
MODELLING OF GALACTIC AND JOVIAN 
ELECTRONS IN THE HELIOSPHERE 

DANIEL M. MOEKETSI Hons. BSc.  

Thesis accepted in partial fulfilment of the requirements for the degree Magister 

Scientiae in Physics at the North-West University (Potchefstroom Campus) 

Supervisor: Prof. M. S. Potgieter 

Assistant Supervisor: Dr. S. E. S. Ferreira 

July 2004 

Potchefstroom 

South Africa 



Abstract 
A three-dimensional (3D) steady-state electron modulation model based on Parker (1965) transport 

equation is applied to study the modelling of - 7 MeV galactic and Jovian electrons in the inner 

heliosphere. The latter is produced withm Jupiter's magnetosphere which is situated at - 5 AU in the 

ecliptic plane. The heliospheric propagation of these particles is mainly described by the heliospheric 

diffusion tensor. Some elements of the tensor, such as the diffusion coefficient in the azimuthal direction, 

which were neglected in the previous two-dimensional modulation studies are investigated to account for 

the three-dimensional transport of Jovian electrons. Different anisotropic solar wind speed profiles that 

could represent solar minimum conditions were modelled and their effects were illustrated by computing 

the distribution of 7 MeV Jovian electrons in the equatorial regions. In particular, the electron intensity 

time-profile along the Ulysses spacecraft trajectory was calculated for these speed profiles and compared 

to the 3-10 MeV electron flux observed by the Kiel Electron Telescope (KET) on board the Ulysses 

spacecraft from launch (1990) up to end of its fust out-of-ecliptic orbit (2000). It was found that the 

model solution computed with the solar wind profile previously assumed for typical solar m i n i m  

conditions produced good compatibility with observations up to 1998. After 1998 all model solutions 

deviated completely from the observations. In this study, as a further attempt to model KET observations 

more realistically, a new relation is established between the latitudinal dependence of the solar wind 

speed and the perpendicular polar diffusion. Based on this relation, a transition of an average solar wind 

speed from solar m i n i  conditions to intermediate solar activity and to solar maximum conditions 

was modelled based on the assumption of the time-evolution of large polar coronal holes and were 

correlated to different scenarios of the enhancement of perpendicular polar diffusion. Effects of these 

scenarios were illustrated, as a series of steady-state solutions, on the computed 7 MeV Jovian and 

galactic electrons in comparison with the 3-10 MeV electron observed by the KET instrument from the 

period 1998 up to the end of 2003. Subsequent effects of these scenarios were also shown on electron 

modulation in general. It was found that this approach improved modellmg of the post-1998 discrepancy 

between the model and KET observations but it also suggested the need for a time-dependent 3D 

electron modulation model to describe modulation during moderate to extreme solar maximum 

conditions. 

Keywords: cosmic rays, heliosphere, solar wind speed, polar coronal boles, Jovian electrons, galactic 

electrons 
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Chapter 1 

Introduction 

Galactic cosmic rays (GCRs) originate from astrophysical sources in the Galaxy enter almost 

isotropically the region of interstellar space influenced by the Sun known as the heliosphere. 

In the heliosphere, they interact with the turbulent magnetised plasma so that their intensity 

is reduced below the level of their interstellar spectra, a phenomenon called the heliospheric 

modulation of cosmic rays. Besides GCRs, there is another population of charged particles of 

importance to this study which originate within the heliosphere known as "Jovian electrons" 

which also experience a similar process. The latter is produced by the Jovian magnetosphere 

located at  - 5 AU in the ecliptic plane (e.g., Teegarden, 1974). This study focuses mainly on 

modelling the modulation of these low-energy electrons in the inner heliosphere (< 10 AU). 

Significant progress has been made over the past few decades in modelling modulation of 

cosmic rays in the heliosphere. Among these is the recent application of an advanced steady- 

state three-dimensional (3D) electron modulation model CFerreira, 2002) which describes the 

relevant physics of the heliospheric transport and modulation of low-energy (< 30 MeV) Jovian 

and galactic electrons. This model, also used for this study, has successfully produced a good 

compatibility with the 3 - 10 MeV electron flux observed by the Kiel Electron Telescope (KET) 

instrument (e.g., Heber et al., 2003a,b) aboard the Ulysses spacecraft during solar minimum to 

moderate conditions (19941998). After this period, the model predictions deviate completely 

from the observations. This deviation will be further investigated. 

In previous modulation studies (e.g., Hattingh, 1998; Ferreira, 1998; Minnie, 2002; Ferreira, 

2002; Langner, 2004), the only realistic profile of the solar wind speed assumed was the one with 



highly latitude dependent speed, that is changing from a slow solar wind in the equatorial region 

with an average speed of 400 km scl to a fast speed of 800 km s-' in the solar polar regions. This 

profile is only consistent with Ulysses spacecraft observations during solar minimum conditions. 

In this study, other solar wind speed profiles are modelled which could represent solar conditions 

after sola  minimum. Effects of their variability are illustrated on the computed 7 MeV electron 

intensities and compared to the electron flux observed along the Ulysses trajectory for the first 

out-of-ecliptic orbit. 

The main aim of this thesis is to study and establish a relation between two essential 

parameters of the modulation model, that is the latitudinal dependence of the solar wind speed 

and the heliospheric perpendicular diffusion. Further, it is to enable improved modelling these 

parameters with varying heliospheric conditions and to illustrate, in general, their subsequent 

effects on low energy (- 7 MeV) Jovian and galactic electron modulation, in particular the 

post-1998 discrepancy between the model solutions and the 3 -10 MeV KET observations. 

An introduction to cosmic rays and the heliosphere is given in Chapter 2 along with all the 

related major concepts and definitions used in this study. The Ulysses mission is also discussed 

with the KET and the SWOOPS instruments which provide electron and solar wind speed data 

in this study. 

A concise overview of the heliospheric transport and modulation of low energy (3 - 30 MeV) 

electrons, in particular Jovian electrons, is given in Chapter 3. It begins with a brief back- 

ground on observations of these electrons since the early 1970's to date with various space 

probes and further gives an overview of the development and advancement of the Jovian prop 

agation models used to explain these observations. Finally, a short discussion is given on the 

modulation and source spectrum of Jovian electrons. 

Chapter 4 gives a brief summary of the steady-state 3D electron modulation model (Fer- 

reira, 2002) used in this study. 

Aspects of the heliospheric diffusion tensor constructed by Ferreira et al. (2002) to establish 

compatibility with Ulysses spacecraft observations (Heber et al., 2001) of a few MeV Jovian and 

galactic electrons in the heliosphere are investigated in Chapter 5. These include the spatial 

and rigidity dependence of elements of the tensor which are important for electron modulation. 

The other elements of the tensor which were neglected in previous modulation studies because 



of the limitations imposed by 2D modulation models, become of particular interest in this 

Chapter in order to understand the 3D transport and modulation of low-energy electrons in the 

inner heliosphere, in particular, the prominent azimuthal distribution of electrons produced by 

the Jovian magnetosphere in the equatorial region. 

In Chapter 6, the diierent profiles of solar wind speed applicable to solar minimum condi- 

tions are modelled and their effects on the computed low energy (- 7 MeV) Jovian and galactic 

electron intensity are illustrated in comparison to the electron flux observed along the Ulysses 

trajectory. 

A new relation is established between the latitudinal dependence of the solar wind speed 

and the heliospheric polar diffusion in Chapter 7. Using this relation, a transition of average 

solar wind speed from solar minimum to intermediate solar activity and to solar maximum 

conditions correlated with diierent scenarios of heliospheric polar diiusion is modelled based 

on the assumption of the time evolution of polar coronal holes. Effects of these diierent scenarios 

assumed to correspond to different solar conditions are illustrated as a series of steady-state 

solutions on the post-1998 electron observations along Ulysses trajectory. Subsequent effects of 

these different heliospheric polar diffusion scenarios are illustrated on the low-energy electron 

modulation. 

In Chapter 8, a summary and the conclusions of this study are given. 

Extracts from this thesis were published in accredited scientific journals by Ferreira et al. 

(2003a) and Ferreira et al. (2003b). 

Aspects of this work were personally presented during the International Cosmic Ray Work- 

shop in Potchefstroom (March, 2002) and Bochum, Germany (March, 2003) and also during 

the South African Institute of Physics (SAIP) Conference in Potchefstroom (September, 2002) 

and in Stellenbosch (June, 2003). 

Aspects of this work also formed part of poster presentations at the following conferences: 

The 34th Scientific Assembly of COSPAR/World Space Congress 2002, Houston, USA by 

Ferreira et al., 2002). 

The International Symposium on "Plasma in the laboratory and the Universe", Como, 

Italy, September, 2003 (recently published by Heber et a]., 2004). 



The 35th Scientific Assembly of COSPAR 2004, Paris, France by Henize et al., 2004). 



Chapter 2 

Cosmic rays, the Sun and the 

heliosphere 

2.1 Introduction 

This Chapter gives an introduction to the study of cosmic rays and the heliosphere. It starts 

with a brief discussion on the origin of cosmic rays and further discusses the Sun and the 

solar wind plasma, the heliosphere, heliospheric magnetic field and current sheet, and solar 

cycle variations. The Ulysses space mission is also discussed as related to the Kiel Electron 

Telescope instrument which provides a wide range of electron and other data, and the Solar 

Wind Observations Over the Polar region of the Sun (SWOOPS) instrument which provides 

solar wind speed data used in this study (Chapters 6 and 7). 

2.2 Origin of cosmic rays, cosmic radiation 

Cosmic rays (CRs), which are wrongly called rays, are energetic charged particles with kinetic 

energy, E > 1 MeV, originating from astrophysical sources and are accelerated to high velocities 

to become cosmic radiation which propagate throughout the galaxy. These particles were 

discovered in 1912 by Victor Hess during the historic balloon flights and their origins were 

identified as extraterrestial (e.g., Simpson, 1992; Simpson, 1997). CRs detected at  Earth consist 

of - 97% protons, - 2% electrons and positrons and - 1% heavier nuclei (e.g., Longair, 1990; 



Simpson, 1992). CFk can be categorised in different populations as follows: 

(1) Galactic CFk originating from far outside the solar system. It is believed that the energy 

transfer processes during supernova explosions in the galaxy are major sources of these particles 

(see a detailed review by Jones and Ellison, 1991). Experimental evidence of this was found by 

e.g. Koyarna et al. (1995) and confirmed by Tanimori et al. (1998). 

(2) Solar energetic particles (SEPs) originating from the Sun and produced mainly during 

solar flares (e.g., Forbush, 1946; Smith et al., 2003). 

(3) The anomalous component of CRs are formed due to the ionization of interstellar neutral 

atoms relatively close to the Sun and are then transported to and accelerated at  the solar wind 

termination shock (e.g., GarciaMunoz et al., 1973; Fisk et al., 1974, Fichtner, 2001a). 

(4) Electrons originating from the Jovian magnetosphere (e.g., Simpson et al., 1974; Tee- 

garden et al., 1974; Chennete et al., 1974; Heber et d., 2003). 

The low-energy Jovian and galactic electrons are considered for the purpose of this study. 

2.3 The Sun and solar wind 

Our nearest star, the Sun located at an average distance of 1 AU from the planet Earth is a 

middle aged, main sequence star. Its surface is not solid but a spherical plasmatic gas with 

radius of about ro - 0.005 AU and it has a differential rotation period which increases in 

latitude from an average value of - 25 days at the equator to - 32 days near the pol= regions. 

The Sun is mainly composed of hydrogen (- 90%) and helium (- 10%) with some signatures 

of other heavy elements. 

The light of the Sun comes from the photosphere, at about 5800 K (Kelvin). Around this 

lies a region of hot gas, the chromosphere, visible during solar eclipses, and it extends - lo3 km 

from the photosphere. Above that there is a more tenuous and even hotter layer, the corona 

which extends out into space to - lo6 km from the chromosphere. 

The visible dark areas of irregular shape on the photosphere that are cooler than the' entire 

solar surface are called sunspots. Detailed records of the sunspot number, which is a direct 

indication of the level of solar activity, have been kept since 1749 and are shown in Figure 2-1 

up to the end of 2003. From these monthly averaged values, it is evident that the Sun has a 



. 
1750 1800 1850 1900 1950 2000 

Time (Years) 

Figure 2-1: Monthly averaged sunspot number from the year 1749 up to the end of 2003 (data from 
http://www.spaceweather.com). 

quasi-periodic - 11 year activity cycle. Every -11 years the Sun moves through a period of 

fewer and smaller sunspots which is called 'solar minimum' followed by a period of larger and 

more sunspots which is called 'solar maximum' (e.g., Smith and Marsden, 2003). 

The plasmatic atmosphere of the Sun constantly blows away from its surface to maintain 

equilibrium (Parker, 1958, 1961, 1963). This is possible because temperatures in the corona 

are so high that the solar material is not gravitationally bound to the Sun. The escaping hot 

coronal plasma from the Sun is called the solar wind. The solar wind carries the solar magnetic 

field into interplanetary space, forming the heliospheric magnetic field (HMF) which is mostly 

responsible for the modulation of CRs in the heliosphere. 

The solar wind (originally called "solar corpuscular radiation") was first proposed by Bier- 

man (1951, 1961) to account for the behaviour of comet tails that always pointed directly 

away from the Sun regardless of the position of the comet. Biermann has found that the 

pressure of the solar radiation alone cannot explain his observation and has suggested that 

the solar wind always exists and effects the formation of comet tails. Biermann's estimates 

of the solar wind speed, V, ranged between 400 - 1000 km s-' which were remarkably ac- 

curate. However, the name 'solar wind' was &st introduced by Parker (1958). This was 

confirmed in 1959 by the Soviet Luna 3 Spacecraft and has been the object of study ever since 



(http://sohoww.nascomgo/explore/swvelocity). For a review see Marsch et al. (2003). 

Observations made over many years showed that V is not uniform over all latitudes and 

can be divided into the fast solar wind and the slow solar wind. The basic reason is that the 

Sun's magnetic field dominates the original outflow of the solar wind (e.g., Smith, 2000). If the 

solar magnetic field is perpendicular to the radial outflow of the solar wind it can prevent the 

outflow. This is usually the case at  low solar latitudes where the near Sun magnetic field lines 

are parallel to the Sun's surface. These field lines are in the form of loops which begin and 

end on the solar surface and stretch around the Sun to form the streamer belts as shown in 

Figure 2-2. These streamers belts are regarded as the most plausible sources of the slow solar 

wind speed which has typical average velocities of up to V= 400 km s-I (e.g., Schwenn, 1983; 

Marsch, 1991; Phillips et al., 1995; McComas, 1998; McComas, 2002a). Other indications are 

that the slow solar wind speed may arise from the edges of large coronal holes or from smaller 

coronal holes (e.g., Hundhausen, 1977; McComas et al., 2000; McComas et al., 2002a). 

Solar Wind 

Coronal Hole 

Figure 2-2: The solar magnetic field during declining phase of solar cycle illustrating polar coronal holes 
(shaded regions) and streamers as sources of fast and slow solar wind speed (from Suess et al., 1998). 

The fast solar wind speed with a characteristic average speed of up to V = 800 km s-' 

emanates from the polar coronal holes which are located at the higher heliographic latitudes 

(e.g., Krieger et al., 1973; Nolte et al., 1976; Zirker, 1977; McComas et al., 2000; McComas et 

al., 2002b; Neugebauer et al., 2002, 2003; Hu et al., 2003) illustrated in Figure 2-2. In these 

regions the magnetic field lines are open and frozen into the solar wind plasma and carried into 

interplanetary space. The faster solar wind plasma from the polar regions can extend close 



to the solar equator and overtake the earlier emitted slow stream, resulting in a "corotating 

interaction region" (CIR), for a review see Odstrcil (2003). The effect on CR modulation of 

these relatively short-term features are not studied in this work. For the purpose of modelling 

the realistic changes in the solar wind speed with varying solar activity in this study, it is 

important to relate it with the time evolution of the large polar coronal holes which is done in 

Chapter 7. 

The latitudinal dependence of V during solar minimum activity has been confirmed by 

Ulysses observations (e.g., Phillips et al., 1994; 1995) and is shown in Figure 2-3 as six hour 

averages during the fast poletc-pole transit of the Ulysses spacecraft. Ulysses is the first 

spacecraft to explore both equator and the polar regions of the Sun and its mission is discussed 

in Section 2.8. Evident from Figure 2-3 are significant variations of V with heliolatitude where 

Ulysses has observed a high solar wind speed, 700 - 800 km s ~ ' ,  at 2 20' S. In the - 20° S to 

the - 20' N band it observed medium to slow speeds, to increase again to a speed between 700 

- 800 krn s-' at - 20% thus confirming the existence of the fast and slow solar wind streams 

during solar minimum. For solar maximum activity no well-defined high speed solar wind is 

observed (e.g., Richardson et al., 2001). 

............................................ ............................................ t Yqwy,v 
.......... . . . . . . . . . . .  I... i ........... _ ................................ 

Heliographic Latitude (degree) 

Figure 2-3: Six-hour average solar wind speed for the pole-tepole transit of Ulysses from peak southerly 
latitude of -80 .2~  on 12 September 1994 to the corresponding northerly latitude on 31 July 1995 (adapted 
from Phillips et al., 1995). 



The radial dependence of V between 0.1 AU and 1.0 AU was studied by e.g., Kojima et al. 

(1991) and Sheeley et al. (1997). They have found that both the low and high speed winds 

accelerate within 0.1 AU of the Sun and become a steady flow at 0.3 AU. Using measurements 

from Pioneer 10 and 11 and Voyagers 1 and 2, Gazis et al. (1994) and Richardson et al. (2001) 

have found that the slow averaged solar wind speed does not vary with distance up to 50 AU. 

However, it does show a solar cycle dependence with values about 20% higher during solar 

minimum than during solar maximum. At solar maximum there is a mixture of high speed and 

low speed winds in the region of the equator (Gazis et al., 1991; McComas et al., 2002a). 

The average solar wind velocity V in the modulation models is modelled as 

V (T, 0) = V (T, 0) e, = V (T) V (0) e,, (2.1) 

where T is the radial distance, 0 the po l a  angle and e, the unit vector component in the 

radial direction. The radial dependence V (T) of the solar wind plasma (e.g., Hattingh, 1998) 

is given as 

with Vo = 400 km s-', TB the solar radius, TO = 1 AU and r given in AU. The latitude 

dependence V (8) of the solar wind speed during solar minimum conditions (Hattingh, 1998) is 

given as 

v (8) = 1.5 F 0.5 tanh I 
in the northern and southern hemisphere respectively with ip = 35'. This latitudinal de- 

pendence of the V produces compatibility with the observations (e.g., Phillips et al., 1995; 

McComas et al., 2002b; Ferreira, 2002; Ferreira et al., 2003a, Langner, 2004) and is illustrated 

in Chapter 6. A significant progress is made in Chapter 6 and 7 to  improve modelling of 

Equation (2.1) for varying heliospheric conditions. 



