by successive CMEs (e.g. Andrews, 2001;
Gopalswamy et al., 2005). As a result, 159 out of 656 IDEDs are excluded, and the
remaining 497 IDEDs are listed as candidates for ICME events.

Next, we examine the relationship between CME/ICME pairs and selected IDEDs. In
this examination, we use the list of near-Earth ICMEs and associated CMEs compiled
by Richardson and Cane (2010). This includes 322 ICMEs associated with a halo or
a partial halo or normal CMEs during Solar Cycle 23; here, “normal” means that the
exterior of CME is neither a halo nor a partial halo. In the above study, CMEs were
observed by the SOHO/LASCO coronagraphs, and ICMEs were detected by in situ
observation using spacecraft such as ACE and IMP-8. We compare the list of IDEDs
with that of ICMEs using the assumption that an ICME is responsible for an IDED.
When an IDED is between the appearance date of an associated CME and the detection
date of a near-Earth ICME, we assume that the IDED was related to the ICME.

Using the above method, we find 66 IDEDs from our list that were probably related to
ICMEs. However, we also find that 16 IDEDs of the 66 had multiple associated CMEs.
For these 16 events, we identify the optimal one-to-one correspondence by comparing

positions for LOS exhibiting high g-values in a g-map with the direction of the associated
CME eruption in the LASCO FOV.

At the end of this selection, we identify 50 CMEs and their associated ICMEs that were
detected by the SOHO/LASCO, IPS, and in situ observations. For these, we estimate
radial speeds and accelerations in interplanetary space using the method described in

the next subsection.

2.3.2 Calculations of ICME Kinematic Properties

The ICME radial speeds and accelerations are estimated in two interplanetary regions,
i.e. the region between SOHO and IPS observations (the SOHO-IPS region, from 0.1 to
~ 0.6 AU) and that between IPS and in situ observations (the IPS-Earth region, from
~ 0.6 to 1 AU). In these estimations, we assume that locations of P-point on LOS for

disturbed sources in a g-map give the location of an ICME. From IPS observations in
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FIcURE 2.3: Radial distance of the P-point from the Sun (rips) and the observation

time (t1pg) for each radio source with g > 1.5 in the 29 July 1999 g-map. In this g-map,

five g > 1.5 sources are indicated by red and blue circles. Arrows from the the g-map
center denote distances of the g > 1.5 sources.

a day, we derive the radial distance of P-point from the Sun (ripg) and the observation
time (tipg) for each radio source with g > 1.5. Figure 2.3 shows the determination of
rips and trpg for five g > 1.5 sources in a g-map on July 29, 1999 as an example of that.

In this way, we obtain values of ripgs and tipg for all g > 1.5 sources on a given day.

First, we calculate radial speeds at reference distances for each ICME. For each radio
source with g > 1.5 in a g-map, distances (1 and r2) and radial speeds (v; and v) are

derived from the following equations:

p= SIS TIPS TS g the SOHO-TPS region), (2.6)
2 tips — Tsono
and
ro = w, vy = _TETPS (for the IPS—Earth region), (2.7)
2 TEarth — t1ps

respectively. Here, rg is the minimum radius of SOHO/LASCO-C2 FOV, i.e. 0.009 AU,
rg is the distance between the Sun and the Earth, i.e. 1 AU, Tsono is the appearance
time of CME in the SOHO/LASCO-C2 FOV, and Tgan is the onset time of near-Earth

ICME by in situ observation. Using these values, the reference distances (R; and Rg)
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and the radial speeds (V; and V3) for the ICME are estimated as the arithmetric averages

of r1, 72, v1, and wve for all g > 1.5 sources, respectively, on a given day.

Next, we calculate accelerations using the above values. In these calculations, we use
the approximation that the accelerations are constant within each region. The average

accelerations, i.e. a1 and ag, for ICMEs were given by

1< -V
ay = — Z UpSk — SOHO (for the SOHO-IPS region), (2.8)
n = tips 1 — Tsono
and .
1 Vi rth — .
ag = — ~Barth — UIPSk (for the IPS-Earth region), (2.9)
n e~ Trarth — tps i

respectively. Here,
U1k + V2K

5 (2.10)

UIPS,k =

t1ps i is the observation time for each g > 1.5 source, n is the number of g > 1.5 sources,
and Vsogo and Vgatn are the radial speed of the CME and of the near-Earth ICME,
respectively. For the value of Vgomo in the halo or the partial halo CMEs, we use

Vsono = 1.20 x Vpog, (2.11)

where Vpog is the speed measured in the sky plane by the SOHO/LASCO, because the
coronagraph measurement for them tends to underestimate the radial speed (Michalek
et al., 2003), while we use Vsono = Vpogs for the normal ones. In this study, we use the
linear speeds reported in the SOHO/LASCO CME Catalog (cdaw.gsfc.nasa.gov/CME_
list/index.html) for those of Vpog with a 0.08 AU reference distance corresponding
to half the LASCO FOV value. Those are derived from the bright leading edges of
CME (Yashiro et al., 2004), while the associated shocks show a faint structure ahead
of them (Ontiveros and Vourlidas, 2009), and then indicate the speeds of CME itself in
the sky plane (Vourlidas et al., 2012). For values of Viatn, we use the average ICME
speeds listed by Richardson and Cane (2010). We note that the values of Vsopo and
VEarth represent an average in the near-Sun and near-Earth regions, respectively, and
Vi, Va, a1, and as are averages in the interplanetary space. The ICME speeds in the
near-Earth region are measured when the spacecraft passes through them. Thus, those
are equivalent to the plasma flow speed on the trajectory of the spacecraft during the
passage of an ICME, indicated by the enhancement of the charge state and the rotation
of magnetic-field direction (Richardson and Cane, 2010). The speed of the solar wind
measured by in situ observations is sometimes highly variable during the passage of
an ICME. However, the majority of ICMEs listed by them have only < 100 km s~*
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difference between the peak and average speeds. Hence, we consider it justified that the

average flow speed can be used as the propagation speed of ICMEs.

2.3.3 Classification of ICMEs

Here, we introduce Vipg, which is given as the average value of vipg for each ICME;
the vrpg is derived from Equation 2.10. In addition, we also introduce the speed of
the background solar wind (V4g), which is estimated as the average speed of a plasma
stream without ICMEs at the Earth. To determine the value of V4., we use plasma data
obtained by space-borne instruments including Solar Wind FElectron, Proton, and Alpha
Monitor onboard ACE (ACE/SWEPAM: McComas et al., 1998), Solar Wind Ezxperi-
ment on Wind (Wind/SWE: Ogilvie et al., 1995), Massachusetts Institute of Technology
Faraday cup experiment on IMP-8 (IMP-8/MIT: Bellomo and Mavretic, 1978), and the
Comprehensive Plasma Instrumentation on GEOTAIL (GEOTAIL/CPI: Frank et al.,
1994); these are determined from the NASA/GSFC OMNI dataset through OMNIWeb
Plus (omniweb.gsfc.nasa.gov/). From these data, we calculate the average solar wind

speed between Tsono and Tgartn for each ICME event.

Using the values of Vsono, Vips, and Ve, we classify the 50 ICMEs into three types:
fast (Vsono—Vpg > 500 km s71), moderate (0 km s~! < Vsono—Vbg < 500 km s71), and
slow (Vsono — Vbg < 0 km s71). In our results, the numbers of fast, moderate, and slow
ICMEs are 19, 25, and 6, respectively. Here, we eliminate 5 of the 19 fast ICMEs and a
moderate ICME because they show an extreme zigzag profile of propagation speeds, i.e.
Vi — Vo > 1000 km s~!. The value of V4 — V5 > 1000 km s~! implies that the ICME has
a strange acceleration, and then shows an unrealistic propagation. We also eliminate 4
of the 24 moderate ICMEs and one of the six slow ones because they exhibit the unusual
values of Vips of Vipg — V3¢ > 500 km s~ and Vipg — Vie > 100 km s~h respectively.
The values of Vips — Vg > 500 km s~! for moderate and Vipg — Vbg > 100 km s~! for
slow ICMEs imply that the ICME has a strange acceleration since Vipg is larger than
Vsono and Vgaren, and an unrealistic ICME propagation that indicates a higher speed

in the region beyond coronagraph distances, and less at 1 AU.

