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ABSTRACT 

The interest in the role of the solar wind termination shock (TS) and heliosheath in cosmic ray (CR) modulation 

studies has increased sigm6cantly as the Voyager 1 and 2 spacecraft approach the estimated position of the TS. For 

this work the modulation of galactic CR protons, anti-protons, electrons with a Jovian source, positrons, Helium, 

and anomalous protons and Helium, and the consequent chargesign dependence, are studied with an improved 

and extended twcdimensional numerical CR modulation model including a TS with diffusive shock acceleration, a 

heliosheath and driis. The modulation is computed using improved local interstellar spectra (LIS) for almost all 

the species of interest to this study and new fundamentally derived diffusion coefficients, applicable to a number of 

CR species during both magnetic polarity cycles of the Sun. The model also allows comparisons of modulation with 

and without a TS and between solar minimum and moderate maximum conditions. The modulation of protons 

and Helium with their respective anomalous components are also studied to establish the consequent charge-sign 

dependence at low energies and the influence on the computed p/p, e-/p, and e-/He. The level of modulation in 

the simulated heliosheath, and the importance of this modulation 'barrier' and the TS for the different species are 

illustrated. Rom the computations it is possible to estimate the ratio of modulation occurring in the heliosheath 

to the total modulation between the heliopause and Earth for the mentioned species. It has been found that the 

modulation in the heliosheath depends on the particle species, is strongly dependent on the energy of the CRs, on 

the polarity cycle and is enhanced by the inclusion of the TS. The computed modulation for the considered species 

is surprisingly different and the heliosheath is important for CR modulation, although 'barrier' modulation is more 

prominent for protons, anti-protons and Helium, while the heliosheath cannot really be considered a modulation 

'barrier' for electrons and positrons above energies of -150 MeV. The &ects of the TS on modulation are more 

pronounced for polarity cycles when particles are d r i i i g  primariiy in the equatorial regions of the heliosphere 

along the heliospheric current sheet to the Sun, e.g. the A < 0 polarity cycle for protons, positrons, and Helium, 

and the A > 0 polarity cycle for electrons and anti-protons. This study also shows that the proton and Helium 

LIS may not be known at energies < 200 MeV until a spacecraft actually approaches the heliopause because of the 

strong modulation that occurs in the heliosheath, the effect of the TS, and the presence of anomalous protons and 

Helium. For anti-protons, in contrast, these effects are less pronounced. For positrons, with a completely different 

shape LIS, the modulated spectra have very mild energy dependencies < 300 MeV, even at  Earth, in contrast to the 

other species. These characteristic spectral features may be helpful to distinguish between electron and positron 

speara when they are measured near and at Earth. These simulations can be of use for future missions to the 

outer heliosphere and beyond. 

Keywords: cosmic rays, modulation, heliosphere, heliosheath, termination shock, protons, anti-protons, elec- 

trons, positrons, Helium. 



OPSOMMING 

Effekte van terrninasieskokversnelling op kosrniese strale in 
die heliosfeer 

Die belangstelling in die rol van die heliosferiese tenninasieskok (TS) en die helioskil in studies van die modulasie 

van kosmiese strale het opmerklik toegeneem met die nadering van die verwagte skok posisie dew die Voyager 

ruimtetuie. Vir hierdie werk word die modulasie van galaktiese protone, anti-protone, elektrone met 'n Jupiter 

bron, positrone, Helium, en anomale protone en Helium, sowel as die gwolglike ladin@anklikheid bestudeer dew 

gebruik te maak van 'n verbeterde en uitgebreide twee-dimensionele numeriese kosmiese straal modulasie model 

wat 'n TS met dieuse skokversnelling, 'n helioskil en dryf insluit. Die modulasie word bereken deur van verbeterde 

lokale intersteU&e spektra (LIS) vir die meeste van die genoemde spesies, sawel as nuwe fundamenteel afgeleide 

d8usie ko-iente, wat op 'n aantal khsmiese straal spesies toegepas kan word, gebruik te maak vir beide die 

magmetveld polariteit siklusse van die Son. Die model laat ook vergelykings toe van oplosshgs met en sonder die 

TS, amok tussen sonminimum en gematigde sonmaksimum kondisies. Die modulasie van protone en Helium met 

hul onderskeie anomale komponente word ook gebruik om die gevolglike ladingsafhanklikheid by he energie en die 

invloed op die berekende F/p, e-/p, and e-/He te bepaal. Die hoeveelheid modulasie in die gesimuleerde helioskil 

sowel as die belangrikheid van hierdie modulasie 'obstruksie' en die TS vir die genoemde spesies word geIUustreer. 

Uit hierdie berekeninge is dit moontlik om die hoeveelheid modulasie wat in die helioskil plaasvind te vergelyk met 

die totale modulasie tussen die LIS en die Aarde vir die verskillende spesies. Hierdie helioskil modulasie hang af 

van die t i p  deeltjies, die energie van die deeltjies, amok die polariteitsiklus en word verhoog deur die insluiting 

van die TS. Dit word ook aangetoon dat die berekende modulasie vir die verskillende spesies verbasend verskillend 

is en dat die helioskil belangrik is vir modulasie, alhoewel 'obstruksie' modulasie meer prominent was vir protone, 

anti-protons en Helium, terwyl die helioskil waarskynlik nie as 'n modulasie 'obstruksie' vir elektrone en positrone 

gesien !an word by energie hoer as -150 MeV nie. Die effekte van die TS op modulasie is meer prominent vir 

deeltjies wat p k &  in die ekwatoriale gebiede van die heliosfeer langs die neutrale vlak na die Son dryf, bv. die A 

< 0 polariteitsiklus vir protone, positrone en Helium, en die A > 0 pol&iteitsiklus vir elektrone en anti-protone. 

Hierdie studie toon a m  dat die proton en Helium LIS onbekend sal bly vir energie 5 200 MeV totdat 'n ruimtetuig 

die intersteU&re ruimte biiedrmg as gevolg van die goot  modulasie wat voorkom in die helioskil, die effekte van 

die TS en die teenwoordigheid van die onderskeie anomale komponente. Hierdie effekte is egter minder prominent 

vir anti-protone. Aangesien die LIS van positrone verskillend is van die van die ander spesies, het positrone se 

gemoduleerde spektra in kontras met die ander spesies 'n baie gematigde energie athanklikheid 5 300 MeV, selfs 

by die Aarde. Hierdie kararakteristieke spektraaleienskappe kan van groot nut wees om tussen elektron en positron 

spektra te onderskei wat gemeet word by en in die omgewing van die Aarde. Hierdie simulasie kan gebruik word 

vir toekomstige sendings na die buitenste heliosfeer. 

Sleutelwoorde: kosmiese strale, modulasie, heliosfeer, helioskil, terminasieskok, protone, anti-protone, elektrone, 

positrone, Helium. 



NOMENCLATURE 

ACRs 
AD1 
AU 
CIR 
CME 
COSPIN 
CR 
DSN 
e- 
e+ 
GCR 
GMIR 
HD 
He 
He+ 
He++ 
HCS 
HMF 
ISM 
KET 
LIS 
LISM 
LOD 
MHD 
MIR 
P - 
P 
PDE 
QLT 
SEP 
TPE 

Anomalous component of Cosmic Rays 
Alternating Direction Implicit 
Astronomical Unit = 1.49 x 10' !un 
Corotating Interaction Region 
Coronal Mass Ejection 
Cosmic and Solar Particle Investigation 
Cosmic Ray 
Deep Space Network 
Electron 
Positron 
Galactic Cosmic Ray 
Global Merged Interaction Region 
Hydrodynamic 
Helium 
Anomalous Helium 
Galactic Helium 
Heliospheric Current Sheet 
Heliospheric Magnetic Field 
Interstellar Medium 
Kiel Electron Telescope 
Local Interstellar Spectra 
Local Interstellar Medium 
Locally OneDlmensional 
MagnetoHydroDynamic 
Merged Interaction Region 
Proton 
Anti-proton 
Partial Differential Equation 
Quasi-Linear Theory 
Solar Energetic Particle 
l l an s~o r t  Fauation - 

TS Termination Shock 
WCS model Current sheet approach of Hattingh (1993) 
1D Ondimensional 
2D Tw*dimemional 
3D Threedimensional 
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Chapter 1 
Introduction 

The interaction between energetically charged particles and the interplanetary medium reduces the cosmic ray 

intensity below the level of the local interstellar spectrum of a given cosmic ray species: the process known as 

heliospheric modulation. The study of cosmic ray modulation is mainly concerned with the description of the 

transport of these energetic particles in the region of space influenced by the Sun, known as the heliosphere. 

The modulation of cosmic rays in the heliosphere is described by the Parker (1965) transport equation which 

contains all the relevant physical processes. This transport equation is solved numerically, as a two-dimensional 

shock acceleration modulation model which is referred to as the TS model, to calculate the cosmic ray distribution 

throughout the heliosphere. The importance of the solar wind termination shock and the modulation that may 

occur in the heliosheath have recently been emphasized by cosmic ray observations of the Voyager spacecraft in 

the distant heliosphere (e.g., McDonald et al., 2000; Webber et al., 2001). Studying the role of the termination 

shock and that of the heliosheath on cosmic ray modulation with numerical models have become particularly 

relevant since Voyager 1 is in the vicinity of the termination shock (Stone and Cummings, 2003) or may have even 

crossed it (Krimigis et al., 2003). The main objective of this work is therefore to study the effects of the solar 

wind termination shock on the modulation, propagation and distribution of galactic electrons, positrons, protons, 

anti-protons, Helium, Jovian electrons, and anomalous protons and Helium in the heliosphere. In particular the 

following topics are discussed: 

(1) The role, and origin, of -ve shock acceleration at the solar wind termination shock of energetic particles 

in the heliosphere. 

(2) The modifications and improvements made to existing   dimensional shock acceleration numerical modu- 

lation models in order to develop a numerically stable state-of-the-art TS model within the constraints of 

computer memory and time. 

(3) The difTerences in the modulation of a variety of cosmic ray species, studied with the same modulation para- 

meters. 

(4) How the inclusion of a termination shock in the model alters this modulation and the consequent charge-sign 

dependence of cosmic rays. 

(5) How the inclusion of anomalous particles alters the modulation for protons and Helium. 

(6) The kind of modulation effects to be expected near the termination shock and in the heliosheath, and in 

particular the study of the so-called modulation 'barrier' in the outer heliosphere. 

(7) The &ects of increased solar activity on the modulation of a variety of mmic ray species. 

In this study the application of the TS model to anti-protons and positrons is new, and also the application of 

the same set of modulation parameters and diffusion coefficients to study the modulation for a variety of cosmic 

ray and anomalous species. These solutions of the TS model are compared to some major observations. in the 

heliosphere for solar minimum and moderate solar maximum activity to test the generality and to confirm that 

the TS model can indeed reisonably reproduce the modulation in the heliosphere for a variety of galactic and 

anomalous cosmic ray species, even when considering detailed features for protons like the crossover of solar 

minima spectra for the two polarity epochs and very moderate latitudinal gradients that become even smaller with 



increasing solar activity. Although the aim of this work has not been a detailed study of the diffusion co&cients or 

fitting observations, it will be shown that the chosen set gives reasonable comparisons to the observations for solar 

minimum conditions but for extreme solar maximum activity modifications seem necessary. The d8erence between 

minimum and moderate maximum conditions in this model is contained in the change of the current sheet 'tilt 

angle' from lo0 to 75" as well as a change in the solar wind and changes in the values of perpendicular diffusion, 

where the latter implies decreasing drift with increasing solar activity. 

The structure of this thesis is as follows: 

In Chapter 2 an overview is given of the basic features of the heliosphere and the basic theory of cosmic ray 

transport in the heliosphere. It starts with a description of cosmic rays and the heliosphere, discusses the cosmic 

ray transport equation, and describes the fundamental modulation processes. It is meant as a summary of several 

of the well known aspects of modulation theory that are applicable to this work. 

Galactic cosmic rays have to cross various boundaries and regions on their way to a point of observation in 

the heliosphere, which can be the Earth or one of the current fleet of spacecraft. Beyond the heliopause, the 

Sun's magnetic field and the solar wind can no longer influence cosmic rays. Within this modulation boundary, 

modulation of cosmic rays takes place. In Chapter 3 a discussion of the transport processes and mechanisms as 

they occur in the transport equation is given, together with a short overview of modulation models and a detailed 

discussion of the two-dimensional TS model that will be used throughout this work. Understanding these physical 

mechanisms and their consequences are one of the most important areas in cosmic ray modulation studies. A short 

o v e ~ e w  of existing lmowledge will also be given, in particular the diffusion and drii processes, and a suitable 

dSwion tensor is constructed, based mainly on the work of Burger et al. (2000). 

In Chapter 4 the characteristics and features of the improved and extended TS modulation model are dis- 

cussed. This model is an improvement of existing locally developed two-dimensional shock acceleration models 

(e.g., Steenkamp, 1995; le Roux et al., 1996; Haasbroek, 1997; Steenberg, 1998). For an approximation of the he- 

liospheric current sheet, which is essentially a three-dimensional effect, the current sheet approach (WCS model) 

of Hattingh (1993) (see also Hattingh and Burger, 1995a) is used to simulate the HCS in a two-dimensional he- 

liosphere. In this chapter this WCS approach is revisited and rederived to be valid for all ' t i t  angles' in a more 

general approach which was then incorporated into the TS model and compared to the WCS approach. The efkts 

of &rent transitions of the solar wind velocity across the termination shock on the spectra of galactic protons 

will also be discussed in this chapter, together with the && of the injection energy and the form of the injected 

source spectrum at the termination shock on anomalous proton spectra The characteristics and features of this 

modified TS model will be illustrated as comparisons to some major observations, as it has been mentioned earlier. 

In Chapter 5 the modulation of galactic protons in the outer heliosphere is studied. In particular, the effects 

of the termination shock and the heliosheath on proton modulation at different energies, manifesting as a 'barrier' 

effect, for the two magnetic field polarity cycles, and also as modulation changes from minimum to moderate 

m&mum conditions. 

This study is extended in Chapter 6 to include the modulation of cosmic ray anti-protons and anomalous 

protons; in Chapter 7 to include cosmic ray electrons, with a Jovian source, and positrons; and in Chapter 8 to 

include galactic and anomalous cosmic ray Helium. The modulation of anomalous protons and Helium are included 

to establish the consequent charge-sign dependence of p/p, e-/p, and e-/He at low energies. The following topics 

are addressed in more detail in these chapters: (1) The effects of the termination shock on the modulation of 



these species, for both helimpheric magnetic field polarity cycles, and as s o h  activity changes from minimum to 

moderate maximum conditions. (2) A comparison of the modulation of these species with and without a termination 

shock. (3) The level of modulation in the simulated heliosheath and the importance of this 'barrier' modulation 

for the different species and how this affects the computed F/p, e-/e+, e-/p, and e-/He and (4) to establish 

the consequent charge-sign dependent effects by means of the computed ratios in (3). The application of a shock 

acceleration model in these chapters to anti-protons and positrons is new. Different isotopes for galactic Helium, 

and anti-Helium, have not been considered for this study. 

Extracts from this thesis have been published as seven refereed manuscripts: Langner et al. (2003a, 2003b), 

Langner and Potgieter (2003a, 2003b), and Potgieter and Langner (2003a, 2003b, 2003~). 

Three articles were published in conference proceedings: Langner and Potgieter (2001a, 2001b), and Langner 

et al. (2001a). 

Other publications in which the author has been involved during his studies are: Langner (2000), Langner et 

al. (2001b), Potgieter et al. (2001a, 2001b), Ferreira et al. (2001e, 2001f), and Moskalenko et aL (2001). 



Chapter 2 
Cosmic rays and the heliosphere 

2.1. Introduction 

This chapter gives an overview of the basic features of the heliosphere and the theory of wsmic ray transport in 

the heliosphere. It starts with a description of cosmic rays and the heliosphere, discusses the cosmic ray transport 

equation, and describes the fundamental modulation procgses. It is meant as a summary of several of the well- 

known aspects of modulation theory that are applicable to this thesis. 

2.2. Cosmic rays in the heliosphere 

Cosmic rays (CRs) are energetic particles which, after being accelerated to very high velocities, propagate through- 

out the galaxy. These particles were discovered by Vi tor  Hess during the historic balloon flights in 1911 and 1912 

(Hess, 1911, 1912) when it was shown that the origin of these particles was extraterrestial. These particles were 

called 'cosmic rays' by Millhn in 1925. By 1930 Compton and Clay had shown that these particles were electri- 

cally charged (for a review see e.g., Simpson, 1997). Galactic wsmic rays (GCRs), which are accelerated during 

supernova explosions, are distributed in energy from a few hundred keV to as high as 3 x 16' eV in the form of 

a power law j cx E-7 with y = 2.6 the spectral index, E the kinetic energy in MeV.nuc-' and j the differential 

intensity typically in units of particles.m-2.s-1.sr-'.MeV-' (e.g., Longair, 1990; Jokipii and K6ta, 1997; Baring, 

1999). For E > 10'' GeV the CR proton spectrum exhibits a break and becomes steeper with y = 3.1. This break 

is known as the 'lmee' of the spectrum. The reason for the occurrence of this 'knee' is believed to be a less e5- 

cient mechanism of galactic CR acceleration in supernova shocks. At these energies, a particle's gyroradius starts 

to exceed the thickness of the shock. These particles are generally referred to as GCRs, because of their origin out- 

side the heliosphere. For E < 20 GeV, CRs measured at Earth have y # 2.6 because of solar modulation effects in 

the heliosphere. Those particles that arrive at Earth are composed of -98% nuclei, that have been stripped of all 

their orbital electrons, and -2% electrons and positrons. In the energy range from 100 MeV (corresponding to a 

velocity for protons of -43% of the speed of light) to 10 GeV (corresponding to a velocity for protons of -99.6% 

of the speed of light), the nuclear component consists of -87% Hydrogen, -12% Helium and -1% heavier nuclei 

(e.g., Simpson, 1992). CRs can generally be grouped into different populations, i.e.: 

(1) GCRs originating from far outside ow solar system. These particles are accelerated during supernova e x p b  

sions, and it is generally believed that the subsequent blast wave is responsible for the acceleration (see a 

detailed review by Jones and Ellison, 1991). The supernova blast wave origin was first inferred by Axford et 

al. (1977), Bell (1978a, 1978b), Blandford and Ostriker (1978) and Krymski (1977). Experimental evidence of 

this was found by Koyama et al. (1995) and wn6rmed by Tanimori et al. (1998). 

(2) Solar energetic particles (SEPs) originating from solar flares (e.g., Forbush, 1946). Coronal mass ejections 

(CMEs) and shocks in the interplanetary medium can also produce these energetic particles. SEPs may have 

energies up to several hundred MeV but are usually observed at Earth only for several hours when occurring. 

These particles are disregarded for the purpose of this study. For a review see Cliver (2000). 

(3) The anomalous component of cosmic rays (ACRs). These particles are interstellar neutral atoms which get 



singly ionized relatively close to the Sun. They are then transported to and accelerated at the solar wind 

termination shock through a p r o m  of first order Fermi acceleration, gaining energy by multiple crossings 

of the TS. This process was first discussed by Pessg et al. (1981). This population of the ACRs was first 

identified as an increased flux of He+ (Helium) and 0+ (Oxygen) particles in spectra measured by the Pioneer 

10 spacecraft by Garcia-Munoz et al. (1973a), while Fisk et al. (1974) first suggested their heliospheric origin. 

Some aspects of the modulation of these particles will be revisited in Chapters 4, 6 and 8. For a review see 

Fichtner (2001). 

The Jovian electrons. It was discovered with the Jupiter fly-by of the Pioneer 10 spacecraft in 1973 that the 

Jovian magnetosphere at -5 AU (one astronomical unit = 1.49 x 10' km, the average distance between the 

Sun and Earth) in the equatorial region is a relatively strong source of electrons with energies up to at least 

-30 MeV (Sipson et al., 1974; Teegarden et al., 1974; Chenette et al., 1974). These electrons, when released 

into the interplanetary medium, dominate these low energy electron intensities within the first -10 AU and 

could even undergo diffusive shock acceleration at the TS to reach substantial higher energies (e.g., Jokipii 

and K&a, 1991; Moraal et al., 1991 ; Haasbroek, 1997; Haasbroek et al., 1997a, 1997b; Ferreira et al., 2001e, 

2001g; Ferreira, 2002; Potgieter and Langner, 2003~). 

2.3. The Sun and solar activity 

The Sun is a typical star of intermediate size and luminosity with radius ro -. 696 000 km (-0.005 AU). The Sun 

has a differential rotational period that increases with latitude from an average of 25 days at the equator up to 

even 32 days near the poles. This odd behavior is because the Sun is not a solid body like the Earth but rather 

a large 'sphere of plasma' that is gravitationally bound and compressed. This compression permits sustained high 

temperatures and densities in the core that d o w  a thermonuclear reaction to continue. Energy from the core 

radiates and convects out to the solar atmosphere where it escapes into space. The Sun is composed of mostly 

Hydrogen (-90%) and Helium (-10%) with traces of heavier elements such as Carbon, Nitrogen and Oxygen. 

The visible solar surface over the convective zone is called the photosphere. Above the photosphere there are two 

transparent layers: The chromosphere, visible during eclipses, which extends some 10 000 km above the photosphere 

and the corona which is observable beyond the chromosphere for more than lo6 km. 

Figure 2.1. Yearly averaged sunspot number from the year 1700 up to 2003 (data fiom 
http://www.spaceweather.com). 



Visible on the photosphere are sunspots as dark areas of irregular shape that are cooler than the rest of the 

surface. Strong magnetic fields are also associated with them. Detailed records of the sunspot numbers, which are 

direct indications 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 observations of the yearly averaged values it is evident that the Sun has a quasi-periodic -11 

year cycle which is called a solar activity cycle. It is well established that CRs are modulated in anti-phase with 

solar activity. 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' (Smith and Marsden, 

2GO3). 

The plasmatic atmosphere of the Sun constantly blows away from its surface to maintain equilibrium (Parker, 

1958, 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 and 

will be discussed in more detail in the following sections. Convective motions, along with solar rotation, create 

the Sun's magnetic field. 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. 

2.4. The geometry of the heliosphere 

The region of space 6lled by the plasma originating from the Sun and transported outward through the solar wind 

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

from the Sun and 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). If there is a significant pressure in the 

LISM, the expansion of the solar wind must eventually stop, resulting is a quasi-static 'bubble' (for an overview see 

Fichtner and Scherer, 2000). The heliosphere can be seen as  a giant laboratory, provided by nature where we can 

directly observe and measure physical parameters that reveal phenomena that cannot be scaled down to terrestrial 

laboratories. 

A schematic representation of the heliosphere is shown in Figure 2.2 (adapted from Jokipii, 1989). It is a view of 

the heliospheric equatorial plane with respect to which the ecliptic plane, wherein most of the major planets rotate 

around the Sun, is tilted. As the heliosphere moves through the LISM, it forces the LISM to flow around it. The 

solar wind must merge with the LISM surrounding the heliosphere. At large radial distances the LISM pressure 

causes the supersonic solar wind plasma to decrease to subsonic speeds in order for the solar wind ram pressure to 

match the interstellar thermal pressure. A heliospheric shock is created, which is called the solar wind termination 

shock (TS), because the internal wave speed suddenly becomes larger than the plasma propagation speed as has 

fist been suggested by Parker (1961). This TS is indicated by the dashed circle in Figure 2.2 and together with the 

heliosheath, the region between the TS and the outer boundary/heliopause, are prominent and interesting features 

of the heliosphere (e.g., Burlaga et al., 2003; Florinski et al., 2003). Therefore studying the role of the TS and that 

of the heliosheath on cosmic ray modulation with numerical models is the main topic of this study and has become 

most relevant since Voyager 1 is in the vicinity of the TS (Stone and Cummings, 2003) or may have even crossed 

it (Krimigis et al., 2003). Estimates for the position of the TS vary between -70 AU and -100 AU (e.g., Stone et 

al., 1996; Whang and Burlaga, 2000), but present consensus is that the TS should be between 80 AU and 90 AU 

(e.g., Stone and Cnmmings, 2001). The position of the outer boundary/heliopause is uncertain, probably at least 

3C-50 AU beyond the TS. The distance of the TS also varies over the solar cycle because of changg in the dynamic 
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Figure 2.2. A representation of the heliosphere and its interaction with the local interstellar medium (adapted from 
Jokipii, 1989). 

pressure of the solar wind, with the maximum distance predicted to occur near solar minimum (e.g., Whang and 

Burlaga, 2000). This distance has not yet been measured directly but is calculated using various methods that 

include: (1) Extrapolating observed CR gradients, (2) pressure balance calculations, (3) modulation models, (4) 

gas-dynamic models of the interaction of the solar wind and the LISM, (5) radio emissions from the heliopause 

triggered by the dissipation of large CR decreases in the heliopause, (6) comparing Lyman-a light scattering from 

neutral Hydrogen in the upwind and downwind direction, (7) solar wind velocity observations and (8) olwervations 

of the ACRs. In Table 2.1 (from Stone and Cummings, 2001) estimates of the location of the TS by various authors 

are shown. As is evident from this table and recent Voyager 1 observations (Stone and Cummings, 2003; Krimigis 

et al., 2003) the assumed TS location of T, = 90 AU as is used in this work is a reasonable estimate. 