2.4 The heliosphere

The region of interstellar space occupied by magnetised plasma originating from the Sun is

called the heliosphere. A simplistic understanding of the heliosphere is that the solar wind

flows radially outward from the Sun and therefore blows a spherical bubble that continually

expands. However, the interstellar space is not empty and contains matter in the form of the

local interstellar medium (LISM). The LISM is known to consist of some combination of dust,

neutral gas, ionized plasma, magnetic fields and galactic cosmic rays (e.g. Smith, 2001). The

best known interstellar component is neutral gas (H, He) which enters the heliosphere more or

less directly because it does not interact with the solar wind. The heliosphere can be viewed as

a huge laboratory where we can directly observe and measure physical parameters that cannot

be scaled down to terrestrial laboratories. See the review by Fichtner (2000a).
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Figure 2-4: The structure of the heliosphere resulting from an axisymmetric hydrodynamic (HD) model
(Fahr, 2000). The proton number density that is seen in the rest frame of the Sun equals the neutral

gas number density in the local interstellar medium (np = nH = 0.1 cm-3, Scherer et al., 2001).

Figure 2-4 illustrates the geometrical structure of the heliosphere resulting from an axisym-

metric HD model (e.g., Fahr, 2000). The interaction of the supersonic solar wind plasma with
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Figure 2-5: A 3D representation of the Parker HMF spiral structure with the Sun at the origin. Spirals 
rotate around the the polax axis for 6 = 45', 6 = 90' and 0 = 135' (from Hattingh, 1998). 

the LISM leads to a transition from supersonic to subsonic speeds at  the termination shock 

(TS). Such a transition might also occur for the interstellar wind at the heliospheric bow shock. 

The estimates for the location of the TS range between - 70 AU and +- 100 AU (e.g., Stone 

et al., 1996; Whang and Burlaga, 2000), but the present consensus is that the TS should be 

near - 90 AU in the upwind direction (e.g., Stone and Cummings, 2001). Recent observations 

indicate that Voyager 1 is in the vicinity of the TS (e.g., Stone and Cummings, 2003) or may 

have even crossed it (Krimigis et al., 2003). In this study, the TS is disregarded because focus 

is on modulation of low-energy electrons in the inner heliosphere (< 10 AU). The heliopause 

is the boundary layer between the interstellar medium and the solar wind plasma. Its position 

is uncertain, probably at least 30 - 50 AU beyond the TS, certainly more in the down-wind 

direction. In this study the outer boundary is specified to be at 120 AU (see also Chapter 4). 



2.5 Heliospheric magnetic field 

In 1958, Parker put forth a model for the HMF that has been the accepted standard for decades. 

In this model, Parker (1958) assumed that the footpoints of the HMF remain rooted with respect 

to the Sun a t  the solar wind source surface, where the solar wind flow becomes radial. Due to 

the combined effect of radial outward convection of the solar wind plasma and the rotation of 

the Sun, the field lines form Archimedean spirals that lies on the cones of constant heliographic 

latitude, as shown in Figure 2-5. 

Parker (1958) derived an equation for the spiral HMF (also known as the Parker field) given 

by 

where B is the HMF vector with components in the radial e, and azimuthal e+ directions 

respectively, Bo is the magnitude of the HMF which averages -5 nT at Earth, TO = 1 AU, and 

Il, the spiral angle, that is defined as the angle between the outward radial direction and the 

direction of the HMF lines at a certain position. It is mathematically expressed as 

with 0 the angular velocity of the Sun about its rotation axis, TO the solar radius, and V 

the solar wind speed. The spiral angle indicates how tightly wound is the spiral structure of 

the HMF lines. At high latitudes the spiral angle is less tightly wound and the field lines are 

nearly radial. Substituting Equation (2.5) into (2.4) yields 

for the magnitude of the Parker HMF throughout the heliosphere. The polar angle 6' is 

measured from 0' at  the polar axis of the Sun with 6' = 90' the equatorial plane. 

However, at  high latitude the geometry of HMF is not just an ordinary Parker spiral as 

argued by Jokipii and Kdta (1989). The solar surface, where the "feet" of the field lines 

occur, is not a smooth surface, but a granular turbulent surface that keeps changing with time, 



especially in the polar regions. This turbulence may cause the "footpoints" of the polar field 

lines to wander randomly, creating transverse components in the field, thus causing temporal 

deviations from the smooth Parker geometry. The effect of the more turbulent magnetic field 

in these regions is to increase the mean magnetic field strength. However, Jokipii and K6ta 

(1989) suggested a modification to Equation (2.6) so that 

For 6, = 0 in Equation (2.7) there is no modification so that the standard Parker geometry 

is obtained. In this work it is assumed that 6, = 0.002 (Haasbroek, 1993). This modiication 

causes the HMF to vary as throughout most of the heliosphere while retaining the same 

direction as the Parker field. Qualitatively, this modiication is supported by measurements 

made of HMF in the polar regions of the heliosphere by Ulysses (e.g., Balogh et al., 1995). This 

equation is used in most modulation models (e.g., Ferreira, 2002; Langner, 2004). 

The purpose of this modification is to alter the drift patterns that CRs experience by 

reducing them in the heliospheric polar regions. This study focus on modelling of Jovian and 

galactic electrons in the inner heliosphere at  low energies (< 30 MeV), where effects of drifts are 

negligibly small, so that this modification does not have a significant influence. (e.g., Ferreira, 

2002; see also Chapter 7). 

Another modiication was proposed by Smith and Bieber (1991) who based their modifica- 

tion on magnetic field data. This modification also changes the geometry of the magnetic field 

and affects the field strength over the poles. For an implementation of this modification in a 

numerical model see Haasbroek (1997). An alternative model for HMF has been proposed by 

Fisk (1996) based on the argument that the Sun does not rotate rigidly, but rather differentially 

with solar poles rotating - 20% slower than the solar equator (e.g., Snodgrass, 1983). Because 

of the complexity of this field, it is not incorporated in the numerical modulation model used 

in this study. For more information from cosmic ray point of view about this field the reader is 

referred to K6ta and Jokipii (1997), K6ta and Jokipii (1999), Van Niekerk (2000), Burger and 

Hattingh (2001). 



Figure 2-6: A schematic 3D idealization of the HCS configuration for the first 10 AU when a = 25°.
The Sun is in the middle (adapted from Ferreira, 2002).

2.6 Heliospheric current sheet

The existence of a heliospheric current sheet (RCS), earlier called an interplanetary sector

boundary, has been known since it was first identified by Wilcox and Ness (1965). The RCS

separates regions of the solar wind where the magnetic field points towards or away from the

Sun. Because the magnetic and rotational axis of the Sun are not aligned, the rotation of the

Sun causes the RCS to have a warped or "wavy" structure. Since the Sun has typically an

11 - year activity cycle, the waviness of RCS correlates with solar activity. This implies that

during the solar maximum the angle between the Sun's magnetic and rotational axis, known as

the tilt angle a, increases to more than 70° although difficult to observe. During the period of

lower solar activity the rotation and magnetic axis of the Sun become nearly aligned, causing

the relatively small neutral sheet waviness (5° - 10°). The wavy structure of the solar wind

is carried out radially by the constant solar wind plasma as shown in Figure 2-6. This figure

illustrates a 3D idealization of the RCS configuration for the first 10 AU when a = 25°. ( For

review, see Smith, 2001)

For a constant and radial solar wind speed, the position and wavy structure of the RCS is

(e.g., Jokipii and Thomas, 1981) given by
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which for a small value of a can be approximated by 

To include the polarity of the magnetic field, Equation (2.4) is modified so that 

2 
B = A,Bo (:) (e, - tan$e,) [I - 2H (6' - d ) ]  

with 0' the polar angle of the HCS and A, = f 1 a constant determining the polarity of 

the HMF which alternates every 11 years in value. Periods when the magnetic field lines are 

directed outward in the northern hemisphere and inwards in the southern hemisphere are called 

A > 0 polarity epochs with A, = +l. For A < 0 periods, A, = -1 and the direction of HMF 

reverses. The Heaviside step function in Equation (2.10) is given by 

0 when 0  < 0' 
~ ( 8 - 0 ' )  = 

1 when 6' > 0' 

This function causes the HMF to change polarities across the HCS. If this function is used 

directly in the numerical modulation model, the discontinuity causes severe numerical problems. 

To overcome this problem the Heaviside function is approximated (Hattingh, 1998, Langner, 

2004) by 

H' (0 - 0') = tanh [2.75 (8 - 0 ' ) ]  . 

2.7 Solar cycle variations 

It  well known in the field of heliospheric physics that the measurements of the sunspot numbers 

(shown in Figure 2-1) indicate that the Sun has a quasi-periodic - 11 year cycle called a 

solar activity cycle. Every 11 years the Sun moves through a period of fewer and smaller 

sunspots, a period called "solar minimum" and a period of larger and more sunspots called 



"solar maximum" conditions 

Figure 2-7: The tilt angle cu from the first value recorded in 1976 until recently. Two different models 
for tilt angles are shown namely "classic" (dashed line) and "new" (solid line). The "classic" model uses 
a lineof-sight boundary condition and newer model uses a radial boundary condition at the photosphere. 
(Wilcox Solar observatory: http://quake.standford.edu; see also Hoeksema, 1992). 

The effects of solar cycle variations in the Sun's magnetic dipole angle have considerable 

effects on the structure of the HCS with the tilt angle a following the changes in magnetic dipole 

angle of the Sun which is nearly aligned with the Sun's rotation axis near solar minimum and 

almost equatorial at  solar maximum (Hoeksema, 1992). Figure 2-7 shows a £rom the first value 

recorded in 1976 until recently. Two diierent models for a are shown namely the "classic" and 

"new" model (Wilcox Solar Observatory: http://quake.stanford.edu). It is evident that a varies 

from small to a larger value between solar minimum and solar maximum (shaded-band) tracing 

out an 11 year solar cycle. For the discussions of the modulation effects on the differences 

between the two approaches, see Ferreira and Potgieter (2004). Of particular interest from this 

Figure is that one can deduce the duration of extreme solar maximum period (shaded regions), 

e.g. around the year 2000, the duration was about 1.2 years. The solar cycle changes of cu has 

no significant direct effect on low-energy electron modulation. (Chapter 7). 

It is also evident from measurements of the magnitude of the HMF at Earth (not shown) that 



the time-dependent magnetic field B(t) varies with solar activity and shows a good correlation 

with a. In fact there is a factor - 2 increase in B(t) from solar minimum to solar maximum 

for a particular solar cycle (see Ferreira, 2002; Ferreira and Potgieter, 2004). This aspect is not 

utilized in this study. 

In modulation modelling a and B(t) have more relevance to the long-term modulation of 

CRs than sunspot numbers. In this thesis emphasis will be on the solar cycle dependence of 

the solar wind speed. 

. ,  . . , .  

. ; , , , , , , , , , , , , , , , , , . . .  , . . . .  . . . . . . .- 

1991 1992 1993 1994 19% 1996 1997 1998 l9992OOO2OOl 200220032004 

Time (years) 

Figure 2-8: Ttajectory of the Ulysses spacecraft in (a) radial and (b) heliographic coordinates from 
launch in 1990 up to the end of 2003. (Data from http: /SWOOPS.lanl.gov/recentvu.html). 

2.8 Ulysses mission 

A joint European Space Agency (ESA) and National Aeronautic and Space Administration 

(NASA) mission, Ulysses, named after the hero of Greek legend, is one of the most important 



missions to study several aspects of the heliosphere and in particular CR modulation (e.g., 

Rastoin, 1995; Heber, 2002). This is the f is t  spacecraft to undertake measurements far from the 

ecliptic and over the polar regions of the Sun, thus obtaining first-hand knowledge concerning 

the high latitudes of the inner heliosphere. The Ulysses mission, together with the KET which 

is part of the Ulysses Cosmic and Solar Particle Investigation (COSPIN), has been described 

by Simpson et al. (1992a, 1992b), Marsden (1993), Wenzel (1993), Ferrando et al. (1996) and 

Heber et al. (1997). (See also the Ulysses home page: http://helio.estec.esa.nl/ulysses/). 

The trajectory of the Ulysses spacecraft is shown in Figure 2-8 in terms of (a) radial distance 

and (b) the heliogaphic latitudes. After its launch on 6 October 1990, the spacecraft moved 

close to  the ecliptic plane to Jupiter (at - 5 AU), and from where it started, to move to higher 

latitudes south of the ecliptic plane. In mid-1994, the highest southern latitude with 0 = 80' 

was reached. From there, Ulysses moved to the northern polar region which was reached in 

mid-1995 and returned to the ecliptic plane again in 1998. After -1998 Ulysses started the 

second out-of-ecliptic orbit moving into the southern heliospheric polar regions. It reached 0 = 
80' at the end of 2000 and crossed the equatorial plane in May 2001. On 5 February 2004, 

the spacecraft was again close to the giant planet, Jupiter. Unlike the 1992 fly-by, however, 

this was a distant 'encounter' (closest approach was 1990 Jovian radii from the planet's centre, 

compared with 6 Jovian radii in 1992). Another interesting difference between the two fly-bys 

is that this time the spacecraft approached the planet from high southern heliolatitudes. This 

diierence had already become apparent in the radio data from the Unified Radio and Plasma 

Wave (URAP) experiment on board Ulysses, which in February and March 2003 detected 

intense radio emission from Jupiter at levels well above those seen in 1993 when Ulysses was at  

a comparable distance from the planet (approximately 2.8 AU). Details of the trajectory of the 

Ulysses spacecraft can be found on the Ulysses homepage: http://helio.estec.esa.nl/ulysses/. 

Onboard Ulysses are nine scientific instruments of which the KET provides a wide range 

of e.g. electron fluxes from about 2.5 MeV to 6 GeV. In this study the 3 - 10 MeV (- 7 

MeV) electrons (e.g., Heber et al., 2001a,b; Heber et al., 2003a,b) from launch up to the end 

of 2003 are used in Chapter 6 and 7 respectively. Also used in this study is the solar wind 

speed data from the SWOOPS instrument (e.g., McComas, 2000; McComas, 2002b). This 

experiment on board Ulysses is actually made up of two instruments, the ion spectrometer and 



the electron spectrometer. The ion spectrometer measures the positive ions within the solar 

wind plasma and the electron spectrometer measures the free electrons with in the solar wind 

plasma. In this way, the solar wind plasma speed can be measured simultaneously. (See also 

http://sci.esa.int/jump.cfm). 

The Ulysses mission is highly successful and has contributed significantly to the current 

knowledge regarding the inner heliosphere. The mission has already been in progress for 13 

years and has been recently extended to continue until March 2008. This latest extension, the 

third in the history of the joint ESA - NASA mission, will enable Ulysses to add an important 

chapter to its survey of the high latitude heliosphere. See the following publications for a review: 

Marsden (1995; 2001), Balogh et al. (2001), Smith et al., (2003). 

2.9 Summary 

In this Chapter a brief introduction was given of the concepts used in the heliospheric modu- 

lation of cosmic rays which will be used in this study. These include the origin of cosmic rays, 

the Sun and solar wind, the heliosphere, heliospheric magnetic field, heliospheric current sheet, 

the tilt angle and solar cycle variations. The Ulysses mission was briefly discnssed as related 

to the KET and SWOOPS instruments. 

In the next Chapter, a discussion is given about low-energy electrons in the inner heliosphere. 



Chapter 3 

Low-energy electrons in the inner 

heliosphere 

3.1 Introduction 

This Chapter serves as a concise discussion of the propagation and modulation of low-energy 

(3 - 30 MeV) electrons, in particular Jovian electrons in the inner helisophere. It begins with a 

brief background on observations of these electrons since the early 1970's to date with various 

space probes, and further it gives an overview of the development and advancement of the 

Jovian propagation models used to explain these observations. Finally, a short discussion is 

given on the modulation and source spectrum of Jovian electrons. 

3.2 Sources of few MeV cosmic ray electrons in the inner he- 

liosphere 

The cosmic ray electron component is one of the rarer species constituting only about - 1% of 

the total cosmic radiation. They are - lo4 times less massive and are oppositely charged than 

the dominant cosmic ray species making it more difficult to measure their intensities. They un- 

dergo modulation during propagation in the heliosphere, resulting in considerable modification 

of their energy spectra. In order to study their mode of propagation and modulation in the 

heliosphere, we need to know their origin which is briefly discussed next. There are different 



main sources contributing to few-MeV electron 's intensities in the inner heliosphere (5 10 AU). 

3.2.1 Astrophysical sources 

It is believed that astrophysical phenomena such as supernova explosions are the main sources 

of cosmic rays electrons in our galaxy. This electron population, known as galactic electrons is 

accelerated by these supernova blast waves (e.g., Jones and Ellison 1991; Koyama et al., 1995; 

Tanimori et  al., 1998) and penetrates the heliosphere isotropically to be modulated by different 

physical process in the heliosphere (Discussed in Chapter 4). They are the most dominant 

electron population near the heliospheric polar regions and at  distances beyond 10 AU in the 

equatorial plane (e.g., Ferreira et al. 2001b). They form an essential part of this study, but will 

not be given much attention in this Chapter. 

3.2.2 Solar flares and shocks 

Solar flares are regarded as the main source of solar electrons with energies up to a few hundred 

MeV which can be observed on Earth for short periods only (e.g., Forbush, 1946; del Peral et 

al., 2003). Transients such as coronal mass ejections and shocks in the interplanetary medium, 

can also produce these electrons. Contribution of this electron population is not considered 

within the scope of this study because the focus is based on modelling of Jovian and galactic 

electrons in the inner heliosphere. 

