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CHAPTER I
INTRODUCTION

The Sun is the nearest star to the Earth, and has been studied for many
thousands of years. When we observe the Sun with the eyes or in visible light, we
may think that the Sun is quiet, but in reality the Sun has violent activity inside
and outside (see Figure 1.1). The Sun has been the main power source to give
light and heat to the Earth for billions of years. The Sun is the greatest natural
energetic particle accelerator in our solar system, producing high energy particles
up to 10 GeV (Lin 2003). The Earth is frequently hit by high energy particles
from the Sun, and these particles have strong effects on Earth’s atmosphere (see
Figure 1.2). Effects on the Earth’s atmosphere from high energetic particles gen-
erated during explosive solar activity can damage satellites and endanger working
astronauts, and also passengers of high-altitude flights over polar regions (Lang
2000).

The research study of solar energetic. particles (SEP) from the Sun is of
great importance for modern space physics, especially research about the Sun
and various effects on human activities near Earth.

In the past, there were many ideas about mechanisms of energetic particle
acceleration at the Sun, a process that is not clearly understood. In 1942, from

measurements in sea-level ion chambers on the Earth, the flux of SEPs was first



Figure 1.1: Images of the Sun, (top) observed in visible light by a ground-based
telescope, (bottom) observed by the Extreme-Ultraviolet Imaging Telescope (in
the He II 304A line) on board the SOHO spacecraft. The bottom figure shows
that the Sun has complicated structure on the surface, which can result in explo-
sions and ejections of particles into space. [Picture credit: (top) Big Bear Solar
Observatory, (bottom) Solar and Heliospheric Observatory]
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Figure 1.2: Illustration of energetic particles ejected from the Sun that may
impact the Earth.



measured, with a sudden increase associated with a large solar event (Forbush
1946). After that SEPs have been observed in space by satellites launched since
the 1950’s. Nowadays with new instruments, we can study and observe many
phenomena about the Sun and SEPs better than in the past, with data from many
modern spacecraft (e.g. ACE, IMP, ISEE, SAMPEX, SOHO, WIND, Ulysses,
Yohkoh, etc.) and satellites that were developed by scientists around the world.
Recent SEP observations from modern spacecraft can give details about elemental
composition of the Sun, ionic charge states, time profiles, energy spectra, particle
abundances, etc. (Stone et al. 1998) in each SEP event.

From observations, solar eruptions at the surface of the Sun are the
sources of SEPs that directly affect the Earth. Some SEP events are not strong,
and some SEP events are very strong and large. The large SEP events produce
enhanced particle fluxes in near-Earth space which typically persist for several
days. Scientists classified the type of solar eruption (or solar flare) as “impul-
sive” and “gradual” by X-ray flare observation (Pallvicini et al. 1977; Miller 1998;
Ruffolo 2002). Impulsive events are typical SEP events that involve stochastic
acceleration at the flare site. Gradual events are very strong and large events that
occur high in the corona of the Sun (Miller 1998) and are associated with coronal
mass ejections (CME). The bulk of SEP are accelerated by CME-driven shocks
(for more details see Chapter 2). When considering large events in which SEP are
accelerated to high energy (above 10 MeV, Tylka et al. 1997) by interplanetary
(IP) shock acceleration, the flux of SEP. during strong events.is high enough to
affect Earth’s magnetic field, Earth’s atmosphere, and human activities on Earth.
Effects from SEP events on the Earth include magnetic field variations that can

cause problems for attitude control of spacecraft and compass usage. Ionospheric
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Figure 1.3: Effects of solar particle events on human activities near Earth, called
“space weather effects.” [Picture credit: L. Lanzerotti, Lucent Technologies]

variations can cause induction of electric currents in the Earth which disturb
electric power distribution systems, long communication cables, telephone lines,
radio and TV signal reflection, and communication satellite signals. SEP also
pose a danger to astronauts in space and airplane passengers at high latitudes
(see various effects on the Earth in Figure 1.3). These effects from solar strong

events on human activities near Earth are called “space weather effects.”



Specific examples of important SEP events affecting the Earth:

e On March 1989, an SEP event from a flare/CME explosion ejected a big
plasmoid that reached the Earth after a couple of days. It compressed the Earth’s
magnetic field, which drove by induction an electric current systems and caused
power outages in Canada. The SMM satellite was slowed down, its altitude falling
by 1 km. Also a great aurora was produced which was seen as far South as Italy
and Jamaica (Kirk, Melrose, and Priest 1994).

e On May 1998, during SEP events, high energy charged particles caused
failure of electronic systems of expensive satellites, blanking out 80 percent of

telephone-pager customers in the USA (Campbell 2001).

In this work we focus on important SEP events in which charged particles
and ions from the Sun are accelerated to high energies by traveling IP shocks
impact the Earth (referred to as “energetic storm particles”, see details in Chapter
2). A powerful type of observation for understanding SEP events is the energy
spectra from each SEP event. The energy spectra contain information about
SEP production, sources of SEP events, and especially characteristics of particle
acceleration. From observations of SEP events, it is found that energy spectra of
solar energetic ions involve mechanisms of particle acceleration by IP shocks that
produce spectral “cut-offs” at high-energy (Ellison-and Ramaty 1985; Tylka 2002;
Desai et al. 2003, 2004). These spectra are not power laws like typical galactic
cosmic rays (GCR) which come from outside the solar system. Observations of
energy spectra of solar energetic ions from the ULEIS instrument on the ACE
spacecraft near Earth found that the cut-off energy occurs at ~ 0.1 to 10 MeV

per nucleon (Desai et al. 2003, 2004). This observation is the motivation for our



research work. We would like to explain characteristic energy spectra of IP shock
accelerated particles by constructing a theory of finite time shock acceleration.
In the past, the idea for describing spectra of solar particle events in which
SEP are accelerated by IP shocks in terms of a rollover energy was proposed by
Forman (1981) and Ellison and Ramaty (1985). Energy spectra of SEP from IP
shock events can be fitted with a famous formula by Ellison and Ramaty (1985),
in which the energy spectrum has an exponential rollover term. The spectrum is
assumed to roll over at a characteristic cut-off energy, F., as shown in equation
(1.1):
N(E) o E7 exp(—FE/E,.), (1.1)

where N(E) is the energy distribution function, F is the kinetic energy, and v is
the shock spectral index.

Ellison and Ramaty (1985) suggested that various physical mechanisms
could possibly lead to such a rollover, and each mechanism could yield a different
value of E.. This empirical formula is still used to fit spectra of impulsive and
gradual solar particle events in many research works (e.g., Tylka et al. 2000, 2002;
Tylka 2001; Desai et al. 2003, 2004; Klecker et-al. 2003).

In this work we explore a specific mechanism for the rollover. We pro-
pose that the physical origin of the rollover is the finite time available for shock
acceleration. The typical acceleration timescale corresponding to observed inter-
planetary scattering mean free paths is on the order of several days, so the process
of shock acceleration at an IP shock near Earth should usually give only a mild
increase in energy to an existing seed particle population (Ruffolo and Channok
2003). Indeed, a recent analysis of ACE/ULEIS observations argues for a seed

population at substantially higher energies than the typical solar wind (Desai et



al. 2003, 2004).

Our work derives a simple theory of finite-time shock acceleration and
explores implications for the composition dependence of the spectrum. Note that
finite-time shock acceleration should yield the standard power-law spectrum in
the limit of a long duration time relative to the acceleration timescale. As a
corollary of this idea, for an unusually strong shock (unusually short acceleration
timescale) it is possible to obtain power-law spectra up to high energies (e.g.,
as observed by Reames et al. 1997). Then this is essentially infinite-time shock
acceleration, in which other processes may limit the Fermi shock mechanism and
lead to rollover energy spectra.

The main aim of this research work is to construct a model of finite time
acceleration of SEP at IP shocks to describe characteristics of energetic storm
particle (ESP) spectra.

The usefulness of our work is as follows:

e We use the finite time shock acceleration model to describe general
characteristics of the ESP spectra for individual SEP events.

e We can quantitatively fit spectra from observed data from the ACE

spacecraft in terms the finite time of IP shock passage near the Earth.

The other chapters in this thesis are organized as follows: The basic
knowledge and theoretical background about SEP, ESP, and shock acceleration
mechanisms are given in Chapter 2. The finite time shock acceleration model and
mathematical formulation are described in Chapter 3. The results of numerical
simulations from ESP events are presented in detail in Chapter 4. The discussion

and conclusions of this work are presented in Chapter 5.



CHAPTER II
BACKGROUND KNOWLEDGE

Acceleration of energetic charged particles by magnetohydrodynamic shock
waves is a universal mechanism in space astrophysics phenomena for explaining
how charged particles reach very high energies in various astrophysical situations,
such as supernova remnants (SNR) accelerating galactic cosmic rays (GCR) (Ax-
ford 1981a, 1981b; Lagage and Cesarky 1983b; Jokipii 1987; Gieseler, Jones and
Kang 2000), active galactic nuclei (AGN) accelerating extra-galactic cosmic rays
(EGCR) (Jones and Ellison 1991) beyond our solar system, and the accelera-
tion of solar energetic particles (SEP) at the Sun and through IP space in the
solar system (Reames 1999). Mason, Gloeckler, and Hovestadt (1984), Lee and
Ryan (1986), Reames (1990) and Ruffolo (1997) have suggested that SEP associ-
ated with solar flare eruptions are accelerated by shock waves produced by flare
explosions or coronal mass ejections (CMEs) at the Sun.

The study of acceleration of SEP is of great importance in space as-
trophysics since SEPs are primary cosmic rays, and characteristics of SEP (e.g.,
energy spectrum, time profile of intensity, directions of arrival of SEP, shock prop-
erties, ionic composition, etc.) are not very much disturbed during propagation

through IP space (over only 1 AU) when compared with GCR or EGCR.
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In this chapter we will provide background knowledge about the Sun,
interplanetary magnetic field, solar energetic particles, energetic storm particles
(ESP), observations of ESP, and concepts about astrophysical shock acceleration

mechanisms for high energy particles in space physics.

2.1 The Sun and Interplanetary Magnetic Fields

The Sun is the nearest star to the Earth. The distance from the Earth to the Sun
is about 1.5x10® km. (Astronomers define the distance from the Sun to the Earth
a one Astronomical Unit, 1 AU). The Sun is a huge ball of hot dense plasma. The
Sun is a perfectly ordinary star, and like the other stars it is large and massive.
The Sun is the main source of space plasmas throughout the solar system.

The structure of the Sun can be divided into 4 zones (Foukal 1990;
Cravens 1997; Lang 2001):

(1) The core is the center of the Sun which is high density plasma
at a very high temperature (about 15 million K). One half of the mass of the
Sun is contained in the core. The Sun’s energy is generated in the core by the
thermonuclear reactions.

(2) The radiation zone is the zone where energy is transported from
the core by radiation.

(3) The convection zone is the zone where energy is transported by
convection.