Finally, we obtain physical properties for 39 ICMEs which consist of 14 fast, 20

moderate, and five slow ones.
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2.4 Results

2.4.1 Properties of the 39 ICMEs

Kinematic properties of the 39 ICMEs identified from our analysis are listed in Tables
2.1 and 2.2 which including Tips, Ry, «, B, and Vqy in addition to Tsono, Veos, Vsono,
Ry, V1, a1, Ra, Va, a2, Trarth, VEarth, and Vi,g above. Here, Tips and Ry are the mean
time and the average radial distance for an ICME detected by IPS observations; those
are given as the averages of tipg and of ripg for the g > 1.5 sources, respectively. The
« and [ are the index and coefficient for a power-law form of the radial speed evolution
described as

V = BR", (2.12)

where R is the heliocentric distance. V1, is the transit speed:

TE

Vi = .
TEarth — Tsono

(2.13)

This is equivalent to the average speed of ICMEs between the Sun and the Earth. For
the 39 ICMEs, their g-maps are presented in Figures A.1-A.7 in Appendix A. In
addition, we plot all of the speed profiles in order to show radial speed evolutions of
ICMEs in Figure 2.4. Here, data points for each ICME are connected by solid lines
instead of fitting in Equation (2.12). As shown here, ICME propagation speeds in the
near-Sun region exhibit a wide range from 90 km s~! to ~ 2100 km s~!, while those in

the near-Earth region range from 310 km s~! to 790 km s~ .

Moreover, the range of
ICME propagation speeds in interplanetary space decreases with increasing distance. In
addition, speeds of the background solar wind also show a relatively narrow span from

286 km s~ to 662 km s~ 1.
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F1GURE 2.4: Radial evolution of propagation speeds for the 39 ICMEs in this study.

Circles, squares, and triangles indicate speeds of ICMEs measured by SOHO/LASCO,

IPS, and in situ observations, respectively. Symbols for each ICME are connected by

solid lines with the same color. Diamonds indicate speeds of the background solar wind
measured from in situ observations at 1 AU.

2.4.2 Fast, Moderate, and Slow ICMEs, and Their Accelerations

For the fast, moderate, and slow ICMEs, we show representative examples of speed
profiles in Figures 2.5, 2.6, and 2.7, respectively. These are plotted using the values of
Vsono, R1, Vi, Rz, Va2, VEartn, and V,e. Figure 2.5 shows a speed profile for a fast ICME
observed as a halo by SOHO/LASCO on 5 November 1998, a subsequent disturbance
from the IPS observations on 7 November 1998, and the event detected at 1 AU by in
situ observations on 9 November 1998 (see No. 4 in Tables 2.1 and 2.2). These data
show that the ICME speed rapidly decreases to the value of Vj,, with an increase in
radial distance; the initial speed Vgono value is 1342 km s~!, while Vbg = 385 km s71
for this ICME. This speed profile is well fit by a power-law function; the fitting-line has
a value of @ = —0.478 from Equation (2.12). Figure 2.6 shows the speed profile for a
moderate ICME; this ICME was observed as a normal event (neither a halo nor a partial
halo) by SOHO/LASCO on 17 July 2000, on 19 July 2000 in IPS, and detected by in
situ observations on 20 July 2000 (see No. 14 in Tables 2.1 and 2.2). As shown here,
for this ICME, the 788 km s~ initial speed gradually decreases to Vbg = 574 km st
with an increase in radial distance; we have a value of @ = —0.079. Figure 2.7 exhibits
a speed profile for a slow ICME observed as a normal event by SOHO/LASCO on 29
May 2009, on 1 June 2009 by IPS observations, and detected by in situ observations
on 4 June 2009 (see No. 39 in Tables 2.1 and 2.2). For this event, we confirm that
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FIGURE 2.5: Speed profile for the ICME event between 5 and 9 November 1998. This
is an example of a fast ICME. In this event, IPS disturbance event day is 7 November
1998. Open circle, square, and triangle denote measurements of ICME speed from
SOHO/LASCO, IPS, and in situ observations, respectively. An open diamond indicates
the speed of the background solar wind measured by in situ observations, and the
dashed line represents the power-law fit to the data using Equation (2.12). Horizontal
and vertical error bars are also plotted using o values (standard deviation) for the
reference distances (R; and Ry) and those for the speeds (V1, V2, and V).
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F1GURE 2.6: Speed profile for the ICME event between 17 and 20 July 2000. This

is an example of a moderate ICME. In this event, IPS disturbance event day is 19

July 2000. Open circle, square, and triangle denote measurements of ICME speed from

SOHO/LASCO, IPS, and in situ observations, respectively. An open diamond indicates

the speed of the background solar wind measured by in situ observations, and a dashed
line represents the power-law fit to the data using Equation (2.12).
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FIGURE 2.7: Speed profile for the ICME event between 29 May and 4 June 2009.

This is an example of a slow ICME. In this event, IPS disturbance event day is 1

June 2009. Open circle, square, and triangle denote measurements of ICME speed

from SOHO/LASCO, IPS, and in situ observations, respectively. An open diamond

indicates the speed of the background solar wind measured by in situ observations, and
a dashed line represents the power-law fit to the data using Equation (2.12).

Vsono = 139 km s—!, and that the propagation speed increases to Vbe = 327 km g1
with radial distance. This ICME shows acceleration, and the fit has a value of a = 0.276.

Figure 2.8 shows the average radial acceleration for groups of fast, moderate, and
slow ICMEs; the average acceleration in the two regions (a; and ag) are calculated first
using Equations (2.8) and (2.9) for each ICME, and each is subsequently averaged for
respective groups. For all of them, the mean values of Ry and R with the standard
errors are 0.33+0.04 and 0.794+0.04 AU, respectively. From this figure, we confirm that
the acceleration levels vary toward zero with an increase in distance, and this trend is
conspicuous for the group of fast ICMEs. We also confirm that the group of moderate

ICMESs shows little acceleration.

2.4.3 Critical ICME Speed for Zero Acceleration

If ICMEs accelerate or decelerate by interaction with the solar wind, we expect that the
acceleration will become zero when the propagation speed of ICMEs reaches the speed
of the background solar wind. Therefore, it is important to know the ICME propagation
speed in this situation in order to verify our expectations. Here, we call this speed “the
critical ICME speed for zero acceleration”. In Figures 2.9 and 2.10, we give information
on this critical ICME speed for zero acceleration in two ways. In Figure 2.9, we show

the relationship between initial ICME speeds (Vsono) and indices («). The « indicates
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FIGURE 2.8: Average radial evolution of acceleration for the fast (Vsorno — Vbg > 500
km s™!), moderate (0 km s~ < Vsono— Vg < 500 km s71), and slow (Vsoro—Vig < 0
km s~!) ICMEs in this study. Average accelerations are derived from Equations (2.8)
and (2.9) with reference distances (R; and Rs) for each ICME. Open circle, square, and
triangle symbols indicate data points that consist of (R1, a1) and (R, as) averaged for
14 fast, 20 moderate, and 5 slow ICMEs, respectively. Pairs of symbols are connected

by solid lines.

TABLE 2.3: Mean values of coefficients (k1, k2, and k3) for the best-fit quadratic curve
a = k1 + kaVsono + k3Véygo and the critical ICME speed for zero acceleration [Ve1],
and their standard deviations, which were derived from the relationship between Vsono

and «.
k1 ko ks Ve [km S_l]
Mean 431 x 1071 —1.06 x 1073 3.04 x 10~ 471
Standard deviation 5.58 x 1072  1.16 x 10~* 5.22 x 108 19

the type of ICME motion, i.e. acceleration (o > 0), uniform (o = 0), and deceleration

(a < 0). As shown here, a ranges from 0.486 to —0.596 with an increase in Vsono.

Table 2.3 gives the mean values of the critical ICME speed for zero acceleration (V¢1),

coefficients (k1, ko, and k3) for the best-fit curve, and their standard errors. Figure

2.10 shows the relationship between ICME speeds (Vsono and Vipg) and accelerations

(a1 and ag). Table 2.4 presents the mean values of the critical ICME speed for zero

acceleration (V2) slope, and intercept for the best-fit line and their standard deviations,

which are estimated using the FITEXY.pro from the IDL Astronomy User’s Library

(idlastro.gsfc.nasa.gov/homepage.html). From the above examinations, we find
Vo1 =471 419 km s~ ! and Vio = 480 & 21 km s~ ! as the critical ICME speed for zero

acceleration.
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FIGURE 2.9: Relationship between estimated initial speeds (Vsono) and indices («) for

Equation (2.12) for the 39 ICMEs in this study. Solid and dotted lines show the best-fit

quadratic curve o = k1 + k2Vsono + kgVS2OHO and the a = 0 line. The intersection

point of these lines is indicated by an arrow, and corresponds to the critical speed for
zero acceleration (Ve1), which is 471 419 km s~ 1.
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FIGURE 2.10: Relationship between propagation speeds and accelerations for the 39

ICME:s in this study. Accelerations are derived from Equations (2.8) and (2.9), while
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fit line and zero acceleration line, respectively. The arrow indicates the critical speed
for zero acceleration (Vq), which is 480 + 21 km s~ 1.
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TABLE 2.4: Mean values of slope and intercept for the best-fit line and the critical
ICME speed for zero acceleration (Ve2) and their standard deviations, which were de-
rived from the relationship between speeds and accelerations of ICMEs.