3.2.3 Jovian magnetosphere 

It was discovered in 1973 during the Jupiter fly-by of the Pionner 10 spacecraft that the Jovian 

magnetosphere at  - 5 AU in the ecliptic plane is a relatively strong source of electrons with 

energies up to - 30 MeV (e.g., Teegarden et al., 1974; Chennette et al., 1974; and Simpson et 

al., 1974; Simpson et al., 1978). Teegarden et al. (1974) further identified Jupiter as the source 

of "quit time" electrons observed at 1 AU (e.g., McDonald et al., 1972; and L'Heureux and 

Meyer, 1976). These electrons, called Jovian electrons were also measured along the trajectory 

of Pioneer 11 up to 16' heliographic latitude and resulted in a strong evidence for diiusive 

transport of electrons perpendicular to the mean heliospheric magnetic field (Chennete et al., 

1974; Hamilton and Simpson, 1979). Studying their intensity-time profile for the period 1978- 



1984, as observed by the University of Chicago electron spectrometer on board the ISSE3 (ICE) 

spacecraft, Moses (1987) found that the Jovian electron intensity demonstrates little or no solar 

cycle variation. 

The most recent measurements of these low energy electrons in the inner heliosphere (e.g., 

Ferrando et al., 1993a,b, Heber et al., 2003a,b, 2004) have been made with the KET (e.g., 

Simpson et al., 1992a,b) as discussed in Chapter 2. The propagation and modulation of these 

electrons in the inner heliosphere form (up to 10 AU) the most important component of this 

study. Observations from the Electron-Proton Helium instrument (EPHIN) onboard the SOH0 

spacecraft are also available but have not been used in this study. 

An overview of earlier developments and recent advancement of Jovian propagation models 

is given in the following section. 

3.3 A brief overview of Jovian electron propagation models and 

their results 

3.3.1 The Conlon and Chenette diffusion model 

To explain the Pioneer 10 and 11 interplanetary Jovian electron observations, Conlon (1978) 

developed the first Jovian propagation model based on the convection-diiusion equation: 

where U represents the number density of Jovian electrons, K the diffusion tensor, and 

V the solar wind velocity. This model was modified and described by Rastoin (1995). The 

diffusion coeficients used (e.g., Rastoin, 1995; and Ferrando, 1997) were derived from previous 

spacecraft observations. Because of their assumptions of Cartesian geometry, the constant solar 

wind speed of 450 km sC1 and the Parker geometry of the HMF lines, the model solutions (solid 

lines) were only compatible with KET observations (black data curve) in the region close to 

the Jovian point source as shown in Figure 3-1. They were also inconsistent in accounting for 

the modulation of galactic electrons. 
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Figure 3-1: Count rate of the 3-10 MeV KET electron channel (four day averages). The smooth solid
lines are the prediction an of earlier Jovian electron propagation model (e.g., Conlon and Chennete,1977;
Rastoin, 1995); nominal (upper solid line) and scaled by one third (lower solid line). (From Ferrando et
aI., 1999).

3.3.2 The 2D shock acceleration models

An axisymmetric (2D) shock acceleration models were developed (e.g., Jokipii and Kota 1991;

Moraal et aI., 1991; Haasbroek, 1997; Haasbroek et al., 1997a,b) for propagation of Jovian

electrons in the outer heliosphere and their acceleration at the heliospheric termination shock

(TS). Moraal et al. (1991) suggested that these electrons may be reaccelerated to cosmic ray

energies at the termination shock and to subsequently alter electron fluxes observed at Earth,

but Potgieter and Ferreira (2002) illustrated that these Jovian electrons are not significantly

influenced by the presence of the solar wind termination shock. The 2D shock acceleration

models are not applied in this study because of their limitations due to the implicit assumption
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of a ring source and, therefore, cannot account for the three dimensional transport of Jovian 

electrons in the inner heliosphere as studied in this work. 

3.3.3 The 3D modulation models 

Observations made along the unique Ulysses trajectory revealed the effects of the third dimen- 

sion of the inner heliosphere and imposed a challenge to the modulation modelers to construct 

realistic models to  account for the 3D heliospheric transport of Jovian and galactic electrons. 

Fichtner et al. (2000b) developed a 3D steady-state, non-drift model and a more recent time- 

dependent version (e.g., Fichtner et  d., 2001b; Kissmann et d., 2004) based on the Parker 

(1965) transport equation and are most suitable to simulate the modulation of Jovian and 

galactic electrons in the inner heliosphere. The latter is still being further developed and will 

therefore not be applied in this study. 

3.3.4 The 3D Jovian electron model 

Besides the Fichtner et al. (2000b) model, Ferreira et al. (2001a,b), by using a different 

numerical approach, developed an advanced 3D steady-state Jovian electron modulation model 

based on the Parker transport equation including gradient, curvature, and current sheet drifts. 

The details of this numerical model will be discussed in the following Chapter. This model 

and the Fichtner et al. (2000b) model yield similar solutions when the same set of transport 

parameters is assumed. Figure 3-2 shows the features of the three-dimensional distribution of 

7 MeV Jovian electrons within 10 AU of the heliosphere computed with this model. Here, the 

Jovian source is located at 5 AU in the equatorial plane. 

Using this 3D Jovian electron model, Ferreira et  al. (2001a) studied the latitudinal trans- 

port of both 7 MeV Jovian and galactic electrons by illustrating how the electron intensities 

are affected at  different latitudes by the enhancement of perpendicular diffusion in the polar 

direction. In particular, the electron intensity-time profiles along the Ulysses trajectory were 

calculated for diierent assumptions for heliospheric polar diffusion and compared to the S10 

MeV electron flux observed by Ulysses hom launch up to the end of the fust out-of-ecliptic 

orbit. Comparison of the model computations and observations gave an indication as to the 

magnitude of heliospheric polar diiusion. This has improved our understanding of the role 



Figure 3-2: Computed distribution of 7 MeV Jovian electrons for the inner 10 AU of the heliosphere.
The source is at 5 AU. (From Ferreira 2002).

that perpendicular diffusion plays to transport low energy electrons to high-latitudes. The

relative contributions of the Jovian and galactic electrons to the total electron intensity were

also successfully computed along the Ulysses trajectory.. These aspects will be revisited in this

work.

Ferreira et al. (200lb) further studied the radial transport of, , 16 MeV Jovian and galactic

electrons by comparing model computations with the electron intensities (e.g., Eraker et al.,

1982; Lopate, 1991) observed by the University of Chicago experiment on board the Pioneer 10

spacecraft up to , ,70 AU. It was shown that the computed electron intensities are sensitive to the

radial dependence of the diffusion coefficients in the inner heliosphere and that the compatibility

between the model and observations gives an indication as to the radial dependence of the

diffusion coefficients. The relative contributions of Jovian and galactic electrons to the total
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electron intensity were also computed along the Pioneer 10 trajectory. I t  was illustrated that 

the Jovian electrons dominate the total electron intensity in the inner equatorial regions only 

up to - 9 AU. From 15 AU outward, the Jovian contribution becomes insignificant, decreasing 

rapidly as a function of increasing distance. 

Ferreira (2002) also produced a model solutions compatible with the 3 - 10 MeV KET 

observations of Ulysses first out of ecliptic orbit (up to - 1998). These results indicated that 

no time-dependence changes in the transport parameters were required to compute realistic 

electron modulation during solar minimum conditions. But, when this model was applied 

to sola  maximum conditions, the period after 1998 by assuming the same set of transport 

parameters as during solar minimum periods, the computed intensities were significantly lower 

than the observed 3 - 10 MeV electrons (Heber et al., 2003a,b; Ferreira et al., 2003a,b). These 

observed low-energy electron intensities stayed almost unchanged, in contrast to higher energies 

where observed intensities decreased as solar activity picked up. Heber (2002) argued that these 

low-energy observations could neither be explained by solar particles nor by locally accelerated 

electrons and should therefore be of galactic and Jovian origin. 

To improve modelling of the compatibility between the model computations and the 3 - 

10 MeV observations after 1998, a study of effects of changing only the solar wind speed in 

the model with changing heliospheric conditions has been conducted in Chapter 6 and some of 

the results thereof were published in Ferreira et al., (2003a,b). An overview of Jovian electron 

modulation in general is given in the next section. 

3.4 Modulation of Jovian electrons 

Electron data collected on Earth by IMP8 showed unexpected increases in the measured flux 

levels during quiet times (e.g., McDonald et al., 1972). The discovery of Jovian electrons by 

Pioneer 10 led to the recognition of this quiet time electron increase as being of Jovian origin 

(Teegarden et al., 1974; Mewaldt et al., 1976). Observations of these electrons at 1 AU showed 

a strong modulation with a period of 13 mouths (Mewaldt et al., 1976), which is associated 

with the Jwian synodic period. Every 13 months, the heliospheric magnetic field lines connect 

more effectively between the Earth and Jupiter so that electrons transported along the field 



lines can easily reach the Earth. At other times, these electrons also have to diffuse across the 

field lines toward the Earth, and normal to heliospheric equatorial region to high latitude (e.g., 

Hamilton, 1979). 

When Ulysses was within 1 AU of Jupiter during the first encounter, it observed short and 

sharp increases and decreases of low-energy electron fluxes which are called Jovian jets (bursts). 

These jets are characterised by a spectrum identical to the electron spectrum within the Jovian 

magnetosphere and a strong anisotropy (e.g., Chenete et al., 1974; Ferrando et al., 1993a). A 

similar feature has also recently been observed (Heber et al., 2004). The causes of these short- 

time variations in the Jovian electron flux are not yet well described and is a topic for future 

studies. 

By using the 3D Jovian electron modulation model and assuming the relative position of the 

Sun and Jupiter as the only time-varying factor, Ferreira (2002) could compute the 13-month 

periodicity of Jovian electrons observed at  1AU with the IMP satellite as shown in Figure 3-3. 

1992 1993 1994 1995 1996 
Time (years) 

Figure 3-3: Normalised computed 7 MeV electron intensities at Earth in units of particles 
- 2 - 1  -1 sr M~V-' for the period 1992 -1996 (dark solid line), in comparison with averaged 2 - 12 
MeV electron data from IMP. (From Ferreira, 2002). 

Jovian electrons observed at  1 AU also experience - 27-day modulation due to corotating 

interaction regions perturbing interplanetary propagations (e.g., Conlon and Simpson, 1977). 



Figure 3-4: Daily averaged electron fluxes in the 2- 12 MeV energy range at Earth measured by the 
IMPB/CRIiC intrument (Kanekal et al., 2003). The top, middle and bottom panels show electron fluxes 
for years 1993 to 2001, 1984 to 1991 and 1974 to 1981 respectively. Dashed vertical lines denote a two 
year period around solar cycle minima. (Rom Kanekal et al., 2003). 

A diierent study of the effects of CIRs on the shorter-term modulation of low-energy electrons 

in the inner heliosphere has been done recently by Kissmann et al., (2004). These effects were 

not taken into xcount for this study. 

It was suggested by Morioka and Tsuchiya (1997) that Jovian electrons are also modulated 

by solar wind variations at Jupiter. By scrutinizing Pioneer 11 electron data collected during 

1974, they found that the Jovian electron intensity was inversely correlated with solar wind 

dynamic pressure. Tsuchiya et al. (1999) also suggested that the polarity of the heliospheric 

magnetic field a t  the vicinity of Jupiter may control the release rate of Jovian electrons into 

the interplanetary space. 

More recently, Kanekal et al. (2003), by analysis of electron data observed a t  Earth during 

the time period 1992 to 2002 with instruments on board SAMPEX and IMP8, discovered a 

puzzling non-transient decrease in Jovian fluxes near solar cycle minimum (from 1996-1998) as 



Energy (MeV) 

Figure 3-5: Comparison of the Pioneer 10 electron spectrum (filled circles) within the Jovian magne- 
tosphere during the time of maximum flux (Baker and Van Allen, 1976) and ISEE 3 spectrum (open 
circles). The intensity normalization of the ISEE 3 data is arbitrary. (Rom Moses, 1987). 

shown in the top panel of Figure 3-4. The Jovian electron flux diminished significantly from 

early 1996 to the end of 1997, then recovered subsequently and was observed until the end of 

2001. In an attempt to explain these obSe~ationS, they suggested either a change in the Jovian 

source function strength and/or a softening of the Jovian electron spectrum may account for 

these apparent anomalous observations. 

3.5 The Jovian electron source spectrum 

Moses (1987) showed that the Jovian electron spectrum between 5 and 30 MeV, measured 

by the University of Chigago instrument on board ISEE 3, during a period of best magnetic 

connection between Jupiter and Earth, and Pioneer 10 electron spectrometer obtained within 

Jovian magnetosphere (e.g., Baker and Van Allen, 1976) as shown in Figure 3-5, can be fitted 



by a simple power-law

(3.2)

with 'Ythe spectral index and j the differential intensity. A power-law representation of

the observed electron spectrum at 1 AU requires the spectral index to be a function of en-

ergy, which increases from 'Y~ 1.5 at low energies to 'Y ;S6 at high energies. Moses (1987)

also found agreement with electron spectra of other authors in overlapping regions of energy

(e.g.,Teegarden et aI., 1974; Eraker, 1982; Eraker and Simpson, 1979). How the Jovian source

function is constructed to simulate Jovian electron modulation will be discussed in the next

Chapter.

Figure 3-6: (a) Fits of the electron fluxesto an energy power-law during a day of minimum and maximum
Jovian flux observed by the SOHO/EPHIN sensor. (b) Comparison between the Jovian electron flux
and the electron flux of a solar energetic particle event. (From del Peral et ai., 2003).
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Most recently, del Peral et al. (2003) showed measurements of the Jovian electron spectra 

at 0.99 AU from the SOHO/EPHIN sensor observed during a day (day 21, 1996) of minimum 

flux and a day (day 26, 1996) of maximum flux fitted by Equation (3.2) with spectral index 

y = y jm  = 1.51 and yj, = 1.65 respectively as shown in Figure 3-6(a). These values of the 

spectral indices are in good agreement with the values expected from the Jovian magnetosphere. 

The other electron population observed shows a spectral index of ysEp > 2 , shown in Figure 

3-6(b) as ysEp = 3.99, which indicates that it is of solar origin associated with a solar energetic 

particle (SEP) event. 

3.6 Summary 

In this Chapter a short overview of the propagation and modulation of low energy electrons (3 

- 10 MeV) in the inner heliosphere were given, with main emphasis on Jovian electrons. These 

include the sources contributing to the few MeV electron intensities in the inner heliosphere, 

an overview of Jovian electron propagation and modulation models, and a brief discussion on 

the observed modulation and spectra of Jovian electrons. 

In the next Chapter, the 3D Jovian electron modulation model will be discussed in more 

detail including the Jovian source function. 



Chapter 4 

The electron modulation model 

4.1 Introduction 

This Chapter is devoted to giving a brief summary of the steady-state cosmic ray electron 

modulation model (Ferreira, 2002) which is based on Parker's transport equation and is used 

in this study. It begins with a short discussion of the cosmic ray transport equation and the 

modulation processes incorporated therein. A further discussion on the 3D Jovian modulation 

model including the Jovian source function and the electron local interstellar spectrum (LIS) 

is given. 

4.2 The transport equation and modulation processes 

The intensity changes of cosmic rays in the heliosphere with time as a function of energy and 

position is called the modulation of cosmic rays. The equation describing these modulation 

mechanisms was developed by Parker (1965) and is known to date as the transport equation 

(TPE). This equation was rederived (Gleeson and Axford, 1967) and refined by others (Gleeson 

and Axford, 1968; Jokipi and Parker, 1970) and is given by 

where f (r, P, t) is the omni-directional cosmic ray (CR) distribution function dependent on 

position r, rigidity P, and time t. The rigidity is defined to be P = pclq with p the particle 



momentum, q the charge and c the speed of light. Since pc has units of energy, and q has the unit 

of charge, it is easy to show that P has the unit of volts. The useful unit for practical purpose 

is normally gigavolts (GV). It is also easy to show that for electrons with energies of interest to 

this study that P = E,where E is kinetic energy of the particles (See also Ferreira, 2002). The 

relationship between the differential CR intensity j and the distribution function f is given by 

j a P2 f .  The solar wind velocity is denoted by V, and K designates the diiusion tensor and 

will be discussed in Chapter 5. The terms in the TPE include the following processes: 

(1) The term on the left describes the changes in the CR distribution with time. 

(2) The first term on the right describes spatial diffusion parallel and perpendicular to 

average heliospheric magnetic field as well as particle drifts in the background magnetic field. 

(3) The second term describes the outward particle convection due to the radial solar wind. 

(4) The third term includes adiabatic energy changes caused by the solar wind and HMF. 

(5) The final term describes possible sources of CRs inside the heliosphere. 

Understanding these processes and their consequences is one of the most important areas 

of CR modulation studies. 

4.3 The 3D Jovian electron modulation model 

Ferreira et al. (2001a,b) developed an advanced steady-state, 3D Jovian electron modulation 

model which is based on Equation (4.1) and describes the relevant physics of heliospheric 

transport of low energy (< 30 MeV) Jovian and galactic electrons (see ako section 3.4). The 

numerical implementation of this model is briefly discussed in this section. 

To solve Equation (4.1) numerically, it is rewritten in a coordinate system corotating with 

the Sun and the heliospheric current sheet is assumed to be static in this system. The transport 

equation takes the form (e.g., K6ta and Jokipii, 1983; Hattingh, 1998): 

with V* = V - Cl x 1- with Cl the rotational velocity of the Sun. Then in a spherical 



coordinate system (T, 0,4) and assuming a steady-state, Equation (4.2) takes the form: 

i a 
I a ( K ~ O  sin 0)] 2 

I a 1 aKM + [-- r2 sin o Or ( T K ~  + 

ZK,+ a2f a2f K88 a2f K 9, . +KT,-- + -- + 
a r2  ~2 ao2 ~2 sinZ 0 a @  T S ~ O  art34 

1 

a f  I a a f -v- + -- (T2V) - - 
a T  3T2 a~ a l n p  - -Q, (4.3) 

where K,,, Krs, K7+,KeT, Ks0,Kg+,K+,, Kw and KM are the elements of the tensor K in 

Equation (4.2) and will be formally discussed in Chapter 5. The components of the drift 

velocity are given as: 
sign(Bq) 0 

(vd), = - - (sinOKor) , rsin0 80 (4.4) 

1 a a ( ~ d ) ~  = - """'" T [ -  S I ~  0 84 (K.) + m ( T ~ T o ) ]  , 

sign(Bq) a 
(vd)+ = - 

T 2 (Kod > 

or alternatively 

with eg = B,/B, H the heaviside function given by Equation (2.11), KA the drift coefficient 

and the Dirac-function, given by Hattingh (1998). The first term in Equation (4.5) describes 

the gradient and curvature drift caused by HMF, and the second term describes the drift caused 

by the heliospheric current sheet (HCS). The term Q on the right side of Equation (4.3) describes 

for this work the Jovian source function and will be discussed in detail in Section 4.5. 