Table 2.1: Estimates of the termination shock radius (7,) 

. . - . . -. ,----, 
Gradients of the ACRs 1 

Stone and Cummings (1999) 1 8 4 i 5  

DynamicPressureBalance 
Belcher et al. (1993) - 

Gloeckler et al. (1997) 
Pauls and Zank (1996,1997) 

Linde et al. (1998) 
Exarhos and Moussas (2000) 

Radio Emissions 
Gumett and Kurth (1996) 

Zank et al. (2001) 
Hvdroeen Lv-a Backscatterine 

Cosmic Ray Trausients - 

McDonald et al. (2000) 1 88.5 k 7 
Webber et al. (2001) 1 8 3 k 1  

T, (AU) 
78 - 105 
1 85 
88, 95 
80 10 
88, 103 

80 - 115 
190 



Obviously the geometry of the TS, certainly that of the helimphere, should be affected by the relative motion 

of the helimphere through the LISM. Beyond the TS, the solar wind plasma flow direction is forced to change, 

causing the interstellar plasma and solar wind plasma flow directions to be equal. This is indicated in Figure 2.2 

by the thick solid line which is considered by mmt researchers as the outer boundary/heliopause of the heliosphere. 

Beyond this boundary the Sun has no signi6cant iduence on CRs. 

Current estimates for the distance from the Sun to the heliopause vary between -90 AU to -180 AU and are 

summarized in Table 2.2. In this study the position of the heliopause is assumed to be at 120 AU which seems 

a reasonable value. Larger values are most probable but available computer resources are then a serious limiting 

factor. 

Because of the heliosphere's motion through the LISM, a bow shock may also be formed outside the heliopause 

with the region between this shock and the heliopause known as the outer heliosheath (e.g., Ratkiewicz and Ben- 

Jaffel, 2002). In this study the heliosphere is assumed to be spherical. A modulation model with a more realistic 

non-spherical heliospheric boundary geometry (as indicated in F i e  2.2) was locally developed by Haasbroek and 

Potgieter (1998). They have found that the magnitude of the calculated CR intensity changes, when it is compared 

to a spherical boundary, which ranges between just 10% and 20% depending on the position in the heliosphere, 

indicating that the model solutions are not sensitive to this feature (see also Fichtner et al., 1996). A comprehensive 

review of the global properties of the heliosphere was given by e.g., Suess (1990). 

2.5. Anomalous cosmic rays 

The discovery of the anomalous component of cosmic rays by Garcia-Munoz et al. (1973a, 1973b, 197%) has 

provided a powerful new tool with which the heliosphere can be probed. Soon thereafter, in addition to the Helium 

discovered by Garcia-Munoz, anomalous Oxygen (Hwestadt et al., 1973), Nitrogen (McDonald et al., 1974), and 

neon (von Rosenvinge and McDonald, 1975) were observed. Fisk et al. (1974) recognized that these elements 

all have high &st ionization potentials and therefore they proposed that these elements enter the heliosphere as 

interstellar neutrals because of the movement of the heliosphere in its trajectory through interstellar space. These 

elements then penetrate deeply into the heliosphere before they become singly ionized by charge exchange with the 

solar wind ions, electron collisions, or phobionization. 

These singly-ionized atoms are then picked up by th.e solar wind and convected outwards towards the outer 

heliosphere, where they undergo'shock acceleration. Some of these accelerated charged particles may then diffuse 
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into the heliosphere, where they are modulated by the same processes as the galactic component, to form the 

anomalous component of cosmic rays. 

Mbbius et al. (1985) obtained the first conclusive evidence of the solar wind picking up singly-iorized interstellar 

Helium (He+), using a timeof-flight spectrometer. According to Mbbius (1986) the kinetic energies of these pick-up 

ions vary from basically zero to approximately four times the flow energy of the solar wind. F ik  (1986) reviewed a 

variety of acceleration mechanisms for these particles. However, the main problem with most of these mechanisms 

is that both the curvature cutoff and the acceleration time scale limit the acceleration efliciency. Pesses et al. 

(1981) proposed that the TS might accelerate these pick-up ions to sufEciently high energies. This remains the 

most plausible explanation for the source of the ACRs. 

2.6. Heliospheric modulation of cosmic rays 

CRs are subject to physical processes that change their distribution and intensity in position, energy, and time 

throughout the heliosphere. These major processes were combined by Parker (1965) into a tiedependent transport 

equation (TPE) 

a f - - 1 
at - V . (Ks . Vf)  - (V* +vd).Vf + -(V . V*)- + -- p ' ~ ~ -  + Qsoura(rrp, t), 3 alnp " p2ap ' Y  0 (2.1) 

to describe the transport and modulation of CRs in the heliosphere, by using a coordinate system rotating with 

the Sun. Here f (r,p, t) is the omnidirectional CR distribution function, with r the position and p the particle's 

momentum at time t, V* the solar wind velocity in the corotating hame with V* = V - Cl x r where C2 is 

the rotational velocity of the Sun, Ks the symmetric part of the diffusion tensor K and Q,,,,(r,p, t)  a source 

function describing any CR source in the heliosphere. The most important modulation processes are convection by 

the solar wind (second term in Equation 2.1), and diffusion (first term in Equation 2.1) of CRs through scattering 

by irregularities in the HMF. The solar wind expands radially outward, causing the solar wind particle density, 

and therefore the density of the magnetic scattering centres, to decrease with radial distance from the Sun, so 

that CRs also undergo adiabatic cooling (deceleration) (fourth term in Equation 2.1). This fourth term of the 

TPE is also very important because shock acceleration at the TS appears implicitly through this term (Section 

2.7.6). Since CRs are charged particles, they experience drift motions (third term in Equation 2.1) because of 

gradients in magnetic field magnitude, the curvature,of the fidd or any abrupt changes in the field direction. For 

completeness, a term describing mcalled second-order Fermi acceleration may also be added (6fth term in Equation 

2.1). This describes diffusion in momentum space because of randomly moving magnetic irregularities, causing a 

net acceleration because particles have a slightly higher chance to collide with approaching scattering centres than 

with receding ones. The process is called second-order, because it can be shown that the average momentum gain 

per scattering is proportional to (plasma speed/particle speed)'. 

The averaged guiding center drift velocity for a near isotropic CR distribution is given by 

V d  = V X (KA~B),  P2) 
with eB = BIB and B the magnitude of the modified background HMF and KA the 'drift codcient'. The factor 

D, in the momentum W o n  term is given by 



Here VA is the velocity in the solar wind plasma, given by 

with q 2 1 (e.g. Gombosi et al., 1989), the diffusion coefficient parallel to the background HMF, p the density, 

and po the permeability of free space. This term is potentially important in CR transport, especially in regions 

with strong magnetic fields and small plasma densities, such as near the Sun or in the downstream region of a 

magnetohydrodynamic (MHD) shock. Even so, this term is quite small in comparison to the others and, therefore, 

it is usually omitted in most heliospheric CR transport models as in this study. 

The distribution function f (r,p, t) is related to the differential intensity j ~ ,  in units of particles.m-2.s-'.sr-'.MeV-1 

by jR = R~ f, where R = pclq is rigidity (in units of GV) with q the particle's charge and c the speed of light in 

space. The differential number density, Up(r,p, t), is also related to f (r,p, t) by 

The diffusion tensor, K, for a coordinate system with one axis parallel to the average magnetic field, B = Bee,, 

and the other two perpendicular to it is 

with Kl,pol,, = nis  and K L , V ~ ~  = KL, the diffusion coefficients describing the diffusion perpendicular to the 

average magnetic field in the polar and radial directions respectively, with KS and KA the symmetrical and 

anti-symmetrical parts, respectively. 

Equation 2.1 contains all the relevant physics to describe CR transport and acceleration in the heliosphere. 

In this work it is solved numerically in two different modulation models, one with and one without a TS, to 

calculate the CR distribution throughout the heliosphere. These models will be discussed in the following chapters, 

Important aspects of Equation 2.1 and how they are incorporated into the modulation models are also discussed 

in the following sections. The relevant diffusion coefficients for CRs in the heliosphere and the numerical solving 

of Equation 2.1 to create a modulation model are discussed in the next chapter. 

2.7. The solar wind - 

The solar wind (originally called the 'solar corpuscular radiation') was &st proposed by Bierman (1951, 1961) to 

account for the behaviour of wmet tails that always pointed directly away from the Sun regardless of the position 

of the wmet. Biermum has found that the pressure of the solar radiation alone can not 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 4M) - 1000 h.s- '  which was remarhbly accurate. However, the name 

'solar wind' was &st introduced by Parker (1958). Parker (1963) showed that the atmosphere of the Sun could only 

be in equilibrium if the atmosphere was expanding at supersonic speeds. For a review see Marsch et al. (2003). 

Observations aver many years have reyealed that V = IVJ 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. These streamers belts are regarded 

as the most plausible sources of the slow solar wind speed which have typical velocities of up to V = 400 km.s-' 

(Schwenn, 1983; Marsch, 1991; Withroe et al., 1992). 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 and references 

therein). 

In regions where the solar magnetic field is directed radially outward, such as at the solar polar regions, the 

magnetic field will assist rather than oppose the coronal outflow. The fast solar wind speed with characteristic 

velocities of up to V = 800 km.s-' are associated with polar coronal boles which are located at the higher heli- 

ographic latitudes (Krieger et al., 1973; Ziker, 1977 and references therein). In these regions the magnetic field 

lines are carried off by the solar wind and their connection to the Sun at the one end of the field line is lost. It is 

these open magnetic field lines which affect the transport of CRs in the heliosphere. The fast solar wind from the 

polar regions can sometimes extend close to the equator and overtake the earlier emitted slow stream, resulting in 

a corotating interaction region (CIR); for a review see Odstrcil (2003). 

Figure 2.3. Six-hour average solar wind speed (top curve) for the poletwpole transit of Ulysses from the peak 
southerly latitude of -80.2' on 12 September 1994, to the corresponding northerly latitude on 31 July 1995. The 
proton density is shown by the bottom curve (adapted from Phillips et al., 1995). 

The latitude dependence of V has been confirmed by Ulysses (e.g., Phillips et al., 1994; 1995) and is shown 

in Figure 2.3 as six hour averages during the fast pole to pole transit of Ulysses. Evident from Figure 2.3 is the 

significant variations of V with heliolatitude where Ulysses has observed a high solar wind speed, 700 - 800 km.scl, 

at > 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 km.s-' at 2 20' N thus confirming the existence of the fast and slow solar wind streams during 

solar minima. For solar maxima no well-defined high speed solar wind is observed (e.g., Richardson et al., 2001). 

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 e.g. Pioneer 10 and 11 and Voyagers 1 and 2, Gazis et 
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Figure 2.4. The modelled solar wind speed Vas a function of polar angle for T 2 0.3 AU for solar minimum (solid 
line) and solar maximum (dashed line). In comparison V as measured by Wlysses is shown (e.g., Phillips et al., 
1995; McComas, 2000). 

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) so that the picture is not as clear. 

To model the solar wind velocity V in the axially symmetric modulation model that is used in this work, it is 

assumed that 

V(T, 6') = V(T, O)e, = [V(~)v(O)le, (2.7) 

where T is the radial distance usually in AU, 6' the polar angle and e, the unit vector component in the radial 

direction. The latitude dependence V(0) of the solar wind velocity during solar minimum conditions is similar to 

that which is given by e.g., Hattingh (1998), although some of the coefficients have been modified to give a better 

fit to the available observations and is given by 

V(6') = 1.5 7 0.5 tanh [16.0(0 - * (o)] , (2.8) 

with all angles in radians in the northern (top signs) and southern (bottom signs) hemispheres respectively with 

(o = a + 15~/180. Here, a is the angle between the Sun's rotation and magnetic axes known as the tilt angle. 

The effect of (o is to  determine at which polar angle V start to increase from 400 km.s-' towards 800 km.s-'. 

In Figure 2.4 these solar wind speeds as given by Equation 2.8 for solar minimum and moderate solar maximum 

conditions are shown in comparison with V as measured by Ulysses (e.g., Phillips et al., 1995; McComas, 2000) for 

corresponding conditions. It follows from Figure 2.4 that for moderate solar maximum conditions no latitudinal 

dependence is assumed, so that V(6') = 1.0 under these conditions. Equation 2.8 therefore gives a realistic latitude 

dependence of the solar wind for both solar minimum and moderate solar maximum conditions. For solar minimum 

conditions the solar wind speed changes from -400 km.s-' in the equatorial plane (0 = 90') to -800 k m K i  in 

the polar regions (6' = 0'). This increase of a factor of 2 is assumed to happen in the whole heliosphere for 

120" 5 8 5 60". 

The radial dependence V(T) of the solar wind is given as 



inside the shock, with I+, = 400 1an.s-', ro = 0.005 AU, and 1-0 = 1 AU. From this equation follows that the 

acceleration of the solar wind occurs rather rapidly close to the Sun and reaches Vo at -0.3 AU. For heliospheric 

modulation models without a shock Equation 2.9 has been used, but for a model with a TS, Equation 2.9 obviously 

needs to change which will be discussed in the following section. 

2.8. The solar wind termination shock and shock acceleration 

A supersonic flow cannot decelerate into a subsonic flow in a continuous way. Thus, the supersonic flow energy 

must be dissipated discontiiuously. This discontinuity in supersonic flow to subsonic flow is called a shock. 

Consider a household sink with a running tap. The stream of water coming from the tap hits the bottom of 

the sink and the water flows more or less radially away from that point. Practically all the kinetic and potential 

energy that the stream of water has when it comes from the tap is now converted into kinetic energy and this fluid 

flow on the sink bottom is faster than the spread of small amplitude waves on the water surface, i.e. 'supersonic'. 

This flow energy in the sink is now dissipated by cohesive and viscous frictional forces and the flow energy drops 

so low that the flow has to undergo a shock transition to become subsonic. The surplus flow energy is converted 

into turbulence beyond the shock (Jokipii and McDonald, 1995). 

The solar wind presents us with a similar problem. The super sonic solar wind, originating on the Sun, must 

merge with the LISM surrounding the heliosphere. It must, however, first undergo a transition from a supersonic 

into a subsonic flow at the TS, in order for the solar wind ram pressure to match the interstellar thermal pressure. 

A shock is created because the internal wave speed suddenly becomes larger than the plasma propagation speed. 

As in the hydrodynamic equivalent, the surplus flow energy is converted into thermal energy and turbulence beyond 

the shock. The TS was first suggested by Parker (1961). At the lowest level of complexity the termination shock 

is expected to be a fast mode MHD shock which is attempting to propagate sunward against the solar wind flow. 

It is therefore a reverse shock, so that the upstream side is closest to the Sun and the downstream side is further 

from the Sun. Accordingly, the solar wind plasma should be compressed, heated, ddected, and slowed across the 

shock, while the magnetic field should increase. At a more complex level, the ACRs and GCRs may have sufiicient 

energy density to modify the termination shock from being a primaziiy MHD shock to W i g  a CR-modified shock, 

as has been suggested by the pressure of CRs b e i i  comparable t% the pressure in magnetic turbulence, dust, and 

any other dects (Donohue and Zank, 1993; Zank et al., 1994; Zank, 1999). This might affect the detailed shock 

structure, induding the compression ratio of the plasma density on both sides of the shock, and the locations of 

the shock and heliopause. 

The process of acceleration of CRs at the TS is called diffusive shock acceleration (Axford et al., 1977; Bell 

1978a, 1978b; Krymski, 1977). Because the HMF is not smooth but turbulent on both sides of the shock, there 

exist scattering points on both sides which may scatter particles various times across the shock until they reach 

substantial higher energies to escape. These scattering mechanisms will be discussed further below. 

2.8.1. A hydrodynamic analysis 

Astrophysical shocks have much in common with hydrodynamic shocks because of the fluid like models describing 

highly ionized plasmas. Many physical quantities and characteristics are therefore shared between these shodts. 

Thus, to define and derive the shock properties, it is instructive to start with an ordinary hydrodynamic shock. 

See e.g. Jones and Ellison (1991) for a more detailed discussion on this subject. 



The velocity of a disturbance in a fluid is wnveniently described by the Mach number 

with c, the speed of longitudinal pressure waves which is given by 

where 7 = Cp/Cv, with Cp and Cv the heat capacity at a constant pressure and volume respectively, P the 
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pressure of the solar wind plasma and p the mass density. Consider a coordinate system in one dimension where a 

shock is fixed at x = 0 in this hame. The upstream (unshocked - denoted by 1) flow at x < 0 goes into the shock 

with supersonic velocity VI, or Mach number 
Vl M I = - > l .  (2.12) 
cs 

The downstream (shocked - denoted by 2) plawa, at x > 0, recedes with subsonic Mach number 

v, M z = - < l .  (2.13) 
C8 

The mass, momentum, and energy flux across the shock must be conserved. These can be written as 

a 
-(pV) = 0 mass flux, ax 

a - (pVz + P) = 0 momentum flux, ax 
and 

a 1 - (-fl' + 'VP = 0 energy flux. ax 2 
(2.16) 

Yg - 1 
respectively. If these equations are integrated across the shock, the sc-called Rankine-Hugoniot conditions on the 

shock are obtained, namely 

p,V1 = PZVZ, 

p1v,2 + Pl = PZG + pz, 

and 
1 79 - lv;+--. 79 p 
zV?+---- ^(9-1P1 2 7?-1Pz (2.19) 

The compression ratio or shock ratio of the shock for non-relativistx flows is now defined to be 

After a considerable amount of algebra with Equations 2.17, 2.18 and 2.19, the compression ratio and pressure may 

be written in terms of the upstream Mach number as (e.g., Ferraro and Plumpton, 1966) 

and 

pz=p1 b + Y g ~ ;  (I-:)]. (2.22) 

It is evident that for incoming flow speeds that are at the sound speed (i.e., Ml = I), a = 1 and Pz = Pl; there 

is no shock. It would appear that for MI < 1 an expansion shock would be possible with s < 1 and Pz < PI, but 

such a transition would involve a decrease of entropy rather than an increase, therefore such transitions would be 

ruled out by the second law of thermodynamics. For a strong shock (MI -+ m) the wmpression ratio reduces to 



For monatomic, non-relativistic gases, such as the solar wind plasma, 7 = CplCv = 513 and, therefore, the 

compression ratio of a strong shock is s = 4. 

2.8.2. Astrophysical MHD shocks 

MHD shocks are defined as shocks in media that contain magnetic fields. In this case the relevant magnetic field 

pressure and energy terms must be added to Equations 2.18 and 2.19. Since an ionized gas or plasma has a high 

conductivity any magnetic field will be tied to the plasma (i.e., 'frozen in') and will, in general, contribute to the 

dynamics of the shock. When the magnetic field is parallel to the n o d  on the shock front and therefore in the 

same direction as the p h a  flow, the MHD shock is called parallel. In this case the field is continuous across the 

shock and it has no effect on the shock structure. The field's only role is to support the A W  waves that act 

as the 'glue' between the plasma and the energetic partides that are being accelerated. In oblique shocks (shocks 

with an angle between the upstream magnetic field and the shock normal greater than 0°), the magnetic field takes 

a more active role and influences both the shock jump conditions and particle acceleration. In this case the field 

also leads to modifications of the standard Rankine-Hugoniot conditions and the shock parameters (for details see 

Jones and Ellison, 1991). 

In Astrophysics there are many examples of systems that project large amounts of plasma at supersonic ve- 

locities. Some of these are stellar and galactic winds, and the shell of matter projected by a supernova explosion. 

More locally, astrophysical shocks may be found in places such as the bow shock of Earth in the solar wind, and 

travelling interplanetary shocks at the leading and trailing edges of CIRs, merged interaction regions (MIRs) and 

global merged interaction regions (GMIRs). For a review see Jones and Ellison (1991). 

2.8.3. First-order Fermi shock acceleration 

Second-order Fermi acceleration cannot account for the effective acceleration of cosmic rays in the heliosphere 

since Dm, as is given by Equation 2.3, is so small. H m r ,  if a MHD shock is present in a diffusive convective 

system, first-order Fermi acceleration does accelerate particles with great effectiveness, even if it does not appear 

explicitly in the transport equation that is given by Equation 2.1. This effect was discovered in 1977 (Axford et 

al., 1977; Bell, 1978a, 197813; Blandford and Ostriker, 1978; Krymski, 1977), and the spectrum resulting from this 

acceleration is derived below (see also Steenkamp, 1995). 

The fundamental starting point in such an analysis concerns the continuity properties of the density and 

streaming moss the shock. Since particles have mobiity moss the shock, the first of these is that the differential 

CR number density or the omnidirectional distribution function of particles (Equation 2.5) must be continuous 

across the shock, i.e. 

U; = U,' (2.24) 

or 

f-  = f+  (2.25) 

where the minus sign represents the upstream region and the plus sign the downstream region or 

and 

+ - lim f(r). 
f 



Similarly, the condition on the streaming recorded by a stationary obserw must be such that 

where S p  is the differential particle current density, with 

where K is the diffusion tensor as is given by Equation 2.6, V the velocity of the scattering centres in the solar 

wind relative to a stationary observer and C the Compton-Getting factor (e.g., Gleeson and Axford, 1968), given 

by 

Equation 2.28 states that the flux that diverges from the shock must have its origin at a source on the shock. In a 

onedimensional case, or where the flux is perpendicular to the shock face, this second condition (Equation 2.28) 

simply reduces to 
rr.+e 

Sf + S- = lim / " ' Qd?. (2.31) 
E-0 T s - E  

Consider now an onedimensional, steady-state plane MHD shock in the shock frame at x = 0, and assume that 

s5cient scattering centers exist on both sides of the shock to keep f (r,p, t) isotropic to the first order. Under 

s5cient simplifying assumptions, the TPE can be solved across this shock: 

In one dimensional steady-state (aflat  = 0), ignoring drifts, and for isotropic scattering, the TPE (Equation 

2.11 reduces to 
av a 

[Yf - K g ]  - 6 (z) (p3f) = Qf @.P) ax 
with K the diffusion coefficient in one dimension, while the streaming density is 

If the upstream flow velocity and the diffusion coefficient are independent of x, the TPE becomes a simple linear 
- 

difTerentia1 equation, 
a2 v a Qf (GP) 
ax2 K ax ) f =  (2.34) 

This equation has a simple solution which depends on how the source is treated. Assume that f is known far 

upstream of the shock, denoted by f(-m,p), and that on the shock it is f(0,p). Then, if the source is a delta 

function on the shock, i.e. Qf (x,p) = Q, (p) 6(x), the solution in the down stream medium is 

If the source is distributed throughout the upstream medium, the solution is 

The shape of the spectrum on the shock, f (O,p), is determined by the two continuity conditions given by Equations 

2.25 and 2.28. For a delta function source on the shock, these conditions imply 





the accelerated spectrum that is given by Equation 2.45 becomes 

i.e., a power law with the spectral index 
3s q=- 

s - 1 '  
(2.49) 

Diffusive shock acceleration resulting from an infinite plane shock always gives rise to a power law spectrum with 

the spectral index given by Equation 2.49, that depends only on the compression ratio of the shock. 

In practice, shocks are seldom plane or stationary. The power law 2.48 can only be achieved up to such a value 

of momentum as there is time for the particles to reach this momentum. From, e.g. Axford (1981), Drury (1983), 

and Lagage and Ckarsky (1983) it follows that the acceleration t i e  that is needed for the establishment of the 

steady-state solution from momentum po to p is given by 

Above that momentum the spectrum cuts off sharply. Similarly, in a curved shock there is a curvature cutoff in 

the spectrum. This occurs at the point where the diffusive length scale n/V, becomes larger than the shock radius 

. 
From Equation 2.48 it also follows that 

but 

and 

Thus 

poc a. 

Up cc p-Q+2 &'+ 

Therefore, from Equation 2.49 and 2.52 it is evident that for a strong shock (s = 4) the di5ential intensity must 

be proportional to E-'. 

2.8.4. Geometry of the TS 

A uniform and spherically symmetric solar wind, and a uniform interstellar gas pressure on all sides of the he- 

liosphere, would result in a spherical symmetric shock at a constant radius around the Sun. Since the solar wind 

velocity rises towards the polar directions at solar minimum, the flow energy is larger in these regions (see Fig- 

ure 2.4). Assuming a uniform interstellar gas pressure, this flow energy will not be dissipated as quickly as in the 

ecliptic plane. This will effectively destroy the spherical nature of the shock, turning it into something that can be 

better described by an ellipsoid with its major axis through the solar poles and its minor axis in the solar rotational 

plane (e.g., Sues, 1993; Pauls and Zank, 1997; Scherer and Fahr, 2003; Zaak and MUer, 2003). 