Slope [s7!]  Intercept [m s™2] Vo [km s7!]
Mean —7.38 x 107° 3.54 480
Standard deviation  2.03 x 107 1.24 x 1071 21

TABLE 2.5: Coefficients (y; and 72), correlation coefficient (CC), and reduced x? for
the linear and quadratic equations.

Equation Mean Standard deviation = CC x°
7 [s77]

Linear  6.58 x 1076 2.34 x 1077 —0.93 1.26
Y2 [m~]
Quadratic  6.10 x 10712 2.25 x 10713 —0.90 2.90

2.4.4 Relationship Between Acceleration and Difference in Speed

We investigated how the ICME acceleration relates to the difference in speed between
it and the background solar wind. In this investigation, we attempted to show which is
more suitable to describe the relationship between acceleration and difference in speed:
Equations (2.1) or (2.2). Although it was assumed that the coefficients (y; and 72)
decrease with the heliocentric distance in the earlier study, for this analysis we assume
that the values of coefficients are constants because we want as few variables as possible
to describe the relationship. We also assume that the speed of the background solar wind
is constant for heliocentric distances ranging from = 0.1 to 1 AU. This assumption has
been verified approximately between 0.3 and 1 AU by Neugebauer (1975) and Schwenn
et al. (1981) (see Subsection 1.1.4). In Figure 2.11, the top panel shows the relationship
between a and (V' — Vi), and the bottom panel that between a and (V — Vi )|V — Vi
for ICMEs with (Vsono — Vbg) > 0 km s~! ie. the fast and moderate ICMEs. Table
2.5 exhibits the values of 71 and 72, correlation coefficients, and reduced x? derived from
this analysis. It is noted that the 71, 72, and x? are calculated using the FITEXY.pro.
Although we also examined the slow ICMEs in the same way, we did not obtain a

conclusive result. We discuss interpretations of these results in the next section.

2.5 Discussion

From Figures 2.5, 2.6, and 2.7, we confirm that fast and moderate ICMEs are rapidly and
gradually decelerating during their outward propagation, respectively, while slow ICMEs

are accelerating, and consequently all attain speeds close to those of the background solar
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FIGURE 2.11:

Relationships between (a) acceleration (a) and speed difference

(V —Vig), and (b) between a and (V — Vig)|V — Vig|, for 34 of the fast and mod-

erate ICMEs (i.e.

Vsono — Vbg > 0 km Sil) in this study.

Open circle and

square symbols denote data points that consist of values of (Vsono — Vig) and a;

lor (Vsoro — Vig)|Vsoro — Vig| and a4] for the SOHO-IPS region and those in which

consist of values of (Vips — Vi) and as [or (Vips — Vig)|Virs — Vig| and as] for the IPS—

Earth region, respectively. In each panel, the dash—dotted curve denotes the best-fit
line shown as a curve because of the logarithmic z-axis scale.
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wind. As shown in Figure 2.4, the distribution of ICME propagation speeds in the near-
Sun region is wider than in the near-Earth region for all of the ICMEs identified in
this study. This is consistent with the earlier study by Lindsay et al. (1999). We also
confirm that the distribution of ICME propagation speed in the near-Earth region is
similar to that of the background solar wind speed at 1 AU. We interpret these results
as indicating that ICMEs accelerate or decelerate by interaction with the solar wind;
the magnitude of the propelling or retarding force acting upon ICMEs depends on the
difference between ICMEs and the solar wind. Thus, ICMEs attain final speeds close
to the solar wind speed as they move outward from the Sun. Figure 2.4 also shows the
radial evolution of ICME propagation speeds between 0.08 and 1 AU. We show that
ICME speeds reach their final value at 0.79 +£0.04 AU or at a solar distance slightly less
than 1 AU. In addition, we confirm from Figure 2.8 that the acceleration at 0.79 4+ 0.04
AU is much lower than at 0.334+0.04 AUj; this is the clearest for the group of fast ICMEs.
From this, we thus conclude that most of the ICME acceleration or deceleration ends by
0.79 £ 0.04 AU. This is consistent with an earlier result obtained by Gopalswamy et al.
(2001).

We expect that the critical speed of zero acceleration will be close to that of the
background solar wind speed on the basis of the above. We derive two different critical
speeds of V1 = 471419 km s~! and of V5 = 480421 km s~! from the observational data.
Although there is agreement between them, both are somewhat higher than the ~ 380
km s~! reported to be the threshold speed by Manoharan (2006) and the 405 km s~!
reported by Gopalswamy et al. (2000). We suggest that this discrepancy is caused by
the difference in our analysis methods and also the time interval chosen for the analysis.
Because the properties of the background solar wind (e.g. speed and density) vary with
the change in solar activity, we consider this discrepancy to be minor, and we note
that both critical speeds in our result are within the typical speed of the solar wind:
Vbg = 445 £ 95 km s~! from our sample. Here, we adopt the speed of 480 km s™! as
the critical speed for zero acceleration as a mean that is derived from the relationship
between propagation speeds and accelerations without the assumption of a power-law
form for the motion of the ICME.

Vlasov (1988; 1992) and Manoharan (2006) point out that the radial evolution of
ICME speeds can be represented by a power-law function. A power-law speed evolution
also applies to the ICMEs identified in this study as shown in Figures 2.5, 2.6, and 2.7.
As indicated by Figure 2.9, the value of « varies from 0.499 (acceleration) to —0.596
(strongly deceleration) as ICME speeds increase. This result is consistent with that
exhibited in Figure 2.10.
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The relationship between acceleration and speed-difference for ICMEs is usually ex-
pressed by either of Equations (2.1) or (2.2). As shown in Figure 2.11, these equations
are evaluated using the acceleration and speed-difference data derived from our observa-
tions. From this and Table 2.5, we find that the reduced x? for the former relationship is
smaller than for the latter. The assessment of the significance level shows that y? = 1.26
for the linear equation is smaller than the reduced x? corresponding to the probability
of 0.05 with 66 degrees of freedom, while x? = 2.90 for the quadratic one is larger. We
therefore conclude that the linear equation is more suitable than the quadratic one to
describe the kinematics of ICMEs with (Vsono — Vbg) > 0 km s~!. From the viewpoint
of fluid dynamics, a linear equation suggests that the hydrodynamic Stokes drag force
(Collinson and Roper, 1995) is operating, while the quadratic equation suggests the
aerodynamic drag force. Maloney and Gallagher (2010) found that the acceleration of
a fast ICME showed a linear dependence on the speed difference, while that of a slow
ICME showed a quadratic dependence. Our conclusion is consistent with their finding
only for the fast and moderate ICMEs. We could not verify their result for the slow
ICMEs because we lack sufficient observational data for the slow ICMEs in our sample.
We expect to make a more detailed examination for the motion of slow ICMEs in a

future study.

We also obtained the mean value of 6.58 x 1076 s™! for the coefficient ; in our
analysis. Substituting our value of ; in our linear equation, we obtain the following
simple expression:

a=—6.58 x 1075(V — W), (2.14)

as a useful way to determine the dynamics of fast and moderate ICMEs.

Last, we discuss why the linear equation with a constant ; can explain the obser-
vational result. Our IPS radio-telescope system observes fluctuations of radio signals.
These fluctuations are proportional to the solar wind (electron) density. Therefore, low-
density ICMEs may not be detected by our system. Moreover, we used a threshold
g-value more severe than that used by Manoharan (2006) and Gapper et al. (1982) for
identification of ICMEs. Hence, it is conceivable that almost all detected ICMEs are
high-density events in this study. In addition, from a theoretical study, Cargill (2004) in-
dicated that with dense ICMEs, the factor v and Cp (the dimensionless drag coefficient)
become approximately constant for aerodynamic drag deceleration; here, yCp = 2 in
our notation. From this, we surmise that a constant value of vCp indicates that both
interplanetary-space conditions and the properties of dense ICMEs are unchanged in
the range from the Sun to the Earth. Therefore, 1 must also become approximately

constant over the same range from the Sun to the Earth. Thus, to recapitulate, the
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events detected using our IPS radio telescope system give results for dense ICMEs, and

the dynamics of these are well explained by a linear equation with v; = constant.