(4) The atmosphere is the region that can be directly observed from the
Earth. Some amount of energy from the atmosphere region is converted to kinetic

energy of particles, such as solar energetic particles and the solar wind. The
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atmosphere can be divided into 3 regions: the photosphere, the chromosphere,
and the corona.

The Sun can generate magnetic fields that emerge from sunspots on the
solar photosphere. Sunspots have lateral dimensions of about 10,000 km (the
largest sunspots can exceed 20,000 km, Foukal 1990) and they support magnetic
fields with intensities of about 0.1 to several Tesla (Parks 1991). From many
sunspots, the Sun has an average magnetic field intensity of about 10~* Tesla
(Parks 1991; Longair 1992).

The solar wind plasma from the solar corona flows into interplanetary
space with a speed of about 250-800 km /s (Kallenrode 2001; Lang 2001). Since
the conductivity of the solar wind plasma is high, the solar magnetic fields are
frozen into it and carried out into interplanetary space. The solar wind plasma
does not flow along magnetic field lines (Cravens 1997) but flows radially (or
almost radially) outward from the Sun. The solar magnetic field lines widely
expand in interplanetary space due to the effect of solar wind plasma flow. The
convected solar magnetic field becomes the “interplanetary magnetic field” (IMF)
(see Figure 2.1). The rotation of the Sun draws the configuration of the IMF into
an Archimedean spiral (Parker 1958b) in the ecliptic plane. The fluctuation in
the solar wind plasma flow causes the irregularity in the IMF. The IMF has a
magnetic intensity of about 5x107° Tesla on average near Earth, but is highly

variable.
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Figure 2.1: Structure of the interplanetary magnetic field from the Sun in the
inner solar system to a distance 1 AU (size of the Sun and planets not to scale).
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2.2 Solar Energetic Particles

Solar energetic particles (SEPs) are a type of cosmic rays, also called solar cosmic
rays. SEP are high energy ions above 100 keV from the Sun that are accelerated
in solar flare/CME eruptions. The energy of SEPs is much greater than the
typical solar wind (e.g., solar wind protons at a speed of 500 km /s have a kinetic
energy of about 1 keV in the spacecraft frame; Desai et al. 2003). SEPs are
mainly protons, electrons, a-particles, and heavy ions up to Fe.

The first discovery of SEP was in February 1942 by measurements in
ion chambers on Earth. These measured a sudden increase in the particle flux
which was associated with a solar flare (Forbush 1946). After that for many
years, observations of SEP developed to use neutron monitors (e.g., Simpson
1948; Lockwood, Webber, and Hsieh 1974; Usoskin et al. 1997; Clem and Dorman
2000), reometers (Reames 1995), and modern instruments on spacecraft outside
the Earth (e.g., Desai et al. 2003, 2004). Recent SEP observations from modern
spacecraft instruments can give many details about SEP events such as the time
profiles of intensity, energy spectrum, particle density, composition of elements,
etc.

SEPs events can be divided into 2 classes: impulsive and gradual events
(e.g., Cane et al. 1986; Reames 1999; Usoskin and Mursula 2001; Ruffolo 2002).
Impulsive events are usually of relatively low intensity and short duration. “Im-
pulsive” solar flares are typically defined as those with a short duration (less than
1 hour) of X-ray emission (Ruffolo 1997). Impulsive SEP events occur at flare
sites near the surface of the Sun. Impulsive solar flares eject particles such as
protons and electrons into IP space with energies up to millions of times greater

than those in the normal solar wind. Typical maximum energies in these impul-
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magnetic field line

Figure 2.2: A large CME leads to a large magnetic cloud of plasma that drives a
shock through interplanetary space. [Picture credit: Leerungnavarat (2004)]
sive events are less than 10 MeV /nucleon (Vainio and Khan 2004). The rate of
impulsive events occurring at the Sun is about 1000 events per year (Tylka 2001).

For the large or “gradual” SEP events, SEP are accelerated at shock
waves driven out from the Sun by fast coronal mass ejections (CMEs) producing
high energy particles. (Reames 1999; Tylka 2001; Ruffolo 2002).

CMEs have speeds from about 100 km/s up to greater than 2000 km/s
(Kallenrode 2001; Aschwanden 2004; Manchester et al. 2005). Fast CMEs have
been measured up.to speeds of 2505 km/s (on April 15,.2001; Gopalswamy et al.
2003). When considering that the solar wind has a typical speed of about 400-800
km/s, a fast CME is supersonic with respect to the solar wind. Thus, such a fast
CME can drive a transient IP shock. A CME often leads to a very big hot plasma

magnetic cloud (mass is about 10'? — 10'* kg, National Research Council 2004;
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IMPULSIVE GRADUAL

Figure 2.3: Illustration of impulsive and gradual events at the Sun. [Picture
credit: Reames (1999) and Cliver (2000)]

Zhang and Low 2005; Manchester et al. 2005) moving with a very high speed into
IP space, and to an IP shock located at the front edge of the plasma magnetic
cloud (see Figure 2.2). Gradual events can have high-intensity peaks (more than
107 proton/cm—2) and long durations. The observed rate of large SEP events is
about 6 events per vear (Tylka 2001). Energy of SEP in large events are higher
than impulsive events that are 100 keV to 30 GeV (Tylka 2001).

SEP observed in IP space exhibit different features, depending on whether
the parent flare is-impulsive-or gradual (Cane, McGuire, and von Rosenvinge
1986; Kallenrode, Cliver, and Wibberenz 1992). Figure 2.3 shows characteristic
differences of impulsive and ‘gradual flares at'the Sun. Table 2.1 lists different
properties of impulsive and gradual flares.

The particles in most large events are accelerated over a large spatial



Table 2.1 Properties of SEP events following impulsive and gradual flares.
Data from Cliver (2000), Kallenrode (2001), and Lang (2001).

Event impulsive flare gradual flare
Particles electron-rich proton-rich
3He/*He ~ 1 ~ 0.0005

(coronal)

H/He ~ 10 ~ 100

(coronal)
Fe/O ~ 1.23 ~ 0.15
(coronal)

Longitudinal cone
Duration of SEP event
Loop height
Loop volume

Duration of X-ray emission

Radio bursts
Maximum energy
Events per year

Coronagraph

< 30 degrees
~ 1 hour
< 10* km

10%6-10%" cm3

short

(minutes, hard X-rays)

Types III and V
~ 10 MeV
<.1000

Nothing detected

< 180 degrees
~ several days
~ 5 x 10* km
10%6-10% cm?

long

(hours, soft X-rays)

Types IT and IV
up to 50 GeV
6

CME, 96%
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region by a shock wave at the head of a CME, not in a solar flare (Reames 1995).
The CME-driven shock can accelerate SEP to high energy by a shock acceleration

mechanism (Fermi 1954).

2.3 Energetic Storm Particles

Energetic storm particles (ESP) are energetic particles accelerated at IP travel-
ing shocks (Lee 1983; Kallenrode 2001; Ho et al. 2003). Originally, ESPs were
first observed on September, 1961 by Bryant et al. (1962). ESPs were found
to be particle enhancements related to the passage of IP shocks. ESPs can be
detected up to 20 MeV. Since [P shocks propagating to impact the Earth often
cause “Geomagnetic storms” (magnetic storms on the Earth due to solar activity
(Christian et al. 1997), see Figure 2.4); therefore, the particle enhancements have
been called ESP events (Rao, McCracken and Bukata 1967). Van Allen and Ness
(1967) proposed the Fermi shock acceleration of energetic particles between the
propagating shock and upstream interplanetary magnetic field irregularities to
explain the ESP enhancements.

We now understand that the same CME-driven shock accelerates particles
in very different physical environments near the Sun and in interplanetary space.
The SEP accelerated when the CME was near the Sun can remain present in IP
space for several days and can greatly alter the time-intensity profiles of the ESP
event (Scholer and Morfill 1975).

From past observations most ESP events exhibit a steepening of the spec-
trum at energies greater than ~ 1 MeV and an abrupt flux decrease some time
after the passage of an IP shock wave (e.g., Bryant et al. 1962; Rao, McCracken

and Bukata 1967). The improved instrumentation on the ISEE spacecraft enabled
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Figure 2.4: Illustration of ESP event in which a shock wave from a huge CME
propagate to impact the Earth’s magnetic field (not to scale). [Image credit:
SOHO observatory (NASA /ESA)]
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scientists to make the first observations to investigate spectral and compositional
changes of heavy ions (carbon, oxygen, and iron) during ESP events (Klecker et
al. 1981), showing that the Fe/O ratio decreases with time in ESP events.

Observations of ESP events at about 1 AU show that the particle intensity
increases gradually prior to shock passage, peaking in intensity at the shock, with
a characteristic time scale that increases with energy over ~ 0.1 hours at 30 keV
to ~ 10 hours at 1 MeV (Klecker et al. 1981; Decker et al. 1981; Scholer and
Ipavich 1983).

The shock acceleration process is the most important process for pro-
ducing ESP enhancements (Scholer and Morfill 1975). Therefore we can apply
a diffusive shock acceleration mechanism to study ESP events (e.g., Lee 1983;

Baring et al. 1997).

2.4 Observation of Energetic Storm Particle
Events

Observations of energetic storm particle (ESP) events from modern instruments
on spacecraft (e.g., ACE, SOHO, Yohkoh, ISEE, WIND, etc.) provide detailed
information on characteristics of IP shock passage, energy spectra of ESP, and
mechanisms of shock acceleration of seed particles. These spacecraft observa-
tions are the only way to'measure non-relativistic cosmic rays, which fragment in
Earth’s atmosphere.

An example of ESP observations from the ACE spacecraft at about 1 AU
(near the Earth) is shown in Figure 2.5. This displays measurements during June

21 to June 26, 2000, including an ESP event, from the ACE spacecraft’s Ultra
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Low Energy Isotope Spectrometer (ULEIS) (Mason et al. 1998), Magnetometer
(MAG) (Smith et al. 1998), and Solar Wind Electron, Proton and Alpha Monitor
(SWEPAM) (Desai et al. 2003). We see changing energetic ion densities, magnetic
field magnitude, and solar wind plasma speed at different times during the IP
shock event.

The ACE observations clearly indicate the presence of ESP. When the IP
shock reaches the ACE spacecraft we see a peak in particle intensity (e.g., He, O,
or Fe ions), at 12:27 UT on June 23, 2000 (see Figure 2.5a; note that a convenient
unit for energetic ion observations is the kinetic energy divided by mass number,
E/A, expressed as MeV /nucleon, a quantity that depends only on velocity). This
confirms the idea that the energetic particles are generated (accelerated) at the
IP shock.

Note that the particle intensity gradually increases due to the IP shock
passage (from 07:28 UT on June 22, 2000 to 00:24 UT on June 24, 2000) in the
ESP event. We will explain such ACE observations with the finite time shock
acceleration model (see Chapter 4). For the upstream seed particles (from 11:06
UT on June 20, 2000 to 05:48 UT on June 22, 2000) the particle intensity does

not increase.

Figure 2.6 displays shock energy spectra of He, C, O, Fe from the ESP
event of June 22-23, 2000 and the preceding upstream population from ULEIS
observations on the ACE spacecraft. We see that shock spectra (Figure 2.6b) are
changed from the upstream seed spectra (Figure2.6a) due to the effect of shock
acceleration of particles in IP ‘space.