The localized high-velocity solar wind streams will cause localized bulges in the shock face where it reaches the 

termination shock, pushing the shock further back. This will give the shock an uneven character. In addition to 

this, the solar wind velocity is not constant with time, resulting in a structure which probably osciilates back and 

forth from almost spherically symmetric at solar maximum to an ellipsoid at solar minimum, 



The motion of the heliosphere through the interstellar medium creates a larger ram pressure in the direction of 

motion and a smaller pressure in the opposite direction. This means that the flow energy of the solar wind will 

be dissipated faster in the direction of the motion than in the opposite direction, and thus the shock face will be 

nearer to the Sun in the direction of motion and further out on the other side. A spherical shock will thus be 

deformed into an ovoid (see e.g., Scherer and Fahr, 2003; Zank and Miiller, 2003). 

All these factors contribute to the possible asymmetric nature of the termination shock structure. Such asym- 

metries will, however, not be included in this thesis so that a purely spherical TS is assumed. 

2.8.5. Structure of the solar wind at and beyond the TS 

Parker (1963) showed that the solar wind must be accelerated to supersonic speeds very close to the Sun, while 

remaining independent of radial distance up to the point where it undergoes a shock transition to subsonic speeds. 

For the model which is developed in this thesis a TS is assumed at r ,  = 90 AU with a compression ratio s = 3.2, 

and a shock precursor scale length of L = 1.2 AU. For the precursor scale length in front of the shock, V decreases, 