4.4 Solution of the TPE 

Equation (4.3) is solved numerically using the following boundary conditions: 

(1) The heliosphere is assumed to be spherical with an outer boundary at TI, = 120 AU 

where the LIS is used as an input spectrum (discussed later in Section 4.6). 

(2) The inner boundary is specified at  T = ro and assumes that the radial gradient of 

the distribution function just outside the boundary is equal to the gradient just inside. For 

twwiimensional models, a reflecting Sun was assumed as an inner boundary condition (e.g., 

Potgieter, 1984; Hattingh, 1993). 

This implies that no particles enter or leave the Sun: 

Recently Siluszyk and Alania (2001) showed that 

could be a more appropriate boundary condition implying an absorbing Sun. However, this 

only effects CR intensities within 1 AU. 

(3) At the heliospheric poles it is assumed that: 

Equation (4.3) is a parabolic differential equation and is solved by applying the Alternating 

Direction Implicit (ADI) method, which is a modification of Cranck-Nicholson finite difference 

method. Douglas (1955) had initially developed this method to solve parabolic differential 

equations in terms of two spatial coordinates and a time coordinate (see also Douglas, 1962; 

Potgieter, 1984). A solution is calculated in the following way using this numerical scheme 

(Hattingh, 1998; Ferreira, 2002): 

(1) A first solution, using the LIS as an initial condition, is determined at a thud of a 

momentum step forward by solving the differential equation implicitly in the direction of the 

first spatial coordinate, the radial distance T .  



(2) A second solution is determined at  another third of a momentum (or rigidity or energy) 

step forward, in terms of the first solution by solving the differential equation implicit in the 

direction of the second spatial coordinate, the polar angle 0. 

(3) This whole process is then repeated for the last spatial coordinate, the azimuthal angle 

6, to determine a solution at  the last third of momentum step forward in terms of the previous 

two solutions. 

(4) The result is a system of linear equations which can be solved using the Thomas algorithm 

(e.g., Lapidus and Pinder, 1982). 

The numerical scheme of solving the TPE in three space coordinates and a rigidity cw 

ordinate was f i s t  done in the local research group by Williams (1990) for a flat heliospheric 

current sheet and later by Hattingh (1998) for a wavy heliospheric current sheet. The technical 

details used in solving the TPE numerically were fully described recently by Hattiugh (1998) 

and Ferreira (2002) and will not be repeated here. 

4.5 The Jovian electron source function 

Rastoin (1995) and Ferrando et al. (1991) used the basic source function given by Equation (3.2) 

with y = 2.5 at all energies to simulate Jovian electrons spectra measured by the University of 

Chigago instrument on ISEE 3 (ICE) (Moses, 1987) during a period of best magnetic connection 

between Jupiter and Earth as well as Pioneer 10 electron spectra (e.g., Eraker, 1982; Lopate, 

1991; Lopate, 2001) as shown in Figure 4.1. Later, Haasbroek (1997) used a source function 

which was originally derived by Baker and Van Allen (1976) with a roll-over in the spectral 

index from 7 = 1.5 to y = 3.5 at 5 MeV and is expressed in terms of the differential intensity 

as a function of kinetic energy E as: 

with C, = 4 x 10' particles m-Zs-'sr-lMeV-' , n, = 3.5, h, = 5 MeV and Eo = 1 MeV. 

This source function is shown in Figure 4-l(a). More recently, Ferreira et al. (2002) indicated 

that the spectrum given by Equation (3.2) does fit the lowest energy Pioneer 10 data, but then 

decreases as a function of increasing energy much faster than indicated by the data because the 



Figure 4-1: (a) The source function as used by Haasbroek (1997) given by Equation (4.9). Also shown 
are low-energy Jovian electron data from ISEE 3 ICE (e.g., Moses, 1987) and Pioneer 10 (e.g., Eraker, 
1982; Lopate, 1991). (b) Spectra where j (E) cx E-'.' (dotted line) and j (E)  cx E-'.' (dashed line). 
(c) The source function which is given by Equation (4.10) in comparison with observations. (Fmm 
Ferreira, 2002). 

roll-over from y = 1.5 to y = 3.5 occurs at a very low energy. By simulating the spectra where 

j (E)  oc E-l.s(dotted line) and j (E) oc E-6.0 (dashed line) as shown in Figure 4-l(b), Ferreira 

et al. (2001a) could produce compatibility with the observed roll-over for the Jovian spectrum 

from y = 1.5 to y =F 6.0 at - 20 MeV. 

To construct the Jovian source function Q in Equation (4.3), Ferreira et al. (2001a) invoked 

the superposition of the spectra j (E) cx E-'.' and j (E) oc E-6.0 and obtained: 

with 



This function is shown in Figure 4- with j,,,, in units of particles m-2s-1sr-'MeV- . 

l(c) and has also been used in modulation studies by Ferreira et al. (2001a; 2001b), Ferreira 

and Potgieter (2002), Ferreira (2002) and Langner (2004) to describe a source spectrum of 

low-energy electrons at  Jupiter and is also used in this study. 

4.6 The electron local interstellar spectrum 

The LIS for electrons is defined as an unmodulated spectrum of cosmic ray electrons before 

entering the heliosphere and is specified as  an initial condition at the outer modulation boundary 

and then modulated throughout the heliosphere according to TPE. In this study the electron 

LIS of Langner et al. (2001a,b,c) is used and is shown later in Chapter 8 (see also langner 

2000). The parameterisation of this LIS is given by: 

when P 5 0.0026 GV, 

when 0.0026 < P < 0.1 GV; 

when 0.1 < P 5 10 GV, 

j ~ r s  = 1.7exp (-0.89 - 3.22 ln (R)) 



when P > 10 GV, with ~ ' ~ 1 s  the differential intensity in units of particles m-2s-1sr-1MeV-1. 

(See also Langner, 2004). 

4.7 Summary 

A brief discussion was given on the well known transport equation and the transport processes 

applicable to the modulation of cosmic rays. The 3D Jovian electron modulation model and 

the numerical implementation thereof were discussed including the Jovian source function, and 

the galactic electron LIS. 

The heliospheric diffision tensor for low energy electrons is the main topic of study in the 

next Chapter. 



Chapter 5 

Aspects of the heliospheric diffusion 

tensor 

5.1 Introduction 

The general purpose of this Chapter is to give a theoretical background on certain aspects of 

the heliospheric diffusion tensor incorporated in the TPE (Equation 4.2) discussed in Chapter 

4. A particular purpose is to investigate the spatial and rigidity dependence of various elements 

of the tensor constructed by Ferreira et al. (2001a,b) from the work of Burger et al. (2000). 

This was to establish compatibility with Ulysses spacecraft observations (Heber et al., 2001) of 

a few-MeV Jovian and galactic electrons in the heliosphere during solar minimum conditions. 

Some elements of the tensor which were mostly neglected in previous modulation studies become 

of interest in this work in order to understand the 3D transport and modulation of low-energy 

electrons in the inner heliosphere, in particular the azimuthal distribution of electrons produced 

by the Jovian magnetosphere in the heliospheric equatorial region. 

5.2 The diffusion tensor 

The transport of charged particles in the heliosphere can be described by a heliospheric diffusion 

tensor. This tensor in Equation 4.2 is given by 



where KIl is the diffusion coefficient parallel to the mean HMF, K1.g and KL, 

(5.1) 

denote the 

diffusion coefficients (DCs) perpendicular to the mean HMF (dashed lines) in the polar and 

radial direction respectively, as illustrated schematically in Figure 5-1. 

Figure 5-1: A 3D idealization of diifusive propagation of low energy electrons, produced by the magne- 
tosphere of Jupiter at 5 AU, with the Sun at the center. The HMF spiral lines are shown at 0 = loo, 
0 = 45', and 0 = 90' respectively. The elements KII ,  K L ~  and KL, of the tensor given by Equation 
(5.1) are illustrated. 

&presentative HMF spiral lines are shown at 0 = lo0, 0 = 45' and 0 = 90' respectively, 



with the Sun at the center. The symbol @ denotes the magnetic field directed into the page 

while O denotes the opposite. Jupiter is also shown at 5 AU in the equatorial plane as the main 

source of low energy electrons in the inner heliosphere. 

The anti-symmetric elements KA, describe particle drifts which include gradient, curvature 

and heliospheric current sheet drift in the large scale HMF. The tensor given by Equation (5.1) 

emerges naturally in the development of the TPE using the Boltzman equation, or by using 

physical arguments as Jokipii and Parker (1970). 

The elements of the diiusion tensor with respect to heliocentric spherical coordinates are 

obtained by using the transformation matrix 

where $ is the spiral angle of the HMF given by Equation (2.5). That is: 

cos$ 0 sin$ Kll 0 0 cos* 0 -sin$ I 1 0 ] [I Kla KA 1 1 0  1 0 1 15.0 

-sin$ 0 cos$ -KA K l r  sin $ 0 cos$ 

I KII COS' $ + K l r  sin2 $ -KA sin$ (KLr - Kll) cos $ sin $ 

= KA sin$ KLO KA cos $ (5.5) 

(KL? - 41) sin $ cos $ -KA cos $ KL, COS' $ + KII sin2 $ 

where the superscript T in Equation (5.3) denotes the transpose. 

In previous modulation studies much interest was based on the diiusion coefficients: 



because of the nature of the 2D modulation models used, where KT, describes the effective 

diiusion coefficient in the radial direction and Koo the effective diiusion in the heliospheric 

polar direction. However, in this study the steady-state 3D Jovian electron modulation model 

of Ferreira (2002) described in Chapter 4 is used and it requires a particular consideration of the 

other diffusion coefficients to fully understand the azimuthal distribution of electrons produced 

by the Jovian magnetosphere in the three dimensional heliosphere. This azimuthal dependence 

will be illustrated in Chapter 6. 

Hence, the diffusion coefficients: 

and 

also become of special interest in this work where K4g describes the effective diffusion 

coefficient in the azimuthal diirection and K& is the diinsion coefficient in the $T direction 

and can be regarded as a LLcorrection" term which marginally reduces the radial and azimuthal 

gradients of CRs in Equation (4.3). The expressions for K I I ,  K l r  and KLO assumed in this 

study are the same as in the study of Ferreira (2002) and will be further discussed in the next 

sections. 

Shown in Figure &2 are cos2 $ (dash-dot-dash lines), sin2 11, (dashed lines) and sin*. cos 11, 

(dotted lines) as a function of radial distance T in the polar regions (0 = 10') and at the he- 

liospheric equatorial plane (0 = go0), respectively. Evidently, cos2 $I near the poles decreases 

as function of increasing radial distance, even more significantly in the equatorial plane, while 

sin2$ increases rapidly in the inner heliosphere to become almost constant in the outer he- 

liosphere for both polar and equatorial regions. Furthermore, the product sin*. cos 11, near the 

poles increases rapidly as a function of increasing radial distance in the inner heliosphere but 



Figure 5-2: An illustration of the terms cos2 $ (dash-dot-dash lines), sin2 $ (dashed lines) and 
sin$cos$ (dotted lines) in Equation (5.8) and (5.9), as a function of radial distance T for the polar 
regions (8 = 10') and equatorial plane (0 = 90'). 

then decreases. The implications of the radial and latitudinal dependence of these terms in the 

heliospheric diffusion tensor will be discussed in the following sections. 

5.3 The parallel diffusion coefficient 

The parallel mean free path is related to the parallel diffusion coefficient by 

3 
Ail = Kll;l (5.10) 

with v the speed of particles. ~ i e b e r  et al. (1994) calculated All shown in Figure 5-3 

by using two models for dynamical turbulence, namely the damping model and the random 

sweeping model. The left panels show the prediction for slab geometry, while the right panels 

show the predictions for slab and 2D geometry. Of particular interest from this Figure is that 
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Figure 5-3: The parallel mean free path at Earth as predicted by two models for dynamical turbulence

(Bierber et al., 1994). The two top panels correspond to damping model and two bottom panels to the

random sweeping model. The left panels show the predictions only for slab geometry and the two right

panels for the composite slab geometries. (From Droge, 2000).

All for protons (dashed line) and electrons (solid line) is fundamentally different at low and

intermediate rigidities « 50 MV) due to an explicit speed dependence of All'

Ferreira (2002) used the damping model for dynamic turbulence and complicated properties

of Allas described by Burger et al. (2000) for higher rigidities, assuming a rigidity independent

All for P ::; 200 MV as required by observations to construct a KII for electrons applicable to

the whole heliosphere given by:

KII = Ko/3f1 (r, P) (5.11)

where

f1 (r, P) = 0.29 (P) c (r) h (r, P), (5.12)

with
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and 

with k = 125 x loW4 ( T / T O ) ~ .  Here is the ratio of the speed of cosmic ray particles v to 

the speed of light c, KO = 4.5 x 1 0 ~ ~ c m ~  sW1, Po = 1 GV, TO = 1 AU and P, = P when P < 1 

GV and P, = 1 GV when P 2 1 GV. Equation (5.11) results in a K I  which is a superposition 

of terms each dominating for different rigidity values and radial distances. For a complete 

discussion see Ferreira (2002 ). This rigidity and spatial dependence will be studied in the next 

sections. 

Teufel and Schlickeiser (2002, 2003), for example, calculated analytically new general for- 

mulas for the parallel mean free path at Earth of CR particles for two particular turbulence 

models, slab-like dynamical and random sweeping turbulence, by assuming a turbulence power 

spectrum with vanishing power below a minimum wavenumber. Using some of these results, 

Schalchi and Schlickeiser (2004) have calculated Al l  successfully for composite slab/2D geometry. 

Most recently, a promising theory for perpendicular diffusion known as the Nonlinear Guid- 

ing Center (NLGC) theory has been proposed by Matthaeus et al. (2003a,b). This theory 



provides an integral equation for perpendicular mean free path (see also Schalchi et al., 2004). 

For other very recent developments see Bieber et al. (2004), Minnie et al. (2003) and Zank et 

al. (2004). 

These new approaches for CR proton mean free paths are not applied in this work because 

the focus is based on the diffusion coefficients computed by Ferreira et al. (2001a,b) that 

simulate realistic modulation of low energy Jovian and galactic electrons in the inner heliosphere 

during solar minimum activity. 

5.3.1 The rigidity dependence 

Shown in Figure 5-4 (a) is the computed rigidity dependence of Kll (Ferreira et al., 2001a,b) at 

1 AU (solid line) and 5 AU (dashed lime) in the equatorial plane. The rigidity dependence of 

Kil is determined by the four terms in h (T, P )  given by Equation (5.13). It is evident h m  the 

Figure 5-4 (a) that Kll at Earth is changing slowly for P < 0.1 GV but is increasing significantly 

for P > 0.1 GV up to P - 1.0 GV. At these rigidities, low energy electrons data are fitted 

well (Ferreira, 2002). For higher rigidities, P > 1.0 GV, Kil oc P3. At these rigidities KII is 

suitable for energetic cosmic ray protons (Burger et al., 2000). At 5 AU, Kll has a similar 

rigidity dependence as at  1 AU. The kink at  about 1 GV is an artificial effect attributed to 

the superposition of terms in Equation (5.13) with different rigidity dependence. Its effect on 

electron modulation was not investigated in the studies of Ferreira (2002) because the focus was 

based on low-energy electrons. At higher rigidities, drifts dominate and the effect of this kink 

is negligibly small on electron modulation (see Chapter 8). For the studies of higher energy 

electrons, this kink in the rigidity dependence of KI may require a further inspection. 

From Equation (5.10) follows that All has the same rigidity dependence as KII down to 

rather low energies (which is not the case for protons). It has also became evident in the work 

of Ferreira (2002) that All has the following dependences as a function of decreasing rigidity: 

All K P2, changing to All oc P, then to All oc p1I3 and finally is almost independent of P for 

P 5 200 M V .  
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Figure 5-4: Panel (a): The rigidity dependence of KII for electrons at 1 AU and 5 AU in the equatorial 
plane. Panel (b): The radial dependence of KII in the equatorial plane at rigidities 7 MV (solid line), 
500 MV (dashed line) and 1 GV (dotted line), respectively. KII is in units of 6.0 x 1020 cm2 sK1. 

5.3.2 The spatial dependence 

Figure 5-4 (b) shows KII as a function of radial distance in the equatorial plane for 7 MV (solid 

line), 500 MV (dashed line) and 1.0 GV (dotted line) respectively. It is evident that for low 

rigidity (7 MV) that Kli increases rapidly up to 10 AU and remains approximately constant 

in the outer heliosphere. For 500 MV KII also increases rapidly up to 1 AU, then changes 

and remains moderate up to - 10 AU, but increases significantly as a function of increasing 

radial distance in the outer heliosphere. This spatial dependence of Kli hinges on the radial 

dependence of the function e (T ) given by Equation (5.17). This function modifies the radial 

dependence of Kil for r > 10 AU mainly for P < 500 MV. However, for P 2 500 MV, it is evident 

that KII has a weak radial dependence up to -10 AU in the inner heliosphere but acquires a 

strong radial dependence for T > 10 AU due to the dominance of the radial dependence of the 



function h (T, P). Furthermore, KIl has no latitudinal or polar dependence because it depends 

on the function fi (T, P) . This aspect might need to be investigated further for future studies. 

5.4 The perpendicular diffusion coefficients 

It is well known in the field of cosmic ray modulation studies that perpendicular diffusion oc- 

curs due to two important physical phenomenon: (i) the gyrmcentres of particles are displaced 

transverse to the mean HMF due to scattering, and (ii) the field line random walk (e.g., Gi- 

acolone and Jokipii, 1999; K6ta and Jokipii, 1999). These important phenomena which CRs 

particles experience in the heliosphere are incorporated into the numerical modulation model 

via a perpendicular diffusion coefficient described by KL. However, Kl consists of two assum- 

ingly independent coefficients, K l ,  and Klg, which give perpendicular diffusion in the radial 

and polar direction of the heliosphere as illustrated in Figure 5-1. 

Because no rigorous theory has yet been developed to adequately account for K l  in all 

respects (e.g., le Roux et al., 1999), it became standard in numerical modelling to assume that 

KL scales spatially as KII (e.g., Jokipii and K6ta, 1995; Potgieter, 1996; Potgieter and Ferreira, 

199a; Ferreira et al., 2000; Burger et al., 2000). Then by assuming KL K KII ,  it follows that 

and 

where a and b are either constant or a function of rigidity. In this Chapter, a = 0.010 and b 

= 0.015 are assumed as in the studies of Ferreira et al. (2001a, b) to allow compatibility to the 

observations of low energy Jovian and galactic electrons in the equatorial regions during solar 

minimum conditions. For a detail discussion see Ferreira (2002). 
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Figure 5-5: Panel (a): Illustration of F(0) in Equation (5.21) as a function of polar angle 0 for the 
scenarios d = 2.5; 6 and 13 repectively. Panel (b) shows KLo as a function of polar angle at 1 AU and 
5 AU for 7 MeV electrons. Kls is in units of 6.0 x lo2' cm2 s-'. 