Chapter 3

Kinematics of Slow ICMEs and a
Modified Drag Equation

3.1 Introduction

The Sun sometimes expels a large mass of plasma with magnetic fields into the interplan-
etary space with a wide range of speed, and this transient phenomenon is called CMEs.
CMEs propagating far from the Sun are defined as ICMEs (Howard, 2011). Some of
them reach the Earth and sometimes cause severe geomagnetic storms (Gosling et al.,
1991; Brueckner et al., 1998; Cane et al., 2000). Therefore, understanding of ICME
propagation is very important for space weather forecasting. It is known that the range
of ICME speeds in the near-Earth region is narrower than that in the near-Sun region
by space-borne coronagraphs and near-Earth in situ observations (e.g. Lindsay et al.,
1999; Gopalswamy et al., 2000; Gopalswamy et al., 2001). On the basis of this fact,
many investigators expect that ICMEs undergo an interaction with the ambient inter-
planetary medium. Although the motion of ICMEs is also affected by the Lorentz and
gravity forces in the near-Sun region, it is expected that both forces become negligible
at a large distance (Chen, 1996). Therefore, they take only the effect of drag force into
account. Borgazzi et al. (2008; 2009) studied the dynamics of ICMEs in the solar wind
using the hydrodynamic theory. They introduced two types of drag force depending on
V — Vig (a laminar drag) and (V — Vi,)? (a turbulent drag) to the equation of motion.

Drag force models have been tested by comparing with ICME observations. Reiner
et al. (2003) examined the speed profile of a CME obtained by measurements of type-
IT radio bursts. Manoharan (2006) examined radial evolutions of 30 CMEs observed
by SOHO/LASCO, ACE, and ORT between 1998 and 2004. Maloney and Gallagher
(2010) derived three-dimensional kinematics of three ICMEs detected between 2008 and

56
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2009 using the Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI)
instruments onboard STEREO-A and -B spacecraft. Temmer et al. (2011) also studied
the influence of the solar wind on the propagation of three ICMEs using the same
spacecraft. Lara et al. (2011) investigated the velocity profile of an ICME from the Sun
to 5.3 AU using data from SOHO/LASCO, ACE, and Ulysses, and then estimated the
drag coefficient and the kinematic viscosity for the ICME—solar wind interaction on the

basis of fluid dynamics.

We assume that the radial motion of ICMEs is governed by the drag force(s) due
to interaction with the background solar wind, and that the magnitude of the force is
proportional to the difference in speed between the ICME and the solar wind. Our
assumption should be tested using data obtained by interplanetary observations. We
take advantage of IPS (Hewish et al., 1964) observations to determine the speeds and
accelerations of ICMEs. Our IPS observations have been carried out since the early
1980s using the 327 MHz radio telescope system of STEL, Nagoya University (Kojima
and Kakinuma, 1990). These observations allow us to probe into the inner heliosphere

with a cadence of 24 h, and therefore are suitable for collecting global data on ICMEs.

In the previous chapter, we detected 39 ICMEs using the IPS observations by the Kiso
IPS Telescope (KIT: Asai et al., 1995) during 1997 -2009. Using the values of the initial
speed (Vsono) and Vg, we classified them into three types: fast (Vsono — Vbg > 500
km s7!), moderate (0 km s~! < Vsono — Vbg < 500 km s71), and slow (Vsono — Vig <0
km s7!), and then examined their kinematic properties. From this examination, we
found that fast and moderate ICMEs decelerate, while slow ones accelerate, and their
radial speeds converge toward the speed of the solar wind as the distance increases. We
also found that Equation (2.1) is more appropriate than Equation (2.2) to describe the

kinematics of ICMEs that move faster than the solar wind.

In this chapter, we add new ICMEs identified between 2010 and 2011 to our list,
and then examine their kinematics again on the assumption that ICMEs are controlled
by the drag force(s) alone. Earlier observational studies focused mainly on the propa-
gation of fast ICMEs, although the propagation of slow ICMEs was also studied (e.g.
Shanmugaraju et al., 2009; Byrne et al., 2010; Maloney and Gallagher, 2010; Lynch
et al., 2010; Temmer et al., 2011; Shen et al., 2011; Rollett et al., 2012; Vr$nak et al.,
2013). These earlier studies mainly presented case studies of slow ICMEs. However,
understanding the general properties of their propagation requires a statistical study.
Hence, in this article we focus on the kinematics of slow ICMEs, and determine their
general properties by statistical analysis. We also examine fast and moderate ICMEs
in more detail. Although we showed a simple equation for their motion in the previous

chapter, we provide a modified one and its physical implications.
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The outline of this chapter is as follows: Section 3.2 describes IPS observations, meth-
ods for event identification, and estimates of ICME speeds and accelerations. Section 3.3
provides the speed profiles of ICMEs and the analyses of the propagation properties. Sec-
tion 3.4 discusses the propagation of slow ICMEs, a modified drag equation for fast and

moderate ICMEs, and the estimated viscosity for the ICME—solar wind interaction.

3.2 Data and Analysis Method

The solar wind disturbance factor, the so-called “g-value” (Gapper et al., 1982), is
derived from IPS observations, and represents the relative level of density fluctuation
integrated along the LOS from an observed radio source to a telescope. When dense
plasma passes across the LOS, the g-value becomes higher than unity while it is about
unity for the quiet solar wind. In the current study, we use g-value data obtained
between 2010 and 2011. The measurement of g-value has been carried out using the
Solar Wind Imaging Facility (SWIFT: Tokumaru et al., 2011) since 2010 (see Subsection
1.5.2). SWIFT is capable of observing more sources than observed using KIT in a day.
Therefore, we should use a different threshold of the number of observed sources for
each telescope in order to keep the constant identification of disturbances. Averages
and standard deviations for the number of observed sources in a day are as = 42 and
os = 9 for SWIFT. Here, we define “an observation day” as a day in which we observe
as — 20 or more sources, and then decide to use 24 as this threshold for SWIFT. In
addition, we also decide to use eight as a threshold of the number of g > 1.5 sources.
From an examination of IPS data with these criteria, we found 260 disturbance days

between 2010 and 2011, and made a list of them.

These disturbance days should be compared with CME/ICME pairs identified using
SOHO/LASCO and in situ observations. Because there was no list of CME/ICME pairs
between 2010 and 2011, we identified them ourselves using the SOHO/LASCO CME cat-
alog (Yashiro et al., 2004; Gopalswamy et al., 2009; available at cdaw.gsfc.nasa.gov/CME_
list/), 1 and 2 h averaged data of solar wind charge states obtained by SWICS (Gloeck-
ler et al., 1998) onboard ACE (available at www.srl.caltech.edu/ACE/ASC/), and the
criteria of ICME identification introduced by Richardson and Cane (2010). According
to the these authors, the mean Fe charge (Qre) and the O viir / O viI ratio are enhanced
during the passage of an ICME. Hence, we define the detection of a near-Earth ICME
as the enhancement in the charge state observed by ACE/SWICS within five days after
the appearance of a major Earth-side CME in the SOHO/LASCO-C2 FOV. The start
and end times of an ICME event correspond to those of the charge-state enhancement.
Using this method, we made a list of CME/ICMEs found between 2010 and 2011.
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We compared the list of disturbance days with that of CME/ICMEs by assuming that
an ICME causes a disturbance day. We then identified seven ICMEs that were detected
by SOHO/LASCO, IPS, and in situ observations between 2010 and 2011. For these,
we calculated the average reference distances (R; and Rs), the average radial speeds
(V1 and V3), and accelerations (a; and ag). We also estimated the transit speed (Vry)
using the appearance time in the SOHO/LASCO-C2 FOV (Tsono) and the detection
time at 1 AU (Tgartn). The initial speed of the associated CMEs (Vsono) was estimated
from their speed measured in the plane of the sky by SOHO/LASCO (Vpos). The
radial speed of near-Earth ICMEs (Vgatn) is equivalent to the speed of plasma flow
during the charge-state enhancement derived from in situ measurements. We note that
Vsono and Vgatn represent the average values in the near-Sun and near-Earth regions.
Likewise, V; and a; are averages in the SOHO-IPS region (from 0.1 to =~ 0.6 AU), and
Va and ag are averages in the IPS-Earth region (from = 0.6 to 1 AU). To determine the
speed of the background solar wind V},s, we used the OMNI dataset through OMNIWeb
Plus (omniweb.gsfc.nasa.gov/). Using the value of Vsono and Vg, we classified seven
ICMEs into fast (Vsono — Vg > 500 km s71), moderate (0 km s~! < Vsono — Ve <500
km s71), and slow (Vsono — Vbe < 0 km s71) ones. In our results, the numbers of fast,
moderate, and slow ICMEs are 1, 5, and 1, respectively. Detailed methods of calculation

for these properties are presented in Subsection 2.3.2.