We found that the rollover energy in shock spectra (Figure 2.6b) occurs

at about 0.1 to 5 MeV /nucleon. From characteristics of shock spectra (Figure
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Figure 2.5: Observations of the ESP event on June 20-26, 2000 from the ACE
spacecraft. (a) Intensity-time profiles of 0.5-2.0 MeV /nucleon *He, *He, O, and
Fe ions. (b) Energy scatter plot of 0.03-3.0 MeV /nucleon Fe-group ions. (c)
Magnetic field magnitude, B. (d) Solar wind speed, V. Vertical line labeled S
marks the arrival of the interplanetary shock at ACE at 12:27 UT on June 23,
2000. Dashed vertical lines define the time interval assigned to ESP. (Picture
credit: Desai et al. 2003)
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Figure 2.6: Energy spectra of 3He, *He, C, O, and Fe ions from ULEIS observa-
tions. (a) Energy spectra before IP shock passage (upstream) in the time interval
June 20-22, 2000, and (b) at IP-shock passage-in the time interval June 22-
24, 2000 [stars for *He, circles for *He; squares for Fe, triangles for C, inverted
triangles for O).
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2.6b), Desai et al. (2004) fit observational data of IP shock acceleration in ESP

events with the expression of Ellison and Ramaty (1985):
J(E) = JoE 7exp(—E/E,),

where J(E) is the differential intensity vs. energy F, Jy is a normalization con-
stant, v is the spectral index (theoretically depending only on the shock compres-

sion ratio), and E, is a cut-off energy.

2.5 Astrophysical Shock Acceleration

Astrophysical shock waves are a subject of extensive space astrophysics research,
especially with regard to high energy particles and the physics of particle accel-
eration, which are very important for understanding how charged particles can
be accelerated to high energies.

Acceleration of energetic particles at shock waves occurs routinely in a
variety of astrophysical situations such as inside our solar system, beyond the solar
system, and even outside our galaxy. Particle acceleration can occur generically
through interactions with a shock or plasma wave turbulences (Miller 1998).

Shock waves, or more simply, “shocks” are produced when a disturbance
moves through a fluid faster than the characteristic speed of propagation of small
amplitude waves in the medium (e.g., faster thanthe sound speed in an unmagne-
tized plasma, or faster than the Alfven speed in a magnetized plasma). Space is
not empty, but rather filled with plasmas, so shocks are produced by collisionless
plasmas. They are magnetohydrodynamic (MHD) shock waves.

For examples of astrophysical situations, shocks are produced by explo-

sions in space (e.g., supernova explosions, solar flare eruptions, ejecta of CME
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traveling through IP space), or in general when a fluid moving faster than the
relevant characteristic speed encounters a slower-moving fluid, such as the solar
wind collision with the interstellar medium at the termination shock, the bow
shock of Earth’s magnetosphere, etc. Shocks may also be produced when a wave
encounters a region where the local characteristic speed decreases in the direction
of propagation of the wave.

At a shock front, fluid parameters (e.g., velocity, pressure, density, and
magnetic field) change discontinuously, because the fluid ahead of the shock can
have no warning of the shock’s approach.

Mechanisms of shock acceleration of charged particles in astrophysical
space have been described for many years (Parker 1958a; Krymskii 1977; Axford,
Leer, and Skadron 1977; Bell 1978a, 1978b; Blanford and Ostriker 1978; Drury
1983) based on the original first-order Fermi acceleration mechanism (Fermi
1954). There seems to be a consensus that cosmic rays with energy up to 10°
GeV/nucleon (Lagage and Cesarsky 1983a, 1983b; Achterberg 1988; Prothroe

1996) can be accelerated by supernova remnants (SNR) in our galaxy.

2.5.1 Fermi Acceleration Mechanism

Fermi (1949) presented the concept of the mechanism of particle acceleration
in space plasmas to explain the origin of high energy particles in interstellar
space (cosmic rays). Consider charged particles colliding with a huge magnetic
cloud moving in interstellar space. If such clouds have irregular directions of
motion inthe interstellar medium, the different rates of “head-on” and “following”
collisions between the charged particles and the magnetic clouds would lead to

net acceleration.
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magnetic

cloud

Figure 2.7: Second-order Fermi acceleration: A particle is reflected by scattering
in a magnetic cloud. The net result is a “collision” with the cloud.

The motion of a particle scattered by random magnetic field irregularities
inside the cloud can be considered a random walk (see Figure 2.7, which shows a
single collision of a particle with the magnetic cloud).

The probabilities of head-on and following collisions are proportional to
the relative velocities of approach of the particle and the magnetic cloud (Longair
1994). The probability of a head-on collision is v + U cosf, and for a following
collision is v — U cos , where v is the velocity of the particle, U is the velocity of
the magnetized cloud, and 6 is the collision angle. The probability of a head-on
collision is higher than a following collision, hence on average a particle gains
energy. Assuming the particle to be relativistic (E' ~ pc), the net energy gain

(average per collision) is

SR0)
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where ¢ is the velocity of light (Protheroe 1996; Usoskin and Mursula 2001).

The result from the acceleration mechanism in (2.1) is an energy increase
only to second order in U/c. Thus the model of Fermi (1949) was known as the
“second-order Fermi acceleration mechanism.”

Gas clouds in the interstellar medium have random velocities of about U
= 15 km/s (Protheroe 1996). Thus U < ¢, and this acceleration process is slow.
This process is used to describe the interaction between high energy particles
and waves or irregularities in the interstellar magnetic field, by which particles
gain energy by being scattered stochastically off plasma waves (Longair 1994).
Anyway, this theory cannot completely explain the energy spectrum of galactic

cosmic rays from observations.

Fermi (1954) proposed a new concept for a faster, first-order acceleration
mechanism for charged particles at magneto-hydrodynamic shocks (de Hoffman
and Teller 1950). At a shock front there are sudden variations, effectively a dis-
continuity, in direction and intensity of the magnetic field. There can be collisions
between charged particles and magnetic field irregularities in the “upstream” re-
gion (ahead of the shock front) and “downstream” region (behind the shock front)
(see Figure 2.8). A charged particle at the upstream side can pass through the
shock and then be scattered by magnetic inhomogeneities downstream.

The results from this mechanism indicate that particles can gain energy
per cycle more efficiently than for the Fermi(1949) mechanism. The energy of

particle crossing the shock is

AF 4 ‘/L-shock
— 2.2
E 3 < c ) (22)

where ¢ is velocity of light, and Vi is velocity of the shock front (Longair 1994;
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Figure 2.8: First order Fermi acceleration: Interaction of a particle of energy E
with a shock moving with speed Vi ,ck-
Protheroe 1996; Usoskin and Mursula 2001). This theory is known as the “first-
order Fermi acceleration mechanism.” The first-order Fermi acceleration has been
used to explain galactic cosmic ray and solar energetic particle acceleration (Jones
and Ellison 1991; Reames 1999).

This theory completely explains the energy spectrum of galactic cosmic
ray up to ~ 10 eV. The power-law momentum distribution of cosmic rays
corresponds to real observations of cosmic ray intensity (Kryskii 1977; Bell 1978;

Blandford and Ostriker 1978; Axford 1981; Kirk and Dendy 2001).

2.5.2 Diffusive Shock Acceleration

Diffusive shock acceleration (DSA) is generally thought to be the key mechanism
to explain the acceleration of charged energetic particles diffusing in astrophysical

space (Drury 1983; Lagage and Cesarsky 1983b; Jokipii 1987; Jones and Ellision
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1991; Kirk and Dendy 2001). The concept of DSA is based on the first-order
Fermi shock acceleration mechanism (Fermi 1954), mentioned in section 2.5.1.
The DSA mechanism concerns acceleration in which charged particles repeatedly
scatter on irregularities of the magnetic field on two sides of the shock wave
(multiple shock encounters).

We know that space plasmas almost always have a variety of magnetic
field irregularities. This causes energetic charged particles to scatter in pitch
angle and change their direction. This phenomenon leads to a diffusion process
in space, and is the basis of the DSA idea. The process of DSA refers to the
acceleration of charged particles as they are repeatedly scattered back and forth
across the shock front (a thin region with a discontinuity of fluid plasma speed
and magnetic field intensity) along the direction of the magnetic field (Figure 2.9).
The diffusion process can be viewed as a “collision” between the charged particle
and macroscopic magnetic field irregularities (Krymskii 1977; Drury 1983). Such
magnetic field irregularities flow with the fluid plasma speed. If a particle is
bouncing back and forth across the shock on the “upstream” side it undergoes
a head-on collision and gains energy, while a particle bouncing back and forth
across the shock on the “downstream” side undergoes a following collision and
loses energy. In a complete cycle of a particle crossing a shock by bouncing
back and forth, a particle will gain more energy than it loses. The reason is
because roughly speaking the speed increases by 2U; upstream and decreases by
2U, downstream. From the fundamental physics of the shock, U; > Us; therefore,
a net result is energy gain or momentum gain. For a non-relativistic particle, the

mean momentum gain (Ap) per cycle is about

Ap ~ 2m(U1 - UQ)
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Figure 2.9: Diffusive shock acceleration. In the shock frame, a charged particle
diffuses due to motion along an irregular magnetic field that results in repeated
motion (diffusion) back and forth across the shock wave. Upstream, a charged
particle collides with the irregular magnetic field (B;) by a head-on collision.
Downstream, a charged particle collides with the irregular magnetic field (Bs) by
a following collision.

We see that the relative momentum gain for a cycle of two crossings of the shock
is then proportional to the velocity difference across the shock.

Drury (1983) considered a particle to have momentum, p, velocity, v, and
pitch angle, u = cos#, in the upstream fluid frame. Suppose that the magnetic
field B points along the shock normal n. Then in the shock frame the particle
momentum is p(1+pU; /v). This isunchanged when crossing the shock, so relative
to the downstream fluid frame its momentum is p(1 + p(Uy — Uy)/v). To order
U/v we can _ignore the small changes in pitch angle as we change from frame

to frame and also the anisotropy in the directional distribution when averaging.

(These effects are taken into account by Ruffolo 1999.) Thus the average change
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in momentum is

(Ap) = p / (U7 — U) /o] 2udp (2.3)
(Ap) = %UIZUQP- (2.4)

For a complete cycle (from upstream to downstream and returning upstream) we

get

4U, - U

N (2.5)

(Drury 1983; Kirk 1994).

The general process of charged particle acceleration by DSA can also be
described by the evolution of the particle distribution function, f(r,p,t), as a
function of position r, particle momentum p, and time ¢ in terms of the diffusion-
convection equation (e.g., Parker 1965; Axford et al. 1977; Krymskii 1977; Bell
1978a; Blandford and Ostriker 1978; Forman 1981; Drury 1983)

of(r,p,1)

V.U af(ra P, t)
Bt b

+U-Vf(r,p,t) =V - [kVf(r,p,t)] — 3 op

=0. (2.6)

In equation (2.6), p is the particle momentum, k is the diffusion coefficient
in the background plasma, and U is the velocity of the fluid background plasma
(Forman 1981). Equation (2.6) is considered in the shock frame.