5.4.1 The rigidity dependence 

The Klo has the same rigidity dependence (not shown) as Kll, the only difference is that it is 

-15% of KII. The same treatment applies to the rigidity dependence of KL,, since it is assumed 

to be -5% of KII. 

5.4.2 The spatial dependence 

The spatial dependence of Klo (not shown) is determined by the spatial dependence of KII. 

The only difference is the value of b as assumed in Equation (5.19). The Klr has the same 

radial dependence as Kll, xcording to Equation (5.18) and is shown in Section 5.5. 



5.4.3 The latitudinal dependence 

Burger et al. (2000) illustrated that in order to produce the correct magnitude and rigidity 

dependence of the observed latitudinal CR proton density gradient by Ulysses, an enhanced 

latitudinal transport is required (see also K6ta and Jokipii, 1995; Potgieter et al., 1997, Burger 

et  al., 2000). This was 'followed by the inclusion of the function F (0 )  on the right hand side of 

Equation (5.18) that increases K l o  towards the poles with respect to the value in the equatorial 

region. That is: 

with 

F (0 )  = A+ f A tanh ( 0 ~  - 90' + O F )  I 
where Ai = (d f I ) ,  A 0  = 1/8 ,8n  = 0 ,  and O F  = 35' for O 5 90' while for 0 > 90°, 

O A  = 180 - 0 and 0 . ~  = -35'. Shown in Figure 5.5 (a) is F (0 )  as a function of polar angle 

for - 7 MeV electrons with d = 2.5; 6 and 13, respectively. I t  is clearly illustrated how 

F (0 )  in Equation (5.20) enhances K L , ~  with respect to KII by a factor d hom the value in the 

equatorial regions towards the poles. The physical argument for increasing KLe is based on 

Ulysses measurements which indicate that the variance is increased more in the transverse and 

normal direction of the HMF than in the radial direction, resulting in effective d i i s i on  in these 

directions (e.g., Jokipii and Kota, 1995; Burger et al., 2000; Ferreira et al., 2000). 

Figure 5-5 (b) shows Klg as a function of polar angle at 1 AU and 5 AU for 7 MeV electrons 

with d = 6. The K18 is significantly enhanced at  5 AU towards high heliolatitude. This implies 

that heliospheric electrons produced by a source such as the Jovian magnetosphere located 

at  5 AU in the ecliptic plane, may be more effectively transported to high heliolatitude than 

electrons at 1 AU. The role of this enhanced latitudinal transport form an integral part of this 

study and will be thoughtfully discussed in the later Chapters. 
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Figure 5-6: Panels (a), (b), (c) and (d) illustrate the radial dependence of K, and KM (solid lines) in 
the equatorial plane for the 7 MeV electrons. Shown also in (a) and (b) is Kli and KI, (dashed lines) 
as a function of radial distance. Modifications caused by cos2 i j ,  and sin2 $ to the values of the diffusion 
coeffiecients (DCs) are shown in (c) and (d) respectively. The DCs are in units of 6.0~ 10'' crn2 s-l. 
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Figure 5-7: The radial dependence of K,, (dashed line) and K++ (solid line) near the heliospheric poles 
(0 = 10') for 7 MeV electrons. The DCs are in the units of 6.0X lo2' cm2 sK1. 

5.5 The effective diffusion coefficient in the radial and azimuthal 

direction 

The effective radial diffusion coefficient K,, is expressed as a linear combination of KII cos2 $ and 

KIT sin2 $ as given by Equation (5.6) and describes the radial inward diffusion of CRs particles 

entering the heliosphere isotropically to become modulated due to heliospheric magnetic field 

and the solar wind. The effective diiusion coefficient in the azimuthal direction K++ is also 

expressed as a combination of the terms KI1 sin2$ and K L ~  cos2 $ given by Equation (5.8). 

These diffusion coefficients contributing to diffusion in the azimuthal direction were neglected 

in the 2D modulation studies and will be investigated in this study because of the essentiality 

of the azimuthal transport of low-energy electrons in the inner heliosphere. 



5.5.1 The spatial dependence 

Figure 5-6 (a), (b), (c) and (d) show the radial dependence of KM and K,, (solid lines) in the 

equatorial plane. Shown also in panels (a) and (c) is the value of KII (dotted lines) and of KL, 

(dashed lines) in comparison to the radial dependence of K,, and K++. Shown in panel (c) is that 

Kll has the same radial dependence as K++ where T > 10 AU but, in the inner heliosphere, small 

diierences occur between the values. Shown in panels (b) and (d) are the modifications of cos2 11, 

and sinZ 11, to KIl and KL, respectively. These modifications indicate that KIl dominates K,, in 

the inner heliosphere where T < 10 AU while KL, dominates in the outer heliospheric equatorial 

region. It is also evident in panel (d) that K I  dominate KM throughout the heliospheric 

equatorial region. Furthermore, Figure (b) and (d) indicate that KM is significantly larger than 

K,, in the equatorial plane throughout most of the heliosphere. It is also clear in panel (d) 

that K++ = Kll sin2 11, determines azimuthal dependence in the equatorial plane. These results 

will be applied in the following Chapter to explain the distribution of 7 MeV Jovian electrons 

in the inner heliosphere from a point source such as the Jovian magnetosphere positioned at 5 

AU in the ecliptic plane. 

Shown in Figure S 7  is the radial dependence of K,, and KM near the poles (0 = 10') for 

7 MeV Jovian and galactic electrons. It is evident that K,, dominates KM where T < 10 AU, 

and is similar to KM when T = (10 f 2) AU while KH dominates in the outer heliospheric 

polar regions. 

5.5.2 The rigidity dependence 

Figure 5-8 (a) and (b) illustrate the rigidity dependence of K++ and K, at 1 AU (solid lines) 

and 5 AU (dashed lines) respectively in the equatorial plane. The rigidity dependence of 

K++ is essentially determined by the rigidity dependence of KIl because Kil sin2 11, dominates 

KM throughout the heliospheric equatorial region as discussed in the preceding section. The 

rigidity dependence of K,, is also determined by the rigidity dependence of KII because KII cos2 $ 

dominates K,, in the inner heliosphere where T < 10 AU. It is also evident that the rigidity 

dependence of KM and K,, is a function of radial distance, an important feature of how DCs 

are treated in current modulation models. 
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Figure 58 :  Panels (a) and (b) illustrate the rigidity dependence of K,, and KM at 1 AU (solid lines) 
and at 5 AU (dashed lines) in the equatorial plane (0 = 90'). The DCs are in the units of 6.0x102' 
cm2 scl. 

5.5.3 The latitudinal dependence 

Shown in Figure 5-9 (a) and (b) are the latitudinal dependence of K4+ and K,, at 1 AU (dashed 

lines) and 5 AU (solid lines). In (a) it is indicated that KM is large in the equatorial plane 

and decreases towards the poles, even more rapidly at  1 AU, while K,, shown in (b) becomes 

significantly larger towards the poles. The consequences of this effect on the modulation of 

Jovian and galactic electrons will be discussed in Chapter 6. 

5.6 The drift coefficient 

The large scale heliospheric magnetic field leads to gradient and curvature drifts of cosmic rays 

in the heliosphere. Drift effects were neglected until Jokipii et al. (1977) pointed out that 

particle drifts are an important mechanism of cosmic ray modulation. The inclusion of drifts 

into Equation (4.2) leads to important implications for CR modulation in the heliosphere (e.g., 

Jokipii and Thomas, 1981; Potgieter, 1984; Potgieter and Moraal, 1985; Burger, 1987; Hattingh, 

1998; Ferreira and Potgieter, 2004a,b). See also Ferreira, (2002) for more elaboration on the 

implications. 
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Figure 5-9: (a) KT,  and (b) Km+ as a function polar angle at 1 AU (dashed line) and 5 AU (solid 
lines) for 7 MeV electrons. The DCs are in units of 6 . 0 ~ 1 0 ~ ~  cm2 s-l. 

The drift coefficient under the assumption of weak scattering is given by 

BP 
(K~) . t andard  = ( K ~ ) O  3B,. (5.22) 

The constant (KA),, is dimensionless and may be chosen e.g. as 1.0, 0.5 and 0.2 which 

describe what Potgieter et al. (1989) termed loo%, 50% and 20% drifts. The drift coefficient 

used by Burger et al. (2000) and Ferreira et al. (2002) differs slightly from the standard form 

and is given by 

with B, the modiied HMF and Kd,ift ( P )  is given by 

typically with D f , k  = 10.0 and ( K &  = 1.0. 

Equation (5.23) is shown in Figure 5-10 as a function of rigidity at  1 AU in the equatorial 
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Figure 5-10: The rigidity dependence of K a  at Earth according to Equation (5.24) in units of 6.0x1OZ0 
cIll2 8 - l .  

plane. It is evident that KA decreases slightly stronger as a function of decreasing rigidity than 

Equation (5.22). This illustration is consistent with the conclusions from Potgieter (1996), 

Potgieter and Ferreira (1999b), and Ferreira (2002) that drifts become less important with de- 

creasing rigidity, especially with decreasing electron energy to have almost no effect on electron 

modulation below 100 - 200 MeV. (See also Chapter 7). 

5.7 Summary and conclusions 

Diffusion of cosmic ray particles in the heliosphere is one of four important modulation processes 

as described by the heliospheric diffusion tensor. In this Chapter, a theoretical background was 

given on certain aspects of this tensor, and further investigation on the spatial and rigidity 

dependence of important elements of the tensor applicable to low-energy electron modulation 

(e.g., Ferreira, 2002) as revealed by Ulysses spacecraft (e.g., Heber et al., 2001a) during solar 

minimum conditions. Some elements of the tensor such as the effective diiusion in the azimuthal 

direction (K4+) and d i i s ion  coefficient in T$  direction (KT,+), which were mostly neglected in 



previous studies due to the limitations imposed by 2D modulation models, were also investigated 

in this Chapter. 

Simulations revealed that the K,,, which is dominated in the equatorial plane by Kli cos2 11, 

in the inner heliosphere and by KLr sinz $ in the outer heliosphere, is an important modulation 

parameter in the heliospheric polar regions, while K N ,  which is also dominated by KII sin2 11, 

throughout most of the heliosphere, is an essential modulation parameter in the heliospheric 

equatorial plane. It was also shown that the rigidity dependence of K44 and K,, is a function 

of radial distance and is assurningly determined by the rigidity dependence of Kil . The rigidity 

dependence has to be revised as progress on the theory of KLis made (see Matthaeus et  al., 

2003; Minnie et al. (2003a,b); Schalchi et al., 2004; Bieber et al., 2004; Zank et al., 2004). 

I t  is also evident that KM should play an important role in the inner heliosphere concerning 

the modulation of Jovian electrons. This will be highlighted in Chapter 6. The DCs K* and 

KT+ are essentially 'correction' terms to the distribution of CRs as determined by KT, and K N ,  

together with Koe which is significantly modiied by assuming it to be enhanced toward the 

poles. 

In the next Chapter, effects of changing the solar wind speed on the propagation of low 

energy electrons is studied. 



Chapter 6 

Effects of changing solar wind speed 

profiles on the heliospheric transport 

of few-MeV electrons 

6.1 Introduction 

Observations made by the Pioneer 10 (e.g., Simpson et al., 1974; Teergarden, 1974; Chenette et 

al., 1974), Mariner 10 (e.g., Eraker and Simpson et al., 1979) and the most recent Jupiter fly-by 

by the Ulysses spacecraft (e.g., Heber et al., 2003a,b) confirmed that Jupiter 's magnetosphere 

located at -5 AU in the ecliptic plane is a continuous source of few-MeV electrons in the 

inner heliosphere. It was also proposed that the release of these electrons £rom the Jovian 

magnetosphere is strongly controlled by variation of the solar wind speed (e.g., Morioka et 

al., 1997; Tsuchiya et al., 1999). Hence, this Chapter is devoted to modelling different solar 

wind speed V profiles which could be applicable during solar minimum conditions while using 

a typical solar maximum scenario as a reference for the study. A 3D steady-state modulation 

model (Ferreira, 2002) based on Parker's transport equation including the Jovian electron source 

(see also Chapter 4) is used to investigate the effects of the variability of V on the transport 

of few-MeV Jovian and galactic electrons in the inner heliosphere. In particular, the electron 

intensity time-profile along the Ulysses trajectory is calculated and compared to the 3 - 10 MeV 



V (km s-') ( a* ( p' 
(a) 800 - 300 1 1.375 1 0.625 

, , - -  

(d) 800 - 600 1 1.75 1 0.25 

Table 6.1: Solar wind speed modulation parameters 

electron flux observed by Ulysses from launch (1990) up to the end of the first out-of-ecliptic 

orbit (-2000). The content of this work was published in Ferreira et al. (2003a,b). 

6.2 Solar wind speed parameters 

The previous modulation studies (e.g., Hattingh, 1998; Ferreira, 1998; Minnie, 2002; Ferreira, 

2002; Langner, 2004) assumed a V profile applicable to the solar minimum conditions to be 

highly latitude dependent, changing from a slow speed in the heliospheric equatorial regions 

with an average of 400 k m  s-' to a fast speed of 800 km s-' in the heliospheric polar regions. 

This assumption is consistent to Ulysses observations during the solar minimum conditions of 

a high solar wind speed - 760 km s-' towards the polar regions but a slow speed for the 

equatorial region as shown by the light shaded data band (e.g., Phillips et al., 1995; McComas 

et al., 2002b) in Figure 6-1. In this work, the latitudinal dependence of V given by Equation 

(2.3) (e.g., Hattingh, 1998) is now expressed in generic form as 

V(0) = a* f? tanh -(0 - 90' f , [: 9)1 @,I) 

where a* and p* are introduced as new solar wind speed parameters, with 0, = 45O and 

9 = 35'. These parameters are required to model the different V profiles applicable to varying 

heliospheric conditions. The solar wind velocity given by Equation (2.1) takes the general form 

in terms of radial distance and polar angle: 

V(r,0) = {vo [L - exp (y(r, - r))] } {CY* i tanh - 90' i 9)  4, (6.2) I} 
with & = 400 km s-' and T, the solar radius. Of central importance to this Chapter, is 

the selection of the paramaters a' and p'as in Table 6.1 to model the mentioned V scenarios. 



The scenarios are illustrated in Figure 6-1 as follows: (a) corresponds to a slow V in the 

equatorial regions with an average of 300 km s-' to a fast speed of 800 km s-' in the heliospheric 

polar regions; (b) is similar to (a) but changes from 400 km s-' in the equatorial regions to 800 

km s-' in the polar regions; (d) V changes from 600 km s-' in the equatorial regions to 800 km 

s-' in the polar regions. The preceding scenarios are for solar minimum conditions. Scenario 

(c) is used as a reference for the solar maximum conditions and corresponds to isotropic solar 

wind speed with an average speed of 400 km s-' a t  all heliolatitude. 

200 1 ' I I 1 
0 30 60 90 
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Figure 6-1: Computer simulations of four assumptions of the solar wind speed V as a function of polar 
angle 6' for T 2 0.3 AU. The scenarios are for V decreasing from (a) 800 km s-' to 300 km s-', (b) 800 
km s-I to 400 km s-', (d) 800 km s-' to 600 km s-' and ( c )  for an average speed of 400 km s-' at all 
heliolatitudes. Latitude dependence of V as observed by Ulysses (e.g., McComas et al., 2002b) for solar 
minimum activity conditions (light shaded data) is shown for comparison. 

The effects of these assumptions of V on the computed Jovian and galactic electron intensi- 

ties are investigated in the following sections using the modulation model discussed in Chapter 

4. The scenarios given in Figure 6-1 will be revisited in Chapter 7. 



6.3 Distribution of electrons in the inner heliosphere 

Jupiter is a strongly magnetised rotating planet. Apart from the Sun, its magnetosphere is the 

largest object in the heliosphere. It has been evident from several space probes observations 

that this magnetosphere at - 5 AU in the ecliptic plane is a relatively strong source of electrons 

with energies up to - 30 MeV (e.g., Simpson et al., 1974; Teegarden et al., 1974; Chenette et 

al., 1974; Ferrando et al., 1996; Ferrando, 1997; and Heber et al., 2001a,b). These electrons 

were also observed at Earth, and outward in the equatorial plane (e.g., Eraker and Simpson, 

1979; Eraker, 1982). In this section the model is used to compute the effects of changing only 

V profiles on the distribution of these low-energy electrons in the inner heliosphere. 

Figures 6-2 a(i), b(i) and Figures 6-3 c(i) and d(i) show the model simulations of the three 

dimensional distribution of 7 MeV Jovian electron intensities in the inner heliosphere where 

Jupiter is positioned at coordinates (5,0) as a point source, and produces low energy electrons 

which propagate along and across the HMF spiral, away and towards the Sun positioned at the 

center (0,O). The electron intensities in the equatorial plane are computed for the different solar 

wind speed scenarios as simulated in Figure 6-2 respectively. The labels of the contour lines 

are in units of particles m-2 s-' sr-' MeV-'. Shown also in Figure 6-2: a(i), b(i) and Figure 

6-3: c(i) and d(i) are the corresponding HMF spiral superimposed on the intensity contours. 

The corresponding solar wind speed scenarios are repeated for convenience in Figures 6-2 a(ii), 

b(ii) and Figure 6-3 c(ii), d(ii) respectively. 

It is evident from the contours plots that Jovian electrons largely follow the HMF spiral 

due to the dominance of KI1 sin2$ in Equation (5.8) in the inner heliosphere but they are also 

transported across the HMF lines to some lesser extent due to KL,. Since KM > K, in 

the inner heliospheric equatorial regions as discussed in Chapter 5, these results indicate that 

Jovian electrons diffuse more effectively in the azimuthal direction than in the radial direction. 