3.3 Results

We list the properties of seven ICMEs detected by SWIFT between 2010 and 2011 in
Tables 3.1 and 3.2 including Ry, Tips, «, and # in addition to Tsono, VrPos, Vsono, R1,
Vi, a1, Ry, Va, a2, Trarth, VEarth, Vv, and Vie. For the seven ICMES, their g-maps are
presented in Figures A.7 and A.8 in Appendix A. The catalog of 39 ICMEs detected
by KIT during 1997 —-2009 was given in the previous chapter. We also provide a list of
slow ICMEs in Tables 3.3 and 3.4. In total, we examined 46 ICMEs, which consist of 15
fast, 25 moderate, and 6 slow ones, identified during 1997 —2011. In this investigation,
we assumed that V4, is constant for heliocentric distances ranging from =~ 0.1 to 1 AU.
This assumption is consistent with the speed profile of the solar wind estimated using
coronagraph observations (Sheeley et al., 1997; Guhathakurta and Fisher, 1998). The
constant speed of the solar wind has been verified between ~ 0.3 and 1 AU by in situ

measurements (Schwenn et al., 1981).
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TABLE 3.5: Mean values of coefficients k1 and ks for the best-fit line o = k1 + k2 Vsono,
the speed at the zero-acceleration point (V.), and their standard deviations.

k1 ko VC [km Sfl]
Mean 500 x 1071 —1.04 x 1073 479
Standard deviation 6.82 x 1072  2.34 x 10~* 126

In the following figures, an error bar represents one standard deviation (1o) of the
mean for each parameter. Figure 3.1 shows speed profiles for six slow ICMEs identified
in this study. As shown here, the ICME speeds increase with the radial distance, and
those at 1 AU are close to the speed of the solar wind for all of them. From this,
we claim that their speed profiles are well fit by a power-law function within the error
bars, excluding the 12 September 2008 event (see No.4 in Tables 3.3 and 3.4). The 12
September 2008 event has the largest difference in speed (Vsono — Vbg = —314 km sfl)
in our sample, while the others have Vsono — Vg > —200 km s—L.

Figure 3.2 exhibits the relationship between the initial speed Vgono and the index «
for slow ICMEs. As shown here, o decreases from 0.486 to 0.068 as Vsono increases.
The intersection point between the best-fit line o = k1 4+ k2Vsono and the a = 0 line
is designated as V; in the following. Manoharan (2006) studied the same relationship
for 30 CMEs. Four of them are slow CMEs, which have a slower initial speed than the
final. To compare them with our result, they are also plotted in Figure 3.2. We find
that their values of o range from 0.58 to —0.06. The mean values of V. and coefficients
k1 and ks for the best-fit line, and their standard deviations (1o) are given in Table 3.5.
From this examination, we find V, = 479 4+ 126 km s~! as the threshold speed when «a

becomes zero, i.e. the slow ICMEs have zero acceleration.

In Figure 3.3, we plot all of their speed profiles to compare radial-speed evolutions of
slow ICMEs. Here, data points for each ICME are connected by solid lines instead of
fitting by Equation (2.12). We note that differences in speed (V' — V4,5) are used instead
of ICME speeds in the y-axis, which correspond to Vsono — Vig in the near-Sun region,
Vi — Vhg in the SOHO-IPS region, Vo — Vi)e in the IPS-Earth region, and Viarn — Vig
in the near-Earth region. From the top panel, we find that the speed differences range
from —314 km s~ to —49 km s~! in the near-Sun region, while they show a narrow
range from —84 km s~! to 11 km s~ ! in the near-Earth region. The bottom panel shows
the averaged profile for their propagation. Table 3.6 gives the average values of the
distance and of the speed difference with the standard deviation in each region for the
slow ICMEs.

We attempt to show which of Equations (2.1) and (2.2) is more suitable to describe

the relationship between the acceleration and the difference in speeds for slow ICMEs.
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FIGURE 3.1: Speed profiles for six slow ICMEs detected between (a) 13 and 16 April
1999, (b) 6 and 10 August 2000, (c) 14 and 18 August 2003, (d) 12 and 17 September
2008, (e)29 May and 4 June 2009, and (f) 8 and 12 April 2010. In each panel, the circle
(green, at 0.08 AU), squares (red, at Ry and Ry), and triangle (purple, at 1 AU) denote
measurements of ICME speeds from SOHO/LASCO, IPS, and in-situ observations,
respectively. Diamonds (blue, at 1 AU) indicate the speed of the background solar
wind measured by in-situ observations, and the dashed line represents the power-law
fit to the data using a power-law equation for distance.

TABLE 3.6: Mean values of the distance and of the speed difference with a standard
deviation in each region for the slow ICMEs.

Distance  Difference in speed
Region [AU] [km s~!]
Near-Sun 0.08 —1594+95
SOHO-IPS 0.34 £0.08 22+ 111
IPS-Earth  0.80 + 0.08 30+ 197
Near-Earth 1.00 —204 38
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FIGURE 3.2: Relationship between the estimated initial speed Vsogo and the index a

[Equation (2.12)] for six slow ICMEs. Circles show our data points, and crosses indicate

those for the four slow events studied by Manoharan (2006). The solid and dotted lines

denote the best-fit line a = k1 + k3Vsono and the a = 0 line, respectively. The arrow

indicates the intersection of these two lines corresponding to the zero-acceleration point,
Ve = 4794126 km s~ 1.

We assumed that v; and 72 are constants because we need as few variables as possible
to describe the relationship. In Figure 3.4, the top panel shows the relationship between
a and V — Vg, while the bottom panel depicts that between a and (V' — Vig)|V — Vi
for slow ICMEs. Data of Vsono and a; were used for the SOHO-IPS region, while those
of Vips and as were used for the IPS-Earth region. We derived the values of coefficients
from the slopes of best-fit lines in this figure, and also calculated the reduced x? values
to assess the goodness of fit. We also take the same examination for the remaining
40 ICMEs. Table 3.7 gives values of the coefficients 7; and v, and the reduced x?
values for each fitting. We find from this table that the x? value of the linear equation
is smaller than the quadratic one for the six slow ICMEs, and the group of fast and
moderate ICMEs also has a similar result. Figure 3.5 shows the relationship between
a and V — W, for a group of fast and moderate ICMEs. Data of Vsono and a; were
used for the SOHO-IPS region, while those of Vipg and as were used for the IPS—Earth
region. In this figure, we compare the acceleration-speed profiles of Equation (2.1) with
1 = 6.51 x 107% s71 and Equation (2.2) with 72 = 6.06 x 1072 m~!. Values of 7y and
2 with standard deviations and the reduced y? derived from this examination are also
listed in Table 3.7.
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FIGURE 3.3: Radial evolution of (a) differences in speed (V — Vi) for six slow ICMEs

and (b) their averaged profile. Circles, squares, and triangles indicate the values of

V — Vpe for the ICMEs in near-Sun, interplanetary space, and near-Earth regions,

respectively. Symbols for each ICME in panel (a) are connected by solid lines with
the same color. The dotted line denotes the V' — V4, = 0 line in each panel.

TABLE 3.7: Coefficients 71, 72, and reduced x? values for the slow ICMEs and a group

Distance [AU]

of moderate and fast ones.

Type of ICMEs
and equation

Coeflicient

(Average and standard deviation) 2

Slow ICMEs
Linear 1 =5.58(£1.77) x 107¢ [s71]  0.24
Quadratic y2 = 2.36(£1.03) x 107 [m~1]  0.36

Fast and Moderate ICMEs

Linear
Quadratic

1 = 6.51(£0.23) x 1079 [s71]  1.14
Yo = 6.06(£0.23) x 10712 [m~1]  2.50
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(V —Vig) and (b) between a and (V — Vi)|V — Vie| for six slow ICMEs identified
in this study. Circles (red) and squares (blue) denote data points in the SOHO-TPS
and IPS-Earth regions, respectively. The dash—dotted line and the dotted line denote

the best-fit line and the zero-acceleration line, respectively, in each panel.
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FIGURE 3.5: Relationship between acceleration a and difference in speed (V — Vi)

for 40 fast and moderate ICMEs. Circles (red) and squares (blue) denote data points

in the SOHO-IPS and IPS—-Earth regions, respectively. The dotted line shows the

zero-acceleration line. The dash—dotted (black) line and the dashed (green) line denote

acceleration—speed profiles of Equation (2.1) with 73 = 6.51 x 107¢ s~ and Equation
(2.2) with 42 = 6.06 x 10712 m™!, respectively.