for example, in the equatorial plane from the upstream value of Vl according to the relationship (le Roux et al., 

~~~ 

V ( r )  = f i b  + 1) - f i ( s  - 1) 
2s 2s t a d  (y) (2.53) 

This means that up to the shock, V ( r )  decreases by 0.5s starting at L, then abruptly as a step function to the 

downstream value, in total to V l / s ,  as has been shown in Figure 2.5. It was shown by Potgieter and Langner 

(2003a, 2003b) that s could be decreased in this model to explain the disappearance of the anomalous component 

at solar maximum activity. This is, however, beyond the scope of this work. In Chapter 5 to 8 it will be argued 

that a compression ratio of s = 4 is highly unlikely. 

At the TS the solar wind plasma will be compressed, heated, deflected, and slowed across the shock, while the 

magnetic field will increase by a factor of s as is shown in the following section. This compression, or increase in 

pressure (P), implies the increase of the plasma density ( p ) ,  i.e. P = v2p  with v the speed of the particles. In the 

heliosheath the flow of the solar wind is also subsonic and therefore, together with the increase in density, it can 

be assumed to be incompressible, because apla t  << pV . V to a first approximation. From the continuity equation 

for the plasma density, given by 

3 + V . ( p V )  = 0 ,  
at  (2.54) 

it follows that 

r2V = constant (2.55) 

implying that V ( r )  decreases further as 

V ( r )  a 1/r2 (2.56) 

to the outer boundary (see also le h u x  et al., 1996). This means that a fully radial flow will be divergence free 

in the heliosheath region leading to interesting phenomena which will be discussed in more detail in Chapter 4. 

This divergence free V can obviously not continue to the heliospheric boundary because of changes in the direction 

of V near the boundary (see Figure 2.2), resulting in a flow that is not radial. This characteristic was however 

not incorporated into the present numerical TS modulation model so that Equation 2.56 was used as a first-order 



approximation. 

In the following chapter it will be shown that the TS model developed for this work can be used with a 

continuous, discontinuous, quasi-discontinuous (Figure 2.5) or constant (no shock) transition of the solar wind 

speed at the location of the TS. The effects of each of these transitions on the heliospheric modulation of CRs and 

the reasons for the chosen structure, the quasi-discontinuous transition, will also be illustrated and discussed in 

Chapter 4 together with the properties of the TS model. 

Figure 2.5. The slow solar wind speed as function of radial distance from Earth to the heliospheric boundary (left 
panel) and enlarged in the vicinity of the TS at T, = 90 AU (right panel). 
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2.8.6. Divergence of the solar wind velocity 

From the divergence and the structure of V given by Equations 2.9, 2.53, and 2.56 it is evident that the heliosphere 

can be divided into three regions, which are given by 

e > 0 if T < T, (upstream region), 

e < 0 if T. - L 5 T 5 T, (shock region), 

20 40 60 80 100 120 85 90 95 

Radial distance (AU) Radial distance (AU) 

p = 0 if r > T, (downstream region or heliosheath) 

1 

, . , , . . . , . . , , , , , , ,  

" " " " " " " " '  

for the twdimensional (2D) case. Equation 2.57 therefore implies different energy processes associated with these 

regions, i.e. adiabatic deceleration in the upstream region and shock acceleration in the shock region, while the 

assumed incompressibility of V in the heliosheath leads to the divergence bee V in this region. Shock acceleration 

at the TS is therefore implicitly included in the TPE through the divergence of V. This characteristic will be 

exploited further in the next chapter and throughout this work. 

" " '  



2.9. The heliospheric magnetic field 

One of the most fundamental properties of the heliosphere is that its magnetic field is convected outward with 

the solar wind. The heliosphere is magnetodynamically embedded in the interstellar medium. This magnetic field 

determines the transport of energetic particles, such as CRs. For reasonably smooth fields, charged particles are 

compelled to follow the magnetic field lines. The net behavior of the many such particles in a plasma, therefore, 

depends upon the magnetic field line configuration. Every -11 years, during maximum solar activity, the magnetic 

polarity of the Sun alternates to give rise to a -22-year magnetic polarity cycle. 

The heliosphere is dominated at solar minimum conditions by the influence of high speed solar wind originating 

from two well developed polar coronal holes on the Sun, with a relatively narrow streamer belt of low speed solar 

wind close to the equatorial regions. Most heliospheric magnetic field ling have their origin in the coronal holes 

and are swept out into the heliosphere by the solar wind (e.g., Balogh et al., 1995). The open magnetic field lines 

from the fast solar wind regions are descendmg to low latitudes above the current sheet (which will be discussed 

in the following section). Closed field lines in the streamer belts are lines which begin and end on the Sun. In this 

work we are interested in the global magnetic field of the Sun, typically the open magnetic field lines which are 

'dragged' into the heliosphere by the solar wind and are called the heliospheric magnetic field. At a certain radial 

distance the open magnetic field lines become approximately radial. This distance is called the coronal source 

surface which lies at a heliocentric distance of about 2 . 5 ~ ~  (e.g., Wang and Sheeley, 1995). 

2.9.1. The Parker magnetic field 

Figure 2.6. An idealized representation of the HMF spiral S t ~ d W e  according to Parker (1958) with the Sun at 
the origin of the spirals. Spirals at 45', 90° and 135' rotate around the polar axis. The equatorial plane is at 90' 
(adapted from Hattingh, 1998). 

The solar rotation winds the HMF into a spiral in and away from the Sun's equatorial plane, which is called the 

Parker spiral. An analytical equation for the Parker spiral for r 2 r a  as being first derived by Parker (1958) can 

be described by the expression 
2 

B = B (e, - tan@e+) [l - 2H(O - Or)] , 
O T (2.58) 

where e, and e+ are unit vector components in the radial and azimuthal direction respectively, Bo is a constant, 

[I-  2H(O - Of)] determines the polarity of the magnetic field, r. = 1 AU is the radial distance of Earth from the 



Sun, B' is the polar position of the heliospheric current sheet (HCS), H is the Heaviside step function, and $ the 

spiral angle of the HMF with 
O(T - ro) sin 8 

tan* = v = r. (2.59) 

Here 0 = 2.67~10-~ rad.s-' is the angular speed of the'sun. A three-dimensional representation of the Parker 

HMF is shown in Figure 2.6. The spirals in this figure rotate around the polar axis with 8 = 45O, 8 = 90° and 

8 = 135'. 

The spiral angle + is the angle between the radial direction and the direction of the average HMF at a certain 

position. It giw an indication of how tightly wound the HMF spiral is. Typically Ij, = 45O at Earth and it increases 

with T to + ;;. 90" when T > 10 AU in the equatorial plane. The value of BO is determined in such a way that the 

HMF has a magnitude of 5 nT at Earth. The Heaviside step function in Equation 2.58 is given by 

This function causes the HMF to change direction when'crossing the HCS, 

The magnitude of the Parker HMF throughout the heliosphere is given by 

B = Bc, (:)2&F, 
for a heliospheric modulation model without a TS. For a heliospheric modulation model containing the TS, the 

solar wind velocity is given by Equation 2.7, with Equation 2.9 in the upstream region, Equation 2.53 at  the shock 

and Equation 2.56 in the down stream region, so that Equation 2.59 becomes 

tan$'= - % ) & 8  V' - - s 0 ( ~ - ~ ~ ) s i n " ( 3 = ~ ~ ~ + ( d ~ = ~  vo (2.62) 

in the downstream region, i.e., the field becomes even more tightly wound. In the upstream region Equation 2.59 

does not change, because V is the same as for a model without a TS. The magnitude of the field in the downstream 

region is then 

Bt = BO (+)' {w. (2.63) 

Thus, at the poles where tan 1/, - 0 the field is continuous as required by Maxwell's equations and B = B'. While 

in the equatorial regions, where tan+ >> 1 the field strength jumps by a factor s at the TS position. 

Deviations from the Parker spiral, especially over the heliospheric poles, may occur (i.e., Forsyth et al., 1996). 

It therefore has become standard practise to use modulation models which modify the HMF in the polar regions 
- 

of the heliosphere. The most important of these modifications are s m  below. 

2.9.2. The Jokipii-K6ta modification 

The radial field lines at  the poles are in a state of unstable equilibrium. Therefore, the smallest perturbation 

can cause the collapsing of the field line. Jokipii and K6ta (1989) have argued that 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 net effect of this is a highly irregular and compressed field line. In other words, the magnitude 

of the mean magnetic field at the poles is greater than in the case of the smooth magnetic field of a pure Parker 



spiral. 

Jokipii and K6ta (1989) have therefore suggested that the Parker spiral field may be generalize3 by the intrw 

duction of a parameter, 6(8, #), which amplilies the field strength at large radial distances. With this modification 

the Parker spiral field, Equation 2.58, becomes 

B = BO (3)' (e7 + (m) ee - tan@e+) [1 - 2H(B - I)] . 
TO 

The magnitude of this modified field is then given by 

The effect of this modification is to increase the field in the polar regions in such a way that for larger it decreases 

as l / r  instead of l/r2. In the ecliptic region of the outer heliosphere, where 1 + tan2 $ >> 1, this modification has 

little effect on the field and it becomes in essence a Parker spiral field. It should be noted, however, that this leaves 

the field divergence £ree (V . B = 0) only if 6(8,4) cc l/sinB. The modification, 6(8, $), in this thesis is therefore 

given by 
6, 

6 ( t 4 )  = m, (2.66) 

with 6, = 8.7 x so that 6(8, 4) = 0.002 near the poles (at 0 = 2.5') and 6(8,4) ;;: 0 in the ecliptic plane. For 

this value of 6,, the magnitude of the HMF changes significantly in the polar regions without altering the field 

noticeably in the equatorial plane. 

Qualitatively this modification is supported by measurements made of the HMF in the polar regions of the 

heliosphere by Ulysses (e.g., Balogh et al., 1995). For applications and implications of a modification where 6(8,4) 

= 0.002 in the whole heliosphere, see e.g. Haasbroek and Potgieter (1995), Haasbroek et al. (1995a, 1995b), Jokipii 

et aL (1995), K6ta and Jokipii (1995), Potgieter (1996), Haasbroek (1997), Hattiigh and Burger (1997), Hattiigh 

(1998), Jokipii and Giacalone (1998), Potgieter and Ferreira (1999a, 1999b), Potgieter et al. (1999a, 1999b) and 

Potgieter (2000). 

2.9.3. The Moraal modification 

Moraal (1990) suggested that the JokipiGK6ta modification could be modified by the introduction of an arbitrary 

function 8(8) in the Parker field, to incorporate the same physical effects that their modification compensated for, 

thus giving 

2 
B = B (re) 8(8)(e, -tan@+) [l - 2H(O - O')] , 

O '7 (2.67) 

for Equation 2.58. This function is chosen to be symmetric about 8 = 90°, with f3(90°) = 1, and increasing towards 

the poles. The magnitude of the Parker spiral field then becomes 

This modification keeps the field divergence kee for all forms of e(O). Note, however, that if 8(8) is not a function 

of only 8, but also of and 4, v . B # 0. 

2.9.4. The Smith-Bieber modification 

Another modification was proposed by Smith and Bieber (1991) who based their modification on magnetic field 

observations. They have propcwed that the magnetic field is not fully radial below the AlfvL.n radius (below which 



the magnetic field and the solar corona corotate in phase), taken to be in the order of 10 - 30 TO. The modi6cation 

is parameterized by the ratio of the tangential (azimuthal) component of the magnetic field to that of the radial 

component as is found at the AUwh radius, thus Equation 2.59 is given by 

where b = 2 0 ~  and BT(b)/B~(b) = -0.02 according to an estimate by Smith and Bieber. This modifcation also 

changes the geometry of the magnetic field and affects the field strength over the poles. For an implementation 

of their modifcation in a numerical model see Haasbroek (1993), Haasbroek et al. (1995a, 1995b), and Minnie 

(2002). Although this approach has particular merit, it is not further utilized in this study. 

2.9.5. The Fisk magnetic field 

For many decades the HMF has been considered, on average, to execute a simple Archimedian spiral. Through 

numerous observations of the HMF by spacecraft, the HMF seems to closely follow this spiral. However, Fisk 

(1996) has pointed out that a correction needs to be made to the Parker spiral model for the simple reason that 

the Sun does not rotate rigidly but differentially, with the solar poles rotating -20 % slower than the solar equator 

(e.g., Snodgrass, 1983). The interplay between the differential rotation of the footprints of the HMF lines in the 

photosphere of the Sun, and the subsequent non radial expansion of the field lines with the solar wind from coronal 

holes, can result in excursions of the field lines with heliographic latitude. This effect can account for observations 

from the Ulysses spacecraft of recurrent energetic particle events at higher latitudes. In the Fisk model the magnetic 

field lines at high latitudes can be connected directly to corotating interaction regions in the solar wind at lower 

latitudes. 

When the footpoint trajectories on the source surface can be approximated by circles o h t  from the solar 

rotation axis with an angle PA, an analytical expression for the F ik  HMF is obtained (Zurbuchen et al., 1997): 

with w the differential rotation rate. Equation 2.70 is referred to by Burger and Hattingh (2001) as the Fisk type 

I field. When compared to a Parker spiral HMF, the more complicated structure of the F i k  HMF is visible where 

these field lines can traverse different latitudes. Assuming PA = 90" in Equation 2.70 (e.g., Burger and Hattingh, 

2001) leads to a Fi type I1 field. The existence of such a HMF may be supported by a tilt angle varying in time 

which can cause a regular meridional component in the HMF (K6ta and Jokipii, 1997; K6ta and Jokipii, 1999). 

A HMF with a meridional component, such as the F ik  field, leads to a more complicated form of the TPE 

than for the normal Parker field. It is inherently three dimensional and time dependent so that the inmease of 

the number of mixed derivatives results in the numerical codes that are used to solve the TPE easily becoming 

unstable (e.g., K6ta and Jokipii, 1997; K6ta and Jokipii, 1999; Burger and Hattingh, 2001). The properties of this 

type of HMF have been studied extensively by e.g., Van Niekerk (2000), Burger and Hattingh (2001), and Burger 

et al. (2001), but because of the complexity of this field it is not incorporated in the numerical modulation model 

that is used in this work. Although the Jokipii-K6ta modifcation to the HMF is to some extent unsatisfactory, it 

is still well motivated and the most convenient to apply. 



2.10. The heliospheric current sheet

Figure 2.7. The wavy heliospheric current sheet to a radial distance of 10 AU with a tilt angle of Q = 5° (low solar
activity, left panel) and Q = 20° (low to moderate activity, right panel). The Sun is at the centre (adapted from
Haasbroek, 1997).

A major corotating structure in the heliosphere is the HCS which divides the HMF into hemispheres of opposite

polarity. Every 11 years the HMF changes sign across a neutral sheet, dividing the heliosphere into two halves: a

hemisphere where the HMF is directed inward and a hemisphere where the HMF is directed outward. The transition

between these hemispheres is necessarily made within a thin neutral sheet region, known as the heliospheric current

sheet. The HCS has a wavy structure and is rooted in the coronal magnetic field. This is because of the fact that

the magnetic equator of the Sun does not coincide with the heliographic equator, because the magnetic axis of

the Sun is tilted relative to the rotational axis. This tilt angle is denoted by Q. The waviness of the HCS is

correlated to the solar activity of the Sun. During high levels of activity, the tilt angle increases to as much as

Q ~ 75°. During times of low solar activity the axis of the magnetic equator and the heliographic equator become

nearly aligned, causing relative small current sheet waviness with Q ~ 5° to 10° (see Figures 2.7 and 2.10). The

wavy structure of the HCS is carried, together with the HMF, radially outwards by the solar wind as is shown in

Figure 2.7 (for a recent review see Smith, 2001). Here three-dimensional schematic representations of two HCS

configurations for distances up to 10 AU are shown with the HCS evolving from a near flat sheet, Q = 5°, to

one with Q = 20°. From these figures it follows that the increase from Q = 10° to Q = 20° causes a considerable

increase in the waviness of the HCS. For periods of high levels of solar activity the dipole-like appearance of the

Sun's magnetic field changes. The dipole configuration is replaced by quadrupole moments and therefore even

multiple HCSs are possible (Crooker et al., 1993; K6ta and Jokipii, 2001). The discovery of the HCS is related to

attempts in explaining the sector structure of the HMF. A surprising feature of the earliest HMF measurements

in space was their organization into magnetic 'sectors' in which the fields alternated between inward and outward

(Wilcox and Ness, 1965). It was AlfvEm(1977) who made the connection that the magnetic sectors were separated

by a current sheet enclosing the Sun (see also Davis, 1972; Schulz, 1973; Levy, 1976).

Evidence of the HCS is shown in Figure 2.8 for the period of November 1995 (Carrington rotation 1902) which

corresponds to solar minimum conditions. This figure shows the solar polar magnetic field strength as determined by

Hoeksema (http://quake.stanford.edu/) for both the southern and northern hemisphere respectively. The contours
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are on the solar source surface which is assumed to be present at 2.5r0' The different shades of grey correspond to

different polarities of the magnetic field. The waviness of the HCS, which separates the outward from the inward

magnetic field lines, is clearly visible around the equatorial regions for this period. Figure 2.9 shows the contours for

increased solar activity conditions in August 2003 (Carrington rotation 2006). As the activity of the Sun increases,

the waviness (tilt angle) of the HCS increases and the current sheet extends to larger polar angles. From these

figures follows that the waviness of the HCS is correlated with solar activity.

0, ~0.5, 1, 2.5, 5, 10 MicrdTeola
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Figure 2.8. Computed source surface field map for solar minimum during November 1995 (Carrington rotation
1902) as determined by the Wilcox Solar Observatory (http://quake.stanford.edu/) for the southern and northern
hemisphere respectively. The solar polar magnetic field strength is shown as contours for the solar source surface
at 2.5r0 over 3600. The different shades of grey correspond to different polarities, with the transition the position
of the HCS.

Because of the outblowing solar wind, the HCS is carried together with the HMF into the heliosphere, having

been observed to be present in the most distant HMF observations of Pioneer 10 (Smith, 1989) and Voyager 1

and 2 (Burlaga and Ness, 1993). The wavy structure of the HCS, which has been first suggested by Thomas and

Smith (1981), plays an important role in CR modulation affecting the drift motions. Because the HMF above and

below the HCS is oppositely directed, CRs experience particle drifts along the HCS (a phenomenon which will be

discussed in the next chapter). Fully three dimensional simulations of CR transport with a three-dimensional HCS

and a two-dimensional approximation to the HCS have been done by e.g. K6ta and Jokipii (1983) and Hattingh

and Burger (1995a, 1995b) and will be discussed in detail in the next chapter. For a constant and radial solar wind

speed, the HCS according to Jokipii and Thomas (1981) is

0' = i + sin-1 {sin a sin [4>+ O(r ~ r0)]}.
(2.71)

This can be approximated by

0' = i + a sin [4>+ O(r ~ r0)] (2.72)
for small a. In Chapter 4, the derivation for a HCS, done by Hattingh (1993), is revisited. This derivation was

used to simulate the HCS in a 2D heliosphere for a ::; 250. An improved HCS model was thus derived in this

work, in order to remove most of the assumptions and approximations made by Hattingh (1993) so that the axially
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symmetric modulation models could be used for all 0:. The validity of the 2D-approximation of the HCS was

discussed in detail by Hattingh (1993) and Hattingh and Burger (1995a).

0, iO.5, 1, 2.5, 5, 10 MicxdT~la

2006

Figure 2.9. As in Figure 2.8, except for August 2003 (Carrington rotation 2006) which corresponds to increased
solar activity conditions.

2.11. Solar cycle variations

Figure 2.10 shows the monthly averaged HCS tilt angles, 0:, until recently computed with the so-called 'new' model

from 1976 (for details see Wilcox Solar Observatory with courtesy of J. T. Hoeksema: http://wso.stanford.edu).

The II-year cyclesare clearly present. The relation between 0:and CR modulation has been studied in detail, see

e.g. Potgieter (1984), Ie Raux (1990), Haasbroek(1997), and Ferreira (2002). It hasbeen found that 0: is a good

proxy for solar activity from a CR modulation point of view.
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Figure 2.10. The monthly averaged tilt angles 0: from 1976 until recently computed with the so-called 'new' model
(Wilcox Solar Observatory with courtesy of J. T. Hoeksema: http://wso.stanford.edu).
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The HCS has important influences on the transport of CR.sj because the HMF above and below the HCS is

oppositely directed, particle drifts are caused along the HCS. When the HMF is directed outward in the northern

hemisphere and inward in the southern hemisphere, as is the case from ",1990 until ",2000, the drift direction is

along the HCS towards the outer boundary for protons whereas for the oppositely directed HMF, the drift direction

is towards the inner heliosphere. In the literature these cycles have become known as so-called A > 0 and A <

o polarity epochs, respectively. The level of HCS waviness and the particle drift direction play an important role

in the extent with which a charged particle can reach certain regions of the heliosphere, depending on the HMF

direction, the solar activity, the particle's charge state and their energy. The phenomenon of HCS drifts is further

discussed in the next chapter.

The sunspot number obviously varies with solar activity, and moves through a period of fewer and smaller

sunspots, which is called 'solar minimum'; and a period of larger and more sunspots, which is called 'solar maxi-

mum'; and the magnitude of the measured HMF at Earth (B(t)). This magnitude exhibits a factor of ",2 difference

between moderate solar maximum and solar minimum conditions in a particular solar cycle, increasing with in-

creasing solar activity. Interesting is that just after solar maximum periods ",1980 and 1990 a double peak

structure occurs (Gnevyshev Gap) in B(t) which is also visible in CR measurements at Earth. Correlating with

the sunspot numbers an U-year cycle also seems to be present in B(t), with the largest values near the time of

solar maximum conditions.

80
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Time (Years)

Figure 2.U. The long-term modulation of galactic cosmic rays as recorded by the Hermanus neutron monitor in
South Africa with a cutoff rigidity of 4.6 GV.

The effect of the solar cycle variations of the HCS and HMF on CR intensities in the heliosphere is illustrated

in Figure 2.U. It is shown as the long-term modulation as has been recorded by the Hermanus neutron monitor

in South Africa. The CR intensity-time profiles reached maximum values for the periods of 1975, 1987, and

1996, which correspond to solar minimum conditions and minimum values in 1981, 1991, and in 2001 which

correspond to solar maximum conditions. Obviously, the U-year solar activity cycle of the Sun leads to an

U-year modulation cycle in the CR intensities. As discussed above, the source of the U-year modulation cycle

is generally believed to be a combination of the effects of the solar cycle variations in the HCS and HMF, and

global merged interaction regions. Apart from changes in the tilt angle and to some of the diffusion coefficients,
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other causes of long-term modulation have not been considered for this work. For a recent review, see Ferreira and 

Potgieter (2002). 

2.12. Spacecraft missions 

One of the most important aspects in the study of the heliospheric modulation of CRs is the accumulation of data 

from in situ okmations. In this section, the Ulysses, Voyager 1, Voyager 2, and Pioneer 10 spacecraft that have 

been used to accumulate CR data are briefly discussed. Descriptions of other methods and spacecraft, e.g. balloon 

experiments, neutron monitors and the Pioneer 11 spacecraft have been excluded for the purposes of this study. 

2.12.1. The Ulysses Mission 

The Ulysses mission 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 first 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 Ulkses mission, together with the Kiel Electron Telescope (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). 

The Ulygses spacecraft was launched on 6 October 1990. Rom the launch the spacecraft moved close to the 

ediptic plane to Jupiter (at -5 AU) and from there it started to move to higher latitudes south of the ediptic 

plane. In mid 1994 the highest southern latitude with 0 ;;: 170' was reached. Rom there Ulysses moved to the 

northern polar region which was reached in 1995 and returned to the ecliptic plane again in 1998. After -1998 

Ul- started the second out of the ecliptic orbit moving into the southern heliospheric polar regions. It reached 

0 % 170" at the end of 2000 and crossed the equatorial plane in May 2001. On 5 February 2004, the spacecraft - 

will again be close to the giant planet, Jupiter. Unlike the 1992 fly-by, however, this will be a distant 'encounter' 

(closest approach will be at 1684 Jaian radii from the planet's centre, compared with 6 Ja ian  radii in 1992). 

Another difference between the two flybys is that this time, the spacecraft will approach the planet from high 

northern latitudes. This difference had already become apparent in the radio data from the LJRAF' 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 Ulygses was at comparable distance from the planet (approximately 2.8 AU). Detail of the 

trajectory of the Ulysses spacecraft can be found on the Ulysses homepage: http://helio.estec.esanl/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, which are used in Chapter 4, with o b s d  latitudinal gradients between colatitudes 

10' and 90' (Heber et al., 1996; Heber, 1997). 

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

the heliosphere. The mission is already in progress for 13 years and there is a possibility that it can continue after 

2005. See the following publications for a review: Marsden (1995; 2001), Balogh et al. (2001). 

2.12.2. The Pioneer 10 Mission 

Launched on 2 March 1972, Pioneer 10 was the first spacecraft to travel through the asteroid belt, and the first 

spacecraft to obtain close-up observations and images of Jupiter. Famed as the most remote object ever made 

by Man, the heliocentric radial distance of Pioneer 10 had been greater than that of any other man-made object 

until 17 February 1998 when Voyager 1's heliocentric radial distance equalled that of Pioneer 10 at -69 AU. 



The spacecraft made valuable scientific investigations in the outer regions of our s o h  system until the end of 

its mission on 31 March 1997. The Pioneer 10's weak signal, however, continues to be tracked as part of a new 

advanced concept study of chaos theory. (See the Pioneer homepage at http://spaceprojects.arc.nasa.gov/). 

The Pioneer 10 spacecraft stayed close to the equatorial regions with maximum latitude of 3.1'. The Pioneer 10 

spacecraft, although terminated in March 1997, did reach a radial distance up to -70AU providing most valuable 

data. Both Ulysses and Pioneer 10, although launched almost 20 years apart, had almost the same trajectory up 

to Jupiter. While Ulysses returned to the inner heliosphere, Pioneer 10 set out to explore the outer heliosphere. 

Both these spacecraft made it to the Jovian magnetosphere in relatively high solar activity conditions. 

In this work observed electrons in the energy range from 1.75 to 25.0 MeV by the University of Chicago 

instrument on the Pioneer 10 spacecraft are used. This telescope is discussed by Simpson et al. (1974, 1975). Low 

energy electrons are measured in the intend 2 - 7 MeV and 7 - 17 MeV with mean energies < E > = 4 MeV 

and < E > = 16 MeV, respectively (Eraker, 1982; Lopate, 1991; Lopate, 2001). See the review papers by Smith 

(1990). 

2.12.3. The Voyager missions 

Two of the important space probes for CR studies are the Voyager-1 and Voyager-2 spacecraft. For nearly 26 years 

the cosmic ray experiments onboard these spacecraft have been used to study the spatial and temporal variations of 

GCRs and ACRs at distances now extending beyond 90 AU (Voyager 1 was at  -90 AU on November 5, 2003) and 

70 AU and to heliolatitudes from 35' N to 48O S for Voyager 1 and 2 respectively (http://voyager.jpl.nasa.gov/). 

Voyager 1 is escaping the solar system at a speed of about 3.6 AU per year, while Voyager 2 escapes at about 3.3 

AU per year. Both Voyager spacecraft are so far away from the Earth that the largest of the Deep Space Network 

(DSN) antennas, the 70-meter, is needed to send command information to the Voyager spacecraft with the help of 

a 20 Idlowatt transmitter. To provide some reference on how much power a 20 kilowatt transmitter produces, most 

AM and FM radio stations transmit their radio signals using 5 times that much power. The Voyager sp-aft 

have now reached such enormous distances from Earth that the smaller %meter antennas of the DSN can no longer 

provide enough command transmission power to successfully send sequenced instructions to either spacecraft. Their 

heliospheric positions in September 2003 are given in Table 2.3. Both are expected to keep functioning well into 

the century and dramatic discoveries may unfold as they cross the TS (e.g., Stone and Cummings, 2003; Krimigis 

et al., 2003). 

In this study 175 MeV CR proton observations from these spacecraft are used in Chapters 4 and 5 for the 

1987 and 1997-98 solar minimum periods and the 2000-01 solar maximum periods (Webber and Lockwood, 2001a, 

2001b) 

Table 2.3: Voyager spacecraft positions on 12 September 2003 
( h t t p : / / v o y a g e r . j p l . n a s a g o v / m i s s i o n / ~ )  

2.13. Summary 

In this chapter a brief overview was given of the major properties and the structure of the heliosphere. The Sun, 

being primarily responsible for the existence of the heliosphere, is a rotating magnetic star of which the plasmatic 
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atmosphere constantly blows radially away from its surface to form the solar wind. This solar wind speed can 

be divided into the fast solar wind and the slow solar wind, especially during solar minimum conditions. A fixed 

observer relatively clase to the solar equatorial plane will observe successive fast and slow solar wind streams during 

much of the solar cycle because of the inclination of the Sun's rotation axis relative to the equatorial plane. The 

solar wind flows radially outward from the Sun and therefore blows a spherical bubble that continually expands. 

The region of space 6Ued by the plasma originating from the Sun and transported outward through the solar wind, 

is called the heliosphere. At large radial distances the local interstellar medium pressure causes the supersonic solar 

wind plasma to decrease to subsonic speeds. A shock is created, which is called the solar wind termination shock. 

At this TS low energy particles are accelerated to higher energies by a process which is called first-order Fermi 

shock acceleration. The energy spectra of these accelerated particles give a characteristic power law spectrum with 

Up cc E-, where Up is the differential cosmic ray number density and q = 3s/(s - l), with s the compression 

ratio of the TS and E the kinetic energy of the particles. Estimates for the position of the TS vary between -80 AU 