By comparing the scenarios a(i), b(i) and d(i) characterised to represent solar minimum 

periods, it is illustrated that when V increases from 300 km s-' to 400 km s-' and further 

to 600 km s-' in the equatorial plane, the HMF spiral becomes less wound and the computed 

Jovian intensities follow the trend as expected. The scenario c(i) used as reference for the solar 

maximum period has the same features in the equatorial plane as scenario b(i) because both 

have an average speed of V = 400 km s-' but one should expect differences at high latitudes. 
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Figure 6-2: The computed 7 MeV Jovian electron intensities in the equatorial plane are shown in a(i)
and b(i) as contour plots for the assumed solar wind speed scenarios in a(ii) and b(ii). The labels of the
contour lines are in units of particles m-2 s-1 sr-1 MeV-I. Shown also in a(i) and b(i) is the HMF
spiral (dark lines) superimposed on the intensity contours where Jupiter is situated at (5,0) with the
Sun at the center (0,0).
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Figure 6-3: Similar to Figure 6-2 but with different solar wind speed scenarios as shown in c(ii) and
d(ii).
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It is also evident from the contours plots how the different V scenarios change the spiral angle 

$I of HMF, given by Equation (2.5). These changes in $I induce changes in KM and K,, which 

cause considerable changes in the Jovian electron intensity. 

6.4 Latitudinal dependent effects of different V profiles 

Figures 6-4 (a), (b), (c) and (d) from Ferreira (2002) illustrate the computed distribution of 

7 MeV Jovian and galactic electrons along cones at 0 = go0, 0 = 60°, 0 = 30' and 0 = 

15O respectively. The computations are shown for the solar wind speed profiles in Figure 6.2 

b(ii) with d = 13 and b = 0.005 in Equation (5.21), respectively. I t  is clear that the Jovian 

contribution to the total intensity is much higher than the galactic contribution up to 0 2 60' 

as illustrated by the spiral contours in (a) and (b) respectively. For 0 = 30' and 0 = 15' 

shown in (c) and (d), the galactic contribution dominates the electron intensity as illustrated 

by the circles. These results indicate that the azimuthal transport of Jovian electrons diminishes 

towards the poles and is consistent with results obtained in Chapter 4 that KT, > Km+ near 

the poles. Since the geometry of HMF near the poles is nearly radial as shown in Chapter 

5, the galactic electrons from an isotropic astrophysical source get easy access into the inner 

heliosphere through K, which is dominated by KI1 in this region. How and where the galactic 

contribution dominates will be illustrated in more detail in the next section. 

Figure 6 5  shows computed 7 MeV electron intensities as a function of polar angle at 1 

AU and 5 AU for the assumed V profiles shown in Figure 6.3 a(ii), b(ii), c(ii) and d(ii) re- 

spectively. Panels (a) and (b) show computed Jovian electron intensities only, while (c) and 

(d) show computed galactic electron intensities only. Obviously, Jovian electrons have a much 

stronger latitudinal dependence at  the 5 AU than at 1 AU, whereas for the galactic electrons 

the latitudinal dependence is much less, with less difference between 1 AU and 5 AU. Also note 

that the signs of the latitudinal gradients for the Jovian electrons are opposite to those for the 

galactic electrons. 

The most appreciable result is that when V changes from a scenario applicable to solar 

minimum (e.g. b(ii)) to one for solar maximum activity (e.g. c(ii)), a considerable increase of 

Jovian electrons towards the poles is evident but galactic electron intensities (isotropic source) 
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Figure 6-4: Parallel-mapping (of a 3D intensity distribution on a 2D surface) of computed 7 MeV Jovian
and galactic electrons at four polar angles for V scenario shown in Figure 6.2 b(i) and b(ii). Values are
normalised to the source value at 5 AU. The intensities are shown for: (a) e = 90°,(b) e = 60°, (c)
e = 30° and (d) e = 15° respectively (from Ferreira, 2002).
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Figure 6-5: Computed 7 MeV electron intensities as a function of polar angle b' for the assumed V 
scenarios shown in Figure 6.3. Panels (a) and (b) show the Jovian electron intensities only, while panels 
(c) and (d) show the galactic electron intensities only. 



decrease for all latitudes. This occurs as a result of a smaller K,, near the poles during solar 

maximum conditions, while KLO remains unchanged by changes in V. This produces a larger 

value for Kls/Kr,, implying that the latitudinal transport with respect t o  radial transport 

becomes more effective, resulting in relatively more particles being transported towards the 

poles from a point source such as the Jovian magnetosphere 

Figure 6-6: Comparison of computed 7 MeV Jovian and galactic electron intensities as a function of 
radial distance for the assumed V profiles shown in Figures 6.1 to 6.3. The intensities are shown in the 
equatorial plane 0 = 90' (solid line), near the poles 8 = 10' (dashed lines) and at 8 = 60' (dotted 
lines). The Jovian electron source is prominent at 5 AU. The local interstellar spectrum for galactic 
electrons is specified at 120 AU. 



6.5 Radial dependent effects of different V profiles 

In this section the model is used to compute the effects of the diierent V profiles on the 

radial dependence of a few-MeV electrons in the heliosphere. However, it is important to 

emphasize that this work is mainly focused on modelling of galactic and Jovian electrons in the 

inner heliosphere (T _< 10 AU) where in situ measurements of low energy electrons are made 

continuously with space probes. 

Shown in Figure 6 6  (a), (b), (c) and (d) are the comparisons of model simulations of 7 

MeV Jovian and galactic electron's intensities as a function of radial distance for the V profiles 

illustrated in Figures 61 to 6-3. The solutions are shown at 0 = lo0, 0 = 60' and 0 = 90' 

respectively. It is evident from all panels that the Jovian electron population dominates its 

galactic counterpart in the equatorial plane with T 5 10 AU while the galactic population 

dominates for T 2 10 AU and at all radial distances near the heliospheric poles. For T > 15 

AU the Jovian electrons decrease significantly to be completely dominated by the galactic 

component. The effects of the different V profiles on the galactic electron intensities are clearly 

illustrated in the outer heliosphere in all panels, quite significantly at 6' = 90°, due to KL, sin2 11 

which dominates K,, in this region. 

6.6 Effects of different V profiles on electron intensities along 

the Ulysses trajectory 

In this section the model is used to study the 3D transport of 7 MeV Jovian and galactic 

electrons in the inner heliosphere for the assumed V profiles shown in Figure 6.1. The solutions 

are compared to the 3 - 10 MeV observed (e.g., Heber et al., 2003a,b) from launch in 1990 up 

to 2000 as shown in Figure 6 7 .  

The third panel shows the computed combined Jovian and galactic electron intensities, the 

fourth panel the Jovian electron intensities only, and the bottom panel the galactic electron 

intensities only. The trajectory of the Ulysses spacecraft in radial and latitudinal coordinates is 

shown in the top two panels respectively (data from http: /SWOOPS.lanl.gov/recentvu.html) 

as discussed qualitatively in Chapter 2. The model computations along the Ulysses trajectory in 

Figure 6-1 for the V scenario (b) which correspond to solar minimum conditions and (c) which 
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correspond to solar maximum are not much diierent and provide good compatibility with the 

data up to 1998 when Ulysses completed the first solar orbit, but when Jupiter was on the other 

side of the Sun - 10 AU away from the spacecraft. Scenario (d) produces intensities less than 

observed while scenario (a) results in intensities slightly higher than the observations, which 

are not preferable solutions. The computed electron intensities for the period after 1998 are 

all significantly less than the observations, indicating that the solar wind speed related changes 

alone for the changing heliospheric conditions cannot produce realistic low-energy electron 

modulation. This incompatibility between model solutions and the observed electron intensities 

is associated with the increase in the solar activity towards solar maximum and obviously 

cannot be explained by model parameters used for solar minimum conditions (before 1998). It 

is essential also to note as argued by Heber (2002) that these observed intensities cannot be 

attributed to either solar particle events or locally accelerated electrons based on their diierent 

spectral shapes, and must be of Jovian or galactic origin. However, in order to produce realistic 

modulation for these electron's intensities, Ferreira et al. (2003a,b) argued that there is a need 

for realistic time-dependent d i i i o n  coefficients, especially for the latitudinal transport. These 

aspects will be studied further in the next Chapter. 

6.7 Summary and conclusions 

In this Chapter solar wind speed parameters a* and 4* were introduced to generalise the solar 

wind speed model to simulate diierent solar wind scenarios applicable to changing heliospheric 

conditions shown in Figure 6-1 (a), (b), (c) and (d). Effects of the four assumed V profiles on 

the distribution of 7 MeV Jovian and galactic electrons in the inner heliosphere were computed 

using the 3D steady-state modulation model (Ferreira, 2002) and were illustrated as surface 

contour plots in the equatorial plane. It was found that the changes in V from a scenario 

applicable to a solar minimum (e.g. Figure 5-l(b)) to one for solar maximum (e.g. Figure 

5-l(c)) induce changes in the 11 spiral angle of the HMF which lead to considerable changes in 

Jovian electron intensities in the inner heliosphere as illustrated by Figure 6-2 and 6-3. The 

solar minimum V scenario causes Jovian electrons not to reach the high latitudes (see also 

Ferreira, 2002; Ferreira et al., 2003a, 2003b). 



The effects of the assumed V profiles on the radial dependence of Jovian and galactic 

electron intensities were also computed at dierent latitudes. Fteferring also to the work of 

Ferreira (2002), it was found that Jovian electron intensity dominates the galactic contribution 

in the equatorial plane up to - 10 AU while the galactic contribution dominates for r 2 10 

AU, in the equatorial plane and near the heliospheric poles for all the assumed V profiles. 

The combined Jovian and galactic electron intensities were computed along the Ulysses 

trajectory for the different assumptions of V and compared to the observed 3 - 10 MeV electrons. 

It was found that the model solutions for solar minimum scenarios shown in Figure 6-2 (b) and 

for solar maximum conditions shown in Figure 6 2  (c) were not much dierent and provide a 

good compatibility with the observations up to 1998 while solutions with scenarios shown in 

Figure 6 2  (a) and (d) are not preferable. All model solutions after 1998 are significantly less 

than the KET observations which indicate that the solar wind speed changes alone related 

to changing heliospheric conditions, cannot produce realistic compatibility with observations 

towards solar maximum conditions, although it did rather well for solar minimum conditions. 

There is obviously a need for time-dependent diffusion coefficients, especially for latitudinal 

transport as argued by Ferreira et al. (2003a,b,c). These aspects will be further investigated in 

the following Chapter. 



Chapter 7 

Modulation of electrons from solar 

minimum to solar maximum 

7.1 Introduction 

The solar activity transition from solar minimum to solar maximum conditions that started in 

1998 led to a incompatibility between the 3 -10 MeV KET observations on board the Ulysses 

spacecraft and the model predictions which were successfully used to fit observations made 

during solar minimum conditions as discussed in Chapter 6. Considerable improvements were 

made by Ferreira et al. (2003c,d) by emphasizing the necessity of reducing of enhancement of 

KLO towards solar maximum periods, and Henize et al. (2003) by varying the strength of the 

Jovian source function in attempts to produce model solutions compatible with observations. 

In this Chapter, as a further attempt to model the KET observations more realistically, a new 

relation is established between the heliospheric polar diffusion and the latitudinal dependence 

of the solar wind speed. Based on this new connection between the transport parameters, a 

transition from solar minimum to intermediate and then to maximum activity conditions is 

modelled from a heliospheric polar diiusion perspective correlated with changes in the solar 

wind speed as observed by the SWOOPS instrument (e.g., McComas et al., 2002b) aboard the 

Ulysses spacecraft. Effects of these scenarios of heliospheric polar diiusion are computed using 

the steady-state 3D modulation model as described in Chapter 4 and presented as a series 

of solutions in comparison with the electron flux observed by the KET instrument along the 
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Figure 7-1: (a) Solar wind speed V and (b) F(0)  as a function of poks angle for A0 = 5', 7' and 14' 
respectively. Values are shown for a typical solar minimum V scenario, with d = 6 in Equation (5.21). 

Ulysses trajectory from 1998 to the end of 2003. Subsequent effects of thme different scenarios 

are also illustrated on electron modulation. 

7.2 New relation between the solar wind speed and the he- 

liospheric polar diffusion coefficient 

The 3 - 10 MeV electron observations made by the KET instrument after the period 1998 are 

incompatible with the model predictions as discussed in Chapter 6. A reason may be that the 

changes in the solar wind parameters and the diffusion coefficients, in particular the heliospheric 

polar diffusion, have not been taken into account as solar activity picks up from solar minimum 

towards solar maximum periods. In an attempt to explain this, Ferreira et al. (2003c,d) showed 

that a reduction in the enhancement of Kls towards the poles from its solar minimum value is 

necessary. In addition, Henize et al. (2003) also varied the Jovian source strength, increasing 

with solar activity as an improvement to fit the KET observations, but this will be discussed 



briefly in section 7.4. 

Here is argued that the reduction in the enhancement of KL8 with increasing solar activity 

alone is not adequate to account for these observations. It should also be correlated with changes 

in the latitudinal dependence of V observed by the SWOOPS instrument (Phillips et al., 1995; 

McComas et al., 2002b) while assuming a steady-state Jovian source function given in Equation 

(4.10). To treat this problem, consider the latitudinal dependence of V, given by Equation (6.1), 

and the F(0) in the expression for heliospheric polar diffusion K L ~ ,  given by Equation (5.20). 

By comparison, it becomes clear that both have the same hyperbolic function (tanh) with 

arguments containing 0~ = B the polar angle and OF = ip the critical angle respectively. 

To establish a relation between these functions, the term l/A0 in F(0) given by Equation 

(5.21) and the term 27r/B, given in Equation (6.1) are equated so that: 

where 

Substituting Equation (7.2) into (6.1) yields 

V(0) = a* f P* tanh - (0 - 90' f ip) , [bO I 
which has the same functional behavior as F(0). The parameter AB determines the rate 

of change of V from a slow solar wind speed in the equatorial regions to a high speed towards 

heliospheric polar regions. Figures 7-1 (a) and (b) show the connection between V and F(B) 

as a function of polar angle for possible values of A0, that is A0 = 5', A0 = iR and AB = 14' 

with an enhancement factor d = 6 for heliospheric polar diffusion. I t  is evident that for a larger 

value of A0, the changes in V from the equatorial plane to high latitude become much steeper 

than for the case of a smaller value, e.g. A0 = 5'. 

The critical angle ip is defined as the "angular width" where the solar wind speed increases 

from the equatorial minimum value to the high latitude maximum value, e.g. a critical angle of 

p = 35' means that at (go0 -35') and (90° +35'), V = 4 (V,,i,,, + Vmi,i,,,) . The selection 



of this angle and other solar wind speed parameters such as a*, P* and A0 to fit observations 

form a crucial part of this Chapter and are the subject of interest for the study in the following 

section. 

7.3 Modelling V from solar minimum to solar maximum condi- 

tions 

The transition from solar minimum to solar maximum is the restructuring of the entire he- 

liosphere from the solar wind perspective. The average solar magnetic field strengthens, the 

solar surface fields becomes more chaotic, the tilt angle of HMF increases and transient events 

such as coronal mass ejections (CMEk) become more frequent (e.g., Richardson et al., 2001). 

The highly latitude-dependent, uniformly-fast solar wind speed emanating from huge polar 

coronal hole observed by the SWOOPS experiment during the solar minimum diminishes grad- 

ually towards solar maximum as the polar coronal hole shrinks and the width of the slow V 

region in the equatorial region increases towards high latitudes (e.g., Phillips et al., 1995 ; 

McComas et al., 2002b). The critical angle also increases from its typical value assumed for 

solar minimum conditions to a maximum value during intermediate solar activity and has no 

physical significance at solar maximum conditions. The reduction of the enhancement of Kle 

becomes important in relation to realistic changes of the solar wind speed profiles. 

Model solutions for the solar wind speed used previously for the solar minimum conditions 

assumed a larger (o = 35', shown in the upper panel of Figure 7-2 (solid line) than the one 

apparently observed (light shaded data) by the SWOOPS instrument. To improve this aspect 

of the model, the set (o = 20°, a* = 1.45, and P* = 0.45 were selected to produce values 

compatible with observations as shown in Figure 7-2 (dashed line) by using a polar diffusion 

coefficient with parameters d = 6 and b = K1e/KII = 0.015 in the equatorial region (e.g., 

Ferreira et  al., 2002) as shown in the bottom panel of Figure 7-2 (dashed line). 

With the aid of the new connection between the latitudinal dependence of V and KLe, 

an ideal intermediate V scenario is modelled simulating the transition from solar minimum to 

solar maximum by selecting (o = 55', a' = 1.25, and 4* = 0.25. This is assumed to correlate 

with the selection of b = K1s/KIl  = 0.015 in the equatorial plane in Equation (5.20), with the 
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Figure 7-2: The solar wind speed V and F(O) as a function of polar angle. Simulations are for
<p= 20° correspondingto d = 6, a scenario assumed for solar minimum, <p= 55° corresponding to
d = 3.5, a scenario assumed for intermediate solar activity conditions and for d = 1, a scenario assumed

to correspond to solar maximum conditions. Latitudinal dependence of V observed by the SWOOPS

instrument (e.g., McComas et aI., 2002b) for solar minimum (light data curve) and solar maximum

conditions (light data curve) is shown in the upper panel for comparison.

81

300
0 30 60 90 120 150 180

7

=6

6 --\ r--
5F-

\ /
4 d= 3.$'

I'-
\LL

/: \ \ Id=1 .
1 . . . . . . . . - ........
0

0 30 60 90 120 150 180
Polar angle (degrees)



enhancement factor in F(8)  reduced from its value assumed for the solar minimum conditions 

d = 6 to d = 3.5 as shown in Figure 7-2 (dash-dot-dash lines). This scenario corresponds to V 

with an average speed of 400 km s-' from the equatorial plane to mid-latitude and an average 

speed of 600 km s-' near the heliospheric polar regions. In this study it is proposed to be related 

to the transition made by the evolution of a large polar coronal hole from its maximum size 

during solar minimum to an intermediate size as it retreats toward solar maximum conditions. 

During solar maximum periods, no well-defined high solar wind speed is observed (e.g., 

Richardson, 2001) as shown by the black shaded data curve in the upper panel of Figure 7-2 

(McComas et al., 2002b). These observations are consistent with the concept that the large polar 

coronal holes in the northern and southern hemispheres of the Sun observed during the solar 

minimum f is t  shrink as the solar activity picks up and disappear entirely at solar maximum 

(See Bravo and Gruz-Abreyro, 1996). As a result, the fast solar wind speed disappears and the 

concept of a critical angle vanishes naturally when an average V = 400 km s-' is observed at  

all heliolatitudes. To simulate this scenario in the model, the parameters a* = 1.0, and P' = 0 

are selected in Equation (7-3) to produce compatibility with observations as shown in Figure 

7-2 (dotted line) respectively. This scenario assumingly correlates with the selection of d = 1 

and b = KLs/KII = 0.015 in the equatorial plane for heliospheric polar diffusion as shown in 

the bottom panel of Figure 7-2 (dotted line). 