3.4 Discussion

3.4.1 Radial Evolution of Slow ICMEs

From Figure 3.1, we confirm that all of the slow ICMEs accelerate toward the speed
of the background solar wind during their outward propagation. Figure 3.2 shows that
the value of a decreases from 0.486 to 0.068 as the wind speed increases, up to the
intersection point V. where @ = 0. Our range of « is consistent with that reported by
Manoharan (2006) for slow CMEs. As presented in Table 3.5, we derive the coefficients
for the best-fit line and the value of V. from the observational data. We find that
our result (a = 0.50 — 0.0010Vsono) is similar to o = 0.69 — 0.0012V" reported by
Shanmugaraju et al. (2009) for the best-fit line. We note that their result was obtained
from SOHO/LASCO observations with a FOV of < 32 solar radii, while we studied
the radial evolution of ICMEs in a wider region from the Sun to Earth. The similarity
between these best-fit lines implies that slow ICMEs quickly adjust themselves to the
speed of the solar wind. We also obtain V. = 479 + 126 km s~! as the threshold speed
where a becomes zero, which is consistent with results in the previous chapter. The
mean value is somewhat lower than the threshold speed of 575 km s~! derived from

their best-fit equation, though the difference is within 1 o.
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FIGURE 3.6: Radial evolutions of averaged propagation speed for the fast, moderate,

and slow ICMEs in the solar wind frame of reference. Circles, squares, and triangles

indicate the values of V' — Vi, for the fast, moderate, and slow ICMEs, respectively.

Symbols for each group of ICMEs are connected by solid lines with the same color. The
dotted line denotes the V' — V4, = 0 line.

Figure 3.3(a) shows that the distribution of speed differences in the near-Sun region is
wider than in the near-Earth region. This and the above results justify our assumption
that the motion of ICMEs is controlled by the drag force(s) due to interaction with the
background solar wind. Temmer et al. (2011), Rollett et al. (2012), and Vrsnak et al.
(2013) reported that the acceleration of slow ICMEs attains the speed of the solar wind
within 0.5 AU. Figure 3.3(b) and Table 3.6 show that the slow ICMEs attain their final
speed by 0.34 £+ 0.03 AU. These are consistent with the earlier studies. We emphasize
that the acceleration cessation distance of ~ 0.3 AU for slow ICMEs is different from
~ 0.8 AU for fast ICMEs as presented by Gopalswamy et al. (2001) and the previous
chapter. Figure 3.6 shows a comparison between averaged distance—speed profiles for
the fast, moderate, and slow ICMEs in the solar wind frame of reference. We find from
this figure that a velocity adjustment of slow ICMEs is more faster than that of the fast
ones. From numerical MHD simulations, Vrsnak et al. (2010) found that ICMEs having

a large angular width adjust to the speed of the solar wind already close to the Sun.

We confirm that not only a group of fast and moderate ICMEs, but also slow ICMEs
show that the y? value for the linear equation is smaller than for the quadratic one.
However, the assessment of significance levels shows that Equation (2.2) is more suitable
than (2.1) to describe the relationship between a and V —Vj,, for the slow ICMEs because
the latter is too good to fit with data points. Maloney and Gallagher (2010) introduced
an equation of motion dV/dt = —ﬁR‘C(V—ng)§ to describe the motion of ICMESs, where
K, ¢, and £ are constants. They reported that a quadratic equation (§ = 2) explained
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the motion of a slow ICME, while a linear equation ({ = 1) gave a better fitting than the
quadratic one for the motion of a fast ICME. Byrne et al. (2010) also presented evidence
that the aerodynamic drag force (Cargill, 2004) acted on a slow ICME of 12 December
2008. Our results are consistent with their studies for slow ICMEs. However, six events
of slow ICMEs in our sample are not sufficient to investigate their kinematics in more
detail, while we detected 40 events of fast and moderate ones during 1997 -2011. We

need to identify more slow ICMEs and then examine their propagation carefully.

3.4.2 Modified Drag Equation for Fast and Moderate ICMEs

For the group of fast and moderate ICMEs, we find values of the coefficients v; and ~,.
Although the constancy of these coefficients is assumed in Equations (2.1) and (2.2),
we also find a speed dependence in 7; and 2, as shown in Table 3.8. In Chapter 2, we
showed a linear relationship between the acceleration and difference in speed for a group

of fast and moderate ICMEs and then proposed the simple expression
a=—6.58 x 107%(V — Vi) (3.1)

as an equation of ICME motion on the assumption that the coefficient is constant in a
speed range of Vsonpo — Vhe > 0 km s~!. Now, we need to correct our assumption for

the constancy of v;.

To analyze this point in detail, we calculated the mean values of v; and difference in
speed with 1o for each classification of ICMESs. These values are presented in Table 3.8.
In this analysis, slow ICMEs are excluded from consideration because of the conclusion
presented in the previous subsection. Earlier studies (e.g. Vrsnak and Gopalswamy,
2002; Maloney and Gallagher, 2010) assumed a distance dependence of v; such as KR~C.
We also examined the difference between 7; in the SOHO-IPS region and in the IPS-
Earth region for fast and moderate ICMEs. The mean values of v; and the distance, with
the standard deviation in each region, are given in Table 3.9. Figure 3.7 shows a speed
dependence and distance dependence of v;. From comparison between the above results,
we find that the speed dependence of 1 is more significant than its distance dependence.
Therefore, we conclude that the former is a more remarkable factor than the latter in the
following examination. We used the values of mean difference in speed and ; for fast
and moderate ICMEs, and drew a straight line through their data points on a z-y-chart
in panel (a) in Figure 3.7. From the mean values of the slope and of the intercept in
the y-axis, the relationship between v; and mean V' — V},, can be approximated by the

following equation:

v1 = 2.07 x 1073(V — Vi) + 4.84 x 107°. (3.2)
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TABLE 3.8: Mean values of coefficient v; and the difference in speed with standard
deviations for each group of ICMEs.

Type of  Vsono — Vig M
ICMEs [km s1] [x1076 s71]
Fast 1012+ 357  6.94+0.26

Moderate 231 +£138 5.32 4+ 0.40

TABLE 3.9: Mean values of coefficient «; and the distance in the SOHO-IPS and
IPS-Earth regions for each group of ICMEs, and their standard deviations.

Distance 71 [x1076 s71]
Region [AU] Fast ICMEs Moderate ICMEs
SOHO-IPS 0.34+£0.08 6.95+0.27 5.36 £ 0.41
IPS-Earth 0.80+0.08 6.20 £1.88 4.74 £ 1.66

We modified the expression for the ICME motion by taking the variability of v into
account. Substituting Equation (3.2) into Equation (2.1), we obtain the following ex-

pression:

a=—2.07x 1072V — Vig) |V — Virg| — 4.84 x 107(V — V). (3.3)

Speed—acceleration profiles given by Equations (3.1) and (3.3) were compared with
observations in Figure 3.8. Data of Vgono and a; were used for the SOHO-IPS region,
while those of Vipg and as were used for the IPS—Earth region. We confirm that the
x? value for Equation (3.3) is closer to unity than that for Equation (3.1), although
both x? values satisfy the statistical significance level of 0.05. Therefore, we conclude
that Equation (3.3) is more appropriate than Equation (3.1) to describe the motion of
ICMEs propagating faster than the solar wind. On the other hand, we also confirm that
the speed—acceleration profile given by Equation (3.3) is very close to that of Equation
(3.1) with a discrepancy of < 0.4 m s~2 in a range of speed from 0 to ~ 1000 km s~

This confirmation suggests that Equation (3.1) is a good approximation for kinematics
of ICMEs with 0 km s™! <V — Vj,; < 1000 km s~ 1.

Equations (2.1) and (3.2) are similar to a set of simultaneous equations in the “snow
plough” model proposed by Tappin (2006). While he explained that ICMEs decelerate by
the momentum transfer with piling-up mass in front of them, we here explain their accel-
eration in terms of fluid dynamics. When an object propagates in a fluid, the object suf-
fers the drag force due to the interaction with the surrounding medium. The characteris-
tics of drag force changes depending on the Reynolds number Re = (pdU)/u = (dU) /v,
where p, d, U, and p are the fluid density, the size and speed of the object, and the

viscosity of the fluid, respectively, and v is the kinematic viscosity defined as v = u/p.
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FIGURE 3.7: (a) Speed dependence and (b) distance dependence of coefficient ;. In
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and slow ICMEs, respectively, and error bars represent 1o of the mean for each pa-

rameter. In panel (a), the broken line denotes the straight line through data-points

for the fast and moderate ICMEs. In panel (b), symbols for each group of ICMEs are
connected by a solid line.
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acceleration line. The dash—dotted (black) line and the dashed (green) line denote
acceleration—speed profiles of Equation (3.1) and Equation (3.3), respectively.