and -100 AU. The distance beyond which the Sun has no significant influence is called the heliopause. Estimates 

for the distance from the Sun to the heliopause vary between -90 AU to -180 AU. 

Fkom observations of monthly average sunspot numbers it is evident that the Sun has a quasi-periodic -11 

year cycle which is called a solar activity cycle. Every -11 years the Sun moves through a period of e.g. fewer 

and smaller sunspots which is called 'solar minimum' and periods of larger and more sunspots which are called 

'solar maximum'. This -11-year cycle is also present in the measured magnetic dipole angle of the Sun and the 

heliospheric magnetic field which are transported with the solar wind into space. During periods of solar maximum 

activity the HMF changes in sign. 

The solar rotation winds the HMF into a spiral, which is called the Parker spiral. Deviations from the Parker 

spiral, especially away from the equatorial plane, may occur. In the equatorial regions of the heliosphere, a major 

threedimensional corotating structure is present which is called the heliospheric current sheet. This structure 

divides the HMF into hemispheres of opposite polarity. Because the magnetic and rotation axis of the Sun are 

not aligned, the rotation of the Sun causes a warped or wavy current sheet. The angle between the magnetic and 

rotation axis of the Sun is known as the tilt angle and is commonly used as a proxy for solar activity. 

The HMF determines the parsage of CFk by changing the CR intensities with time as a function of energy and 

position, and reduces the CR intensities below the level of the local interstellar spectrum. This process is known as 

the modulation of CFk in the heliosphere and is described by the Parker transport equation as is given by Equation 

2.1. In this work solutions of the TPE will be compared to observations from the Ulysses, Pioneer 10, and Voyager 

1 and 2 missions. 

What follows is an outline of the most important of these concepts as will be used in this study. 

(1) The outer boundary (heliopause) of the heliosphere is assumed to be at rs = 120 AU, while the location of the 

TS is assumed at r, = 90 AU. 

(2) The solar wind speed is assumed to change from 400 !mu-' in the equatorial plane to 800 h . s - '  in the 

polar regions for solar minimum conditions, but to stay constant at 400 km.s-' for moderate solar maximum 

conditions. Extreme solar maximum conditions are not considered. 

(3) The HMF is assumed to be a Parker spiral, but was significantly modified in the heliospheric polar regions, as 

suggested by Jokipii and K6ta (1989). 

(4) The heliosphere is divided into a northern and southern hemisphere with oppositely directed magnetic fields 
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that change polarity e v q  -11 years. These hemispheres are separated by the wavy HCS along which charged 

particles experience drifts effects. 

(5) During the A > 0 polarity epoch, e.g. -1990 to -2000, the HMF is directed outward in the northern 

hemisphere. Electrons then drift primarily from the outer boundary of the heliosphere along the HCS towards 

the Sun. During the A < 0 polarity epoch, e.g. -1980 to -1990, the electrons d r i  from the heliospheric poles 

down into the equatorial regions, and then outwards along the HCS. 

In the next chapter an overview will be given of the heliospheric transport processes, modulation theory and 

the numerical models that have been developed by the Potchefstroom CR group and for the present study. 



Chapter 3 
The transport equation, numerical 
the diffusion tensor 

models, and 

3.1. Introduction 

Galactic cosmic rays have to cross various boundaries and regions (see Figure 2.2) on their way to a point of 

observation in the heliosphere, which can be at the Earth or at one of the current fleet of spacecraft. Beyond the 

heliopause, the Sun's magnetic field and solar wind can no longer influence CRs. Within this modulation boundary, 

modulation takes place as CR intensities decrease relative to their interstellar values. 

In this chapter a discussion of the heliospheric transport processes and mechanisms as they occur in the TPE 

is given, together with a short w e ~ e w  of modulation models and a detailed discussion of the 2D TS model that 

will be used in this work. Understanding these physical mechanisms and their consequences is one of the most 

important areas in CR modulation studies. A short overview of existing knowledge will also be given, in particular 

the diffusion and drift processes, and to construct a suitable diffusion tensor which will be used in this work. A 

fundamental study of the transport coefficients is beyond the scope of this work, instead, much of previous work 

have been used e.g., Palmer (1982), Bieber et al. (1994), K6ta and Jokipii (1995), Potgieter (1996), Zank et al. 

(1996), Zank et al. (1998), Burger and ~at t ingh (1998), Hattingh (1998), Giacalone (1998), G i o n e  et al. (1999), 

Giacalone and Jokipii (1999), Ferreira et al. (2000), Burger et al. (2000), and Parhi et al. (2003). 

3.2. The Parker transport equation 

The modulation of CRs in the heliosphere is described by the TPE, see Equation 2.1, which has been developed 

by Parker (1965). To verify all the transport processes present, this equation has been rederived by Gleeson and 

Axford (1967) and it has been refined by Gleeson and Axford (1968) and Jokipii and Parker (1970). Rewriting 

Equation 2.1 in a spherical coordinate system rotating with the Sun (e.g., K6ta and Jokipii, 1983), gives 

I a a f 
+--(r2v)- + Q.oUve (~ , e ,+ ,p , t ) ,  3 ~ 2  a alnp  (3.1) 

with a radial solar wind speed V (see Equations 2.7, 2.8, 2.9, 2.53, and 2.56) and where K,+ = -KO,, KO+ = -K+, 

and K,+ = Km, (as will be discussed below). Here the coordinate system (see Figure 3.1) with one axis ell parallel 

to the averaged magnetic field in the +plane, the second axis el in the polar direction ee, and the third axis q 



also in the r+plane, completing the system, is 

with II, the spiral angle of the field. This coordinate system will be called the magnetic coordinate system. The 

transformation matrix from the magnetic coordinate system to the spherical coordinate system is 

cos* 0 sin* 
(3.3) 

-sin* 0 cos* 

so that the diffusion tensor K in spherical coordinates (r, 8 , 4 )  is: 

where the superscript T demotes transpose. 

Figure 3.1. The magnetic coordinate system with one axis ell parallel to the averaged magnetic field in the rqLplane, 
the second axis el in the p o k  direction ee, and the third axis ez also in the ?-+plane, completing the system. 

For clarity on the role of &ion, driis, convection, and adiabatic energy loss, the TPE 3.1 is written as 



follows: 
dif f uoim 

with 

dif f "dm 

diffusion 

drift 

the components of the gradient and curvature drifts v d  = V x (naea). Here A = sign(Bq) determines the driis 

direction of the charged particles in the heliosphere. The first three lines of Equation 3.5 are the terms describing 

the inward diffusion of particles, the fourth line contains the particle &is ,  and the fifth line the outward convection 

which is caused by the solar wind, the adiabatic en- loss, and a source function. If we further assume azimuthal 

symmetry (a/a@ = 0)  and a radial solar wind (see Equation 2.7), Equation 3.1 becomes 

In the following sections the numerical solution of Equation 3.7 with the Locally One-Dimensional (LOD) 

numerical method will be discussed, subject to the continuity condition 2.25 on the TS, together with 

which follows from Equation 2.31 if Q.,,, = Q,@)6(r - r.) is a delta function on the shock and where '-' again 

represents the upstream region and '+' the downstream region. The TPE, Equation 3.7, is then valid in the domain 

r a  I r < r ,  and r ,  < r 5 rs VO, R and the matching condition, Equation 3.8, is valid at the discontinuity r = r ,  

VO, R. The source/sink function, Q,,,,, # 0,  in Equation 3.7 only if there exist sources/sinks away from the 

discontinuity. At the discontinuity it can have no effect, since the TPE, Equation 3.7, is not valid there. The part 

of the source/sink that is singular in the shock, Q., is found in Equation 3.8. 



3.3. A brief review of numerical modulation models 

Before the numerical solution of Equation 3.7 is discussed, it is appropriate to give a brief overview of current 

numerical modulation models, and to motivate why the 2D TS model used in this work has been developed and 

how it enhances modulation models that have previously been developed by the Potchefstroom modulation group. 

For detailed discussions on previous numerical models and the applicable numerical methods to obtain solutions 

of the TPE, see Potgieter (1984), le Roux (1990), Steenkamp (1995), Hattingh (1998), Ferreira (2002). 

Fisk (1971) developed the first numerical solution of the TPE by assuming a steady-state and spherical symme- 

try, i.e. a one-dimensional (ID) model with the radial distance as the only spatial variable. Later the polar angle 

was included to form an axisymmetric (2D) steady-state model without drifts (Fik, 1973). This model was im- 

proved by Moraal and Gleeson (1975), while Cecchini and Quenby (1975) also developed a 2D steady-state model. 

In 1979, Moraal et al. (1979) and Jokipii and Kopriva (1979) presented their separately developed 2D steady-state 

models including gradient and curvature driis for a flat HCS. The first two 2D models to emulate the waviness of 

the HCS were developed by Potgieter (1984) and Burger (1987) (see also Potgieter and Moraal, 1985; Burger and 

Potgieter, 1989). This simulation has been improved by Hattingh (1993) and is referred to as the WCS-model (see 

also Hattingh and Burger, 1995a). 

The first threedimensional (3D) steady-state model including driis and a full wavy HCS was developed by 

K6ta and Jokipii (1983) and later by Hatt i ih  (1998) (see also Wiams, 1990; Hattingh and Burger, 1995b) 

and more recently by Gi and Alania (2001). A comparison of the 2D and 3D steady-state models were done by 

Hattingh (1998) and Ferreua (1998) to show to what extent they agree. They have found that the agreement has 

been excellent and therefore the 2D models, which use less computer time and memory, can be used with great 

confidence. Fichtner et al. (2000) and Ferreira et al. (2001a) developed independently 3D steady-state models 

including the Jovian magnetosphere as a source of low-energy electrons. Ferreira (2002) has also showed that 

although the Jovian electron source must be a point source, it can be treated as a ring source in the 2D models, 

giving an upper limit on contributions of the Jovian electrons as long as distances beyond the Jupiter orbit are 

considered. 

The first spherically symmetric time-dependent model was developed by Perko and F i k  (1983), and later 

extended to two spatial dimensions by le Roux (1990) enabling the study of long-term CR modulation effects 

and the effect of outwards propagating GMIRs at large radial distance (Potgieter and le Roux, 1994; le Roux 

and Potgieter, 1995). Fichtner et al. (2001) developed a 3D timedependent model for electrons, but neglecting 

adiabatic cooling of electrons at lower energies by doing a momentum averaging of the Parker TPE. 

The inclusion of the heliospheric TS was done by Jokipii (1986) who developed the first axisymmetric time- 

dependent diffusion shock acceleration model, which gave a natural explanation to several ohserved features of the 

anomalous component. Potgieter and Moraal(1988) demonstrated that it was possible to include shock acceleration 

in a steady-state spherically symmetric model by spedfying the appropriate boundary conditions with regard to 

the CR streaming and spectra at the TS. This model was later expanded to 2D by Potgieter (1989). K6ta and 

Jokipii (1991) developed a 3D time-dependent model that could be used to study CIRs in the heliosphere. Later 

Steenkamp (1995) developed an independent 2D shock acceleration model with a discontinuous transition of the 

solar wind velocity across the TS to study the anomalous component (Steenkamp and Moraal, 1993). A similar 

model, but with a continuous transition of the solar wind velocity across the TS, was developed by le Roux et 

al. (1996). This model was originally developed in 2D, but only applied in ID. This 2D model was expanded 



by Haasbroek (1997) to include drifts. Steenberg (1998) improved the Steenkamp (1995) model and applied it 

extensively to the ACRs (see also Steenberg and Moraal, 1996). The Haasbroek (1997) model in its improved 

version had been applied extensively to study the TS dects  on low-energy galactic and Jovian electrons (Ferreira, 

2002). 

Other types of modulation models include those by Fichtner et al. (1996), Haasbroek (1997), and Haasbroek 

and Potgieter (1998) studying the possible geometrical elongation of the heliosphere by assuming a non-spherical 

heliospheric boundary geometry. Yamada et al. (1999), Zhang (1999), and Gervasi et al. (1999) developed 

modulation models using stochastic approaches which did not include the effect of the TS and HCS as of yet. 

Although this work only concentrates on models that are based on the Parker (1965) transport equation, it must 

be noted that there are also several self-consistent, timedependent hydrodynamic (HD) and MHD models of various 

complexity, e.g., Pads and Zank (1996, 1997), le Roux and Fichtner (1997, 1999), Florinski and Jokipii (1999), 

Washimi and Tanaka (1999), Myasnikov et al. (2000), Rice and Zank (2000), Florinski et al. (2003), and Scherer 

and Fahr (2003). 

The 2D steady-state WCS model (Hattingh, 1993), the 2D time-dependent shock acceleration models with 

continuous and discontinuous transitions of the solar wind (Steenlramp, 1995; le h u x  et al., 1996; Haasbroek, 

1997; Steenberg, 1998), and a Jovian model (Fichtner et al., 2000, 2001; Ferreira et al., 2001d) were used as basis 

for the 2D tiedependent TS model used in this study. The inclusion of more reliable local interstellar spectra 

and a fresh and more fundamental approach to diffusion coe5cients in this model, and good observations closer to 

the TS, made it possible to study the modulation of GCRs in the outer heliosphere more quantitatively with this 

TS model. The anomalous component and Jovian electrons were also included in this study (see Chapters 5 to 8). 

The inclusion of a TS in the 2D models drastically increased the computer time needed to solve the TPE. For 3D 

time-dependent TS models the penalty that one must pay in terms of computer time and memory is still too hgh. 

The numerical codes also become drastically more complex when including a TS, so that practical utilization of a 

3D timedependent TS model is still beyond the capabilities of current desktop computers. 

3.4. Numerical methods for solving the transport equation 

From Equation 3.7 it is evident that the TPE is a partial differential equation (PDE) of the form 

with coeEcients 

This TPE is a linear second-order parabolic PDE in four variables (two spatial variables T and 0, rigidity R, and 

time t). Various solutions of PDEs with finite difference methods were discussed in detail by Steenlramp (1995). 

In this section the LOD and Alternating Direction Implicit (ADI) methods which have been used extensively in 



various numerical modulation models will be discussed briefly. Both these methods were tested against each other 

and it was found that they gave solutions that were qualitatively the same so that from a physics point of view 

they would therefore be considered equally good (see e.g., Lapidus and Pinder, 1982 for a comparison of the LOD 

and Peaceman-Rachford AD1 algorithm). However, the LOD method is used for the TS model which has been 

developed in this work simply because the usage of computer memory and time has been less, which is still a major 

wnsideration. These aspects will be discussed in the following sections. 

The starting point of any numerical solution of a PDE is the finite difference formulae and therefore it will be 

discussed next. 

3.4.1. Finite difference formulae 

Finite difference methods are discrete techniques that are used when the domain of interest is represented by a set 

of points or nodes, forming a structured grid with definite boundaries. Information between these nodes or points 

is then obtained by a Taylor series expansions. These expansions are used to approximate the PDE with a discrete 

difference equation. The transformation of the PDE into the discrete difference equation is frequently called the 

discretization of the PDE. In order to discretize a PDE, one must start by replxiig the partial derivatives with 

discrete approximations, which are called finite difference formulae. 

Figure 3.2. An uneven grid in one dimension using a general wordinate system. 

In this section the finite difference approximations of first- and second-order derivatives will be given briefly for 

an uneven grid as is shown in Figure 3.2, where Ax1 # Axz # Ax3 # Az4. Since the solution of the TPE may 

have steep gradients in certain regions of the heliosphere, e.g. at the TS, it is desirable to choose a fine mesh in 

those areas, in order to keep the numerical wde stable. In other regions the gradients may change very slowly so 

that a h e  mesh is unnecessary. For a complete derivation of these equations, see Steenkamp (1995). 

The following conventions are used to denote the solutions at different grid points: 

The central derivative formulae now yield the following expressions for the first 

and second 
a2f -= I ! -  

2 2 2 
Ox2 - Ax2 (Ax1 + Axz) fi-l - Axl A z2 ffi + Axl (Ax, + ax2)  f"l 



derivative, respectively. The second-order, one-sided differences yield 

f , = -  2Az l+A+3  A z ~ +  Ax3 
,+I - Ax1 

Ax1 (Axl + Ax3) fi + Ax1 A x3 f '  nx3 (ax1 + Az3) fi+z (forward) (3.13) 

and 
, 2Axz+Az* Ax2 + A24 

fi-1+ Ax2 
= Ax2 (Ax2 + ~ 2 4 )  - Ax2 A x4 

fi-2 (badward). 
Az4 (Ax2 + Ax41 

(3.14) 

In the case of an even grid, where Azl = Ax2 = Ax3 = Ax4 = Ax, Equations 3.11, 3.12, 3.13, and 3.14, 

respectively reduce to 

f' = fi+l- fi-I (centered) (3.15) 
2 A x  

f" = fi-1 - 2fi + fi+l (centered) (3.16) 
(W2 

f' = -3fi + 4fi+1 - fi+z (forward) 
2 A z 

(3.17) 

f '  = 3fi - 4fi-i + fi-z 
2 A x  , (backward) (3.18) 

which is their well hown form. 

3.4.2. The AD1 method 

Only a brief discussion will be given in this section on the AD1 method. For detailed discussions see e.g., Potgieter 

(1984), Steenkamp (1995), and Hattingh (1998). AD1 methods are extensions of the Crank-Nicolson implicit 

method that preserves the tridiagonal nature of the matrices to be inverted by employing an operator splitting 

technique that produces two or more (depending on the number of spatial dimensions) separate, but independent, 

difference equations. With these equations, a sequence of equations can be solved in each of the spatial dimensions. 

Douglas (1955) had initially developed this method to solve parabolic differential equations in terms of two spatial 

coordinates and time [e.g., (I, y, t )  or (r, 8, t)]. The ADI-method was later modified by Douglas (1962) to include 

three spatial coordinates and a time coordinate (see also Potgieter, 1984). The AD1 scheme for solving the TPE for 

two spatial dimensions and momentum was implemented in various numerical modulation models (e.g., Potgieter, 

1984; Hattingh, 1993; Langner, 2000; Ferreira, 2002). In the Potchefstroom modulation group the numerical scheme 

for solving the TPE in three spatial dimensions (3D) and momentum was first developed by Wiams (1990) for 

a flat HCS, and later by Hattingh (1998) for a 3D wavy HCS. The 3D numerical code was expanded by Ferreira 

(2002) to include a Jovian electron source. 

To implement this method, i.e. for equations with two spatial dimensions and momentum b), the first equation 

is used to solve implicitly in r for all 8 in order to obtain a solution at a half momentum step forward, using 

the local interstellar spectrum (LIS) for each species as an initial condition. It is done by evaluating half of the 

difference equations in r at the present momentum step and half at a half momentum step forward (Douglas, 1962). 

A second solution is now obtained by solving implicitly in the 8 for all r to get the solution at a full momentum 

step forward, by using the solution at the present momentum step and the previously calculated solution at half a 

momentum step forward. The result is a system of linear equations which can be solved using the Thomas algorithm 

(Steenkamp, 1995; Hattingh, 1998). This method has a local truncation error, e.g. 0 [(At)' + (Ax)2 + ( ~ y ) ~ ]  

and is unconditionally stable (DuChateau and Zachrnann, 1986; Lapidus and Pinder, 1982). Unfortunately the 

expansion to higher dimensions is not unconditionally stable (Lapidus and Pinder, 1982) so that the AD1 method 

is less favourable. 



3.4.3. The LOD method 

The LOD and fractional splitting methods represent another approach to keep the matrices that have to be inverted 

tridiagonal. Ractional splitting methods are based on the fact that the differential operator in any parabolic PDE 

is a linear operator. For the equation 
& aZu aZu - =  b1- +bz- 
at a z 2  ayz  

this linear differential operator is 
a2 a2 

L=h7 az +bzs ,  
- "  

which is explicitly independent of t. Therefore Equation 3.19 may be written in terms of this linear differential 

operator (a linear transformation of the solution u) as 

Q = Lu. 

Since L is a linear operator, it can be written as a linear combmation of two other linear operators, L = L1 + Lz, 

with L1 = bl& and L2 = 4 6  in the case of Equation 3.19. 

With an expansion to more spatial dimensions the situation stays the same, and the linear differential operator 

may be written as L = L1 + Lz +. . . + L,, where n is the number of spatial dimensions (or physical processes). 

Now, a difference scheme was developed which replaces L with nL1, nLz, . . ., nL,, each operating for an interval 

Atln. In other words, the PDE may be split into a set of onedimensional PDEs which can easily be solved by 

simpler onedimensional methods. As may be anticipated, a PDE may be split in various ways. Some fractional 

splitting methods may even result in identical composite expressions that have been derived from the family of AD1 

approaches (see Lapidus and Pinder, 1982 for a comparison of the LOD and Peaceman-Rachford AD1 algorithm). 

A special case of the fractional splitting technique is the case where the PDE is split into a set of parabolic 

onedimensional equations by splitting it with respect to its spatial variables. In this case Equation 3.19 becomes 

1 5% = blu,, (3.23) 

and 
1 
-% =bzuy&!, 2 

which can be solved individually with simpler one-dimensional methods (i.e., the Crank-Nicolson method), which 

are attractive because of increased stability and second order accuracy. 

This method has a local truncation error 0 [(At2) + (AzZ)  + (Ay2)]  and is unconditionally stable (Lapidus 

and Pider,  1982). Unfortunately, the LOD inherits all the problems of the Crank-Nicolson method and is therefore 

only accurate to second order in time for Equation 3.19 with bl = bz = 1. The LOD scheme implements in a way 

similar to the ADI, by &st using the first equation (e.g., Equation 3.23) to calculate an intermediate solution and 

then using the second (e.g., Equation 3.24) to calculate a ha l  solution for each time step. The major difference 

between the AD1 and the LOD lies in the fact that the AD1 calculates the final solution from the intermediate 

solution as well as the solution from the previous time step. Unlike the ADI, the extension of the LOD algorithm 

to more than three dimensions is almost trivial and stays unconditionally stable. This extension to three spatial 

variables, a momentum, and time variable, i.e. (r, 0, @ , p ,  t), can become very complex for the TPE because of the 

cross derivatives between the r and @ dimensions (see Equation 3.1) and is not used in this study although locally 

developed numerical codes already exist. 



3.5. LOD solution of the time-dependent transport equation 

In this section the implementation of the LOD method as has been discussed in the previous section will be shown 

for Equation 3.7. This application has been discussed in detail by Steenkamp (1995) and will therefore only briefly 

be repeated here. F'rom Equation 3.9 with coe5cients 3.10 and the theory of the LOD method, it is evident that 

the Parker TPE can be split into a system of three equations, each wntnining only derivatives in one dimension, 

giving 

and 
1 a f  -- = a f 
3 at Q- a,R + Qmme. (3.27) 

Each of these equations is valid only on a third of the time step, i.e., Equation 3.25 (the radial equation) is valid on 

the interval t' < t < t 1 + A t / 3 ,  Equation 3.26 (the polar equation) on t 1 + A t / 3  < t < t 1 + 2 A t / 3 ,  andEquation 3.27 

(the energy equation) on t' + 2 A t / 3  < t < t' + A t .  The radial and polar equations are of parabolic form and may 

therefore be solved with the Crank-Nicolson algorithm, but the energy equation is of first-order hyperbolic form 

and must be solved differently. The solution of the energy equation is constant along a set of characteristic curves 

(characteristics) in (R, t ,  f )  space so that the method of characteristics is used to solve this equation, although 

different methods also exist, i.e., an explicit upwind method (e.g., Haasbroek, 1997). Each of the solutions is now 

obtained by specifying the LIS at the outer boundary, rs, and starting with an empty heliosphere at time t = 0 

and stepping in time until sufficient convergence (typically a steady-state) is reached. 

Similarly, Equation 3.9 can also be split into a system of two equations: 

and 
1 a f  -- = a f 
2 at eo- + Q w w c e  a m  (3.29) 

where Equation 3.28 can be solved by using the AD1 method for two spatial dimensions and a t i e  dimension 

(Haasbroek, 1997). 

Successive time-dependent solutions can also be obtained, i.e. let the tilt angle vary from a = loo -+ 75' for the 

A > 0 cycle and back again from u = 75' - 10' for the A < 0 cycle to complete a full -22 year cycle. Solutions 

for successive tilt angles are therefore obtained by using the solutions of the previous tilt angle as a starting point. 

This leads to solutions for the successive tilt angles that converge faster than when they are started with an empty 

heliosphere, as has been stated above. 

3.6. LOD solution of the time-dependent transport equation with a 
discontinuity 

The LOD solutions of Equations 3.25, 3.26, and 3.27 are sufficient to allow first order Fermi shock acceleration to 

be incorporated into the modulation model. Such a shock transition can now be modelled by letting the solar wind 

velocity (and other appropriate parameters) change continuously from the upstream to the downstream values 

over a series of grid points. This transition can be done sufficiently 'steep' by employing a transformed radial grid 

in the vicinity of the TS. However, this continuous transition of the solar wind velocity has caused an excess of 



modulation at the TS, which will be illustrated and discussed in the next chapter. To avoid these problems a 

discontinuous transition of the solar wind velocity at the TS has been incorporated into the model to simulate 

the more realistic case where the flow velocity of the solar wind changes hom supersonic to subsonic across a 

true infinitesimal distance. A complete description of this discontinuity at the TS and its incorporation into the 

numerical model is given by Steenkamp (1995) and partly by Steenberg (1998). 

The handling of this discontinuity in the solution of the TPE, however, has presented a new problem. The 

radial streaming and the solution of the TPE, f , must stay continuous across the discontinuity (e.g., Equation 

2.25). This yields the boundary condition that has been given in Equation 3.8, which is a first-order hyperbolic 

PDE in two variables, in R and 0. Therefore, to solve the TPE with a discontinuous transition in the solar wind 

velocity, one must s o h  Equation 3.7 and Equation 3.8 simultaneously, where Equation 3.8 is in the general form 

with coefficients 

The TPE is then valid in the domain TD 5 T < r, and T. < r _< rb VB, R and the matching condition (Equation 

3.30) is valid at T = r, YO, R, with rD the radius of the Sun, T ,  = 90 AU the TS location and rc, = 120 AU the 

outer boundary where the LIS is specified. As has been mentioned earlier, note that the source/sink function, 

Q,,,, # 0, in the TPE and Equation 3.27 only if there exist sources/sinks away from the discontinuity (e.g., a 

Jovian source). At the discontinuity it can have no effect since the TPE is not valid in the discontinuity. The part 

of the source/sink function that is singular in the shock, Q., is found in Equation 3.30. Equation 3.30 is a first 

order hyperbolic PDE in two variables (0 and ln R) and may be solved with the second order accurate Wendroff's 

Implicit method (DuChateau and Zachmann, 1986; Steenkamp, 1995). To enhance the stability of this method, it 

is desirable to step the function in the direction in which d r i i  take place. Since drifts along the shock face change 

direction from one solar cycle to the next, this method must be used so that the function can step up or down the 

shock face depending on the drii cycle, 

This model can therefore be used as a TS model with either a truly discontinuous transition or a continuous 

transition of the solar wind velocity at the TS by using the same method to find a solution. It is also 'downward 

compatible' in the sense that it can be used as a pure modulation model without acceleration at the TS by setting 

the compression ratio, s = 1 in Equation 2.53. This allows a constant solar wind velocity on both sides of the shock 

and the matching condition (Equation 3.30) therefore reduces to 



3.7. Boundary conditions, domains and initial values 

To solve Equation 3.7 certain boundary conditions have to be used. In this section these boundary conditions, 

initial values and grid domains for the respective spatial, energy and time grids will be specified, as well as the 

values of the stepping parameters. These parameters and grid values are kept the same throughout this work except 

when it is stated otherwise. The iduence of varying grids on model calculations will also be discussed below. The 

distribution function in terms of the numerical grid points is specified by 

3.7.1. Time grid 

The time grid is a simple linear relation which is generated by incrementing the time with an amount At = 0.02. 

The time grid is denoted by st and st + 113 represents a third time step ahead. The time starts at t = 0 and 

continues until sufficient convergence are reached, i.e. the difference between two successive solutions becomes 

sufficiently small. For galactic protons which are accelerated at the TS, 13 608 time steps are needed corresponding 

to a simulated t i e  of -3.2 years, however, for solutions where the acceleration at the TS is switched off, 7 293 

time steps are needed corresponding to -1.7 years. On an IBM 370 computer, 13 608 time steps in the TS model 

are done in -2.5 hours real t i e .  

3.7.2. Radial grid 

Solutions were obtained on a radial grid (i = 1 + n) with n = 300. The respective boundary positions are given 

by 

rl = 0.7 AU (the first grid point), 

r, = 90 AU (TS position), 

and 

r, = rb = 120 AU (outer boundary or LIS position). 

The radial grid is transformed with uneven grid spacing, resulting in a fine grid in the inner heliosphere and 

on both sides of the shock, while large steps are given in the rest of the heliosphere where the grid increases 

exponentially. This is needed because mathematical limits are approximated at the TS with second-order difference 

formulae. This transformation is general and can be used for any value of n and boundary positions. It consists of 

four regions where the parameters have been chosen so that the ri is cont'muous throughout the heliosphere. The 

transformation is given by 

7s i h  2n 
ri = -(cos(?r - a - -) + 1) if i < - - 0.15n, with itdl = it.11 + 1 2 180 3 

r. b(itdze + it& 2n ri = - (COS(T-a -  
2 180 

) + 1) if - - 0.1% < i < r., with it.12 = it.tz + 1, 
3 

~ 2 ~ 1 3  = 90 AU, 

ri = r,(cos(?r - g - ~h(uzitd3 + 113 - 2n/3 - 0.05n) 
180 

) + 2) if r, < i 5 0.05n, with ite13 = itc13 + 1 



and 

with 

a = 

b = 

c  = 

d = 

e = 

f = 

9 = 

h = 

u1 = 

U2 = 

u3 = 

Note that itell, itdz, and ite13 start at I 

2 ~ 1  - arccos(- - 1) + n, 
rs 

c - d  
2n - 0.15n' 

180 -- arcms( ~ ( T S  - 1) - 1) + 180, 
7r T. 

180 -- Tn (arccos(- - 2) - 7r + g), 
Pi Ts 

at i = 1 and are only valid in the regions where they are specified; all 

angles are specified in radians. In Figure 3.3 these transformed radial grid values, r;, are shown as a function of 

the radial stepping parameter, i. 

- 
0 50 100 150 200 250 300 

Radial stepping parameter (i) 

Figure 3.3. The transformed radial grid values, ri, a s  a function of the radial stepping parameter, i. The reference 