Implications of these new scenarios of heliospheric polar diffusion with its respective ambient 

solar wind profiles on KET observations after 1998 will be further investigated in the following 

section. 

7.4 Application of a series of steady-state solutions to 3-10 MeV 

KET observations during solar maximum 

In this section, the 3D steady-state modulation model discussed in Chapter 3 is employed with 

the new scenarios of heliospheric polar diffusion and solar wind speed discussed in the preceding 

section. It is used to compute 7 MeV electron intensities along the Ulysses trajectory from the 

end of the first out-of-ecliptic orbit (1998) to the end of 2003 as shown in Figure 7-3. Also 

discussed in this section is how Henize et al. (2003) varied the strength Jovian source Q given 



by Equation (4.10) as an improvement to fit observations. 

The Ulysses trajectory in radial and latitudinal coordinates is again displayed in the top 

panels (Data from http: /SWOOPS.lanl.gov/recentvu.html) for the second solar orbit. The 

third panel displays the computed combined Jovian and galactic intensities, the fourth panel 

the Jovian electrons only and the bottom panel only the galactic electron intensities. It is 

evident for the period after 1998 that the model solution with the d = 6 scenario (applicable to 

solar minimum) is significantly below the KET observations for almost all of the solar maximum 

period, except the short time when the Sun was relatively inactive just after 2002. This transient 

period of decreased solar activity is also confirmed by the tilt angle data shown in Chapter 2. 

During this period, the KET observations dropped significantly to be comparable to solar 

minimum conditions. 

Solutions with d = 1 assumed for solar maximum conditions show incompatibility with the 

KET observations, particularly from mid-2000 throughout the second fast latitude scan to the 

end of 2002. The solution with d = 3.5 assumed for intermediate solar activity provides an 

improved compatibility to the observations for the period after mid-1998 to mid-2000. It is evi- 

dent that the series of time-independent solutions are not sufficient to account for observations 

made throughout the entire solar maximum periods, but yield an indication as to changes in 

the transport parameters during the solar maximum such as a reduction in the enhancement of 

heliospheric polar diffusion, the change in solar wind speed parameters a', and the critical 

angle 9 . In order to fit the KET observations for the entire solar maximum period, these results 

suggest the need for a time-dependent model with time-dependent heliospheric diffusion, the 

corresponding solar wind speed profiles and most likely also for other modulation parameters 

like CIR's. 

All the solutions converge towards the end of 2003 as expected, because it was the time 

when the spacecraft was approaching Jupiter from higher northern latitudes for the second 

close encounter. This had occurred already in February 2004 when the spacecraft was within 1 

AU of the giant planet and is not shown. 

What will also be of interest to investigate is how the Jovian source function evolves with 

time as the solar activity increases from solar minimum to solar maximum conditions. This was 

done earlier by Henize et al. (2003) by fitting a gaussian curve (with maximum enhancement 
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Figure 7-4: Three computed 7 MeV scenarios are shown along the Ulysses trajectory (from Henize
et aI., 2003). The dotted line denotes the model solution for typical solar minimum conditions (e.g.,
Ferreira et aI., 2002). The dashed line shows the source function Q increased as per electron intensity
enhancement observed at 1 AU by the SOHO spacecraft starting in mid-1998. The variation of the d
parameter with the electron source increase is plotted as a solid line. The 3-10 MeV Ulyssesobservations
(Heber et aI., 2003a,b) are illustrated in gray. The differential intensity is in units of particles (m2 s sr
MeV)-l,

of a factor of 2.5) centered about mid-1999 to the Jovian source Q enhancement revealed by

analysis of SOHO /CST data. The Jovian source was varied accordingly in the model and the

result is shown in Figure 7-4 by a dashed line in comparison to the model solution applicable

to solar minimum conditions (dotted line). This has only improved model compatibility with

KET observations for the period of mid-1998 to mid-1999. After this, much greater increases

in Q would be required to fit observations, which is a condition not favoured by SOHO/CST

and IMP8/GME electron observations. For this work, such further enhancements of Q are

considered to be unrealistic.

However, as a further attempt to fit the KET observations after mid-1999, Henize et al.

(2003) also considered a reduction in the enhancement parameter d of K1.9 from a value ap-

plicable to solar minimum (d = 6) to a value assumed to be applicable to solar maximum

conditions (d = 1) (e.g., Ferreira et al., 2003a,b) and again fitted an inverse gaussian curve cen-

tered about mid-2000. This, and the inclusion of the Q enhancement has made a considerable

improvement in the model's compatibility to the KET observations as shown by the solid line
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in Figure 7-4, but could not fit the period from 1999 to mid-2000. Again it is evident that the 

combination of several parameters can improve compatibility of the model to observations. 

The Ulysses electron observations represent a picture of a very complicated interplay of 

several modulation parameters for solar maximum activity. The complexity of solar modulation 

at solar maximum, especially for these low energies where a solar contribution is likely, has made 

the applicability of a steady-state approach unsatisfactory. It is therefore beyond the scope of 

this work to further improve the model's compatibility with observations and must be left for 

timedependent models with a more sophisticated handling of the various parameters. 

In the following section the effect of the assumed d scenarios of heliospheric polar diiusion on 

electron modulation in the inner heliosphere with their corresponding solar wind speed profiles 

are investigated. 

7.5 Effects on electron modulation at all energies 

7.5.1 Spectra 

In this section, effects of the assumed scenarios of heliospheric polar diffusion and their corre- 

sponding solar wind speed profiles are illustrated on electron spectra. 

Shown in Figure 7-5 are electron spectra at 1 AU computed with 0 = lo0, 0 = 60' and 

0 = 90' respectively for the A > 0 magnetic polarity epoch with tilt angle o = 5'. The solar 

cyclerelated changes due to &fts were not considered for this study because the focus was on 

low energy (- 7 MeV) electrons, although for high energy (> 300 MeV) studies, drifts are crucial 

(e.g., Potgieter, 1996). Of particular interest to the study low-energy electron modulation is 

that they respond directly to the energy dependence of the diffusion weEcients, in contrast to 

protons which experience large adiabatic energy losses at these energies. At higher energies, 

drifts begin to dominate so that this effect gets hidden. Panels (a), (c) and (e) show galactic 

spectra with the electron LIS given by Equation (4.12) from Langner et al. (2001) while (b), (d) 

and (f) show Jovian electron spectra. The computations are for different d scenarios assumed 

to correspond to diierent V profiles shown in Figure 7-2. The effects of these d scenarios 

on galactic spectra are more pronounced near the heliospheric poles than at 0 = 60° and 

6' = go0, while for Jovian electrons it is noticeable in the low energy region (< 30 MeV) of the 
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Figure 7-5: Computed electron spectra at 1 AU and shown at 6' = 10' (upper panels), 6' = 60' (middle 
panels) and 0 = go0 (bottom panels) for A > 0 magnetic polarity epoch. Figures (a), (c), and (e )  are 
galactic spectra only while (b), (d) and ( f )  are Jovian spectra. The computations are for different d 
scenarios shown in Figure 7.2, without considedng any changes in drifts. The tilt angle was kept at 

0 a = 5 .  
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Figure 7-6: Similar to Figure 7-5, but the computed spectra are shown at 5 AU. As expected the Jovian 
electron spectra remain almost unaltered, which serves as  a check on the reliability of the model. 



Figure 7-7: Similar to Figure 7-4, but spectra are computed with tilt angle a = 5' and (KA)' = 1.0 
for d = 6 , a = 30' and ( K a ) o  = 0.5 for d = 3.5 , and a = 55' and ( K A ) ~  = 0.2 for d = 1 
respectively- see Equation (5.24). 
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Figure 7-8: Similar to Figure 7-6, but the computed spectra are shown at 5 AU. 
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Figure 7-9: Similar to Figure 7-7, but the galactic spectra for the A > 0 polarity cycle are computed 
at 0 = 10' with KLs/Kll = 0.025 and Kl,/Kll = 0.001; 0 = 60' with KL~ /K~~  = 0.02 and 
Kl,/Ka = 0.001; 0 = 90' with Kls/KIl = 0.03 and Kl,/KII = 0.001 all for d = 1; then at 
0 = 10 with KLa/KII = 0.015 and KL,/KII = 0.002; 6 = 60' with KL~/K~~  = 0.015 and 
KLr /Kll = 0.002; 0 = 90' with KLs/Kll = 0.015 and KL7/KII = 0.002 ford = 3.5 . For d = 6 the 
galactic electron spectra are computed with Kla/KII = 0.015 and Kl,/KII = 0.010 as used in the 
study of Ferreira et al. (2002). 



Figure 7-10: Similar to  Figure 7-9, but with spectra shown at 5 AU. 



spectra at 6' = 60' and 6' = 90' rather than near the poles. The d = 1 scenario assumed to 

correspond to solar maximum conditions has higher intensities at all energies than for d = 3.5 

which assumingl~ corresponds to intermediate solar activity and d = 6 which corresponds to 

solar minimum conditions. In fact, the difference in the computed galactic electron intensities 

between the d = 6 and the d = 1 scenario at  6' = lo0, 6' = 60' and 6' = 90' as energies below 

100 MeV is in contrast to what is observed (Heber 2003a,b) for these electrons. An attempt to 

resolve this aspect is done later in this section. 

Figure 7-6 is similar to Figure 7-5 but shown at 5 AU. Panels (a), (c) and (e) are galactic 

spectra only while (h), (d) and (f)  are Jovian spectra. As before, effects of the d scenarios on 

galactic electron spectra are more pronounced in the low energy region (< 200 MeV) near the 

polar regions than at 6' = 60° and 6' = 90°, while for Jovian electrons there are no significant 

changes at all energies, as expected at 5 AU. By comparing Figure 7-5 and Figure 7-6, not much 

diierence is noted between the galactic spectra computed at  6' = lo0, 6' = 60' and 6' = 90' 

respectively. For the Jovian spectra, a significant differences are noticeable at 6' = 60' and 

6' = 90' but not at 6' = 10'. It is evident that Jovian electron intensities are mainly modulated 

in the ecliptic plane, while galactic electrons may experience considerable modulation dierences 

in the inner heliospheric polar regions. 

At high energies (> 300 MeV), the effects of changing only the d scenarios which were cor- 

related with different solar wind speed profiles could not produce realistic electron modulation 

as shown in Figure 7-5 and 7-6 respectively. It is expected that electron intensities computed 

for the d = 1 scenario would decrease at  these energies with respect to electron intensities 

computed with d = 6. This implies that certain transport parameters such as the tilt angle a 

and drifts have to be consistently changed in the model with increasing solar activity. To treat 

this problem accordingly, it is well established in the fi'eld of cosmic ray modulation studies that 

when solar activity increases from solar minimum conditions to solar maximum conditions, the 

tilt angle a should increase while drifts gradually vanish (e.g., Potgieter, 1996; Ferreira and 

Potgieter, 2004a,b). This aspect is incorporated in the model by changing a = 5' assumed 

for solar minimum conditions with constant ( K A ) ~  = 1.0 (100% drift) for the d = 6 scenario 

to a = 30' for intermediate solar activity with (KA)' = 0.5 (50% drift) for the d = 3.5 sce- 

nario and to a = 55' assumed for solar maximum conditions with (K& = 0.2 (20% drift) for 



d = 1 respectively, where (KA)" is given by Equation (5.24). (See also Ferreira and Potgieter, 

2004a,b). This yields more realistic electron modulation as shown in Figure 7-7 (a), (c), (e) 

and Figure 7-8 (a), (c) and (e) respectively. It is evident that electron intensity computed for 

d = 6 with 100% drift increases significantly at  higher energies (> 300 MeV) while electron 

intensity computed for d = 1 with 20% drift decreases more rapidly than the electron intensities 

computed for d = 3.5 with 50% drift. It is also evident that at lower energies (< 200 MeV) 

drift has no effect on both Jovian and galactic electron modulation. It is now well established 

that these low-energy electrons are mainly modulated by diffusion and convection.. 

Finally, a case study is conducted as an attempt to find a set of perpendicular diffusion 

coefficients ( K l r  and KLB) for low energy galactic electrons to reduce the difference in the 

computed spectra between d = 1 and d = 6 in the heliospheric polar regions (0 = 10") and in 

the equatorial plane (6' = 90") mentioned earlier in this section. This is done in two-fold a case 

study as follows. 

CASE A: 

Firstly, the ratio K L ~ / K ~ ~  = b = 0.015 is kept constant in the equatorial plane while varying 

KL,/K~~ = a for the assumed d scenarios in the model. The following were used: a = 0.010 

for d = 6 applicable to solar minimum conditions (Ferreira et al., 2003), a = 0.002 for d = 3.5 

which assumingly corresponds to intermediate solar activity conditions and a = 0.001 for the 

d = 1 which may be considered as solar maximum conditions in this study. 

CASE B: 

Secondly, the a values obtained in the CASE A for the assumed d scenarios are kept un- 

changed while varying the parameter b. For d = 1, it is found that b = 0.03 is a suitable value 

in the equatorial plane but this changes to b = 0.025 in the heliospheric polar region. For the 

d = 3.5 and d = 6 the value of b = 0.015. 

By using the values of K L ~ / K ~  and Kl,/KII found in the preceding case studies in the 

model, the computed galactic spectra are shown in the equatorial plane (6' = go0), mid-latitude 

(0 = 60°), and in the heliospheric polar region (6' = 10") at 1 AU and 5 AU for the d scenarios in 

Figure 7-9 (a), (c), (e) and 7-10 (a), (c), (e), respectively. I t  is evident for the galactic electron 

spectra in the equatorial plane, that the intensities are now similar in the lower energy region 

(< 100 MeV) for the assumed d scenarios. 



In the heliospheric polar regions (6' = lo0), the low energy galactic electron intensities com- 

puted for d = 1 are about a factor of - 2 larger than for the d = 6, while there is no significant 

difference between the d = 3.5 and the d = 6 scenarios. This is not the case at high energies 

(2 1 GeV), where the galactic electron intensities computed for d = 6 are significantly larger 

than for the d = 1. The latter is consistent with the current knowledge of cosmic ray modula- 

tion. For low energies, one can argue that if the factor of - 2 increase in the electron intensities 

observed in the heliospheric polar regions by the 3 - 10 MeV KET instrument (e.g., Heber et al., 

2003a,b) as solar activity picks up from solar minimum to solar maximum condition could be 

interpreted as a contribution from galactic electrons, then this study will have important impli- 

cations to the transport and modulation of these low-energy electrons in the inner heliosphere. 

The plausible alternative is that this increase could be attributed to solar electrons, which was 

ruled out by Heber et al. (2002b) based on the spectral shapes of these electron spectra. 

7.5.2 The polar dependence of electron intensities 

Figure 7-11 shows the computed electron intensities as a function of polar angle at 1 AU and 

5 AU for the assumed d scenarios shown in Figure 7-2 respectively. Panels (a) and (b) show 

computed Jovian electron intensities only while panels (c) and (d) display the galactic electron 

intensities. The diffusion coefficients resulted from the previous CASE studies corresponding 

to Figures 7-9 and 7-10 are used to compute these electron intensities. 

For the Jovian electron intensities, the solution with d = 3.5 at 1 AU is indistinguishable 

from the solution with d = 1 from 6' 2 60°, that is towards the equatorial regions, but they 

diier significantly towards the polar regions. The diierence between the d = 3.5 and d = 6 

solutions is maximum in the equatorial regions diminishing towards the poles. There is a 

remarkable diierence in Jovian electron intensities at  1 AU for all polar angles between the 

solutions with d = 6 applicable to solar minimum and with d = 1 assumed to correspond to 

solar maximum. Panel (b) illustrates that the Jovian electron intensities have a very strong 

latitudinal dependence towards and away from the source and this latitudinal dependence is 

not really influenced by changing the parameter d. 

For galactic electron intensities, in contrast to the Jovian electron intensities, the latitudinal 

gradients are small and negative between 0' and 90' at 1 AU and at  5 AU, which is consistent 
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Figure 7-11: Computed 7 MeV electron intensities a t  1 AU and 5 AU as  a function of polar angle 
for the assumed d scenario displayed in Figure 7.2. Panels (a) and (b) show computed Jovian electron 
intensities only, while panels (c) and (d) show the galxtic electron intensities. 



with what Potgieter et al. (1997) concluded. In the polar regions, there is a factor - 2 difference 

between solutions for d = 6 and d = 1 at 1 AU and at 5 AU, with the differences decreasing 

with increasing radial distance. The differences between the d = 1, d = 3.5 and the d = 6 

solutions are almost negligible in the equatorial plane at 1 AU and 5 AU. 
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Figure 7-12: Radial dependence of the computed 7 MeV Jovian (black lines) and galactic (gray line) 
intensities for the different d scenarios correlated to different solar wind speed profiles shown in Figure 
7.2, with the rest of the modulation parameters for galactic electrons as in Figure 7.9. The computations 
are shown at 0 = lo0, 0 = 60' and 9 = 90' respectively. 



7.5.3 Radial dependence of electron intensities 

Figure 7-12 shows the radial dependence of the computed 7 MeV Jovian and galactic electron 

intensities for the assumed d scenarios shown in Figure 7-2. Again the diiusion coefficients 

resulting from the CASE studies are used to compute galactic electron intensities and may not 

necessarily produce compatibility with the Pioneer 10 data (e.g., Eraker et al., 1982). The 

computations are shown at 6' = 10' in the upper panel, at 0 = 60' in the middle panel and at 

0 = 90' in the bottom panel, respectively. 

At 6' = 10' galactic intensities dominate overall and the effects of the assumed scenarios of 

d are clearly more pronounced on the radial dependence of galactic intensities than for Jovian 

intensities. There is about a factor of - 2 change in the galactic intensities at this energy from 

the d = 6 to the d = 3.5, to the d = 1 scenario. 

At mid-heliolatitude (6' = 60°), the Jovian intensities already show a radial dependence 

caused by the source at 5 AU, especially for the d = 6. Obviously, the change in the sign of the 

radial gradients for Jovian electrons does not occur for galactic electrons. There are, however, 

almost no differences in the radial dependence of Jovian electrons for the d = 1 and the d = 3.5 

scenarios, and similarly for the radial dependence of galactic electrons. 