Consider equation (2.6) in 1-dimensional space (along the x-axis). In this
frame the shock wave is stationary. Then for a steady state, 0f /0t = 0 and we

write

o b 2 G i 0] e

At the shock front there is a discontinuity in the velocity of the fluid.

When we consider the shock frame, then there are 2 regions separated by the
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Figure 2.10: Fluid speed U(x) on the upstream and downstream sides when

considering a discontinuity at the shock.

shock front: the upstream side (x < 0) and downstream side (z > 0). Therefore

the velocity of the fluid plasma is (see Figure 2.10)

Ulx) = Uy for = <0 (upstream side)
R for x>0 (downstream side).

Thus we get
? 9 1 9
2 ose = kLS S = o) o ) = O

(2.8)

We have 0U/0x in the regions where = # 0, i.e., either 2 < 0 or z > 0.

Thus according to (2.8), the particle flux must be constant on either side of the

shock:
9 of (x,p)] _
5 [Uf(ﬂﬁap) ‘Asr. s i
Uf(x,p) — kM = Constant  (in z).

ox

(2.9)

(2.10)
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A f(x,p)
fi(p)+C(p)
f1(p)+C(p)exp(U1 x/k)
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— >
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(x<0) (at x=0) (x>0)

Figure 2.11: Solution f(x, p) of the steady-state diffusive shock acceleration model
upstream and downstream of the shock.

We get the general solution

) 2l exo ([ TG a) 4 Do), .11)

where C' and D are arbitrary functions of p.

When considering the boundary condition in the region of the shock
where particles flow into the shock from far upstream (r — —o00), we set f(z =
—00,p) = fi(p). On the downstream side (0 <z < ), f(x,p) does not depend

on distance. Thus

| filp) +C(p) exp(Urz/k) x <0 (upstream side)
fla.p) = { f;(p) : x> 0. (downstream side). (2.12)

If functions fi(p), f2(p), and C'(p) match at the shock front (z=0),

f(@=.0,p)= fo(p) = frlp)+ € (p);

then

p) + C(p) exp(Uyz/k) x <0 (upstream side)
p) +C(p) z >0 (downstream side).

T~

fz,p) = { }2 (2.13)
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The solution f(x,p) is shown as a function of = in Figure 2.11. Actually, Drury
(1983), Ruffolo (1999), and Gieseler et al. (1999) suggested that the condition in

(2.12) may involve a mismatch to order O(U/v).

Next we consider the solution in momentum space at the shock front and
the downstream side where f(z,p) is constant for z > 0, i.e., f(z > 0,p) = fa(p).
In this case, we can derive the distribution function of momentum that results
from shock acceleration processes observed in the region behind the shock front.
Consider the discontinuity at the shock front, by integrating equation (2.8) over
—e — €, where € is very small. The net outflow of particles from the shock is in

the downstream direction. The flux of particles in this case (at the shock front)

is Uz fa(p):

SO 0 ipha ()] = Gl (2.14)
(o)) = 5 ) (215

Therefore we get the solution
F DA~ V)~ (2.16)

(Kirk 1994) where A is a constant.

Considering the shock compression ratio r = U; /U,
olp) = Ap~lr+/ 01, (217)
which we can write in the form
falp) = Ap™7, (2.18)

where v'is'a power-law spectral index; v = (r +2) /(r — 1). Therefore, the result
from DSA can yield a power-law momentum spectrum of the accelerated particle

population with spectral index, ~.



34

For the strong shock case, r = U;/Uy=4 (e.g., Krymskii 1977; Lagage
and Cesarsky 1983a; Ruffolo 1999; Kirk and Dendy 2001). Then the particle
distribution function fo(p) ~ p~2 is very close to the observed momentum and
energy spectrum of high energy cosmic rays (10° — 10'° eV) that are accelerated
by strong SNR shocks (Kryskii 1977; Bell 1978a, 1978b; Blandford and Ostriker
1978; Axford 1981; Lagage and Cesarsky 1983a; Kirk and Dendy 2001).



CHAPTER III
FINITE TIME SHOCK ACCELERATION

Observations of energetic ion acceleration at interplanetary (IP) shocks
by spacecraft instruments often indicate a spectral rollover of energy [at above
0.2 MeV, Gosling et al. (1981); ~ 0.2 to 1 MeV, van Nes et al. (1985); ~0.2 to 5
MeV /nucleon, Desai et al. (2004)]. This rollover is not well explained by a finite
shock width effect (Ellison and Ramaty 1985), which does not apply to a shock
of extended width. The drift effect over the shock width gives a rollover energy
that is too high (energy per charge larger than 100 MeV/Q). At the same time, a
typical timescale of diffusive shock acceleration is several days, implying that the
process of shock acceleration at an IP shocks near Earth usually gives only a mild
increase in energy to an existing seed particle population, which is consistent with
a recent analysis of ULEIS observations (Desai et al. 2003, 2004) that argues for
a seed population at substantially-higher energies-than the solar wind. Therefore
an explanation of typical spectra of IP shock-accelerated ions requires a model
of finite-time shock acceleration (e.g., Ruffolo and Channok 2003; Channok et al.
2004).

We model finite-time shock acceleration (FTSA) from a probability ap-

proach (Bell 1978a; Drury 1983). In the situation of a shock acceleration process
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in which particles move across the shock between upstream and downstream of
the shock, some particles are accelerated and then move across the shock again,
and some particles can escape from the shock.

In this chapter we formulate and derive analytical and numerical expres-
sion for our FTSA model for simulation of shock acceleration of seed ions at
IP shocks, to describe energy spectra of energetic storm particle events in ob-
servational data from the ULEIS instrument (Mason et al. 1998)on the ACE

spacecraft.

3.1 Physical Situation

In the situation of interest, we focus on energetic storm particle events in which
seed energetic particles are accelerated by IP shocks in the IP medium (see Figure
3.1a). An IP shock moving out from the Sun (driven by a CME) with high speed
in IP space then later accelerates a seed SEPs population in the upstream region.

We consider that at the shock front there are discontinuous changes from
upstream to downstream, where the IP magnetic field line changes in intensity
from |By| to |Bs| and in direction with respect to the shock normal from 6,
to 0y (Figure 3.1). We consider the reference frame in which the fluid plasma
flows along magnetic field lines (Figure 3.1b) so that U||B. This is called the de
Hoffman-Teller frame (de Hoffman and Teller 1950; Bell 1978a; Ruffolo 1999). We
model the shock structure as a planar shock (Figure 3.1b) known as an oblique
shock, i.e.; with 7 between 0 and 90 degrees. On the upstream side we have
magnetic field B, and plasma speed Ul, and the angle between B, and the shock

normal (7) is the upsteam shock angle 0y, also known as 0, (Desai et al. 2003,
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Figure 3.1: (a) Situation of interplanetary shock acceleration by a coronal mass
ejection. (CME) shock. (b) Our model of an oblique shock for study in. this work

to consider characteristics of B and U in the shock frame.
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2004). The downstream side has magnetic field 52 and plasma fluid speed [72,
and the angle between B, and the shock normal (7) is the downstream shock
angle 0. The unit shock normal direction (n) can be determined from just two
measurements of E, upstream and downstream:

(él X 52) X (él — 52)
|(Bl X Bz) X (Bl — B2)|

n =

(Colburn and Solnett 1966; Abraham-Shrauner 1972; Burlaga 1995).
Consider particle acceleration at the shock with the shock parameters B;

and 6, (upstream) and By and 6, (downstream). The relation between B;, B,

91, and 92 is
B3, + B3, _ [1+tan®f,  sect;
1+ tan26,  sech,

[derived by Burlaga (1995) and Ruffolo (1999)].

(3.1)

The mean momentum gain when a particle moves across the shock for
one cycle (from upstream to downstream and returning to upstream; see Figure

3.2) is given by

4 Uy cosfy — Us cos By
3 Vg COS 0

D1 = "Po+ Do, (3.2)

where pg is the initial particle momentum, p; is the particle momentum after
one cycle of acceleration, and vy is the initial particle velocity (derived by Drury
1983).

When a particle moves across the shock for n cycles (or n times), the

average particle momentum is

4 4 Ui cosO, — Uscosty
LT (1+ = ) , 3.3
b g ( + 3 v; cos B po (3:3)

where v; is the particle velocity after ¢ crossings.
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downstream upstream

Figure 3.2: Acceleration of a particle crossing the shock for one cycle. The particle
momentum increases from pg to p;.

In our model we use u; to mean the component of the upstream velocity
in the direction of the shock normal, so w; = Uy, = U;cosf, and us is the
normal velocity downstream, us = Us,, = Us cos #,. We use values uq and us that
correspond to spacecraft observations (Desai et al. 2004) of plasma fluid speed
along the shock normal.

We write momentum of a particle crossing the shock n times as

4 U — U2
Pn= Pp=pt 3 ( )pn—
3 Up—1 COS By

1. (3.4)
From (3.4) we can calculate the kinetic energy (E) of a particle that crosses the

shock n times, F,; from the corresponding p,,.

The time for acceleration, T,.., of particles from an initial momentum p,
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to a momentum p,, for a parallel shock, can be written as

3 Pr (kisech;  kosecHy )\ dp
Tacc — / < + —
Uy — Uz Jp, Uy Uz p

(Forman and Morfill 1979; Drury 1983; Jokipii 1987; Kallenrode 2001), where

k1 is the upstream diffusion coefficient along the shock normal, and k, is the
downstream diffusion coefficient along the shock normal.
For an oblique shock, some particles are reflected due to the magnetic
field change at the shock front, and some particles are transmitted downstream.
Consider the adiabatic invariant at the shock in which a magetic moment

is approximately conserved (Terasawa 1979):

pisin®6;  plsin®6,
B \ B,
I —cos’0; _ 1—cos’b,
By = By,

Particles are transmitted downstream only when cos®f, has a physical value
(cos?fy > 0), i.e., when cos @ > /1 — (B,/Bs). Since the particle distribution
is nearly isotropic, i.e., uniform in cosf;, the transmission probability among
particles moving toward the shock is 1 — /1 — B, /Bs.

We introduce a new formula that takes this reflection probability into

account:

3 Pr (k1 secl Ko sec By ) d
Thoe = / {¥+[1—\/1—(31/32)]u}—p.
Po

Uy — Uz ui Ug p

3.2 FTSA Formulation

We further develop the finite-time shock acceleration (FTSA) model following the
preliminary report of Ruffolo and Channok (2003). We employ a probabilistic ap-
proach following the theory of Bell (1978a) and Drury (1983). The key concept of
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shock acceleration of charged particles is that a particle has a certain probability
of escape after each acceleration event, so that only some of the particles reach
higher energies.

In the diffusive shock acceleration process by which particles move across
the shock between upstream and downstream over a time interval ¢, some particles
are accelerated then return to the shock again and some particles escape from the
shock (Bell 1978a). The model only considers escape downstream, on the basis
that convection would eventually bring upstream particles back to the shock.