lines denote the position of the TS. 

Three boundary conditions are also specified on this grid: 

(1) The heliosphere is taken to be spherical with an outer boundary at rs = 120 AU where a relevant LIS (fg(R)) 

is s p d e d  as input spectrum so that 

f ( ~ b ,  0,R) = fg(R) (3.35) 

44 



for galactic CRs or a £ree escape boundary for the ACRs with 

or in expanded tie-centered implicit form 

for all values of B and R, depending on whether the solutions have to include a galactic source or only an 

anomalous source. The relation between rigidity R and momentum p is given by R = pc/q, where c is the 

speed of light in space and q the charge of the particle. The different LIS for the different species and the 

source spectra for the ACRs will be discussed in Chapter 5 for protons, Chapter 6 for anti-protons, Chapter 

7 for electrons and positrons and Chapter 8 for Helium. 

(2) The boundary condition at the inner boundary, TI, is assumed to be an absorbing boundary 

This implies that particles can enter (or leave) this boundary. If the radial grid is chosen so that TI -TO = 

TZ - TI = AT, with TO and TZ the grid points just inside and just outside rl, respectively, then Equation 3.38 

becomes 

fst+l/3,0,j,k 2fst+1/3,1,j,k - fat+1/3,2,j,k (3.39) 

in expanded time-centered implicit form. 

A rdecting boundary, implying that no particles can enter or leave this boundary, can also be used where 

If the radial grid is again chosen so that TI -TO = 7 2  - T l  = AT, then the derivative with respect to T can now 

be approximated by a central difference as 

Of f s t + l / 3 , 2 j , k  - fst+l /3 ,0 , j ,k -=  
h 2 A r  

(3.41) 

This implies that in expanded time-centered implicit form 

f s t + l / 3 , 0 j , k  = fat+l /3 ,2 , j ,k.  (3.42) 

Siluszyk and Alania (2001) showed that Equation 3.38 for an absorbing boundary could be a more appropriate 

boundary condition than Equation 3.40a for a r&ecting boundary. However, comparisons between model 

calculations for these two different boundary conditions showed that this model was surprisingly insensitive to 

this feature and no effect was present further than 0.15 AU fromrl. 

(3) At the TS (if present) the distribution function and the radial streaming are assumed to be related by f -  = f+  

and Sz - S; = Q,. The boundary conditions at the TS in expanded time-centered implicit form approaching 

from the upstream medium then become 

fs+1/3,n.  j , k  = G+l /3 ,rz .  j ,kr  (3.43) 

where n. denotes the position of the shock, and leaving the TS in the downstream region 



with 

Ddiv = -40 - Bo + FZ. ( 3 4  

Here Ao, Bo, Go, and Do represent the coefficients that have been given in Equation 3.30; A-, A--, B+, and 

B++ are the coefficients of the second-order one-sided differences as have been given in Equations 3.13 and 

3.14, and 

and 

3.7.3. Polar grid 

A polar grid (j = 1 + m) with jl = 0' and m = 37 or 73, respectively, can be used depending on whether the 

second polar boundary is specified at j, = 90' or 180'. Solutions for this linear grid were obtained in steps of 

A8 = 2.5'. The heliosphere is assumed to be symmetrical about the poles and the equatorial plane, which implies 

that ~ 

(3.48) 

at these positions in the heliosphere. The polar grid can therefore be changed accordingly to obtain solutions for 

8 = 0' + 90' or 8 = 0' + 180°, without having an effect on the solutions, however, j, = 90" has been used for this 

work, because of computer time considerations. If the polar grid has been chosen so that - Oo = 82 - 81 = A8 

and 8,+1 - 8, = 8, -@,-I = A8,  with 81 and 8, the &st and last grid points respectively, then 

or 

fst+l/3,i,0,k = fst+1/3,i,2,k (3.50) 

at the fist boundary ( j l  = 0'); At j, = 90' the boundary conditions are obtained in the same way and it gives 

3.7.4. Rigidity grid 

The rigidity grid ( k  = 1 + nR) is linear, i.e. A l n R  = constant, between a lower (kl  = R,,,;,) and upper 

(k,p = &=) boundary value. The lower boundary varied for the different species; for protons, anti-protons 

and Helium R,,,,, = 0.05 GV, while for electrons and positrons R,,,,, = 0.001 GV. The step length from &in 

upwards is then given by Aln R = 0.06 for nR steps which is the same for all species, where nR has been adjusted 

accordingly so that the magnitude of R,,- = 20 GV, corresponding to an energy of -20 GeV for all species. At 

&,, no modulation is assumed. 

3.7.5. Grid ratios and stability 

The solutions were surprisingly stable for variations in the stepping parameters of the dierent grids. The variance 

between the spectra for a radial grid with n = 300 and n = 420 was less than 5 %. An even smaller value for n 

(down to - 180) could be chosen where solutions for only one tilt angle was required, but the value of n = 300 

was chosen to be optimal for successive solutions in the tilt angle. For the polar grid, the variance between the 

spectra was even less with A 8  = 2.5' or A 8  = 3.0'. However, the polar grid had to be chosen dc ien t ly  small in 



order for changes of the solar wind velocity to happen over more than one grid point. The value A ln R = 0.06 for 

the rigidity grid was also quite optimal and smaller values did not contribute substantially to the accuracy of the 

solutions, while larger values led to instabilities, especially at higher rigidities (see also Steakamp, 1995). 

The time grid is however the most important parameter, because too large values (At > 0.04) can lead to 

serious instabilities, especially at higher rigidities, while for too small values (At < 0.02) a heavy price is paid on 

computer time, because the runtime of the model is proportional to the number of time steps. These instabilities 

at large values of At arise from the method of characteristics as has been described in Steenkamp (1995). There 

also exists a relationship between the time and radial grids. This is similar to the stability criteria which have 

been imposed on explicit and some implicit methods to solve PDEs, which place restrictions on the ratio At/ Ax,  

where Ax is a spatial grid spacing. le Roux (1990) and Steenkamp (1995) give this stabity condition as 

This means that if the radial grid is refined by a certain amount, the t i e  grid must also be refined by an equal 

amount, which can be quite inhibiting. 

Another important condition for both stability and convergence has been the Courant condition 

also known as the C o u r a & f i i e d r i -  stability criterion (Zwillinger, 1989), where p is given by Equation 2.57. 

This condition implies that with At > AlnR the solution cannot comge ,  but if the condition is satisfied the 

solution might converge. 

In this model solutions for two consecutive time steps were tested and if 

where f&,i ,j,k was the solution at the present time step and fs t- l , i , j ,k  the solution at the previous time step, f d , i g k  

was considered as the final solution. 

The stepping parameters for the different grids as described above were chosen to be optimal for this model, 

without losing the integrity of the model solutions or using too much computer resowces. 

3.8. The elements of the diffusion tensor 

The diffusion coefficients of special interest for this study in Equation 3.7 are 

with K I ~  and KL the diffusion coefiicients parallel and perpendicular to the HMF respectively. 

Figure 3.4 shows for illustrative purposes cos2 $ and sin2 $ , see Equation 2.59, as  a function of radial distance 

for the equatorial regions (0 = 90') and at the polar regions (0 = 10") and as a fundion of polar angle at T = 1 

AU. fiom Equation 2.59 and Figure 3.4 follow that cos2 $ decreases with increasing radial distance for the polar 

regions and wen more signiscantly for the equatorial regions. On the other hand, sin2 $ stays almost constant for 

most of the heliosphere, except for the inner heliosphere where it rapidly changes for both the polar and equatorial 

regions. This indicates that, although KL, is usually 2 3% of rill, as will be discussed below, it dominates the term 

KT, in the outer heliospheric regions. On the other hand, 611 dominates K,, in the inner heliosphere and in the 
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Figure 3.4. The values of cosZ@ and sin2 as a function of radial distance (left panel) in the equatorial plane 
(0 = 90') and for the polar regions (0 = 10') and as a function of polar angle at 1 AU (right panel). Here @ is the 
spiral angle of the HMF as defined by Equation 2.59. The TS is at 90 AU. 

polar regions. 

Most of the recent work on the theory of diffusion coefficients has been done on perpendicular diffusion, because 

the theory behind parallel diffusion and drifts are thought to be in good shape (Teufel and Schlickeiier, 2002,2003; 

Teufel et al., 2003; Stawicki, 2003). In this section a brief oveniew of the theory regarding difhLsion coefficients in 

the heliosphere will be given, and a description of the difhLsion coefficients to be used in this work. These e o n  

co&cients are optimal for a numerical TS model without an azimuthal dependence and solar maximum effects e.g., 

global merged interaction regions. This set can also be used without additional changes for electrons, anti-protons, 

positrons, Helium, protons, and various anomalous sources to give reasonable fits to a variety of data sets (see 

Chapters 5 to 8) and is the same for both polarity cycles (Langner and Potgieter, 2003b; Langner et al., 2003b; 

Potgieter and Langner, 2003~). 

3.8.1. Parallel diffusion 

The basic physical process of diffusive propagation of CRs in the helimphere is pitch angle scattering by fluctuations 

imposed by the HMF. This process can be described by weak turbulence quasi-linear theory (QLT). However, the 

interpretation of the fluctuations either as waves (e.g., Schlickeiser, 1988) or as dynamical turbulence (e.g., Bieber 

and Matthaeus, 1991) is still under discussion. 

A long standing problem had been that the theoretical parallel mean free paths, All = nil with v the speed of 

the particles, derived from the original QLT (Jokipii, 1966; Hasselmann and Wibberenz, 1968) were smaller than 

those from solar particle observations (Palmer, 1982). This is shown in Figure 3.5 where All as has been predicted 

by standard QLT is shown as a function of rigidity. F i ed  and open symbols denote results derived from electron 

and proton observations, respectively. The shaded band is the observational consensus by Palmer (1982). The 

observations indicate a rigidity independent All from 0.5 to 500 MV in contrast to QLT. 

The All as is predicted by standard QLT is given by 

with p the cosine of the particle pitch angle and @(p) the Fokker-Planck coefficient for pitch-angle ~cattzlii< 



Figure 3.5. Parallel mean free path as a function of rigidity. F i e d  and open symbols denote results derived from 
electron and proton observations, respectively. The shaded band is the obsenational consensus by Palmer (1982). 
The dotted line represents the prediction of standard QLT (from Bieber et al., 1994). 
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Figure 3.6. The power spectrum of the slab turbulence model (solid line) compared to observations (other lines). 
Note that the power spectrum can be divided into three ranges: The energy range where the power spectrum 
variation is independent of the wayenumber, k ,  the inertial range where it is proportional to k-'I3, and the 
dissipation range where it is proportional to k-3 (from Bieber et al., 1994). 

(Hasselmann and Wibberenz, 1970; Jokipii, 1971; Earl, 1974). To calculate @(p) a power spectrum of the magnetic 

field fluctuations is needed. Figure 3.6 shows an example of a power spectrum which can be divided in three 

ranges: The energy range where the power spectrum variation is independent of the wavenumber, k, the inertial 

range where it is proportional to k-5f3,  and the dissipation range where it is proportional to k-3. 

The dissipation range plays a significant role in the resonant scattering of low energy particles where the pitch 

angles of these particles approach 90'. In the original derivation of the All the dissipation range was neglected 

(e.g., Jokipii, 1966; Fisk et al., 1974). However, it has become evident from magnetometer and plasma wave 

observations in the solar wind (e.g., Coroniti et al., 1982) that the magnetic fluctuation spectra typically exhibit a 

dissipation range. By neglecting the dissipation range, All is too small at low rigidities, as is shown in Figure 3.5, 



and has the wrong rigidity dependence (Bieber et al., 1994). However, this All is applicable to proton modulation 

in the helimphere because CR protons experience large adiabatic energy changes below -300 MeV. At these lower 

energies the proton modulation is unaffected by changes in the All (e.g., Potgieter, 1984). For electron modulation, 

the knowledge of the All is vital because the CR electrons respond directly to changes in All, even for rigidities R 

< 100 MV. 

Including the dissipation range, the original QLT predicts a All which is in6nite. This is because @(p) goes 

to zero more rapidly than without the dissipation range as the pitch angle approaches 90'. Figure 3.7 shows the 

Fokker-Planck coe5cient for electrons that have been normalized to the particle's speed v as  a function of the 

cosine of the pitch angle with and without the dissipation range. Values are shown at three different rigidities: 

0.01 MV, 1 MV, and 100 MV. When @(p) - 0 then from Equation 3.57 follows that All - m. A higher order 

theory is therefore needed. 

Figure 3.7. The Fokker-Plan& coefficient for electrons normalized to the particle's speed (v) for slab geometry 
as a function of the cosine of the pitch angle calculated without the dissipation range (dotted lines) and with the 
dissipation range (dashed lines). The solid lines include the random sweeping model for dynamical turbulence. 
The coefficient is shown at three different rigidities (a) 0.01 MV (b) 1 MV and (c) 100 MV (from Hattiigh, 1998). 

Several mechanisms have been proposed to overcome this problem. Examples are mirroring by fluctuations of 

the magnetic field magnitude (Goldstein et al., 1975), a variety of nonlinear sctensions of the theory of pitch angle 

scattering (e.g., Goldstein, 1976), wave propagation (Schlickeiser, 1988) and the effects of dynamical turbulence 

(Bieber and Matthaeus, 1991; Bieber et al., 1994). The latter introduced two dynamical turbulence models, 

namely the damping model and the random sweeping model. The inclusion of dynamical turbulence (i this case 

the random sweeping model) causes @(p)  not to decrease to zero for small p as is shown by the solid line in F i e  

3.7 which leads to a finite All at the lower energies (smaller p). 

Parallel mean free paths as have been predicted by the two models for dynamical turbulence (Bieber et al., 

1994), namely the damping model and the random sweeping model, are shown in Figure 3.8 as a function of rigidity. 

The left panels show the predictions only for slab geometry, while the right panels show the predictions for slab 
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Figure 3.8. The parallel mean free path at Earth as predicted by the two models for dynamical turbulence (Bieber 
et al., 1994). The two top panels correspond to the damping model and the 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 slabf2D geometries (from Droge, 2000). 

and two dimensional (2D) geometry. In the slab magnetic turbulence geometry the perturbation wave vecton are 

aligned with the mean magnetic field of the Sun, while in the 2D geometry the wave vectors are perpendicular to 

the mean magnetic field. 

The 2D geometry resulted from arguments from Bieber et al. (1994) who showed that on the basis of observed 

All in the ecliptic plane, a purely slab model of interplanetary magnetic turbulence (Jokipii, 1966) is inappropriate. 

These authors instead suggested a composite model comprising a superposition of a dominant 2D wmponent and 

a minor slab wmponent. The two right panels in Figure 3.8 show the predictions for the composite slabf2D 

geometries where approximately 80% is 2D and the remainder in slab fluctuations. In both the inertial and energy 

ranges, the 2D component is effectively invisible (e.g., Zank et al., 1998). Howewr, the reduction of the slab 

component to 20% leads to a larger All at all energies. An interesting aspect from Figure 3.8 is that the proton 

and electron XI, may be fundamentally different at low to intermediate rigidities (< 50 MeV) because of an explicit 

speed dependence of All (see Equation 3.57). 

The expressions for the &ion w&cients nil, nl, and nn which have been used in this work are similar to 

those that have been given by Burger et al. (2000) for a steady-state model, except for minor changes to their 

values that are caused by the introduction of the TS in this model (see also Langner et al., 2003b). These changes 

are insignijicant for both polarity cydes at Earth but become more significant with increasing radial distance. They 

are based and motivated on diffusion (Burger and Hattingh, 1998) and turbulence theory (Zank et al., 1996), but 

have been adapted to reflect some of the results of numerical simulations by Giacalone and Jokipii (1999, 2001). 

For the diffusion parallel to the magnetic field QLT and a slabf2D geometry (20%/80%) for the turbulence is used. 



The power spectrum for the magnetic fluctuations in terms of the wave number k is proportional to kk5I3 in the 

inertial range and changes diswntinuously from k-' to ko in the energy range. The resonant rigidity R for which 

this change occurs varies with the spatial position. This is emphasized by assuming E cx R. This leads to 

if the quantity D = cBol,/R = I , / T L  with T L  the Larmor radius, is > 1, while if it is < 1: 

In these expressions, ni = 0.9 is a dimensionless constant for all tilt angles and both polarity cycles, Bo is the 

magnitude of the average magnetic field, 1. = 0.031(1/1.) AU = 4.55 x 109(l/l.) m is the wavelength for slab 

turbulence at the break point between the energy and the inertial range of the magnetic field power spectrum, 

1 is the correlation length of the magnetic field with I .  = 0.023 AU = 3.41 x lo9 m its value at Earth, s,l,s is 

the fraction of slab turbulence, C, = 0.06(6B2/Bg) nT2 is the level of turbulence and 6BZ is the variance of the 

magnetic field. Here E = 10.OR in units of GV and the range 0.2 GV 5 E 5 100.0 GV, is applicable for both 

polarity cycles, with to = 1 GV. This quantity determines the transition from All cx R to All cx R2. 

To construct a diffusion tensor applicable to the whole heliosphere, Burger et al. (2000) used the spatial 

variations of 6B2/Bi  and 1/1 . .  This was done by assuming the heliosphere to be divided into three distinct regions 

with different turbulence mechanisms dominating in each region. An ionization cavity is defined with radius T = 10 

AU, inside the ionization cavity a so-called 'stream-interaction' approach dominates in the slow solar wind region 

centered on the equatorial plane. A different approach, namely the 'undriven' approach, dominates in the high 

speed high latitude region (Hattingh, 1998). Outside the ionization cavity the 'pickup ions' approach dominates. 

For the first two regions, expressions for 6B2/Bi and l / l e  by Zank et al. (1996) were used, while for the third 

region Hattingh (1998) and Burger and Hattingh (1998) derived an analytical expression based on the results of 

Zank et al. (1996). 

For both polarity cycles an additional adjustment had to be made to the radial dependence of rill for all tilt 

angles ( a )  given here in radians, for both polarity cycles, and for all species given by 

when 0.1 AU < T < 45.0 AU, in order to fit the measured proton radial intensities in the inner heliosphere and 

at Earth. Comparisons with obervations will be shown in the following chapter. The effects of this modification 

given by Equation 3.60 in the equatorial plane for a = 10' and both polarity cycles on the proton spectra at Earth 

and the radial intensities at 0.2 GeV are shown in Figure 3.9. Rom this figure it is clear that the modification 

gives higher intensities for T 5 40 AU for the A > 0 cycle and T < 20 AU for the A < 0 cycle. This modification 

is decreased to a value of -1.0 for a = 75', at all radial distances. 

Burger et al. (2000) calculated the diffusion coefficients in Equations 3.58 and 3.59 for protons, neglecting the 

dissipation range and limited the validity of the equations to particles with rigidity R > 0.1 GV. These equations 

for 611 had to be altered for electrons (e - )  and positrons (ef) throughout the heliosphere for R 5 0.1 GV to rdect a 

near constant rigidity dependence (p.') at Earth in this rigidity region in accordance with the latest fundamental 

calculations (e.g., Teufel et al. 2002) and the damping model (Figure 3.8). 

Assuming these expressions for the different turbulence models dominating in different sectors in the heliosphere 
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F i  3.9. The effects of the modification given by Equation 3.60 in the equatorial plane for a = 10" and both 
polarity cycles on the proton spectra at Earth (left panels) and the radial intensities at 0.2 GeV (right panels). 
The black lines represent spectra with ni, while the gray limes represent spectra with 611. 
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Fignre 3.10. The parallel mean free path (AII) as a function of rigidity (top panels) at 1 AU for the pder and 
equatorial regions and for solar minimum ( a  = 10') and moderate solar maximum ( a  = 75') activity (top left 
panel); also for radial distances of 1, 60 and 91 AU for a model with a TS and at 91 AU for a model without a TS 
in the equatorial plane (top right panel). In the bottom panels All is shown as a function of radial distance for the 
equatorial plane (left panels) and the polar regions (right panels) for 1.05 GV particles, a = lo0 and 7S0, with and 
without a TS. 



result in a All with different spatial dependencies in dierent parts of the heliosphere. An example of the radial 

dependence of this All  is shown in Figure 3.10 at a rigidity of 1.05 GV in the equatorial plane and polar regions for 

a = 10" and 75". Note the break in the radial dependence for the ionhtion cavity. Figure 3.10 aLso shows All  as a 

function of rigidity at 1 AU for the polar and equatorial regions with u = lo0 and 75', and for radial distances of 

1,60 and 91 AU for a model with a TS and at  91 AU for a model without a TS in the equatorial plane. It must be 

s t r d  again that the diffusion coefficients for the diierent CR particle species (except for e- and e+ at R 5 0.1 

GV) are the same for solar minimum activity for both polarity cycles, and the same for moderate solar maximum 

activity for both polarity cycles. m i c a 1  values as a function of rigidity for All at Earth in the equatorial plane for 

protons in this model are between 0.07 AU - 1.5 AU, overall in good agreement with those values that have been 

given by Burger et al. (2000). 

3.8.2. Perpendicular diffusion 

Perpendicular scattering can be caused by two fundamental processes: (1) The gyrocentres of the particles are 

displaced transvem to the mean field because of scattering, and (2) the random walk of magnetic lines themselves. 

Both these processes which CRs experience are combined in the numerical models via a perpendicular d i i i o n  

coefficient n l .  As has been mentioned above, n l  can be subdivided into two possibly independent coefficients, 

namely n l ,  and rile = nee which are perpendicular diiusion in the radial diiection and in the polar direction, 

respectively. Because of its complexity, theoretical work on n l  was mostly neglected (see discussions by e.g., le 

Roux et al., 1999; Jokipii, 2001). As has been emphasized by Potgieter (1996) and Ferreira et al. (2000), who have 

studied the modulation of galactic electrons in the heliosphere, n l  is very important for CR modulation. 

Because no exact theory exists as yet to adequately describe 61,  it has become a standard and convenient 

practice when using modulation models to scale n l  as rill (e.g., Jokipii and K6ta, 1995; Potgieter, 1996; Ferreira et 

al., 2000; Burger et al., 2000; Ferreira et al., 2001a, 2001b). This assumption was largely vindicated by Giacalone 

and Jokipii (1999) who had found that nl /n l l  is in the range of 0.02 - 0.04 for rigidities between -40 MV and -1.7 

GV. Earlier Giacalone (1998) found nl /n l l  = 0.02 - 0.03 for rigidities between -40 MV and -2 GV. Unfortunately, 

owing to the geometry assumed in their calculations, no distinction was made between n l ,  and Kle. However, 

studying the propagation of low-energy Jovian electrons, Ferrando (1997) found nl,/nll  = 0.005 and nle/nll = 

0.001 at -7 MeV. 

Prior to the Ulysses mission, it was believed possible that CRs preferentially enter the heliosphere from above 

the Sun's poles in A < 0 HMF polarity cycles. However, observations with the Ulysses spacecraft in the inner 

heliosphere has shown that the latitude dependence of CR protons is significantly less than predicted by classical 

drift models (Potgieter and Haasbroek, 1993; Heber et al., 1996). Classical drift models predicted a large increase 

in intensity at high latitudes by a factor of -3 for relatively low energies and -1.6 for higher energies. However, the 

Ulysses observations showed essentially no change at low energies and an increase of about 30% at high energies. 

This rather surprising result led K6ta and Jokipii (1995,1997) to revive the concept that n l  might be anisotropic 

and that it should be larger in the polar direction than in the radial direction. This might arise naturally from the 

radial development of irregularities imposed by supergranulation at the surface of the Sun. It has since become 

standard practice to assume rile > n l ,  (e.g. K6ta and Jokipii, 1995; Potgieter, 1996; Burger et al., 2000; Ferreira 

et al., 2000; Ferreira et al., 2001a, 2001b) in modulation studies. Significant perpendicular diffusion not only results 

in more realistic latitudinal gradients of CRs, but can also explain the fact that CIR related increases and decreases 



are observed at high latitudes without equivalent structures in the HMF (e.g., Jokipii et al., 1995; K6ta and Jokipii, 

1998). 

The effect of anisotropic perpendicular diffusion (rile > nip in the off-equatorial regions) on CR electron 

modulation was studied in detail by Potgieter (1996), Ferreira (1998), and Ferreira et al. (2000). They found that 

when K l e  was increased from 5% to 15% of q, it resulted in a decrease of the radial dependence of the differential 

intensities at distances with large radial dependencies and an increase in the radial dependence of the differential 

intensities at distances with small radial dependencies. Similar effects are also visible for the A > 0 cycle. The 

increase in nie also resulted in the reduction of the latitudinal dependence of CR electron intensities at all radial 

distances. 

It was shown by Potgieter (1997) and Potgieter et al. (1997) that, by assuming anisotropic perpendicular 

diffusion and by increasing n1.g relative to nil led to a remarkable reduction in driis as experienced by CR protons. 

Increasing K L ~  therefore smears out the signature of d r i i .  Potgieter (1996), Ferreira (1998), and Ferreira et al. 

(2000) found the same result for galactic CR electrons. 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, 

enhanced latitudinal transport was required (see also Potgieter et al., 1997). 

Within the framework of QLT, employing the plasma wave approach, the diffusion along and perpendicular to 

the magnetic field have been considered at various levels of complexity by Shalchi (2003, premarital name: Teufel) 

and Stawicld (2003). Shalchi (2003) presented the first analytical calculation of the mean free path of energetic 

particles for different plasma turbulence models, in particular for the dynamic-magnetic slab turbulence. Semi- 

analytical results could be obtained for more complex scenarios, such as anisotropic turbulence. These studies were 

published in detail by Teufel and Schlickeiser (2002,2003) and Teufel et al. (2003). Recent attempts to improve and 

understand the diffusion tensor based on turbulence theory and the theory of charged particle scattering were also 

made by Minnie (2002) and Parhi et al. (2003). They used the so-called 'ab initio' approach to modulation (see also 

Zank et al., 1998; Burger and Hattingh, 1998; Burger et al., 20M); Parhi et al., 2001, 2002). The development of an 

'ab initio' theory faces at least three major challenges: Firstly, a satisfactory theory of difTU4on perpendicular to the 

large scale magnetic field is non existent; secondly, perpendicular diffusion in two component slab/2D turbulence 

depends critically on an outer scale termed the 'ultrascale' about which very little observational information exists; 

and thirdly, the radial variation of both the perpendicular and parallel diffusion coefticients is strongly dependent 

on radial variations of the ordinary correlation length. However, variation of the correlation length is very poorly 

understood, in part owing to the uncertain impact of pickup ion-driven turbulence in the outer heliosphere (Zank 

et al., 1996; Zank et al., 1998; Smith et al., 2001) and in part owing to difticulties in measuring the correlation 

length in the relevant direction, namely, parallel to the magnetic field. 

The diffusion perpendicular to the magnetic field in this work is also similar to that which is given in Burger 

et al. (2000) except for minor changes and it is assumed anisotropic, given by the two perpendicular diffusion 

coefficients: 

and 

with 
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Figure 3.11. The perpendicular mean free path in the radial direction (XI,) as  a function of rigidity (top panels) at 
1 AU for the polar and equatorial regions and solar minimum (a = 10') and moderate solar maximum (a = 75') 
activity (top left panel) and also for radial distances of 1, 60 and 91 AU for a model with a TS and at 91 AU for a 
model without a TS in the equatorial plane (top right panel). In the bottom panels XI, is shown as a function of 
radial distance for the equatorial plane (left panels) and the polar regions (right panels) for 1.05 GV particles and 
for a = 10" and 75'. 

where 0 the polar angle in radians and the top signs for B 5 90° and bottom signs for B > 90° with & = 1 GV. 

The quantities 7 = 7 = -0.4 change the rigidity dependence of the perpendicular &ion coefficients with respect 

to that of parallel ditfusion. The quantities K: and K: are dimensionless. D i i o n  perpendicular to the HMF is 

thus enhanced in the polar direction by assuming K: > nz according to Equation 3.63 (K6ta and Jokipii, 1995; 

Potgieter, 1996; Burger et al., 2000; F m i r a  et al., 2000; Fichtner et al. 2000; Ferreira et al. 2001a, 2001b, 2001~). 

The quantities are 4 = 0.185 and n: = 0.026 when a = 10'. Increasing the tilt angle to a = 75" for moderate 

solar maximum conditions results in nz --t -0.04 and n: + -0.289, respectively. This change for increasing a 

implies decreasing drifts with increasing activity as mentioned earlier. The magnitude of the enhancement towards 

the polar regions for 61s is kept the same. A physical justification of this increase in nls toward the polar regions 

is given in Burger et al. (2000), basing their arguments on Ulysses measurements which have shown an increase in 

the variance of the components of the HMF, 6B2 in Equations 3.58 to 3.59, as it moved away hom the equatorial 

plane to larger polar angles. The variance in the transverse and normal directions of the HMF increased more than 

in the radial direction resulting in larger dijfusion in these directions. Furthermore, in a Fisk field (which is a more 

realistic HMF geometry at solar minimum, see Chapter 2) latitudinal transport is supposedly more dective than 



in a Parker field and to account for this effect, nIe is enhanced toward the polar regions when a Parker HMF is 

used. 

An example of the radial dependence of XL, and Ale is shown in Figures 3.11 and 3.12, at a rigidity of 1.05 

GV in the equatorial plane and polar regions for a = 10' and 75". Figures 3.11 and 3.12 also show XI, and Ale 

as a function of rigidity at 1 AU, for the polar and equatorial regions with a = lo0 and a = 75' and also for radial 

distances of 1, 60 and 91 AU for a model with and without a TS in the equatorial plane. 
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Figure 3.12. Similar to Figure 3.11, but for the perpendicular mean free path in the polar direction, Ale. 

Typical values as a function of rigidity for X1,/XII at Earth for protons in this model are between 0.003 - 0.2 

for 0.5 MV - 5.0 GV, as has been shown in Figure 3.13, overall in good agreement with those values which have 

been given by Burger et al. (2000), while the ratio X l , / X l e  E 1.0 for these values. 