The drag force is proportional to U for Re < 1 and to U? for Re > 1. The former is
called the hydrodynamic Stokes drag force (Collinson and Roper, 1995), while the latter
corresponds to the aerodynamic drag force. Borgazzi et al. (2008; 2009) discussed the
ICME propagation using a model involving both drag forces by assuming a spherical
body of ICMEs. They assumed that ICMEs undergo both Stokes and aerodynamic drag

forces during their propagation.

Here, we note that Equation (3.3) consists of quadratic and linear terms, which can
be interpreted to be due to the aerodynamic and Stokes drag forces, respectively. To
understand the character of this equation, we assessed the contribution from each term
to the net acceleration. These contributions were calculated by applying various solar
wind speeds to Equation (3.3), and are listed in Table 3.10. We confirm from this table
that the contribution from each term varies with the difference in speed, and the linear
term (Stokes drag force) contributes more than the quadratic term (aerodynamic drag
force) to the net acceleration in a speed range of 0 km s™! <V — Vbe < 2300 km s71.
This result suggests that ICMEs with the above speed range are controlled mainly by
the Stokes drag force, while the aerodynamic drag force is a predominant factor for the
propagation of ICMEs with V' — V;,, > 2300 km s~!. This interpretation is consistent
with the fundamental theory of fluid dynamics because Re o< V. However, ICMEs with
V — Ve > 2300 km s7! are extremely fast eruptions having the propagation speed

exceeding 2800 km s™1, and so are very rare (Gopalswamy et al., 2009). Therefore, we
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TABLE 3.10: Contributions of linear and quadratic terms to the net acceleration versus
the difference in speed (V' — Vi) in Equation (3.3).

(V = Vi) Net acceleration Linear term  Quadratic term

[km s1] [m s72] contrib. [%]  contrib. [%]
100 —0.51 95.9 4.1
500 —2.94 82.4 17.6
1000 —6.91 70.1 29.9
1500 —11.92 60.9 39.1

2000 —17.97 53.9 46.1
2100 —19.30 52.7 47.3
2200 —20.68 51.5 48.5
2300 —22.09 50.4 49.6
2400 —23.55 49.4 50.6
2500 —25.05 48.4 51.6
3000 —33.16 43.8 56.2

conclude that the Stokes drag force will play the key role for almost all of the fast and
moderate ICMEs.

3.4.3 Kinematic Viscosity and Drag Coefficient for ICME—-Solar Wind

Interaction

Furthermore, Equation (3.3) also implies that the effective kinematic viscosity of the
solar wind (vgw) exhibits a high value in the ICME-solar wind interaction system.
Now, we estimate the value of vgw. Borgazzi et al. (2008) pointed out that the drag
force is represented by F' = —6mvpd(V — Vi,5) for Re < 1 by assuming a spherical body
of ICMEs. We applied this expression to the linear term in Equation (3.3), and found

6mvswpswd

=484 x107 071 (3.4)
m

where psw, d, and m are the solar wind density, radial size, and mass of ICMEs, re-
spectively. Substituting the values of d = 4.49 x 10'® m (= 0.3 AU) (Richardson and
Cane, 2010), m = 1.7 x 10'2 kg (Vourlidas et al., 2002), and psw = 1.67 x 10722 kg m 3
(in other words, the total mass density of 10 protons per cubic centimeter) in the above
equation, we obtain vgw = 5.8 x 106 m? s7!. This value is an order of magnitude
smaller than the viscosity estimated by Lara et al. (2011). On the other hand, if we use
the value of viscosity estimated by them, we may estimate the mass of ICMEs instead
of vsw. Lara et al. (2011) reported vgw = 1.55 x 1017 m? s~! (from the speed-matching
method) and 2.60 x 10’7 m? s~! (from the time-matching method) as the value of vis-
cosity. Substituting this value into Equation (3.4) with the above d and pgw values, we

obtain m ~ 10'3 kg. This value corresponds to the upper limit of CME mass observed
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using SOHO/LASCO (Gopalswamy et al., 2009) and is consistent with an estimation of
the ICME mass in Jackson and Leinert (1985). Therefore, this analysis corroborates our
expectation in Subsection 2.5 that ICMEs detected by the IPS observations are probably

massive events.

Borgazzi et al. (2008) also showed that the drag force is described by F' = —(1/2)CqAp(V —
ng)2 for Re > 1, where C4 and A are the dimensionless drag coefficient and cross section
of ICMEs, respectively. By applying this expression to the quadratic term in Equation
(3.3) with A = 7(d/2)?, we can estimate the value of C4. Using the equation
Capswrd?

o = 207 % 1072 m™!, (3.5)

and the above values of m, d, and pgw, we find Cq4 = 27. This value is almost
three orders of magnitude smaller than the estimation by Lara et al. (2011); they re-
ported Cq = 2.63 x 103 (from the speed-matching method) and 1.08 x 10* (from the
time-matching method). Borgazzi et al. (2009) reported that Cq is 0.6 x 10° —1.6 x 10°
(considering the variation in radius) or 2 x 10* -8 x 10* (considering the density varia-
tion) for the turbulent regime. Cargill (2004) showed by numerical simulations that Cq
varies slowly between the Sun and the Earth, and is roughly unity for dense ICMEs. He
also showed that when the ICME and solar wind densities are similar, Cq is larger than
unity (between 3 and 10), but remains approximately constant with the radial distance.
As shown here, each researcher reports different values of Cq, and so it is difficult to

determine its real value.



Chapter 4

Summary and Conclusions

4.1 Dissertation Summary

We investigated radial evolutions of propagation speeds for 46 ICMEs identified by
SOHO/LASCO, IPS at 327 MHz, and in situ observations during 1997—-2011 covering
nearly the whole of Solar Cycle 23 and the ascending phase of Solar Cycle 24. we were
left with 46 ICMEs; they traveled from the Sun to the Earth and were detected at
three locations between the Sun and the Earth’s orbit, i.e. the near-Sun, interplanetary
space, and near-Earth. For these ICMEs, we determined reference distances and derive
the propagation speeds and accelerations in the SOHO-IPS and IPS—Earth regions. Our

examinations yielded the following results.

1. Fast ICMEs (with Vsomo — Vbg > 500 km s™!) rapidly decelerated, moderate
ICMEs (with 0 km s~ < Vgono — Ve < 500 km s~1) showed a little deceleration,
while slow ICMEs (with Vsono — Vbg < 0 km s~1) accelerated, where Vsono
and Vjg are the initial speed of ICME and the speed of the background solar wind,
respectively. Consequently, radial speeds converged to the speed of the background
solar wind during their outward propagation, as shown in Figure 3.6. Thus, the
distribution of ICME propagation speeds in the near-Earth region was narrower
than in the near-Sun region. This was consistent with the earlier study by Lindsay
et al. (1999).

2. The ICME deceleration was nearly complete by 0.79 £+ 0.04 AU; this is consistent
with an earlier result obtained by Gopalswamy et al. (2001). On the other hand,
the acceleration of slow ICMEs ceased by 0.34 4+ 0.03 AU; Temmer et al. (2011),
Rollett et al. (2012), and Vrsnak et al. (2013) presented similar results for slow
ICMESs. Critical ICME speeds of zero acceleration (where the ICME acceleration

7
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becomes zero) were derived from our analysis, i.e. 471 4+ 19 km s~! and 480 +
21 km s~! for a group of the fast and moderate ICMEs, and 479 & 126 km s—!
for the slow ICMEs. These were somewhat higher than the values reported by
Manoharan (2006) and Gopalswamy et al. (2000). However, this discrepancy was
most likely explained by differences of data collection periods and criteria for the
ICME identification from earlier studies. Critical ICME speeds in our result did
not differ much from the typical speed of the solar wind, and we adopted the mean
value of 480 km s~! as the critical ICME speed for zero acceleration. This was
close to the speed of the background solar wind, V},; = 445 4 95 km s, during
this period of study.

These results supported our assumption that ICMEs were accelerated or decelerated
by a drag force caused by an interaction with the solar wind; the magnitude of the
drag force acting upon ICMEs depended on the difference in speed, and, thus, ICMEs

attained final speeds close to the solar wind speed when the force becomes zero.