In the inner-heliospheric equatorial regions (6' = 90') Jovian electron intensities have a 

strong positive radial dependence towards the source and completely dominate galactic electron 

intensities. There is factor - 2 increase in the Jovian electron intensities at  Earth for d = 6 to 

d = 1, with almost no difference between d = 3.5 and d = 1. No significant effects of different d 

scenarios on galactic electron intensities are noticeable in the equatorial plane, but this depends 

on the set of d i i s i on  coefficients used, in particular Kl,/KII and KLs/KII. 

7.6 Summary and conclusions 

In this Chapter a new relation was established between the latitudinal dependence of the solar 

wind speed V and heliospheric polar diffusion to enable improved modelling of these parameters 

with changing heliospheric conditions. The transition from solar minimum to solar maximum 

of the heliospheric polar diffusion and the solar wind speed were modelled based on the con- 

cept of the time evolution of large polar coronal holes and compared to the solar wind speed 



observations (e.g., McComas et al., 2002b) made by the SWOOPS instrument. The concept of 

a critical angle in the latitudinal dependence of the solar wind speed was introduced together 

with other important V related parameters. 

The 3D electron modulation model (e.g., Ferreira, 2002), together with invoking different d 

scenarios assumed to correlate to different V profiles was used to compute a series of steady state 

solutions for the electron intensities along the Ulysses trajectory and compared to the 3 - 10 MeV 

KET observations (e.g., Heber et al., 2003a,b) after 1998. It was found that these steady-state 

solutions are not adequate to account for the entire solar maximum observations, but only give 

an indication as to how the heliospheric polar diffusion and the V profiles are changing during 

solar maximum conditions. Also discussed is how Henize et al. (2003) varied the strength 

of the Jovian electron source Q by fitting a gaussian curve (with maximum enhancement of 

a factor of 2.5 revealed by analysis of SOHO/CST data) coupled with changes of KLO with 

increasing solar activity in an attempt to fit the 3 -10 MeV observations. This has improved 

model compatibility with the observations for the period mid-1998 to mid-1999. A much greater 

increases in Q was required to fit the ob~ervation~ after this period, a condition considered not 

realistic according to the SOHO/CST electron observations. This led to the conclusion that 

the Ulysses electron observations represent a picture of a very complicated interplay of several 

modulation parameters for solar maximum activity. The complexity of solar modulation at 

maximum activity, especially for these low energies electrons where a solar contribution is likely, 

has made the applicability of a steady-state approach unsatisfactory. It is therefore beyond the 

scope of this work to further improve the model's compatibility with observations and must be 

left for time-dependent models with a more sophisticated handling of the various modulation 

parameters. 

The effects of the assumed d scenarios were also illustrated on low energy electron modu- 

lation at  1 AU and 5 AU respectively. It was found that for galactic electrons the effects of 

different d scenarios are significant in the polar regions and in the equatorial plane at both 

radial distances, while for Jovian electrons the effects are about a factor of - 2 between the 

d = 6 scenario and d = 1 scenario at  1 AU in the equatorial plane. Although drifts effects are 

not important for low energy (< 200 MeV) electrons, it was shown that for high energy drifts 

effects are essential to compute realistic electron modulation. This was done only for the A > 0 



magnetic polarity cycle. 

A case study was conducted to find suitable diffusion coefficients for modulation of low- 

energy galactic electrons for the assumed diierent d scenarios especially at  the heliospheric 

equatorial region. I t  was found that electron intensities computed in the polar regions with 

d = 1 are about a factor of - 2 larger than for the d = 6 scenario. There were almost no 

differences in the intensities computed for all d scenarios in the equatorial region. It was also 

argued that if the factor of - 2 increase in the electron intensities (3 - 10 MeV) observed in 

the heliospheric polar regions as solar activity picks up, could be interpreted as a contribution 

from galactic electrons, then this study will have important consequences to the transport and 

modulation of these low-energy electrons in the inner heliosphere. Alternatively, this increase 

could be caused by a contribution from solar electrons, which was ruled out by Heber et al. 

(2003b) based on the spectral forms of these electrons. 

Effects of different d scenarios were also illustrated on the latitudinal dependence of both 

Jovian and galactic electron intensities at 1 AU and 5 AU. It was found that Jovian electron 

intensities are about a factor of -2 larger at  1 AU in the equatorial plane for d = 1 scenario 

than for d = 6 scenario. It was also evident that the Jovian electron intensities have a strong 

latitudinal dependence near the source. For galactic electron intensities, it was found that there 

is a factor of (1.5 f 0.5) difference between d = 6 and d = 1 near the poles, both at 1 AU and 

5 AU. It  was also shown that these electrons have a small and negative latitudinal gradients 

from 8 = 10' to 8 = 90' in the inner heliosphere as found by Potgieter et al. (1997). 

Effects of different d scenarios were also illustrated on the radial dependence of both Jovian 

and galactic electron intensities in the inner heliosphere at 6' = lo0, 6' = 60°, 6' = 90°, respec- 

tively. For galactic electron intensities these effects were significant in heliospheric polar regions 

where galactic intensities dominate Jovian electrons intensities. Effects on Jovian electrons at 

- 1 AU are found to be more pronounced between the d = 1 and the d = 6 scenarios. 

Out of the results of this study, it is concluded that these low-energy electrons are mainly 

modulated by d i i s i on  and convection, with adiabatic energy losses less important and drifts 

insignificant. 

The next Chapter gives a brief summary of the thesis and the main conclusions of this work. 



Chapter 8 

Summary and conclusions 

After introducing the study of modelling of galactic and Jovian electrons in the heliosphere in 

Chapte r  1, a brief overview was given in Chapte r  2 of the cosmic rays and the heliosphere. 

This covered short discussions about the Sun and the solar wind plasma, the heliosphere, the 

heliospheric magnetic field and the current sheet and the solar cycle variations. Discussion 

was also given about the successes of the Ulysses space mission together with the KET and 

SWOOPS instruments which provided the electron and solar wind speed data used in this study. 

In Chapte r  3, a short overview of the propagation and modulation of low energy electrons (3 

- 10 MeV) in the inner heliosphere was given, with the main emphasis on Jovian electrons. This 

included the sources contributing to the few-MeV electron intensities in the inner heliosphere, 

an overview of Jovian electron propagation and modulation models, and a brief discussion on 

the observed modulation and spectra of Jovian electrons. 

A brief discussion was given in Chapter  4 on the well known Parker transport equation and 

the transport processes applicable to the modulation of cosmic rays. The 3D Jovian electron 

modulation model and the numerical implementation thereof were also discussed including the 

Jovian source function, and the electron LIS. 

In Chapte r  5, a theoretical background was given on certain aspects of the heliospheric dif- 

fusion tensor, and further investigation on the spatial and rigidity dependence of the important 

elements of the tensor applicable to low-energy electron modulation (e.g., Ferreira 2002) as re- 

vealed by the Ulysses spacecraft (e.g., Heber et al., 2001a,b) during solar minimum conditions. 

Some elements of the tensor such as the effective diffusion in the azimuthal direction (KM) 



and the &ffusion coefficient in the T$  direction (KT+), which were mostly neglected in previous 

studies due to the limitations imposed by 2D modulation models, were also investigated in this 

Chapter. In particular, it was emphasized that: 

0 K,, which is dominated in the equatorial plane by Kll cos2 i j ,  in the inner heliosphere and 

by KL7 sin2$ in the outer heliosphere is also an important modulation parameter in the 

heliospheric polar regions, while K M ,  which is dominated by KIl sin2 i j ,  throughout most 

of the heliosphere, is an essential modulation parameter in the heliospheric equatorial 

plane. 

0 The rigidity dependence of KM and K, is a function of radial distance and is assumingly 

determined by the rigidity dependence of K I I  It was also suggested that the rigidity 

dependence has to be revised as progress on the theory of Kl is made (see Matthaeus et 

al., 2003; Minnie et al., 2003a,b; Schalchi et al., 2004; Bieber et al., 2004). 

0 KM should play an important role in the inner heliosphere concerning the modulation 

of Jovian electrons. The DCs Km, and KT+ are essentially "correction" terms to the 

distribution of CRs as determined by K,, and K M ,  together with KoS which is usually 

significantly modified by assuming it to be enhanced toward the poles. 

The solar wind plasma speed modulation parameters a* and o* (see Equation (6.1)) were 

introduced in Chapter 6 to generalise the solar wind speed model to simulate different sc- 

lar wind profiles applicable to changing heliospheric conditions. Four profiles were used and 

classified as shown in Figure 6-1. Effects of these four assumed V profiles on the distribution 

of 7 MeV Jovian and galactic electrons in the inner heliosphere were computed using a 3D 

steady-state modulation model (Ferreira, 2002) and were illustrated as surface contour plots in 

the equatorial plane. It was found that: 

0 Jovian electron modulation mainly follows the HMF spiral, due to the Kll sinZ$ which 

dominates KM in the inner heliospheric equatorial plane, but they are also transported 

across the HMF field lines to some lesser extent due to Kl,. 

0 If V changes from a profile applicable to a solar minimum to one for solar maximum, the 



spiral angle 11, of the HMF becomes tightly wound and the distribution of Jovian electrons 

follows the same trend. 

The effects of the assumed V profiles on the radial and latitudinal dependence of Jovian and 

galactic electron intensities were also computed at different latitudes. Referring also to Ferreira 

et al. (2002), it was found that: 

Jovian electron intensity dominates the galactic contribution in the equatorial plane up 

to - 10 AU, while the galactic contribution dominates for T 2 10 AU in the equatorial 

plane and in the heliospheric polar regions for all the assumed V profiles. 

When V changes from a scenario applicable to the solar minimum to the one for solar 

maximum, it produces a larger value for Kls/K,,, implying that the latitudinal transport 

with respect to radial transport becomes more effective, resulting in relatively more parti- 

cles transported towards the poles from a point source such as the Jovian magnetosphere. 

The azimuthal transport of Jovian electrons diminishes toward the heliospheric polar 

regions, when the value of K,,/KM > 1, resulting in the dominance of galactic electron 

intensities (isotropic source). 

The transport and distribution of Jovian electrons in the inner heliosphere is truly three- 

dimensional and cannot be adequately be described by 2D models. 

The combined Jovian and galactic electron intensities were computed along the Ulysses 

trajectory for the different assumptions of V and compared to the 3-10 MeV electrons observed 

by the KET aboard the spacecraft during solar minimum activity. It was found that: 

0 The model solutions obtained for a typical solar minimum and for a typical solar maximum 

profile were not much different and provide a good compatibility with the observations 

up to 1998 while other solutions are not preferable. 

The solar minimum V profile inhibits Jovian electrons from reaching high latitudes (Fer- 

reira et al., 2003a,b) so that galactic electrons dominate. 



All model intensities after 1998 are significantly less than the KET observations, which led 

to the conclusion that the solar wind speed changes relating to changing heliospheric con- 

ditions alone, could not produce realistic compatibility with data towards solar maximum 

conditions, although it did rather well for solar minimum conditions. This emphasized a 

need for time-dependent diiusion coefficients, especially for the latitudinal transport as 

argued by Ferreira et al. (2003a,b). 

In Chapter 7, a new relation was established between the latitudinal dependence of the 

solar wind speed and heliospheric polar diiusion to enable improved modelling of these pa, 

rameters with changing heliospheric conditions. The transition from solar minimum to solar 

maximum of the heliospheric polar diffusion and the solar wind speed were modelled based on 

the assumption of the time evolution of polar coronal holes and compared to the solar wind 

speed observations (e.g., McComas et al., 2002b) made by the SWOOPS instrument aboard 

the Ulysses spacecraft. The concept of a critical angle 9 in the latitudinal dependence of V 

(see Figure 7-2) was also introduced together with other important solar wind speed related 

parameters. The 3D electron modulation model, together with invoking diierent d scenarios 

for the enhancement of Kle in the polar direction assumed to correlate to diierent V profiles 

as shown in Figure 7-2 were used to compute a series of steady-state solutions for the electron 

intensities along the Ulysses trajectory and compared to the 3 - 10 MeV KET observations 

(e.g., Heber et al., 2003a,b) after 1998. It was found that: 

The solution for the d scenario assumed for solar minimum could produce compatibility 

with the KET observations during the short period just after 2002 when the Sun was 

relatively inactive. This confirmed the suitability of the model for periods of minimum to 

moderate solar activity. 

The solution for the d scenario assumed for intermediate solar activity produced an im- 

proved compatibility to the observations for the period from mid-1998 to mid-2000. 

0 All solutions converge and increase uniformly towards the end of 2003 as expected because 

it was the time when Ulysses was again approaching the Jovian electron source. 

These steady-state solutious are not adequate to account for the entire solar maximum 



period of KET observations, but give an indication as to how the heliospheric polar 

diffusion and the solar wind speed profiles could be changing during solar maximum 

conditions. 

Also discussed is how Henize et al. (2003) varied the strength of the Jovian electron source 

Q by fitting a gaussian curve (with maximum enhancement of a factor of 2.5 revealed by an 

analysis of SOHO/CST data) coupled with changes of KLs with increasing solar activity in 

an attempt to represent the 3 - 10 MeV observations. This has improved model compatibility 

with the observations for the period from mid-1998 to mid-1999. A much greater increasing Q 

would be required to fit the observations after this period, a condition considered not realistic 

according to SOHO/CST electron observations. This led to the important conclusion that: 

The Ulysses electron observations represent a picture of a very complicated interplay 

of several modulation parameters for solar maximum activity. The complexity of solar 

modulation at maximum activity, especially for these low energy electrons where a solar 

contribution is likely, has made the applicability of a steady-state approach unsatisfactory. 

It is therefore beyond the scope of this work to further improve the model's compatibility 

with observations and must be left for time-dependent models with a more sophisticated 

handling of the various parameters. 

The effects of the assumed d scenarios for the enhancement of Kla were also illustrated on 

low-energy electron spectra at 1 AU and 5 AU respectively. It was found that: 

When d changes &om a scenario assumed for solar minimum to one for solar maximum 

there is an improbably large increase in the galactic electron intensities in the heliospheric 

polar regions, while for Jovian electrons there is a realistic factor of - 2 increase for this 

situation, in line with KET observations. 

Although drifts are not important for low energy (< 200 MeV) electrons, it was shown 

that at  high energies, drifts are essential to compute realistic electron modulation. This 

was done only for the A > 0 magnetic polarity cycle. In order to establish compatibility 

with observations at high energies, drifts effects had to be reduced with increasing solar 

activity. (See also Ferreira and Potgieter, 2004a,b). 



Became of the above-mentioned large increase in galactic electron intensities in the polar 

regions as a result of changes in the d scenarios towards solar maximum conditions, a case 

study was conducted to find suitable diiusion coefficients for modulation of low-energy galaxtic 

electrons. This was done as a modelling exercise by selecting a set of diffusion coefficients, 

particularly the ratios KLe/KII and Kl,/KII for the respective d scenarios (see Figure (7-9) 

and (7-10)). I t  was found that: 

The galactic electron intensities computed in the polar regions with a d scenario assumed 

for solar maximum reduced to be a factor of - 2 larger than for the d scenario assumed 

for solar minimum conditions. There was almost no difference in the galactic electron 

intensities computed for all d scenarios in the equatorial plane. 

It was also argued that if the factor of - 2 increase in the electron intensities (3 - 10 MeV) 

observed in the heliospheric polar regions by the KET instrument (Heber et al., 2003) as solar 

activity picked up from solar minimum to solar maximum conditions, could be interpreted as 

a contribution from galactic electrons, then this study will have important consequences to the 

transport and modulation of these low energy electrons in the inner heliosphere. Alternatively, 

this increase could be caused by a contribution from solar electrons, however, this was ruled 

out by Heber et al. (2002b) based on the spectral forms of these electrons. 

Effects of different d scenarios were also illustrated on the latitudinal dependence of both 

Jovian and galactic electron intensities at 1 AU and 5 AU. It was found that: 

Jovian electron intensities are a factor of -2 higher at 1 AU in the polar regions for the 

d scenario assumed for solar maximum than for the d scenario assumed to represent solar 

minimum conditions. 

The Jovian electron intensities have a strong latitudinal dependence towards and away 

from the source. 

For galactic electron intensities, there is a factor of (1.5 f 0.5) difference between d as- 

sumed for solar minimum and d assumed for solar maximum near the heliospheric poles 

at 1 AU and 5 AU. 



Galactic electrons have small and negative latitudinal gradients ftom 6' = 10' to 6' = 90' 

in the inner heliosphere as found by Potgieter et al. (1997). 

Effects of different d scenarios were also illustrated on the radial dependence of both Jovian 

and galactic electron intensities in the inner heliosphere at 6' = lo0, 6' = 60', and 6' = 90' 

respectively. For galactic electron intensities these effects were significant in the heliospheric 

polar regions where they dominate the Jovian electron intensities. Effects on Jovian electrons 

intensities at - 1 AU are found to be more pronounced between the d scenario assumed for 

solar maximum and the d scenario assumed for solar minimum conditions. Out of these results, 

it is concluded that: 

The study of d i i s ion  coefficients such as KVd and KM,  which were neglected in the 

previous 2D modulation studies, has improved our understanding of diffusive propagation 

of low-energy electrons in the inner heliosphere, in particular related to the ratio KLe/K,,. 

The concept of the time evolution of polar coronal holes for modelling the latitudinal 

dependence of the average solar wind speed with varying heliospheric conditions has 

improved our understanding of the role of this parameter in the modulation models and 

it seems to be a good approximation. 

0 Establishment of a relation between the latitudinal dependence of the solar wind speed 

and the heliospheric polar diffusion has improved modelling of the posb1998 discrepancy 

between the modulation model and KET observations. 

The low-energy electrons (< 200 MeV) are mainly modulated by diffusion and convection, 

with adiabatic energy losses less important and drifts insignificant. 

There is a need for the application of a true time-dependent 3D electron modulation 

model. 

For future studies the following can be mentioned: 

A 3D time-dependent electron model is required to realistically fit the observed 3 - 10 

MeV electron observations by KET for solar maximum modulation conditions. 



Jovian magnetospheric studies are required to fully understand the solar cycle variation 

of the electron source and to account for the Jovian bursts or jets observed during the 

two dierent fly-by periods of Jupiter by the Ulysses spacecraft. 

Effects of CIRs on low-energy electron modulation. These aspects have in fact been 

recently investigated (Kissmann et al., 2004). 

Adiabatic deceleration of electrons in the inner heliosphere (Moses, 1987) 
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