3.8.3. Particle drifts 

Although particle drifts were included in the original transport equation they had been neglected until Jokipii et 

al. (1977) pointed out that the inclusion of drifts could alter modulation, especially since drifts are sensitive to the 

polarity of the HMF leading to a charge asymmetry. The smooth global or background magnetic field &ects the 

CR transport by contributing drift motions associated with the gradients in field magnitude, the curvature of the 

field and any abrupt changes in the field direction, such as the HCS. The components of the gradient, cunrature 
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Figure 3.13. The ratio of XI,/X~~ at  Earth as a function of rigidity for a = 10'. 

and current sheet drifts in Equation 3.1 are given in Equation 3.6 or alternatively by inserting the magnetic field, 

which is given by Equation 2.64 into Equation 2.2, thus 

Vd = V X K A e B  

= [VX (nAe')] [I - 2~ (e - q] + 26 (e - el) nAeB x v (e - 0') 

= (v~) ,  [I - 2~ (8 - e')] + (v& 6 (e - 8') , 

with H the Heaviside function, and 

e, = [I - 2H (e - el)]  e*, 

where 

> - ,  
and 6 (0 - 0') is the Dirac-function, as is given by 

The first term in Equation 3.64 describes the gradient and curvature drifts which have been caused by the global 

magnetic field, and the second term describes drifts along the HCS. 

In some of the 2D modulation models, such as the WCS model (Hattingh, 1993), the HCS is simulated by 

replacing the 3D dr i i  velocity field by a 2D dr i i  field. The 2D drifts are obtained by averaging Equation 3.64 o w  

@ for one solar rotation to calculate the drifts along the HCS and the gradient and curvature driis. The gradient 

and curvature driis  are then calculated by scaling the drifts in a region that is spanned by the current sheet from 

full drifts at the boundary of this region to zero at  6 = ?r/2 (Hattingh 1993; Hattingh and Burger 1995a; Burger 

and Hattingh 1995; Hattingh 1998). This scaling is caused by the simulated waviness of the current sheet. In 

the following chapter this WCS model is revisited in order to accommodate a magnetic field with a modification 

(Equation 2.64) as is used in this work and also to better approximate the WCS model for solutions with a > 40'. 

An example of gradient, curvature and current sheet drifts velocity directions are shown in Figure 3.14 for 2 

GeV electrons and for both HMF polarity cycles. During A > 0 polarity epochs, e.g. -1990 to -2001, the HMF 

is directed outward in the northern hemisphere. Electrons then dr i i  primarily from the equatorial boundary of 

the heliosphere along the HCS to the Sun. During A <  polarity epochs e.g. -1980 to -1990, the electrons drift 



Figure 3.14. Gradient, curvature and current sheet driis for electrons for (a) the A < 0 polarity cycle when the 
HMF, being depicted by B, is directed inward in the northern hemisphere and (b) the A > 0 polarity epoch when 
the HMF is directed outward in the norther hemisphere. See Jokipii and Thomas (1981) for proton dri i  directions. 

Figure 3.15. An illustration of drift trajectories of cosmic rays along a flat current sheet. Dots give an outward 
directed B, while crosses give an inward directed B. The wavy curves represent the dri i  trajectory of two sample 
positive particles (from Jokipii et al., 1977). 

primarily from the poles down onto the equatorial regions and outwards along the HCS. The wavy curve represents 

& i s  along the HCS which dominates the equatorial motion. 

Figure 3.15 illustrates principally the drifts of CFb along a flat HCS. The magnetic field is outward abwe and 

i n a d  below the HCS as has been indicated by the circles enclcskg the dots and crosses. The wavy curves are 

trajectories of positively charged particles which gyrate around outward fields in a clockwise manner above the 

HCS and around inward fields in a counterclockwise sense below the HCS. The net effect is driis dong the HCS 

in the direction of the current flow (see Burger, 1987). As has been mentioned in the previous section, K l e  affects 

the drifts patterns of CRs. If K L ~  becomes large, particles may not drift effectively, e.g. dong the polar axis or 

current sheet, but will instead be spread in latitude, reducing the drifts effects on CR modulation. 

The inclusion of driis into the transport equation of CFb leads to the following modulation consequences 

(Jokipii and Thomas, 1981; K6ta and Jokipii, 1983; Potgieter and Moraal, 1985; K6ta, 1990; Potgieter, 1998): 

(1) A polarity dependent -11-year cycle with a peak-like maximum in A c 0 polarity cycles and a flat plateau 

maximum in the A > 0 polarity cycles (K6ta and Jokipii, 1983) for CR protons and vice versa for electrons. 

This is o b w e d  in neutron monitor data as shown in 2.11. Because in A > 0 cycles, positively charged 
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particles drift inwards to the Sun through the polar regions, and are relatively insensitive to conditions in the 

equatorial region, like changes in the HCS, the plateau like pattern is observed. For the A < 0 polarity cycle, 

the positive charged particles drift in along the HCS and are sensitive to these changes resulting in a definite 

peak like shape of the intensity maxima. A good correlation with the tilt angle is therefore expected. 

Charge-sign dependent effects (will be discussed in Chapters 5 - 8). 

Dierent radial gradients for the two polarity cycles (e.g., Potgieter et al., 1989; Langner et al., 2003b; will be 

discussed in Chapters 5 - 8). 

The latitudinal gradients have opposite signs for different polarity cycles with the latitudinal gradients a 

maximum when the inclination of the HCS is smallest, which is evident from observations that have been 

reported by e.g., McKibben (1989), Cummings et al. (1990), and McDonald et al. (1992). 

The 'drift coefficient' in Equation 3.64 under the assumption of weak scattering is given by: 

with K: a dimensionless constant. With ( K A ) ~  = 1.0, 0.5, and 0.0 respectively, this equation describes what 

Potgieter et al. (1989) have called 100% (full drifts), 50% (half drifts) and nc-drifts. This term was used previously 

by many authors e.g., Haasbroek (1997), Ferreira et al. (2000) and Potgieter (1996). The 'drift coefficient' as has 

been used by Burger et al. (2000) and in this work, d I s  slightly from the traditional form and is given by 

Below -1 GV, drifts are slightly reduced with respect to the weak scattering case for which KA m R, VR. This 

choice for the 'drift coe5cient1 is consistent with the numerical simulations of Giacalone et al. (1999), which show 

that in the case of weak scattering the 'standard' result as is given by Equation 3.68 is in fact appropriate. In 

this work n i  = 0.5 for all tilt angles and both polarity cycles which corresponds to 50% drifts. Without this 

assumption, the comparison between the computations and observations is very poor and it is clear that full drifts, 

n i  = 1.0, are not possible. 

3.9. Summary 

The distribution of cosmic rays in the heliosphere is the result of four different transport processes, namely diffusion, 

drifts, convection and adiabatic energy loss. The purpose of this chapter was to give a short overview of existing 

knowledge of numerical techniques for solving the Parker TPE and, in particular the diffusion process. A suitable 

diffusion tensor was also wnstmcted applicable to modulation of a variety of particles (i.e., protons, anti-protons, 

electrons, positrons, Helium, and anomalous protons and Helium) in the heliosphere. It has been shown that in 

2D modulation models three different diffusion coe5cients are of particular interest, namely K I I ,  nl?,  and nls  the 

difFusion coe5cients parallel and perpendicular to the HMF in the radial and polar directions, respectively. The 

'drift coe5uent' nA represents gradient, curvature and current sheet drifts. 

In this work the LOD method was used for solving the TPE with a discontinuity at the assumed location of the 

TS. Fist  the TPE was split into a system of three equations, each containing only derivatives in one dimension, 

as had been given by Equations 3.25, 3.26, and 3.27. The LOD scheme implements in a way similar to the AD1 

method, by 6rst using the equation from the previous time step to calculate an intermediate solution and then 

using the intermediate solution to calculate a final solution for each time step. The major difference between the 



AD1 and the LOD lies in the fact that the AD1 calculates the final solution from the intermediate solution as well 

as the solution from the previous time step. To solve the TPE with a discontinuous transition of the solar wind 

velocity at the TS, one must solve Equation 3.7 and Equation 3.8 simultaneously, where Equation 3.8 is in the 

general form given by Equation 3.30. This is solved by using the Wendroff's implicit method. 

A nil was constructed based on theoretical calculations without the dissipation range but with slab/2D turbu- 

lence (Burger et al., 2000) and extended to lower rigidities for electrons and positrons, R 5 100MV, to have a 

near constant rigidity dependence (p.') as predicted by observations and models including dynamical turbulence, 

e.g., the damping model (see Figures 3.5 and 3.8). The corresponding All was shown in Figure 3.10 as a function 

of rigidity. 

Because of the complexity of the perpendicular &ion coefficient, not much theoretical work on n l  exists, 

although currently it is seriously researched (e.g., Minnie, 2002; Teufel and Schlickeiser, 2002; 2003; Teufel et al., 

2003; Stawicki, 2003; Shalchi, 2003; Parhi et al., 2003), illustrating that it is realized that n l  is important for the 

better understanding of CR modulation. It has however become practice for authors using modulation models to 

scale n l  as nil. This scenario was largely confirmed by Giacalone and Jokipii (1999) where it was found that the 

d u e  of nL/nll is in the range of 0.02 - 0.04 for rigidities between -0.04 and -1.7 GV. Unfortunately, owing to 

the geometry assumed in their calculations, no distinction was made between nl, and rile. However, studying the 

propagation of low-energy Jovian electrons, Ferrando (1997) found n ~ , / n ~ ~  = 0.005 at -7 MeV. In this work it is 

assumed that KL cx nil, and that Xl,/XII  Xle/XI I  between 0.003 - 0.2 for 0.5 MV - 5.0 GV (see Figure 3.13) at 

Earth. 

Apart from the difFusive transport, CR particles also experience gradient, curvature and current sheet driit 

motions. The 'drift coefficient' which has been used in this work is the same as that which has been used by 

Burger et al. (2000) and is given by Equation 3.69. Below -1 GV, drifts are slightly reduced with respect to the 

weak scattering case for which Xa o: R, VR. This choice for the 'drift coefficient' is consistent with the numerical 

simulations of Gicalone et al. (1999), which show that in the case of weak scattering the standard result as has 

been given by Equation 3.68 is in fact appropriate. In this work n i  = 0.5 for all tilt angles and both polarity 

cycles which corresponds to 50% drifts. Without this assumption, the comparison between the computations and 

observations is very poor and it is clear that full drifts, 6% = 1.0, are not possible as has been emphasized in many 

publications of the Potchefstroom group. The difFusion coefficients which had been shown in this chapter and used 

in the rest of this study were published by Langner et al. (2003b). 

In the following chapter the WCS model of Hattingh (1993) is revisited in order to accommodate a magnetic 

field with a modification (see Equation 2.64) as is used in this work and also to better approximate the WCS model 

for solutions with o > 40°. Refinements to changes of the solar wind velocity across the TS will also be shown, and 

the effects of all the different fundamental modulation processes and changes to the difFusion coefficients (which 

are discussed in Chapters 2 - 4) when it is applied to CR modulation in the heliosphere. This will be illustrated as 

a comparison of various observations for a variety of CR species. 



Chapter 4 
Characteristics and features of the TS model 

4.1. Introduction 

In this chapter the characteristics and features of the improved and extended 2D TS modulation model which is 

used for this study are discussed. This model is an improvement of existing locally developed 2D TS models (e.g., 

Steenkamp, 1995; Haasbroek, 1997; Steenberg, 1998). For an approximation of the HCS, which is essentially a 

3D effect, the current sheet approach (WCS model) of Hattingh (1993) (see also Hattingh and Burger, 1995a) is 

used to simulate the HCS in a 2D heliosphere. This WCS approach was originally derived for a I 25' and a 

Parker HMF. In this section it will be revisited and rederived for a < 75' and for the HMF with the Jokipii-Kdta 

modification (Equation 2.64). This will be done by using the same method as Hattingh (1993), but attempting to 

remove most of the assumptions and approximations in order to obtain a more general approach to simulating the 

HCS in a 2D model. This general approach will then be incorporated into the TS model and will be compared to 

the WCS approach. 

The TS model can be used for a variety of transitions of the solar wind velocity at the TS location. In this 

chapter the effects of each of these transitions on the spectra of galactic protons will be shown. These effects are 

qualitatively the same for the different species and will therefore not be repeated for other species. To illustrate 

the effect of the injection energy and the form of the injected source spectrum at the TS on spectra, anomalous 

protons have been used because this effect is better highlighted when the modulation is not dominated by the 

galactic component. 

F i y ,  the characteristics and features of this modified TS model will be illustrated through comparisons to 

some major observations for a variety of CR species, which will be used as a starting point for the rest of this 

thesis. The LIS for the different species used in this chapter will be specified in the next chapters. 

4.2. The WCS approach revisited 

In the 2D WCS numerical modulation model (Hattingh, 1993; Hattingh and Burger, 1995a), the HCS given by 

Equation 2.71 and approximated by Equation 2.72, is simulated by replacing the 3D drift velocity field by a 2D 

dri i  field by averaging Equation 3.64 over one solar rotation. This averaging leads to gradient and cwvature drifts 

that are scaled in the current sheet region, which is defined as the region swept by particles driiing along the HCS 

during one solar rotation, so that it is zero at 9 = ~ / 2 .  The same method is followed in this section to derive a 

more general approach. Although these equations and the accompanying derivation for drifts in the HCS region 

have been meant for small t i t  angles (a I 25') only (e.g., Jokipii et al., 1977; Jokipii and Thomas 1981; Hattingh, 

1993; Hattingh and Burger, 1995a), it will be shown that acceptable results for larger tilt angles are obtained. 

4.2.1. Drifts and the HCS 

In F i e  4.1 two planes with radius T tilted at an angle of a = 35' relative to each other are shown. By using this 

figure an expression for the HCS can be derived (Burger, private communication). According to this f?gure tana 

can be written as 

tana = Y Y * - = tancrsinp*, 
xsinp* x 



Figure 4.1. Two circular planes with a radius r tilted at  an angle of a = 35' relative to each other (Burger, private 
communication). 

and 
Y - = tano*. 
5 ( 4 4  

Therefore 

tano* = tanasinip*. (4.3) 

Now, if the plane with ip* is assumed to be at  7~12, then the angle 8' is defined as 8' = x/2 - 6'. Therefore 

cot@ = tanasinip* =(. (4.4) 

Let (D* = 4 + O(r - rg)/V and by using the identity tan-' ( +cot-' ( = 7r/2 it follows that for a constant and 

radial V the HCS satisfies the equation 

r 7~ [ ( " ( y d ) ] ,  
8 =--tan-I tanasin 4 +  

2 

which is similar to Equation 2.71 which is derived by Jokipii and Thomas (1981). However, the approximation 

which has been given in Equation 2.72 for small a is not made. In Equation 4.5 the amplitude of the HCS is = a, 

while the frequency of the HCS is determined by the angular velocity of the Sun, S'l, and V .  The phase is given by 

4 and V is assumed to stay constant (typically 400 km.s-') for all tilt angles, because the slow solar wind region 

becomes larger if a is increased, as in Equation 2.8 and Figure 2.4, just as the amplitude of the HCS becomes 

larger with increasing a. 

Figure 4.2. Drifts of a positive particle along a h t  current sheet. The dots are for an outward directed HMF (above 
the current sheet), while the crosses are for an inward directed HMF (below the current sheet). Here Bo = IBI. 



During one rotation of the Sun, the HCS fills a region lying between 5 - a < 0 < + a.  However, Burger and 

Potgieter (1989) has shown that charged particles in a region of two gyroradii above and below this region, will 

also partahe in drifts along the HCS (see also Figures 3.15 and 4.2) if the particle gyrates about a magnetic field 

line that is a gyroradii above the HCS. Therefore the total extent of the current sheet region has a total angular 

width of 2(a  + A@,,), where 

fiom Figure 4.2 with R,,,, the gyroradius of a charged particle at a radial distance of T from the Sun, B is given 

by Equation 2.65, and with all angles in radians. 

By using Equations 3.64 and 4.5, it can be shown that 

and 

where 
cos ( 4+  V) t a a  

G =  
1+tan2asin2 (d+-)' 

(4.9) 

Here Equation 4.7 is the gradient and curvature drifts of charged particles. The direction in which the partides 

drift is determined by the direction of the magnetic field (A = sign (Bq) )  and the charge of the particle (see Figure 

3.14). Obviously, the particles drift in different directions above and below the HCS. The drii of charged particles 

along the HCS is given by Equation 4.8. Because of the change in sign of the HMF above and below the HCS, the 

direction in which particles drii along the HCS depends on the charge of the particle. The velocity field of the 

former term in Equation 3.64 is divergence h e ,  because the divergence of the rotation of any vector is zero. The 

latter term of Equation 3.64 is mathematically infinite, because of the DUBE-function, and must be integrated to 

give physical meaning to it. 



4.2.2. Modelling the HCS 

Gradient and curvature drifts 

The general expression for gradient and curvature drifts, and drift along the HCS are given by Equations 4.7 

and 4.8, respectively. To keep the expressions for the drift velocities divergence free when expressing them two 

dimensionally, the averages over a solar rotation must be taken. Mathematically it is equivalent to take the average 

over 4 from 0 to 27r, by integrating over 4. 

The average of the gradient and curvature drifts over 4 is thus (see also Hattingh, 1993) 

Here the Heaviside step function is again given by Equation 2.60. Ftom Equation 4.10 it follows that the average 

of the gradient and curvature drifts over 4 has the physical effect of scaling the dri i  velocity in the 2D 'current 

sheet region' from a maximum value at the boundary of this region to a value of m o  when 0 = 7~12, so that the 

total flux in the 0-direction is zero in the equatorial plane. 

Drifts along the  HCS 

To calculate the average of the drifts along the HCS, the average of the dr i i  velocity over 4 must also be taken for 

one solar rotation (first method). This, howwer, gives a dr i i  velocity which is large at the edge of the 'current sheet 

region' and zero in the equatorial plane, which is numerically very di5cult to handle. This problem is overcome 

by first taking the average of the drift velocity over 0 and then over 4 (second method). A 0-dependence is then 

given again to the dr i i  velocity, so that the flux resulting from the velocity field stays the same. This ensures that 

the velocity field stays divergence free. The second method is numerically more friendly and easier to handle, but 

cannot be solved analytically for the integral over 0. The second method gives the same 5ux as the frrst method, 

which has been used by Hattingh (1993) to show that the d r i  velocity field is divergence free. Thereafter the 

second method is used because it is easier to handle numerically. These methods have been described in detail by 

Hattingh (1993) and therefore only the essential parts will be discussed here. 

First method: The average of the drift velocity along the HCS over 4 is given by 

so2* (v,), 6 (6 - 0') d@ 1 em- (vns), 6 (0 - 6') csc2 @'dB' =%L (4.11) ~,2" d4 Jtan2 o: - cot2 b" 
if 8' is given by Equation 4.5. 

1fn/2-a< 0 ~ ~ / 2 t h e n e = 0 ' a t t w o ~ e r e n t v a l u e ~ o f 4 , n a m e l y  4, =&-v a n d 4 b = # ; - v ,  

with Q(T - rQ)/V a phase constant (see Figure 4.3 (b)). The terms in Equation 4.8 at 4 = are 

and 

cote = - 
-tariff' 
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Figure 4.3. The neutral sheet (8') as function of @*. 

At q5 = @* the terms are 

- - cos (sh-' (S)) , 

and 

- cote - - 
- tana 

The dr i i  velocity along the HCS for @, can now be calculated by using Equations 4.12, 4.13, and 4.8 and for @b 



by using Equations 4.14, 4.15, and 4.8. Thus Equation 4.11 gives 

When x / 2  5 B < x / 2  + a, 0 = 8' at 4, = 4: - w and 4, = 4: - w as has been shown in Figure 

4.3 (c). However, the same results are found for these values of 4 as for 4, and 4b. For 0 < 6 5 ~ / 2  - ff (Figure 

4.3 (a)) and x / 2  + a < 0 < x  (Figure 4.3 (d)) there are no values for 4 where 0 = 0'. Thus the integral is zero 

for these values of 0. The 'current sheet region' is given by x / 2  - a - Ab',, < 0 < x / 2  + a + A&,, therefore the 

average value of the drift velocity along the current sheet over 4 is given by 

if ?r/2 - a - As,, < 0 < x / 2  + a + A&,, and zero elsewhere. 

Outside of the 'current sheet region' the velocity field is given by Equation 4.7 which is divergence free, because 

0. Inside the 'current sheet region' the velocity field is given by Equations 4.10 

and 4.17. Here the divergence is 

Second method: With this method, the average of the drii velocity field given by Equation 4.8 is first taken 

over b' for ?r/2 - a - A@, < 0 < x / 2  + a + Ab',. and then aver 4 for one solar rotation. With the help of Equation 

4.5 the average over 0 is given by 

- - pvl- -M'G 
3qA (1 + MQ + P) (a + A@,.) cos [tan-l (tan a sin c ) ]  

G 
cos [tan-' (tan a sin @*)I 

GQM' + @++) e+l, 

where 4* = 4 + Q(r - ro)/V, G is given by Equation 4.9, 

r' = Q(r - rO) v cos [tan-' (tan a sin +')I , 

and 
va(e 4) 

M I -  - - - r6, (4.21) 
TO r0 sin0 r0 cos [tan-' 

The average over 4 of the drift velocity given by Equation 4.19 0-component, because the 

resultant drift of particles along the HCS on both sides of the equatorial plane must be equal for an axisymmetrical 

heliosphere. The averages of the &component of the drii velocity given by Equation 4.17 and 4.19 are both 

independent of 4 and therefore they do not contribute to the divergence of the drift velocity field. Thus only 

the radial component is of use. By evaluating the integr$s of the radial components of Equation 4.17 over 0 for 

x / 2  - a - AOnS < 0 < x / 2  + afA0,. (Fl) and Equation 4.19 over 4 for one rotation (F2) numerically, it is found 



that FI % Fz for all values of r and a (see also Hattingh, 1993). The s a n d  method to calculate the average of 

the drii velocity along the HCS will therefore also give a divergence kee velocity field. 

The average over @ of the drift velocity that is given by Equation 4.19 can only be calculated numeri- 

cdy. However, Equations 4.20, 4.21 and 4.9 can be approximated by calculating the root mean square of 

sin(@ + R(T - ro)/V) and ws (@ + R(T - ro)/V) over @ for one rotation, so that these equations become 

M' = T&, 

and 

Thus the radial component of Equation 4.19 averaged over one solar rotation is 

This result, the current sheet dr i i  velocity, together with the gradient and curvature driis (Equation 4.10), 

give the total drift velocity field of the 2D model which is used in this work. 

The current sheet drift velocity (Equation 4.25) is a block function independent of 8, which is zero for 6' < 

x/2 - a - As,. This, however, causes large gradients at some grid points in the numerical solution of the TPE. 

This problem is solved by multiplying the block function with a hyperbolic tangent function, so that the modified 

current sheet drift velocity is given by 

(v,.): = a tanh b 6' + a  + A@,, - - [ ( 31 (4.26) 

where (v,,), is wntained in a, and b determines the ratio with which the function increases. The larger b, the 

closer the function will be to a block function. In this study the value of b = 10 is chosen so that the increase of 

the function goes over 5 grid points. To determine the value for a, the flux which is caused by Equation 4.26 over 

the current sheet region must be calculated, which must be the same as the flux that is given by Equation 4.25. 

The flux in the current sheet region in the radial direction which is caused by (v,,), is 

/;-. - .... (v,,.), 2x7' sin(8)dO = (v,,), 2?rr2 sin(a + no,,) 

The flux that is caused by (v,,): is 

c.-.... (vns): 2rr2 sin(@)& = 2?rr2a tanh b 8 + a  + A&, - E ) ]  sin8d8. (4.28) [ ( 2 

This integral can however not be solved analytically and is approximated by 

6.-..". 2xr2atanh [b (8 + a + A&, - T ) ]  dB 
2 

2xrza = - 
b ~n I C O S ~  [b (a + A ~ ~ , ) I I  , 



if a 5 25", because then sin0 2: 1 in the 'current sheet region' and 

2ar2a 
= 2arZacos(aa) + - I { ( b 

In cosh b aa + a + A0,. (4.30) 

if a > 25", with aa the point where sin0 = tanh [b (0 + a + A0,. - q)]. Using Equations 4.27 and 4.28 a is given 

hv 

for a <25', and 

for a > 25". 

4.2.3. Application of the HCS approach 

In this section the general HCS approach, derived above, and the WCS approach of Hattingh (1993) are compared. 

In Figure 4.4 calculated CR proton spectra for these approaches are shown in the equatorial plane for a = 75' at 

1, 60, and 90 AU for the A > 0 polarity cycle. From this figure it is evident that the calculated intensities of the 

more general HCS approach is lower than that of the WCS approach for all radial distances with a maximum effect 

of -20% at -1 GeV at Earth. The diierence between the two approaches is clearly decreasing with increasing 

radial distance, and is decreasing with decreasing tilt angles, with a diierence of less than -1% at a = loo, as has 

been expected. It is also evident that the WCS model of Hattingh (1993), which has been derived for a Parker 

spiral HMF and which is in principle only valid for a 1 25', is a good approximation even at large tilt angles and 

can be used for qualitative studies, but the general HCS approach is recommended for quantitative studies. 

4.2.4. The HCS and drifts beyond the TS 

Across the TS the magnitude of the magnetic field increases by a factor of - s (Equation 2.63 for the magnetic 

field as is given by Equation 2.64). Therefore the form of the HCS will also change in the heliosheath region ss 

was shown by Hattingh (1993). The amplitude of the HCS in front and beyond of the TS stays the same, but the 

frequency changes, so that the HCS becomes more comprmed beyond the TS. Equations 4.7 and 4.25 thus stay 

the same except for changing Equation 2.59 to Equation 2.62. The compression of the HCS causes the particles 

to drift for a longer time along the HCS to cover a given radial distance. The drifts will also decrease by a factor 

of - s across the shock, although perpendicular diffusion, which inhibits drifts, also deereases by a similar factor, 

indirectly increasing the effects of drifts again in the heliosheath region. Therefore the effects of the drifts on CR 

modulation are still surprisingly large in the heliosheath as will be shown in Chapter 5. However, a detailed study 

of the structure of the HCS and the magnitude of drifts in the heliosheath region are beyond the scope of this work. 
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Figure 4.4. Proton spectra calculated for the general HCS approach (black curves) and for the WCS approach 
(grey curves) of Hattingh (1993) in the equatorial plane for a = 75" at 1, 60, and 90 AU for the A > 0 polarity 
cycle. The LIS will be specifted in the next chapter. 

4.3. Effects of different solar wind velocity transitions at the TS 

In this section the effects on CR proton spectra of the continuous, diiscontinuous, and quasid'iontinuous transition 

functions for the solar wind speed at the TS are discussed. Figure 4.5 illustrates these transitions as a function of 

radial distance in the equatorial plane. Steenkamp (1995) and Steenberg (1998) used the diiscontinuous transition 

to study the modulation of the ACRs. The continuous transition was introduced by le Roux et al. (1996) and 

used by Haasbroek (1997) in a 2D TS model to escape the numerical difficulties that came with a discontinuous 

transition across the TS and was justified by the results of Donohue and Zank (1993). These quantitative results 

of Donohue and Zank (1993), concerning a CR mediated TS, showed that downstream of the TS the CR pressure 

was comparable to the plasma pressure which results in a gradual compression and deceleration of the solar wind, 

followed by a discontinuous jump to a downstream state which is dominated by the pressure contribution of the 

CRs. The radial distance over which the transition took place was calculated as L % 1 AU. Therefore the quasi- 

discontinuous transition is used in the present model and is considered the more realistic option. 

In Figure 4.6 the effect of the transitions in Figure 4.5 on the spectra of CR protons in the equatorial plane for 

a = 10' and the A > 0 polarity cycle is shown. However, it has been found that the differences between the spectra 

that have been calculated for the discontinuous and quasi-discontinuous transitions are less than -2%; the spectra 

for the discontinuous transition function are therefore not shown. The TS effects are larger for the discontinuous 

and quasi-discontinuous transitions of the solar wind speed, manifesting in the higher intensities at energies > 0.1 

GeV. The effectiveness of the TS is therefore less for the continuous solar wind speed transition. However, note 

that the quasi-discontinuous and the continuous transitions are the same inside the TS, but not the discontinuous 

transition, while the quasi-discontinuous and the discontinuous transitions whose spectra differ very little, are the 

same in the downstream region, but not the continuous transition. This leads to the conclusion that the profile of 

the solar wind speed in the downstream region is the primary cause for the differences between the spectra shown 

in Figure 4.6 and that it can have a surprisingly significant effect on modulation. This is also shown from a different 

point of view in Figure 4.7. 
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Figure 4.5. Different solar wind profiles for the transition of the solar wind speed at the TS (90 AU) as a fundion 
of radial distance in the equatorial plane. In the right panel the region of the TS is expanded for illustrative 
purposes. Note that the quasi-discontinuous and the continuous transitions are the same inside the TS, while the 
quasi-discontinuous and the discontinuous transitions are the same downstream of the TS. The quasi-discontinuous 
transition (solid line) is used in the present model. 
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Figure 4.6. The effect of the quasi-discontinuous (black lines) and the continuous (grey lines) solar wind speed 
transitions in Figure 4.5 on the spectra of CR protons in the equatorial plane for a = 10' and the A > 0 polarity 
cycle. The results for the discontinuous transition differ within 2% from the quasi-discontinuous transition and are 
therefore not shown. The compression ratio s = 3.2. 
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In this work the quasi-discontinuous solar wind speed profile is used as are given by Equations 2.9, 2.53, and 

2.56. It is clear that although the continuous profile of the solar wind speed is easier to handle numerically, it may 

underestimate the TS effect on GCRs. 



4.4. The injection spectra and injection energy of anomalous protons 

Modulation of the ACRa can also be studied with the TS model and will be added to spectra in Chapters 6 and 

8. In this section the effects on the modulation and acceleration of the ACRa using different injection spectra and 

injection energies at the TS are discussed. In Figure 4.7 spectra of anomalous protons for the quasi-discontinuous 

solar wind speed transition are shown in the equatorial plane for a = 10' and for both polarity cycles at radial 

distances of 1 and 90 AU. Here, as in the remainder of this section, the spectra at 90 AU are compared to the 

theoretically expected E-'.18 dependence, which is indicated by the straight grey line as a reference, as is given by 