We consider a particle moving cross the shock for one cycle, and then
in the next step we consider the probability that a particle will move across the
shock again, or the probability that a particle will escape from the shock (with
no further acceleration). The key parameters in this model are the acceleration

rate (r) and escape rate (€).

3.2.1 Analytical Model

We consider shock acceleration events over the residence time 7' over which a
particle is in the acceleration region. We can use a simple parameter to describe

the behavior of particle acceleration at the shock with the acceleration rate,
r=1/At, (3.5)

where At is time that-a particle takes to diffuse across-the shock for one cycle

(from upstream to downstream and returning from downstream to upstream):

At:é{wwﬂl—\/1—(31/32)]%002}, (3.6)

v U1 2
where v is the particle velocity, u; is the upstream fluid speed, #, is the field-shock

normal angle upstream, x; is the diffusion coefficient upstream, B; is the average
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magnetic field intensity upstream, uy is the downstream fluid speed, 6, is the
field-shock normal angle downstream, k5 is the diffusion coefficient downstream,
and B, is the average magnetic field intensity downstream. Note that wuy, us, k1,
and ko are values in the shock normal direction. We do not yet consider adiabatic
deceleration at this point. We introduce the term 1 — m in equation
(3.6) as the probability of transmission of particles through the IP shock along
the magnetic field.

We define the Poisson distribution of the number of acceleration events
n during a residence time 7" as

)"

n!

P(n,T) =

exp(—rT). (3.7)

We also consider the number of particles remaining in the shock acceler-
ation region after residence time 7" with escape rate, e. We construct a function
of the distribution of residence times composed of an initial term and an inflow
term. In this function we consider the residence time, 7', and the total duration,
t:

N(T;t) = Texp(—€T) + Nyexp(—et)§(T — t), (3.8)

where [ is the inflow function, and NN, is the initial particle density at the shock.
The first term is the inflow term. Some of those particles escape from the shock;
therefore, this term decreases with residence time 7. The second term is a func-
tion of the total time, ¢, at the shock.

The function N(T;t) satisfies the following partial differential equation:

ON ~ON
E—FG—T—FGN—O.

The distribution function of particles N(T';t) versus T is shown in Figure 3.3.
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N(T)

Figure 3.3: Model distribution function N(7';t) for the residence time 7', which
can be no larger than the total time ¢ (T < ¢).

The escape rate, €, can be derived from the probability of particle escape
from the shock (Bell 1978a; Drury 1983; Protheroe 1996) to lowest order in (u/v)

as
4U2

€
probability of escape = - .
r+e¢ wvcosb

Here, we consider in more detail the effects of streaming and convection of the
particles upstream of the shock.

The probability of escape is defined by the flux of particle loss downstream
per flux of particles crossing from upstream to downstream.

The flux of particle loss downstream is
Floss =nus

(Bell 1978a; Drury 1983; Protheroe 1996). The flux of particles crossing from
upstream to downstream is

1
Fross = n / (uy + vcos @ cos 0y)d(cos )

2 w1 /v cos 01
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n [

= —/ (uy + pvcos By)dpu
2 —u1 /v cos B
n [ v cos 0 u? ]

= — Ul
2 2 2v cos 64

B u;  vcosb u? ]

- n[2 4 +4vcos91 ’

What is new here is the lower limit of integration, taking convection into account.

Thus we get the probability of particle escape as

€ Ny
r—+e€ -~ Ul v cos 01 U%
n 2 + 4 .t 4v cos 01
€ 4U2
T i€ v cos 011 + uy /v cos 0;]?

Then

1 .08 0 2 1

_:|:UCOS 1(1+ Ui ) _1:|_,

€ 4y v cos 0 r
where r does not include the effect of adiabatic deceleration.

Using (3.5) and (3.6), we then get a new formula for the escape rate as

- (A () e )

U Uo
(3.9)
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e Consider that r» and ¢ are constant

We formulate an analytical model as a combinatorial model of finite-time
shock acceleration by starting with a simple case by assuming a constant r and a
constant € at any energy and at any time. We consider the process where particles
are accelerated by the shock as in equation (3.7) and the distribution of residence
times at the shock from the inflow term and initial term as in equation (3.8). We

derive the overall distribution of particles with n acceleration events at time ¢ as
(.

N(nyt) = / P(n, T)N(T;t)dT. (3.10)
0
From equations (3.7) and (3.8) we get

t T)" —rT
N(n,t) = / oy (Ie’eTqLNoe"t&(T—t))dT
0

nl
t T\re-rT t T\re— T
— BT fe-Tgpy ff EI0TT Noe™ (T — t)dT
0 n! 0 n!
I/ N, \
- (rT)e AT + e / e (rT)"6(T — t)dT
TL' 0 n! 0
1 n! 7" (rte)t = 7“+6 Ny (et
_ Lt T (r+e€) rre)t | H".
n! (r+entt [ Z ] nl (7t

k=0

Therefore the solution N(n,t) in this case is

r = [ etk N
o=, SO e [( )t] ] 0 —(r4e)t n
N(n,t) I Gt [1 e ,;0 X + T¢ (rt)",

(3.11)

where N is the initial condition, Ny(n) = N(n,t = 0). The analytical solution

in (3.11) can be used for the case when r and € are constant (see Figure 3.4).
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solution N(n,t). At a very long time the solution approaches a power law, where
n is related to logp.
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e Consider that » and ¢ depend on the number of acceleration
events

In the real situation for IP shock acceleraton in ESP events, r and € are
not constant because r and € depend on the particle velocity v.

When a particle moves across the shock, its velocity and momentum

increase with the number of cycles n:

4 (/Lbl - ’LLQ)
n — Pn— ST 7 7 e n—
p & 3 VU1 COS 91p

1 (3.12)
where v, is the velocity after the particle crosses back and forth across the shock
n times, and p, is the corresponding momentum (v, and p, are related to the
kinetic energy E,).

Following Drury (1983), but including the reflection probability for an

oblique shock, we define the acceleration rate r, in terms of v, by

= [i<mse(:91 L m]@sec%)]l (3.13)

Up Uy Uz

and we define the escape rate €, by

o = [4<vncos91<1+ Uy )2_1)(/ﬁsecﬁlﬂl_m]@sec%)]_1‘

Un

duy v cos b Uy ”
(3.14)
We get the partial diffential equation of N(E, ) as
dN(E,t P
% = I(B,1) — &0(E,)N(E, 1) = = = [R(E,{)N(E, 1), (3.15)

where I is the inflow, T(n,t) = I§,9, R(E,t) = AE/At, and the initial condition
is N(n,t =0) = No.
Considering the number of acceleration events at the shock, we can write

a system of differential equations as

dN(n,t)

= I(t)6n0 — €,N(n,t) — 1, N(n,t) + r, 1 N(n — 1,1), (3.16)
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where we set I(n,t) = .

The solution N(n,t) in this case is

S

n-l 1 — e (rit+et

N(n,t) = IenHri —
=0 3=0 (Tj+€j)H(Tk—Tj+€k—€j)
o

nl  n e~(ritei)t

—|—Ng H r; .
i=0  j=0 o .
H(rk ri + € — €;)

" #

S

(3.17)

&
<. o

However, this result cannot be directly applied to our work because we

do not want to make the assumption I(n,t) = 10,.

e Derivation of cut-off in momentum and energy spectra

From (3.3) and (3.4)

4 (U,l b / ’LLQ)
n = 1 _7> =
p ( + 3 v,_1cos b, Pra

pn = (1+§7(u1 _UQ)) (14 ddn:) _UQ)) (1+é7(u1 — ) ) po.

3 vy cos b, 3 wv; cos by 3 v,_1cos by

where vy and py are the initial velocity and momentum of particles, respectively.

We assume that v; is constant, with v, = v for all 4. Thus

4(’LL1 —Ug) n

P~ 3 vcos 0, P
4 (’LL1 — ’LLQ)
S P S e 3.18
P ot n3m cos ( )

From the FTSA model (Ruffolo and Channok 2003; Channok et al. 2004),
the rollover occurs at.a number of acceleration events, n (the number of times
particles have crossed back and forth across the shock) that is related with time,

t, and acceleration rate, r, by n = rt (see Figure 3.4). We see that the cut-off
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momentum 1s

4 (ug —u

t. 3.19
3 cos 6, r ( )

We use the acceleration rate, r from (3.5) and (3.6), so

4 (uy — ug) mu /4

t
3 COSgl msec@l/ul—k(l—\/l—Bl/Bg)ngsecﬁg/UQ
(3.20)

Therefore the cut-off momentum increases with time.

Similarity, the cut-off velocity v, is

(Ul —U2)|: 1
3costy Ly sech /uy + (1 — \/1 — By/Bs)kysec by /us

Considering the cut-off energy per nucleon (E./A), E./A =~ myv?/2 (in

Ve R Vg +

]t (3.21)

the non-relativistic limit), we have

Ec myo { (Ul 2 UQ) ]_
0

2
Le Mo t
A 2 3 cos by Hlsngl/U1+(1—\/1—B1/BQ)I€2SQC92/U2:| }
(3.22)

where A is the atomic mass number of the ion, and my is the unified atomic mass
unit. Therefore the cut-off energy (FE,) increases with time squared (¢?). After a

very long time, the energy spectrum approaches a power law.

e Including adiabatic deceleration

Ruffolo (1995) and Ng, Reames and Tylka (1999) suggested that adiabatic
deceleration may affect the acceleration time or acceleration rate, r. We consider
momentum loss due to adiabatic deceleration assuming a nearly isotropic particle

distribution

2 Viw

(3.23)

where Vj,, is the solar wind speed, and R is distance from the Sun.
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The deceleration can be combined into r,, the rate of acceleration events

(rate of change of n), by using equation (3.18), so that

r, = [i<ﬁlsec91+[1_m]@sec%)]—l 1’UC0891 Vvsw (324)

Up, Uy U9 2u; —us R

3.2.2 Numerical Model

The solution (3.17) is very complicated to use for calculating the distribution of
particles in ESP events. Also, it fails to take into account the seed population.
Therefore we construct a numerical model to simulate the implications of the
FTSA model.

We use FE, for the typical energy of a particle after it crosses the shock n

times. For example, we can write equation (3.15) as

AN (E,, t)

S = 1B, t) — (4 @)V (B, ) + 1 1 N (B, ). (3.25)

In the numerical model, we define N(E,,t = 0) = Ny(E,) as the initial
condition for (3.25), where Ny(E,) is the upstream seed spectrum data from
ULEIS observations. We define I(F,,t) as the inflow of particle flux (unit per
time). We set I(E,,t) = €, No(Ey).

In our numerical model we solve the system of ordinary differential equa-
tions (3.23) by the 4th order Runge-Kutta method (Press et al. 1992; Giordano

1997; Garcia 2000).
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3.3 Calculation of Diffusion Coefficients in the
FTSA Model

A key variable for calculating r, and €, in (3.13) and (3.14) is the diffusion
coefficient, k. We use the variable x; (in the upstream region) and o (in the
downstream region) as function of velocity (v) and particle mean free path ().