4.1.1 Kinematics of Slow ICMEs

Our analyses for the slow ICMEs showed the following results: i) They accelerated to-
ward the speed of the background solar wind during their propagation, and attain their
final speed by 0.34 +0.03 AU. ii) The acceleration ended when they reach 479 + 126
km s~!; this was close to the typical speed of the solar wind during the period of this
study. Examinations of the relationship between the difference in speed and the accel-
eration and the assessment of significance level for them showed that iii) Equation (2.2)
with 5 = 2.36 (£1.03) x 10~ m~! was more suitable than Equation (2.1) to describe
the kinematics of slow ICMEs. The result iii) was consistent with earlier studies by
Maloney and Gallagher (2010) and Byrne et al. (2010).

However, six events of slow ICMEs in our sample are not sufficient to investigate their
kinematics more precisely. Therefore, we need to identify more slow ICMEs and then

examine their kinematics carefully.

4.1.2 Kinematics of Fast and Moderate ICMEs

For ICMEs with Vsono — Vbg > 0 km s™!, Equation (2.1) with 1 = 6.58(£0.23) x 1076
s~! was more appropriate than Equation (2.2) to describe their kinematics, because the
reduced x? for the linear equation satisfied the statistical significance level at 0.05, while
the quadratic one did not. We found that this linear equation gave a good approximation

for describing the motion of ICMEs with 0 km s™! <V — Vbg < 1000 km s
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We also found from detailed examinations of fast and moderate ICMEs that the value of
coefficient 77 had a speed-dependence described by Equation (3.2). On the basis of these,
we found a modified equation, a = —2.07x10712(V = Vj,g) [V = Vig| —4.84x1078(V = V}),
for the ICME motion. We interpreted this equation as indicating that ICMEs with 0
kms ! <V - Vbg < 2300 km s~! were controlled mainly by the Stokes drag force, while
the aerodynamic drag force was a predominant factor for the propagation of ICMEs with
V — Ve > 2300 km s~1. Because such extremely fast ICMEs are very rare, we conclude
that the Stokes drag force will play the key role for almost all of the fast and moderate
ICMEs.

4.1.3 Properties of ICMEs Detected by IPS Observations and the
ICME—-Solar Wind Interaction

From the characteristics of IPS observations and the result of Cargill (2004) discussed
in Section 2.5, we conclude that the ICMEs detected by IPS observations are probably
massive events. Low-density ICMEs may not be detected by our system because radio
scintillations are proportional to the solar wind density and we use a threshold g-value
more severe than that used in earlier studies. We estimated the mass of ICMEs identified
by our IPS observations to be 102 -10'3 kg.

We also estimated the effective kinematic viscosity of the solar wind vgw and the
dimensionless drag coefficient Cq in the ICME—solar wind interaction system. Combining
the linear term in Equation (3.3) and F' = —6mvpd(V — Vi), we obtained vgw =
5.8 x 10'6 m? s7!; this was an order of magnitude smaller than the value in an earlier
study by Lara et al. (2011). By comparing the quadratic term in Equation (3.3) with
F = —(1/2)CqAp(V — Vig)?, we found Cq = 27 for the value of drag coefficient.

4.2 Future Study

We investigated the kinematics of the 46 ICMEs using SOHO/LASCO, STEL IPS, and
in situ observations and showed that the radial motion of ICMEs with Vsono — Vg > 0

km s~!

was well described by the linear drag equation a = —7v1(V — Vi) as shown
in Figure 3.5. We find from Figure 3.5 that two of the fast ICMEs, which are the
8 November 2000 and 17 November 2001 events (see No. 18 and No. 25 in Table 2.1,
respectively), have larger values of deceleration than the others in the SOHO-IPS region.
We also find that not only the linear drag equation but also the quadratic equation
a = —7(V — V)|V — Vig| describe well the relationship between ICME accelerations

and differences in speed for these two events. Figure 4.1 shows a comparison between
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FIGURE 4.1: Relationship between acceleration a and difference in speed (V — Vi)
for the 8 November 2000 and 17 November 2001 ICMEs. Circles (red) and squares
(blue) denote data points in the SOHO-IPS and IPS—Earth regions, respectively.
The dotted line shows the zero-acceleration line. The dash—dotted (black) line and
the dashed (green) line denote acceleration—speed profiles of Equation (2.1) with
v = 9.77 x 107% s7! and Equation (2.2) with 75 = 7.30 x 10712 m~!, respectively.

two drag-force models for the 8 November 2000 and 17 November 2001 ICMEs. This
result implies that there are some fast ICMEs whose dynamics are represented by the
aerodynamic drag equation rather than the linear drag equation. It is an interesting
topic whether drag forces acting predominantly on ICMEs are different depending on
not only the velocity but also other properties of ICMEs. We find that the values of ¢
and ~» for the above two ICMEs are larger than those for a group of fast and moderate
ICMEs listed in Table 3.7. The larger 7, and +2 are obtained from the lower ICME
density (oc m/d?) or/and larger psw because 1 o pswd/m and y2 o pswd?/m from
Borgazzi et al. (2008). Therefore, we consider that ICMEs controlled mainly by the
aerodynamic drag force with V' — V4, < 2300 km s~! have the lower density than the
others governed by Stokes drag force. However, we can not bring a conclusive result for
this question because of a few samples at present. We need to identify more fast ICMEs

to study this subject.

A combination of the space-borne coronagraph, ground-based TIPS, and satellite in-
situ observations serves to detect many ICMEs between the Sun and the Earth, and
is a useful means to study their kinematics. Joint observations of ICMEs by IPS and
STEREO/HI will enable us to estimate the mass and volume of ICMESs more accurately.
Most of Earth-reached ICMEs are observed as halo CMEs in the SOHO/LASCO FOV.
Their mass has not been estimated accurately because of some difficulties to make mea-

surements of their electron density from coronagraph observations. Determination of
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the ICME mass is very important for a study of the ICME kinematics with drag-force

models.

In this study, we disregarded the contribution of magnetic field to the ICME prop-
agation. Richardson and Cane (2010) pointed out that at least 30% of ICMEs had a
magnetic flux rope. Manoharan and Mujiber Rahman (2011) investigated the relation-
ship between the propagation speed and internal energy of ICMEs. They suggested that
the magnetic energy stored in ICMEs was utilized to overcome the drag force. There-
fore, a more precise examination of the ICME dynamics requires to include the magnetic
effect(s) in drag-force models. Shiota et al. (2013) developed a three-dimensional MHD
model for ICMEs, which could evaluate both a drag force by the interaction with the
solar wind and a driving force due to the internal magnetic field on the ICME propaga-
tion. An investigation of the ICME kinematics using IPS and STEREO/HI observations
with this MHD model would be very interesting.
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IPS g-maps for the 46 ICMEs
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FIGURE A.1: The g-maps on (a) 9 April 1997, (b) 1 May 1998, (c) 6 November 1998,
and (d) 7 November 1998. In each panel, the g-map center corresponds to the location
of the Sun, and concentric circles indicate radial distances of 0.3 AU, 0.6 AU, and 0.9
AU. Colored open solid circles indicate the locations of the closest point to the Sun
(the P-point) on the LOS for the radio sources in the sky plane. The center of the
colored circle indicates the heliocentric distance of the P-point on the LOS, and color
and diameter represent the g-value level for each source; g < 1.0 (black), 1.0 < g < 1.5
(green), 1.5 < g < 2.0 (blue), and g > 2.0 (red).
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FIGURE A.2: The g-maps on (a) 15 April 1999, (b) 26 June 1999, (c¢) 29 July 1999,
(d) 30 July 1999, (e) 19 August 1999, and (f) 23 May 2000.
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FIGURE A.3: The g-maps on (a) 3 June 2000, (b

) 9 July 2000, (c¢) 12 July 2000, (d)
19 July 2000, (e) 9 August 2000, and (f)

f) 11 August 2000.
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FIGURE A.4: The g-maps on (a) 1 September 2000, (b) 10 November 2000, (c) 12
April 2001, (d) 16 August 2001, (e) 27 August 2001, and (f) 29 September 2001.
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FIGURE A.5: The g-maps on (a) 25 October 2001, (b) 27 October 2001, (¢) 18 Novem-
ber 2001, (d) 31 July 2002, (e) 7 September 2002, and (f) 29 May 2003.
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FIGURE A.6: The g-maps on (a) 15 June 2003, (b) 17 August 2003, (c) 23 July 2004,
(d) 13 September 2004, (e) 28 May 2005, and (f) 29 May 2005.
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FIGURE A.7: The g-maps on (a) 9 July 2005, (b) 7 August 2005, (c¢) 28 August 2006,
(d) 14 September 2008, (e) 1 June 2009, and (f) 11 February 2010.
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FIGURE A.8: The g-maps on (a) 4 April 2010, (b) 11 April 2010, (¢) 26 May 2010, (d)
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