The diffusion coefficient is
K= vX/3,

where ) is particle mean free path along the magnetic field (Forman 1975; Ellison,
Baring and Jones 1995; Ruffolo 1999; Kallenrode 2001; Channok et al. 2004).

Decker and Vlahos (1986) and Jokipii (1987) proposed that in oblique
shocks the rate of particle accceleration increases with the shock angle. Jokipii
(1987) suggested that in the problem of diffusive shock acceleration, the diffusion
coefficients are

Ky = U% cos® 0, (3.26)

and

A cos? 6y
vy )
3 (cos? 6, + r2sin® 0,)3/2

where r is the shock ratio, and A is particle mean free path along the magnetic

(3.27)

Ko =

field. From the relation between magnetic field strength and shock angle (from

equation (3.1)) for a strong shock

B cosf; = Bycosb,

TB1 sin 01 ~ B2 sin 92
SO

Ttl = tg.
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Then
0 1 1 1 cos 64
COS 2 — = = —
secly  \/t2+1 \ri+1  \/r2sin’6, + cos? 6,
5 cos® 6,
cos’ B, =

(r2sin®@; + cos? 6,)3/2
We therefore derive this limiting form of the Jokipii (1987) expression:

A cos? 0,
=y— . 3.28
|| 3 cost, ( )

Clearly the particle mean free path A is a main factor determining the
characteristics of spectra of energetic ions observed in ESP events.

Particle propagation in [P space from ESP events involves mean free
paths over a wide range. The particle mean free path is different for each solar
storm event. Mean free paths of ions in IP space may depend on the size of solar
particle events (Reames 1989).

In the IP medium, the resonant scattering of energetic particles at Alfven
waves plays an important role in particle propagation. Thus the particle mean
free path is expected to depend only on particle’s rigidity, P. A particle’s rigidity
is defined as its momentum per unit charge, P = p/Q, where @ is its charge. For
a power law, A o« P%* (Droge 1994; Bieber et al. 1994; Kallenrode 2001; Sollitt
2004). Thus we write

A=A\ P® (3.29)

where « is a parameter that might vary for each solar event.

From many observations in the inner heliosphere, Forman (1981) sug-
gested that A is'about 0.01 AU in front of the shock wave and less than 0.0003
AU behind the shock wave. Ng, Reames and Tylka (1999) suggested that A is

about 107* to 102 AU for ions at the shock wave.
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Without any shocks, Palmer (1982) suggested that in IP space A is typ-
ically 0.08 to 0.3 AU. Beeck et al. (1987) suggested that A is about 0.05 to 0.1
AU. Mason et al. (1989) suggested that A is about 0.5 to 2 AU. Kallenrode, Wib-
berrenz and Hucke (1992) suggested that A is about 0.04 to 0.15 AU close to the
Sun and A is about 0.04 to 0.3 AU at the orbit of the Earth.



CHAPTER IV
FTSA SIMULATIONS AND RESULTS

In this chapter we show simulations and results of the finite time shock ac-
celeration (FTSA) model for the important interplanetary (IP) shock accelerated

particles in the energetic storm particle (ESP) events.

4.1 FTSA Simulation

In simulations of the FTSA model, we calculate the results of the energy distri-
bution function, N(FE), for solar energetic ions from IP shock acceleration and
their energy spectra by a numerical method.
The procedure of the FTSA simulation model is performed in 7 steps:
Step 1: Select the ESP events. Identify the main parameters from ACFE
observations of the IP shock event (Desai et al. 2004) for use in the simulation:
up: upstream plasma fluid speed
uy: downstream plasma fluid speed
f:: upstream shock normal angle
fy: downstream shock normal angle
p2/p1: density compression ratio

B,/ By: magnetic compression ratio
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A: mass number of the ions

QQ: charge number of the ions

t: time interval for an IP shock to propagate from the Sun to the
ACFE spacecraft.

Note that we consider ¢ from solar storm events. We use the time interval
t from the range of time from the CME occurrence at the Sun (from LASCO
observations) to the time of shock passage at the ACE spacecraft following Cane
and Richardson (2003).

Step 2: We set, the minimum particle velocity vy (injection threshold) for
acceleration by the IP shock, and the initial particle momentum pg for acceleration
by the IP shock. Note that these are expressed in the upstream fluid frame.

Step 3: Calculate quantities for the particle acceleration process for the
IP shock event from TP shock parameters in step 1.

We calculate the momentum p,, and velocity v, that depend on n, the

number of acceleration events of crossing the shock, from the following expres-

sions:
4(U1—U2)
e p0+3 Vg €Os 0 e
4(u; —u
P2 = p1+ (s 2)

3 v; cos 0, -

4 (U1 — UQ)

= 4= 3
s ¥y 3V, COS Hlpn

1 (4.1)

These could also simply be considered as grid values for discretizing the
partial differential equation (3.25). After we get p,, and v,, next we

» calculate the kinetic energy of particles: F,

1
E,= | ——— — 1] Amye? 49
(\/1—1}%/02 ) (42)



56

» calculate the particle rigidity: P,
Py = puc/Q (4.3)
» calculate the particle’s mean free path along the IP magnetic field: A,
An = Xo(P,/1 MV)® (4.4)

» calculate the diffusion coefficient upstream: kq,

An
N S 7 cos® 0, (4.5)

» calculate the diffusion coefficient downstream: ko,

A, cos® 0,

3 cos 0,

k2n = Up

» calculate the acceleration rate: r,

- [i(kzlnsecﬁl e m]k%sec@)]l (47)

Up, Uy Uz

» calculate the escape rate: ¢,

B 4 /v, cosb Uy 2
= [E( 4y <1+U60501> _1>
k1, sec 6, kansecy\]
- (7u1 = 1= BB ) (4.8)

Step 4: Consider data from the observed upstream seed spectrum for
the TP shock event. We set Ny(E) = Ngeea(E) and define

N(E,,;t =0) = Ny(E,) as the initial condition for ETSA simulation,

I(E,) = e, No(Ey) as the inflow function of seed particles.

Step 5: Use a numerical method to solve the numerical model of the
system of ordinary differential equations from equation (3.25)

AN (E,, t)

= = 1(Ey) = (ra + ) (B, t) + 101 N(By oy, 1) (4.9)
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by the fourth-order Runge-Kutta method (Press et al. 1998; 1992, Giordano 1997,
Garcia 2000).
Step 6: Compare the simulation results with the observational data of
IP shock accelerated spectra from ACE/ULEIS measurements (Desai et al. 2004).
Step 7: Consider whether these parameters of the particle mean free
path (A = A\g(P/MV)%) provide the best fit to the data from the IP shock event.

If the simulation results are not optimal, repeat steps 3, 4, 5, and 6.

4.2 Primary Results of FTSA Simulations

First we consider the interplanetary shock event on June 26, 1999 (Event#13
from Desai et al. 2003; 2004) to illustrate the effects of parameters in the FTSA
simulation model such as minimum injection velocity of particles in the TP shock
event, power index of particle rigidity, and time for the IP traveling shock events.
Table 4.1 shows baseline parameters for iron ions for the IP shock event on June

24, 1999.

The observed seed spectrum of Fe is described by the function
No(FE) = 0.0029E 3™ exp(—E/1.064). (4.10)

where the function N, is the particle density, in units of particles/(cm? s sr

MeV /nucleon), and E is the kinetic energy per nucleon, in units of MeV /nucleon.
The sources of these values are indicated in Section 4.3." For now, we

simply use them as baseline values for exploring the effects of each parameter.
The results of energy spectra from the FTSA simulations for Fe ions

at various minimum particle velocities (vy = 200, 400, 600, and 800 km/s) are
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Table 4.1 Baseline parameters for the event of June 24, 1999 with which to
explore the influence of each parameter.

parameters symbol value
plasma fluid speed upstream Uy 131.0 km/s
plasma fluid speed downstream Us 56.4 km /s
shock normal angle upstream 0, 50 deg
shock normal angle downstream 6, 73 deg
density compression ratio P2/ p1 2.3
magnetic compression ratio B,/ By 2.2
mass number of iron nuclei Ar. 56
charge number of iron nuclei Qre 11.6
mean free path of particles Ao 0.004 AU
power index of rigidity o 0.0
initial velocity of particle Uo 200 km/s
duration of ESP event t 80 hours

shown in Figure 4.1. We found that the minimum particle velocity (vy) affects
the energy spectra results only at low energy (see Figure 4.1). Observed seed
spectra typically exhibit a power-law form at low energy (Desai et al. 2004), so
seed particles are most abundant at the lowest momentum, py, corresponding to
a suprathermal velocity of vy in the wind frame.

The results of energy spectra from the FTSA simulations for Fe ions at
various power indices («) of particle rigidity by a = 0.0, 0.05, 0.10, 0.15, 0.20,
0.25, 0.30, and 0.35 are shown in Figure 4.2. We found that the power index («)
of particle rigidity affects the energy spectra results (see Figure 4.2). Therefore
we can adapt the value of a to achieve a good fit with observational data for
various ions for each ESP events.

The results of energy spectra from the FTSA simulations for Fe ions at
various times (¢ = 20, 40, 80, 160, and 400 hours) are shown in Figure 4.3. From
the simulation results (in Figure 4.3), we found that the FTSA model produces

different characteristics of energy spectra at different times. We see that after
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a short time (20 hours) the particles receive only a small boost in energy. At
intermediate times (40, 80, 160 hours), there is a power law at low energy and a
rollover at a certain cut-off energy, E,., followed by a drastic decline. We found
that E, depends on time-squared (#?) as in the theoretical model (see section
3.2.1). At a very long time (more than 400 hours), the spectrum approaches the
classic steady-state power-law spectra over this energy range.

The results of energy spectra from the FTSA simulations for Fe ions at
various shock normal angles upstream (¢; = 15, 30, 45, and 60 degrees) are
shown in Figure 4.4. We found that the shock normal angle affects the energy
spectra characteristics (see Figure 4.4). There characteristics of shock structure
and direction of IP magnetic field crossing the shock affect the shock accelerated
particles in the IP medium, because the acceleration rate at the IP shock depends
on the field-shock normal angle [see equations (3.4) and (3.5)].

The results of energy spectra from the FTSA simulations for Fe ions at
various mean free paths (A\g = 0.004, 0.01, 0.04, and 0.1 AU) are shown in Figure
4.5. We found that the mean free path of particles (\y) affects the energy spectra
characteristics (see Figure 4.5), by which a small mean free path can provide
energy spectra at high energy that much have higher intensity than those for a
large mean free path. In Figure 4.5 we see that A\g = 0.004 AU nearly fits the
observed ESP Fe ion data. Therefore we can adapt the value of \q that best fits

the observed ESP data for each ESP event.
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Figure 4.1: Energy spectra of Fe from FTSA simulations at various initial particle
velocities, vy = 200, 400, 600, and 800 km/s.
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Figure 4.2: Energy spectra of Fe from FTSA simulations at various power indices
of particle rigidity, = 0.0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, and 0.35.
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Figure 4.3: Energy spectra of Fe from FTSA simulations at different times, t =
20, 40, 80, 160, 400 hours. After a very long time (> 400 hours) energy spectra
approach a power-law in this energy range.
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Figure 4.4: Energy spectra of Fe from FTSA simulations at various shock normal
angles upstream, 6 = 15, 30, 45, and 60 degrees.
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Figure 4.5: Energy spectra of Fe from FTSA simulations at various particle mean
free paths, Ay = 0.004, 0.01, 0.04, and 0.1 AU.
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4.3 Results for ESP Events

From primary results of FTSA simulations (Figures 4.1 — 4.5) we found that
parameters vy, A\g, «, #, and ¢ affect the IP shock spectra. In this section we show
specific simulation results for 3 ESP events (Desai et al. 2003, 2004).

In our FTSA simulations, we use IP shock parameters and observed data
for each ESP event from Desai et al. (2003), (2004). Some of the mean charge ()
values are from Kleckler et al. (1999) and Mébius et al. (1999). We evaluate the
duration ¢ for each ESP event from Cane and Richardson (2003) observations.
We set the minimum particle velocity as vy = 200 km/s, which corresponds to
a suprathermal velocity in the solar wind frame. We fit the 3 ESP events by
optimizing Ay and « to provide the best fit with C, O, and Fe ion spectra for each

event by minimizing the chi-squared

X2 3 Z(log Nobs v 108" Nsim)Qa (411)

where N, is the observed particle density from IP shock events (Desai et al.

2004) and Ny, is the particle density from FTSA simulation.
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4.3.1 Results for ESP Event on June 26, 1999

Parameters of this IP shock event (Event#13 from Desai et al. 2003; 2004) are

in Table 4.2.

Table 4.2 Parameters for the IP shock event of June 24, 1999.

Parameters from IP shock event (Desai et al. 2004)

plasma fluid speed upstream Uy 131.0 km/s
plasma fluid speed downstream Us 56.4 km /s
shock normal angle upstream 0, 50 deg
shock normal angle downstream 6, 73 deg
density compression ratio P2/ p1 2.3
magnetic compression ratio B,/ By 2.2
mass number of carbon nuclei Ac 12
mass number of oxygen nuclei Ao 16
mass number of iron nueclei Ape 56
charge number of carbon nuclei Qc 5.6
charge number of oxygen nuclei Qo 6.8
charge number of iron nuclei Qre 11.6
Parameters from FTSA model

mean free path of particles Ao 0.003 AU
power index of rigidity Q 0.05
initial velocity of particle Vo 200 km/s
duration of ESP event t 54.8 hours

Simulation results for C, O and Fe ions during this IP shock event are

shown in Figure 4.6.
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Figure 4.6: Simulation results and observations of spectra of C, O and Fe ions in
the IP shock event on June 26, 1999.
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4.3.2 Results for ESP Event on September 22, 1999

Parameters of this IP shock event (Event#18 from Desai et al. 2003; 2004) are

in Table 4.3.

Table 4.3 Parameters for the TP shock event of September 22, 1999.

Parameters from IP shock event (Desai et al. 2004)

plasma fluid speed upstream Uy 131.0 km/s
plasma fluid speed downstream Us 54.6 km/s
shock normal angle upstream 01 64 deg
shock normal angle downstream 6o 79 deg
density compression ratio p2/p1 2.4
magnetic compression ratio B,/ B, 2.3
mass number of carbon nuclei Ac 12
mass number of oxygen nuclei Ao 16
mass number of iron nuclei Ap, 56
charge number of carbon nuclei Qc 5.6
charge number of oxygen nuclei Qo 6.8
charge number of iron nuclei Qre 11.6
Parameters from FTSA model

mean free path of particles Ao 0.039 AU
power index of rigidity Q 0.08
initial velocity of particle Vo 200 km/s
duration time of ESP event t 54.3 hours

Simulation results for C, O and Fe ions during this IP shock event are

shown in Figure 4.7.
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Figure 4.7: Simulation results and observations of spectra of C, O and Fe ions in
the IP shock event on September 22, 1999.
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4.3.3 Results for ESP Event on October 5, 2000

Parameters of this IP shock event (Event#37 from Desai et al. 2003; 2004) are

in Table 4.4.

Table 4.4 Parameters for the IP shock event of October 5, 2000.

Parameters from IP shock event (Desai et al. 2004)

plasma fluid speed upstream uy 188.0 km/s
plasma fluid speed downstream Uo 78.3 km/s
shock normal angle upstream 01 66 deg
shock normal angle downstream 6, 80 deg
density compression ratio P2/ p1 2.4
magnetic compression ratio B,/ By 2.3
mass number of carbon nuclei Ac 12
mass number of oxygen nuclei Ao 16
mass number of iron nuclei Ar. 56
charge number of carbon nuclei Qc 2.6
charge number of oxygen nuclei Qo 6.8
charge number of iron nuclei QFe 11.6
Parameters from FTSA model

mean free path of particles Ao 0.10 AU
power index of rigidity o} 0.08
initial velocity of particle Uy 200 km/s
duration time of ESP event t 55.1 hours

Simulation results for C, O and Fe ions during this IP shock event are

shown in Figure 4.8.
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Figure 4.8: Simulation results and observations of spectra of C, O and Fe ions in
the IP shock event on October 5, 2000.
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4.4 Discussion

We have FTSA simulation and fitting results for three IP shock events on June
26, 1999, September 22, 2000, and October 5, 2000 (see Figures 4.6 — 4.8). We
found that our FTSA model provides a good fit to observations of C, O, and
Fe ions from ULEIS measurements (Desai et al. 2003; 2004) onboard the ACE
spacecraft for all three events.

The mean free path (\) of the energetic particles at the IP shock is very
important for understanding more about particle scattering and propagation in
the IP medium (Palmer 1982; Bieber et al. 1994; Droge 1994; Zank, Rice, and
Wu 2000; Kallenrode 2001; Khumlumlert 2001; Sollitt 2004).

In our FTSA simulations for determining mean free paths of the energetic
particles, we consider the mean free path to follow a power law with particle
rigidity, A = \o(P/MV)* (Droge 1994; Bieber et al. 1994; Kallenrode 2001; Sollit
2004). From FTSA simulation results, the optimal mean free paths of particles
at the shock are different in the three IP shock events

> IP shock event on June 26, 1999: A\ = 0.003(P/MV)%% AU.
> IP shock event on September 22, 1999: A = 0.039(P/MV)%*%® AU
> IP shock event on October 5, 2000: A = 0.10(P/MV)%% AU

We see that in all three IP shock events the mean free path of particles
is not constant but depends weakly on particle rigidity. In the IP shock event
on June 26, 1999 we found that the mean free path of particles is smaller than
for the other two IP shock events because the particle intensity of the IP shock
event on June 26, 1999 is higher (see Appendix D). Thus a small mean free path
implies high efficiency of acceleration, because the acceleration rate depends on

1/k (Ruffolo and Channok 2003) where « is the diffusion coefficient. From the
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relation k o< A, therefore a small particle mean free path improves the efficiency
for acceleration to high energy.

The concept that a major CME-driven shock generates proton-amplified
waves has been developed through a series of papers (e.g., Ng and Reames 1994;
Ng et al. 1999, 2003) and yields an impressive explanation of unusual elemental
ratios as a function of time on 1998 April 20 (Tylka et al. 1999) with A ~ 107 to
1073 AU. Thus we might expect to find A values ranging from such low values, for
strong events, to typical IP conditions with Ay ~ 0.08 to 0.3 AU (Palmer 1982) for
weaker events. Our fits to ion spectra of IP shock Event 1 (June 26, 1999) indeed
yield a much lower A for this major ESP event, with A = 0.003 AU at 1 MV. For
Events 2 and 3 (September 22, 1999 and October 5, 2000), is similar to typical IP
conditions. This confirms that proton-amplified waves are apparently significant

for ion acceleration in major ESP events but not for weaker ESP events.



CHAPTER V
CONCLUSIONS

The finite-time shock acceleration (FTSA) model based on the diffusive
shock acceleration mechanism (Bell 1978a; 1978b; Drury 1983; Ruffolo 1999) due
to the finite time available for shock acceleration (see Klecker et al. 1981; Forman
1981; Lee 1983) was successful to quantitatively and qualitatively fit the energy
spectra data of C, O,and Fe ions from important energetic storm particle (ESP)
observations (June 26, 1999, September 22, 1999, and October 5, 2000; see Desai
et al. 2003; 2004). The ESPs result from interplanetary (IP) shock acceleration
of electrons and ions in the IP medium near the Earth (about 1 AU from the
Sun).

In the FTSA model we refer to gradual solar events that have a large
solar flare and coronal mass ejection (CME) in which solar energetic particles
and other suprathermal particles are accelerated by CME-driven shocks in the
[P medium beyond the outer corona of the Sun. We do not address particles
accelerated at site of the flare at the solar surface, or by a CME-driven shock
near the Sun.

The FTSA model can describe characteristics of an energetic seed particle

population (seed spectrum) that is accelerated to higher energy (shock spectrum)
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by an IP shock passage due to a large solar flare event. Mason, Mazur, and Dwyer
(1999) suggested that remnant flare material could be an important component of
the seed population that is available for acceleration at IP shocks driven by CMEs.
Thus IP shock should accelerate energetic ions provided that they encounter
remnant flare material about 1 AU.

For each IP shock event the characteristic shock properties are not the
same, and times for IP shock propagation in IP space are different. Therefore we
see that observed data from IP shock events are different for each event. Therefore
the FTSA model is a good way to study the effect of particle acceleration from
IP shocks and energy spectra of accelerated particles in terms of the finite time
of the ESP events or the solar storm events.

Many recent research works (e.g., Tylka 2001; Klecker et al. 2003; Desai
et al. 2003; 2004) used the empirical formula of Ellison and Ramaty (1985) to
fit the characteristics of energetic particle shock spectra with the rollover energy,
E..

N(E)= NyE "exp(—E/FE.). (5.1)

Ellison and Ramaty (1985) suggested that F. depends on the particle
diffusion length or size of the shock (Ellison 1984; Ellison and Ramaty 1985) by
k/u where k is the diffusion coefficient and w is shock speed relative to the up-
stream fluid. Anyway, the Ellison and Ramaty (1985) formula cannot completely
fit spectra of the ESP events (such as the ESP event on October 5, 2000; from
Desai et al. 2004). In the October 5, 2000 ESP event, Desai et al. (2004) fit the
energetic ion spectra with the Ellison and Ramaty (1985) formula (equation 5.1)

for C, O, and Fe to obtain

Ne(E) = 0.000527E %7
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No(E) = 0.002229F~%2%

Npo(E) = 0.001724E %375,

In results from Desai et al. (2004) fitting observed ESP data there is no exponen-
tial term because E. (in 5.1) is very large, but the value of x/u in this event is
not very large. Even at an energy as low as 3 keV/nucleon, x/u ~ 1 x 10'° km,
whereas the shock width is ~ 6 x 10° km. Therefore, the criterion x/u ~ (shock
width) would imply a very low rollover energy. Therefore the fit of Ellison and
Ramaty (1985) formula with E. as the energy where x/u ~ (shock width) in the
October 5, 2000 ESP event is not good. Our FTSA model can provide a good fit
simultaneously to C, O, and Fe ESP spectra from observed data in the October
5, 2000 event (see Section 4.3). We think the rollover energy from the x/u effect

cannot provide a good explanation of the IP shock acceleration in ESP events.

Summary of conclusions of the FTSA model for IP
shock acceleration

e The FTSA model can explain rollovers at energies of about 0.1 - 10
MeV /nucleon (Desai et al. 2003; 2004) in terms of the finite time available for
shock acceleration. This time, ¢, corresponds to observed data from ULEIS mea-
surements on the A C'E spacecraft near the Earth. Near the Earth, the acceleration
time is typical on the order of ¢, or about 3 - 5 days, and the observed spectrum
rolls over due to the finite time.

e The FTSA model provides-a good explanation of observed changes in
energetic ion (C, O, Fe) spectra from IP shock events. It can explain the puzzling
results that the high energy ion (C, O, Fe) spectra sometimes steepen after IP

shock passage.
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e The fully developed FTSA model can explain characteristics of ion
spectra in ESP events better than Ruffolo and Channok (2003) or Channok et
al. (2004). The results of Ruffolo and Channok(2003) and Channok et al. (2004)
had a problem about a hump component in the spectra of energetic ions, because
they did not consider the flowing effect of particles in the IP medium.

e The FTSA model can explain characteristics of the rollover energy, .,
in ESP events better than Ellison and Ramaty (1985), who used an empirical
formula (equation 5.1) to fit energy spectra of electrons and ions in solar flare
events.

e In the FTSA model, the particle mean free path, A can depend on
rigidity, P, with the power index, a, so that A oc P*. We find very low values of
a, so in fact that dependence is very weak. We derive a cut-off rigidity, P, from
Ruffolo and Channok (2003),

4 Amocuy — u 1/(a+1)
P. = [Pt 4 S (a4 1) 220 2 poy 5.2
R T Y

where P, is the initial particle rigidity, o is the initial acceleration rate, A is
the mass number of the ions, @) is the charge number of the ions, and ¢ is the

acceleration time. Thus the cut-off energy per nucleon is
EC/A o (Q/A)2a/(a+1)t2/(a+l). (53)

Therefore the cut-off energy per nucleon (E./A) depends on the effect of
the acceleration time scale (Lee 1983; Lee and Ryan 1986; Zank, Rice, and Wu
2000) and charge per nucleon, /A (e.g., Tylka 2001; Reames and Tylka 2002;
Klecker et al. 2003).

From ULEIS observations of IP shock events, Desai et al. (2003, 2004)

found that E. of C, O, and Fe ions does not depend on the charge per nucleon
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(Q/A) for all 72 events, whereas the FTSA theory can describe the characteristic

of E, in IP shock events in terms of the finite time.
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Appendix A

List of Acronyms

ACE Advanced Composition Explorer (spacecraft)
AU Astronomical Unit

CME  Coronal Mass Ejection

CR Cosmic Rays

DSA Diffusive Shock Acceleration

ESP Energetic Storm Particle

eV electron Volt (unit of energy)

FTSA  Finite Time Shock Acceleration

GCR  Galactic Cosmic Ray

P Interplanetary

IPS Interplanetary Shock

MHD  Magnetohydrodynamics

SEP Solar Energetic Particle

SMM  Solar Maximum Mission (spacecraft)

SNR Supernova Remnant

SOHO  Solar and Heliospheric Observatory (spacecraft)
ULEIS Ultra Low Energy Isotropic Spectrometer (on ACE)
uT Universal Time



Appendix B

Physical Constants!

velocity of light 299792458 m/s
unified atomic mass unit  1.660540x107%" kg
proton mass 1.672623x1072" kg

proton rest mass energy  938.27231 MeV
electric charge magnitude 1.60217733x107Y C
astronomical unit (AU) 149597870660 m

[1] from Caso et al. (1998); Groom et al. (2000)
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Appendix C

Ultra Low Energy Isotope Spectrometer (ULEIS)

The Ultra Low Energy Isotope Spectrometer (ULELS) is an instrument on the
ACE spacecraft. It is an ultra high resolution mass spectrometer designed to mea-
sure the particle composition and energy spectra of elements He-Ni with energies
from ~ 45 keV /nucleon to a few MeV /nucleon (Mason et al. 1998). ULEIS is new
instrument for solar space science research in recent times, which investigates par-
ticles accelerated in solar energetic particle events and interplanetary (IP) shocks.
By determining energy spectra, mass composition, and their temporal variations
in conjunction with other ACE instruments, ULEIS has greatly improved our
knowledge of solar abundances, as well as other reservoirs such as the local in-
terstellar medium. ULEIS is designed to combine the high sensitivity required to
measure low particle fluxes, along with the capability to operate in largest solar
particle or IP shock events. In addition to detailed information for individual
ions, ULEIS features a wide range of count rates for different ions and energies
that allows accurate determination of particle fluxes and anisotropies over short
time scales (about a few minutes). The energy range covered by ULEIS measure-
ments includes solar energetic particles, particles accelerated by IP shocks, and
low-energy anomalous cosmic rays.

The ACE spacecraft is about 1.5 x 10° km (0.01 AU) in front of Earth, in an
excellent position to measure the properties of the solar wind, IP magnetic field,
solar energetic particles from the Sun before it impacts the Earth’s magnetosphere
(Stone et al. 1998). Therefore the ULEIS instrument on the ACE spacecraft
observes near 1 AU (near the Earth) and provides information about energetic
storm particle (ESP) events and IP shock-accelerated particles (Desai et al. 2001;
2003; 2004).
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Appendix D

ULEIS Observations of Ions at Interplanetary Shocks

*

Interplanetary shock data of June 26, 1999 event
[June 25, 08:44 UT — June 27, 12:57 UT)]

Carbon

Kinetic energy
(MeV nucleon—!)

Intensity

(particles/em? s st MeV nucleon™)

0.1131 - 0.1600

0.1600 — 0.2263 2.23
0.2263 — 0.3200 1.53
0.3200 — 0.4525 0.917
0.4525 — 0.6400 0.455
0.6400 — 0.9051 0.214
0.9051 —1.2800 0.0912
1.2800 — 1.8102 0.0309
1.8102 — 2.5600 0.00854
2.5600 — 3.6204 0.00177
3.6204 — 5.1200 0.000378
Oxygen
Kinetic energy Intensity

(MeV nucleon—')

(particles/cm? s st MeV nucleon™")

0.1131 - 0.1600
0.1600 ~ 0:2263
0.2263 — 0.3200
0.3200 — 0.4525
0.4525 — 0.6400
0.6400 — 0.9051
0.9051 — 1.2800
1.2800 — 1.8102
1.8102 — 2.5600
2.5600 — 3.6204
3.6204 — 5.1200

9.64
6.27
3.99
2.33
1.14
0.519
0.221
0.0686
0.0171
0.00439
0.000882

* These data were kindly provided by Dr. Mihir Desai.



Iron

Kinetic energy
(MeV nucleon™1)

Intensity
(particles/cm? s st MeV nucleon ™)

0.1131 - 0.1600
0.1600 — 0.2263
0.2263 — 0.3200
0.3200 — 0.4525
0.4525 — 0.6400
0.6400 — 0.9051
0.9051 — 1.2800
1.2800 — 1.8102
1.8102 — 2.5600
2.5600 — 3.6204
3.6204 — 5.1200

1.87
1.04
0.532
0.243
0.104
0.0405
0.0128
0.00249
0.000520
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Interplanetary shock data of September 22, 2000 event
[September 22, 06:39 UT — September 23, 04:31 UT)]

Kinetic energy
(MeV nucleon™1!)

Intensity

(particles/cm? s st MeV nucleon )

0.1131 - 0.1600

0.1600 — 0.2263 1.21
0.2263 — 0.3200 0.510
0.3200 — 0.4525 0.169
0.4525 — 0.6400 0.0506
0.6400 — 0.9051 0.0179
0.9051 — 1.2800 0.00351
1.2800 — 1.8102 =
1.8102 — 2.5600 N
2.5600 — 3.6204 -
3.6204 — 5.1200 N
Kinetic energy Intensity

(MeV nucleon )

(particles/cm? s st MeV nucleon™)

0.1131 - 0.1600
0.1600 — 0.2263
0.2263 — 0.3200
0.3200 — 0.4525
0.4525 = 0.6400
0.6400 — 0.9051
0.9051 — 1.2800
1.2800 - 1.8102
1.8102 ~ 2.5600
2.5600 — 3.6204
3.6204 — 5.1200

7.71
3.32
1.28
0.447
0.123
0.0309
0.00949




Iron

Kinetic energy
(MeV nucleon™1)

Intensity
(particles/cm? s st MeV nucleon ™)

0.1131 - 0.1600
0.1600 — 0.2263
0.2263 — 0.3200
0.3200 — 0.4525
0.4525 — 0.6400
0.6400 — 0.9051
0.9051 — 1.2800
1.2800 — 1.8102
1.8102 — 2.5600
2.5600 — 3.6204
3.6204 — 5.1200

0.479
0.190
0.0695
0.0318
0.00717
0.00177
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Interplanetary shock data of October 5, 2000 event
[October 4, 22:55 UT — October 5, 08:55 UT]

Kinetic energy
(MeV nucleon™1!)

Intensity

(particles/cm? s st MeV nucleon )

0.1131 - 0.1600

0.1600 — 0.2263 0.188
0.2263 — 0.3200 0.0562
0.3200 — 0.4525 0.0140
0.4525 — 0.6400 0.00504
0.6400 — 0.9051 —
0.9051 — 1.2800 —
1.2800 — 1.8102 =
1.8102 — 2.5600 N
2.5600 — 3.6204 -
3.6204 — 5.1200 N
Kinetic energy Intensity

(MeV nucleon )

(particles/cm? s st MeV nucleon™)

0.1131 - 0.1600
0.1600 — 0.2263
0.2263 — 0.3200
0.3200 — 0.4525
0.4525 = 0.6400
0.6400 — 0.9051
0.9051 — 1.2800
1.2800 - 1.8102
1.8102 ~ 2.5600
2.5600 — 3.6204
3.6204 — 5.1200

1.36
0.492
0.150
0.0486
0.0151
0.00446
0.00181
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Iron

Kinetic energy
(MeV nucleon™1)

Intensity
(particles/cm? s st MeV nucleon ™)

0.1131 - 0.1600
0.1600 — 0.2263
0.2263 — 0.3200
0.3200 — 0.4525
0.4525 — 0.6400
0.6400 — 0.9051
0.9051 — 1.2800
1.2800 — 1.8102
1.8102 — 2.5600
2.5600 — 3.6204
3.6204 — 5.1200

0.196
0.0821
0.0370
0.0195
0.00629
0.00295
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