Equation 2.52 for a compression ratio of s = 3.2, and is used throughout this work unless it is stated otherwise. 

Depending on heliolatitude, the shock spectra start to fall off rapidly beyond about 0.3 - 1.0 GeV, because of the 

well-known curvature (shock radius) effect when Vr/bv becomes < 1 (Moraal and Axford, 1983; Drury, 1983). 

Another effect is noticeable on the spectrum at the TS; in the 10 - 300 MeV range it clearly deviates from the 

expected E-'.18 dependence and has a concave profile for the A < 0 cycle, while it is almost absent in the A > 
0 cycle. This is mainly a drift effect and is described in detail by Steenkamp (1995) (see also K6ta and Jokipii, 

1994), causing the shocked spectra in the A < 0 polarity cycle to be flatter than those of the A > 0 polarity cycle. 

In Figure 4.9 spectra of anomalous protons are shown for the A < 0 polarity cycle in the equatorial plane a t  

radial distances of 1 and 90 AU which are accelerated at the TS for two dierent injection energies of I$,,<, = 0.01 

GV and I$,,:,, = 0.1 GV, respectively. Preferably anomalous CRa of as low as possible energy should be injected 

at the TS, but it simply takes too much computer resources. Fortunately, the TS model is independent of this 

injection energy as is shown in Figure 4.9 where there is no significant difference between an anomalous source 

injected at different energies. 
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Figure 4.7. Spectra of anomalous protons for the quasi-discontinuous solar wind speed transition as is shown in 
Figure 4.5 in the equatorial plane for a = 10' and both polarity cycles at radial distances of 1 and 90 AU. The 
theoretically expected E-'.18 dependence of the shocked spectrum, because of s = 3.2, is indicated by the straight 
grey line for comparative purposes. 
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Figure 4.8. Spectra of anomalous cosmic ray protons for the A < 0 polarity cycle in the equatorial plane at radial 
distances of 1 and 90 AU accelerated at the TS for an injection energy with I?,,,;, = 0.01 GV (black curves) and 
&in = 0.1 GV (grey curves). The straight grey line represents an E-'.'~ dependence. Spectra are normalised at 
1 MeV. Since the two sets of curves coincide for all practical purposes, the injection energy has no significant effect 
on the acceleration process for this model. 
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Figure 4.9. Spectra of anomalous cosmic ray protons for the A > 0 polarity cycle in the equatorial plane at radial 
distances of 1 and 90 AU accelerated at the TS for two different injected source spectral forms. The black lines 
represent a source injected at the TS position at all 8 at an energy of -86 keV as a delta function (see Qo in 
Equation 3.30), while the grey lines represent the second source injected at all 8, but as a function of energy given 
by E-5 for E < 0.5 MeV. The straight grey line represents an E-'.Is dependence. Spectra are normalised at 1 
MeV. Since the two sets of curves coincide for all practical purposes, the injected source function has no significant 
efFect on the acceleration process for this model. 



To test the dec t  of different injection spectra at the TS on the modulation and acceleration of the ACRs, two 

different spectra were injected at the TS. Firstly, an anomalous source was injected, as in the rest of this study, at 

all 0 at an energy of -86 keV as a delta function (see Qo in Equation 3.30), while the second source injected at 

all 0 was a function of energy given by E-5 for E < 0.5 MeV. In Figure 4.8 the resulting spectra are shown for 

the A > 0 polarity cycle in the equatorial plane at radial distances of 1 and 90 AU. It is clear that the accelerated 

spectrum at the TS is independent of the form of the source spectrum, as long as the energy dependence is less than 

the expected theoretical energy dependence corresponding to the compression ratio. A source spectrum which is 

injected at the TS with an injection spectral form other than a delta function and one with a delta function result 

in the same shocked spectra, because in this model the acceleration e5ciency only depends on the compression 

ratio and not on the injected distribution of partides in energy. These aspects of the TS model are consistent to 

the model described by Steenkamp (1995). 

4.5. Tests and challenges for the TS model 

One of the aims of this study was to develop a widely applicable numerical model including a TS by using the TPE. 

This newly developed model with all its fundamental modulation processes and fundamentally derived diffusion 

co&cients, as discussed in Chapter 2 to 4, is tested in this section by comparing it to observations of the main 

features of CR modulation. However, it must be noted that a quantitative fitting of the observations was not the 

purpose of this study. It was rather used as a tool to establish a set of diffusion co&cients that is not completely 

arbitrary but compatible to the basic observations made for a variety of CR species, especially 'fine-tuned' for a 

model with a TS for both polarity cycles and solar minimum and moderate maximum activity. 
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Figure 4.10. Computed differential intensities for galactic cosmic ray protons as a function of kinetic energy for 
both polarity cycles at Earth for a = 10' in comparison with solar minimum observations for 1987 (triangles) and 
1997 (filled circles) (McDonald et al., 1998). The LIS is at 120 AU, with a TS at 90 AU. 

In Figure 4.10 the computed modulation for galactic CR protons at Earth is shown as spectra with respect to 

the LIS at 120 AU, for both polarity cycles with a = lo0, in comparison with observations for 1987 and 1997 at 

Earth (McDonald et al., 1998). Although it is easily done in principle, note that the A > 0 spectrum crosses the 

A < 0 spectrum as observations require, at -500.0 MeV and again at -5.0 GeV (see also Reinecke et al., 1997). 

Model results which are compared to more comprehensive data sets at Earth are shown in Figure 4.11 for protons, 

anti-protons, and protons with an anomalous component as function of kinetic energy for both polarity cycles with 
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Figure 4.11. Computed modulated differential intensities for protons, anti-protons, and protons with an anomalous 
component as a function of kinetic energy for both polarity cycles with different tilt angles as indicated. Spectra are 
shown at Earth (top two panels), compared to observations from various experiments for protons and anti-protons 
which have been compiled by Moskalenko et al. (2001), and at 60 AU in the equatorial plane (bottom panel) in 
comparison with IMP (1 AU - filled circles) and Pioneer 10 (60 AU - filled squares) observations as have been 
compiled by Steenberg (1998). The TS is at 90 AU and the appropriate LIS at 120 AU. These LIS will be specified 
in the next chapters. In the bottom panel the computed spectra with compression ratios of s = 3.2 and s = 2.0 
are compared to the observations. 

different tilt angles as are indicated in the figures. The observations are from various experiments (e.g., BESS, 

IMAX, CAPRICE etc.) for protons and anti-protons and have been compiled by Moskalenko et al. (2001, 2002), 

while the observations for protons with an anomalous component (e.g., from Pioneer 10) have been compiled by 

Steenberg (1998). The model predicts that increasing a from 10' to 75' causes a drop in CR intensity, for example, 

by a factor of -4.5 for the A > 0 period but a factor of -9.0 for the A < 0 polarity cycle for energies < 1.0 

GeV. This behaviour is also a characteristic feature of steady-state drift models. To obtain the same reasonable 

compatibility with the anomalous protons at 60 AU, the compression ratio had to be decreased from s = 3.2 to 

s = 2.0 as illustrated in the bottom panel of Figure 4.11. The solutions in the inner helimphere are insensitive to 



this change. Decreasing s causes the peak in the modulated anomalous proton spectrum to shift to lower energies 

as the observations seem to require. These quantitative aspects of anomalous proton modulation were discussed in 

detail by Steenberg and Moraal (1996) and Potgieter and Langner (2003a, 2003b) and were not pursued further in 

this work. For our purpose any further 'fine-tuning' to the model parameters in order to achieve better compatibility 

with observations would not contribute significantly to the better understanding of modulation in the heliosphere. 
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Figure 4.12. Computed latitudinal gradients, in %/degree, for the A > 0 polarity cycle at 3.0 AU for a = 10' and 
75' between colatitudes 10' and 90'. Observations are from Ulysses in 1995 (see Heher et al., 1996; Heber, 1997; 
Burger et al., 2000). 

In this model the latitudinal gradient between colatitudes 01 and 82 is calculated from 

go = In (2) (E) percent per degree 
& - &  

with j, the differential intensity at position (r,Oi). Figure 4.12 shows the corresponding computed latitudinal 

gradients between colatitudes 10' and 90' at  a fixed distance of 3.0 AU as a function of rigidity for a = 10" and 

75O for the A > 0 polarity cycle. This is in comparison with observations by the Ulysses spacecraft which are 

based on the maximum intensities in 1995 (Heber et al., 1996; Heber, 1997). This observation is one of the most 

important cosmic ray observations that has been made by the Ulysses spacecraft and has become a required feature 

in any modulation modeling. The computations show that the latitudinal gradients become smaller with increasing 

solar activity as has been suggested by Ulysses observations. This observation, concerning both the value of the 

latitudinal gradient and its rigidity dependence, put severe constraints on the model and requires that n l  must 

be enhanced in the polar direction as described in the previous chapter. The computed latitudinal gradient with 

a = 75' could be made even smaller if n l  was further increased but then the compatibility to the radial gradients 

which had been shown in Figure 4.13 would be less reasonable. 

Figure 4.13 shows the computed radial intensities for galactic protons for both polarity cycles in the equatorial 

plane at 0.2 GeV and for a = 10' and 75'. The observations are from IMP, Pioneer 10, Voyager 1 and 2 (Webber and 

Lockwood, 2001a, 2001b) for solar minimum and moderate maximum conditions (with a up to 75O). Observations 

showed a clear difference between A > 0 and A < 0, reproduced reasonably well by the TS model, with larger 

radial gradients predicted for A < 0 than for A > 0 in the inner heliosphere (T < 40 AU), but approximately the 

same values for 40 AU < T < 90 AU, with a = 10' and 75". The differences beyond the TS will be discussed in 
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Figure 4.13. Computed radial intensities for CR protons for both polarity cycles in the equatorial plane at 0.2 GeV 
and for cr = 10" (left panel) and 75" (right panel). Solid lines represent A > 0, while the dashed lines represent A 
< 0 as has been indicated. The filled circles represent A > 0 observations, the squares represent A < 0 observations 
of IMP, Pioneer 10, Voyager 1 and 2 (Webber and Lockwood, 2001a; 2001b) for solar minimum (left panel) and 
moderate maximum (right panel) conditions. Note the scale differences between the panels. The TS is indicated 
by the vertical lines. 
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Figure 4.14. Left panel: Computed diiferential intensities for electrons at Earth as a function of kinetic energy for 
both polarity cycles, with a = 10' and 75O (only A < 0), compared to Ulysses spacecraft observations for solar 
maximum in 1991 (Potgieter et al., 1999b; Heber, 1997; Raviart, priv. comm.) and balloon measurements for 
solar minimum in 1977 (Evenson et al., 1983). m h t  panel: Dierential intensities at 16 MeV as a function of 
radial distance for the A > 0 polarity cycle in the equatorial plane with a = loo, compared to 16 MeV electron 
observations from Pioneer 10 (Lopate, 1991; Ferreira et al., 2001g). The TS is indicated by the vertical line, while 
the LIS is specified at 120 AU. 

the next chapter. For a = 75O the compatibiity is less good with increasing radial distance, indicating that apart 

from changing a, the solar wind speed, and the values of perpendicular diffusion, where the last change implies 

decreasing drift with increasing solar activity, additional solar maximum modulation features, e.g. GMIRs, are 

required which have not been considered for this work. 

Next, the TS model is applied to electron modulation and compared to electron spectra at Earth and as a 

function of radial distance. The observations are from the Ulysses s p m a f t  for solar minimum and solar maximum 



(Heber, 1997; Potgieter et al., 1999b; Heber et al., 2001, 2002; Raviart, priv. comm.), balloon measurements 

(Evenson et al., 1983) and 16 MeV electron observations from Pioneer 10 (Lopate, 1991; Ferreira et al., 2001b) 

which are shown in Figure 4.14. In this figure the effect of the Jovian source in the inner heliosphere on the measured 

intensities is also illustrated. Evidently, the computed electron spectra are compatible with the observations. 

Although more detail fits are possible as has been illustrated for the radial dependence of the electrons by Ferreira 

et al. (2001b), any additional 'hetuning' will not contribute significantly to the better understanding of global 

heliospheric modulation as has been mentioned earlier. 

The comparisons between the model and observations which have been shown in this section confirm that the TS 

model that is used in this work can indeed reasonably reproduce the modulation between the outer boundary and 

Earth for a variety of GCRs, anomalous components of CRs and Jovian electrons, even when considering detailed 

features for protons like the cross-aver of solar minima spectra for the two polarity epochs and very moderate 

latitudinal gradients that become even smaller with increasing solar activity. 

4.6. S u m m a r y  

In this chapter characteristics and features of the improved and extended 2D TS modulation model developed and 

used for this study were shown. This model is an improvement of existing locally developed 2D TS modulation 

models (e.g., Steenkamp, 1995; Haasbroek, 1997; Steenberg, 1998), but with a more general approach to handling 

the HCS in a 2D model and the manner in which the solar wind speed transition at the TS is treated numerically. 

For an approximation of the HCS, which is essentially a 3D effect, the WCS model of Hattingh (1993) has been 

used as a starting point. Firstly, a more general HCS approach has been derived in this chapter, in order to remove 

most of the assumptions and approximations made by Hattingh (1993) so that the 2D TS model can be valid for 

all a. It was found that the calculated intensities of the general HCS approach were lower than that of the WCS 

model for all radial distances with a maximum effect at -1 GeV at Earth of -20%. The difference between the 

two models is also decreasing with increasing radial distance and with decreasing t i t  angles, with a difference of < 
1% at a = 10'. The 'simpler' WCS model of Hattingh (1993), which has been derived for a Parker spiral magnetic 

field and is valid only for a 5 25', is however still a good apprcodmation and can be used for qualitative studies 

when detail modulation aspects are not required. - 

The effects of continuous, discontinuous, and quasi-discontinuous transitions of the solar wind speed at the TS 

on the numerical solutions were also studied. It has been found that the spectra which have been calculated for the 

continuous transition function of the solar wind speed differ from that of the discontinuous and quasi-discontinuous 

transitions. It has become clear that although the continuous profile of the solar wind speed is easier to handle 

numerically, care has to be taken because the acceleration and modulation effects may be underestimated. In this 

work the quasi-discontmuous solar wind speed transition function is used as is given by Equations 2.9, 2.53, and 

2.56, with a compression ratio of s = 3.2 and a scale length of L = 1.2 AU inside of the TS. The deviation from 

the theoretically expected E-'.la dependence of the shocked spectra for the ACRs for the quasi-discontinuous 

transition could clearly be seen in the 10 - 300 MeV range. This drift effect is prominent for the A < 0 cycle, while 

it is almost absent in the A > 0 cycle and is similar to the effect which has been discussed by Steenkamp (1995) 

(see also K6ta and Joldpii, 1994), which causes the the ACRs spectra in the A < 0 polarity cycle to be flatter than 

that of the A > 0 polarity cycle. 

It was also shown that the TS model solutions were independent of the ACRs injection energy. Another 



interesting feature of the model for the ACRs is that the accelerated spectrum at the TS is independent of the 

spectral form of the injected source spectrum, as long as the energy dependence is less than the expected energy 

dependence corresponding to the compression ratio used. For this model a delta function was injected at the TS 

with an arbitrary value which could be normalised by comparing the resulting spectra to obsenations. These 

aspects of the TS model are consistent to that of the Steedcamp (1995) model. 

Finally the effects of all these fundamental modulation processes and changes to the diffusion coe5cients (dis- 

cussed in Chapters 2 to 4) when applied to CR modulation in the heliosphere were shown. This was illustrated 

by comparing solutions to some major observations, which was used as departing point for the rest of this the- 

sis. These comparisons confirm that the TS model that is used in this work can indeed reasonably reproduce the 

modulation in the heliosphere for a variety of galactic, anomalous and Jovian CR species, even when considering 

very detailed features for protons like the crossdver of solar minima spectra for the two polarity epochs and very 

moderate latitudinal gradients that become even smaller with increasing solar activity. Although the aim of this 

work is not to study the diffusion coefficients, it is evident that the chosen set gives reasonable comparisons to 

the observations for solar minimum, but for extreme solar maximum activity mod5cation seems necessary e.g., by 

introducing transient 'barriers' like GMIRs into the model to reproduce the observed radial gradients. 

In the following chapters this TS model will be applied to the study of the modulation of protons, anti-protons, 

electrons, positrons, Helium, anomalous protons and Helium, and Jovian electrons in the heliosphere. The model 

parameters as have been described in Chapters 2 to 4 will be used for the rest of the work, except when it is stated 

otherwise. 



Chapter 5 
Modulation of cosmic ray protons in the he- 
liosheat h 

5.1. Introduction 

The solar wind termination shock and the heliosheath are prominent and interesting features of the heliosphere. 

Studying the role of the TS and that of the heliosheath on cosmic ray modulation with numerical models have 

become most relevant since Voyager 1 is in the vicinity of the TS (Stone and Cummings, 2003) or may have even 

crossed it (Krimigis et al., 2003). Voyager 1 and Pioneer 10 spacecraft observations over 22 yeas and out to -82 

AU have also shown markedly different behaviour for minimum modulation conditions between the radial intensity 

profiles for periods of opposite magnetic polarities and that most of the residual modulation for these periods took 

place in the outer heliosphere, near and beyond where the termination shock is expected to be. If the heliosheath 

is several tens of AU, it should have a noticeable d e c t  on the modulation of GCRs in the heliosphere. 

With more reliable LIS (e.g., Moskalenko et al., 2001,2002), a fresh and more fundamental approach to *on 

coefficients (e.g., Burger et al., 2000; G i o n e  and Jokipii, 2001) and good observations closer to the TS, the 

modulation of GCRs in the outer heliosphere can be studied more quantitatively with the TS model. In this 

chapter the TS model, with parameters as described in Chapters 2, 3, and 4, is used to illustrate the effects of the 

TS and the heliosheath on proton (p) modulation at different energies, for the two magnetic field polarity cycles, 

and also as modulation changes from minimum to moderate maximum conditions. Because the emphasis is on 

what happens at and beyond the TS, the difference between minimum and moderate maximum conditions in this 

model is contained in the change of the tilt angle from 10' to 75', the change in the solar wind speed as has been 

indicated in Chapter 2, and changes in the values of perpendicular diffusion as has been indicated in Chapter 3, 

where the last change implies decreasing drifts with increasing solar activity. 

The content of this chapter was published by Langner et al. (2003b). 

5.2. The 'barrier' effect in the heliosheath 

A contemporary numerical model including a solar wind termination shock, a heliosheath and drifts is used to 

study the features of CR proton modulation in the outer heliosphere. Present modulation models based on the 

solution of Parker's (1965) transport equation to explain solar modulation of GCRs include four major mechanisms: 

convection, diffusion, drifts, and adiabatic energy losses. Individually these mechanisms are well understood, but 

how they comb'ie to produce modulation, especially at solar maximum, is still a very active field of research. 

In the same context, the importance of the TS and the heliosheath have been realized but relatively few studies 

have been done to appreciate and to establish the role of the TS and heliosheath on the modulation of GCRs. The 

possibility of significantly large modulation in the very distant heliosphere was first addressed from an experimental 

point of view by Webber and Lockwood (1987). The importance of modulation beyond the TS was discussed by 

e.g., Quenby et al. (1990) and some numerical models included calculations of this modulation (e.g., Potgieter and 

le Row, 19898, 1989b), and more comprehensively by Jokipii et al. (1993). Recently, the interest in heliosheath 

modulation has leaped forward when it has become apparent, particularly from the Voyager and Pioneer spacecraft 



observations in the outer helimphere, that the global modulation was significantly different in the positive solar 

magnetic field cycle (A > 0) in 1997 than in the negative magnetic cycle (A < 0) in 1987 (Webber and Lockwood, 

1995, 1997, 1998; McDonald, 1998; McDonald et al., 1998). The question of what happens beyond the TS has 

followed and several observational publications address the issue of heliosheath modulation (McDonald et al., 2000, 

2002; Webber and Lockwood, 2001a, 2001b; Webber et al., 2001). Webber and Lockwood (2001a, 2001b) used IMP, 

Voyager and Pioneer obsemtions to derive radial intensity profiles of GCRs out to -70 AU at several energies 

during the minimum modulation periods in 1987 and 1997, followed by a similar study for solar maximum conditions 

in 199Ck1991. They have concluded, as do the other authors, that modulation in the outer helimphere dominates 

the overall residual modulation at low energies, wen at solar minimum, and that there is a clear difference between 

the modulation for the A > 0 and A < 0 polarity cycles, with the heliosheath 'barrier' being more pronounced and 

effective during A > 0 periods. For the purpose of this chapter the anomalous protons are neglected, but will be 

shown in the following chapter. 

5.3. LIS for protons 

Protons and Helium are the most abundant species in cosmic radiation and howledge of their absolute abundance 

and the exact shape of their energy spectra are of particular astrophysical importance. Their spectral shapes 

are sensitive indicators of the processes of particle acceleration in the galaxy (Gaisser, 1990) and their fluxes are 

the primary measure of the energy density of CRs in the interstellar medium (ISM). These spectra also serve as 

important input to calculations which aim to predict the y-ray flux in the ISM because of TO decay or the secondary 

interstellar anti-proton (p) or positron fluxes, all results of high energy interactions of p and Helium nuclei with 

the interstellar gas. 

Despite the importance of these most abundant CR species, neither their absolute fluxes nor their spectral shape 

in the LISM are known with adequate precision (e.g., Menn et al., 2000). The low-energy LIS for CR protons and 

p cannot be measured directly deep inside the helimphere because of modulation, especially the large adiabatic 

energy losses that these particles experience during their inward propagation. Currently, many proposed LIS for 

the different species exist, using various different techniques to calculate these spectra (e.g., Langner, 2000). For 

this work the proton LIS of Moslcalenko et al. (2002) was used. They use complex propagation models of particles 

through the galaxy to derive these spectra, treating the calculations in a self-consistent manner so that the spectra 

for diEerent species are linked and derived simultaneously. In Moskalenko et al. (2002) it has been shown that 

the LIS for p and p that are used in this work give the most reasonable heliospheric modulation results and are 
- 

believed to be the best current LIS for these species. 

The LIS for a given CR species is specified at the heliospheric outer boundary ( r b )  as an initial condition for 

the numerical model. The proton LIS of Moskalenko et al. (2002) is given by 

{ exp (4.64 - 0.08 ( l n ~ ) '  - 2.91@) if E < 1.0 GeV 
~ L I S  = 

exp (3.22 - 2.&(hE) - 9) if E > 1.0 GeV ' (5:l) 

with E the kinetic energy in GeV, j ~ ~ s  = R2f the differential intensity in partic1es.m-2.s-'.sr-1.MeV-1 and 

R = pc/q the rigidity in GV, and where p is the particle momentum, c the speed of light in space, q the particle 

charge and f the CR distribution function. 



5.4. Effects on proton spectra 
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Figure 5.1. Computed differential intensities for protons as a function of kinetic energy for the A > 0 polarity cycle 
(left panel) and the A < 0 polarity cycle (right panel) in the equatorial plane for a = 10' (top panels) and a = 75' 
(bottom panels), respectively and at radial distances of 1, 60, 90 and 115 AU (bottom to top). The LIS is at 120 
AU, with a TS at 90 AU. 

In Figure 5.1 the computed modulation for galactic protons in the equatorial plane at radial distances of 1, 60, 90 

and 115 AU, respectively, are shown as spectra with respect to the LIS at 120 AU for the A > 0 (left panel) and A 

< 0 (right panel) polarity cycles at solar minimum (top panel) and moderate maximum (bottom panel) conditions 

with cr = 10" and a = 75', respectively. Here the effects of the TS, which is situated at  90 AU, are illustrated 

with emphasis on the differences in modulation for the two polarity epochs. The TS effect is most pronounced for 

the A < 0 polarity cycle when a = 10' in the sense that the modulated spectra exceed the LIS d u e  at energies 

above several hundreds of MeV. This is because of the d e r a t i o n  of low energy particles to higher energies. The 

d r i  along the shock for the A < 0 cycle is also in the same direction as the *on which is caused by rcee and 

this could enhance the effect in this cycle because particles can spend more time closer to the shock front. In the 

case with a = 75' the shock effects are about equally pronounced for both cycles because the A < 0 cycle responds 

faster to changes in the tilt angle than the A > 0 cycle. These characteristics will be discussed in greater detail 

in the next chapter. The radial dependence of the spectra also clearly differs for the two polarity cycles and will 

be discussed in greater detail below. Note that at 1 AU the spectra assume the well-!mom 'adiabatic slope' at 

low energies (< 2W300 MeV) but progressively deviate with increasing radial distances (see also e.g., Reinecke 



and Moraal, 1992). Beyond the TS and at energies < 10 MeV, the slope of the spectra becomes much steeper 

than the adiabatic slope because the energy change term in the TPE becomes zero beyond the shock as required 

by the divergence free solar wind velocity (l/r2 dependence). These low energy particles obviously experience 

large modulation, which is probably caused by nl, a R1I3 as the dominating diffusion co&cient at large radial 

distances. This effect shifts to very low energies (< 10 MeV) for the A < 0 cyde and also as solar activity increases. 

This implies that the proton LIS will in principal not be hown at these low energies until a spamc~aft approaches 

the outer boundary. These effects are also illustrated from a &rent point of view in Figures 5.2 and 5.3. 

5.5. Effects on radial intensities for protons 

Figure 5.2 depicts the computed radial intensities for galactic protons in the equatorial plane, for both polarity 

cycles, with a = lo0, and at six chosen energies: 0.016, 0.05, 0.2, 0.5, 1.0 and 5.0 GeV, respectively. The 6lled 

circles represent A > 0 observations and the squares represent A < 0 observations from IMP, F'ioneer 10, Voyager 

1 and 2 for solar minimum conditions (Webber and Lockwood, 2001a). The modulation effects of the TS, the 

heliosheath and the differences between the two polarity cycles are illustrated as a function of radial distance. At 

low energies (0.016 and 0.05 GeV) the difference in modulation between the two cycles is relatively weak but the 

strong modulation in the heliosheath is quite evident and is the main reason why this feature is also called the 

'barrier' effect. Generally, these effects diminish with increasing energy to the extent that the 'barrier' remains 

prominent only for A > 0 cycles. The differences between the two cycles, however, increase up to -1.0 GeV where 

it again diminishes with increasing energy. 

At 0.016 and 0.05 GeV the model also gives negative radial gradients (g,) in the heliosheath for the A > 0 

cycle if u = lo0 and for 85 AU < r < r, in both cycles. (Here g, = In(j2/jl)/(rz - r l )  with ji the differential 

intensity at position (r,, O ) . )  This is because of the slope of the spectra that becomes steeper than the adiabatic 

slope if r > r,, as has been mentioned in the previous section. This effect is seen at energies of up to -0.05 GeV, 

but this depends on the solar cycle. This negative g, for r < r. is caused when the steeper spectra are forced into 

the lower adiabatic slope in this region and the recovery distance can be as large as -6 AU at low energies. In 

the heliosheath at energies < 16 MeV this g, becomes even steeper as the distance increases from the shock upto 

-10 AU i h o n t  of the LIS where it suddenly increase to the LIS value, thus enhancing the 'barrier' effect at these 

energies. This effect is not as prominent for the A < 0 cycle and as solar activity increases. 

The model and observations at 0.2 GeV are most reasonably compatible, illustrating that the model represents 

the observed g, for both polarity cycles, with g, for the A > 0 always less than for the A < 0 cycles for r < 40 AU 

at energies 2 0.05 GeV but almost the same for r between 40 and 90 AU. For the A > 0 cycles the intensity at the 

TS is always less than for the LIS at 120 AU, and give significant modulation beyond the TS, which is decreasing 

with increasing energy. For the A < 0 polarity cycle, a more gradual increase in the radial intensities occur up to 

the TS - a characteristic of any drii model - with the intensity higher at the TS than at 120 AU for energies larger 

than several hundreds of MeV. At energies around 200 MeV the modulation is conspicuously different beyond the 

TS when it is compared to the other energies, an interesting feature also evident in Figure 5.1. From 5.2 

the crossover be- the A > 0 and A < 0 intensities can also be seen for E 5 0.4 GeV. For E > 0.5 GeV this 

crossover does not occur and intensities in the A < 0 cycle always stay above intensities in the A > 0 cycle. This 

crossover migrates towards higher radial distances as the energy decreases and occurs at -100 AU at 16 MeV. 

In Figure 5.3 the solutions for moderate solar maximum conditions are illustrated. It shows the radial intensities 
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Figure 5.2. Computed radial intensities for GCR protons for both polarity cycles in the equatorial plane at 0.016, 
0.05, 0.2, 0.5, 1.0 and 5.0 GeV, respectively, and for a = 10'. Solid lines represent A > 0, while the dashed lines 
represent A < 0 as indicated. The LIS is specified at 120 AU. In the 0.2 GeV panel, the fXed circles represent 
A > 0 obsmtions, the sqwes represent A < 0 observations of IMP, Pioneer 10, Voyager 1 and 2 (Webber and 
Lohood,  2001a) for solar minimum conditions. The reference line denotes the position of the TS. Note the scale 
differences between the panels. 

for protons for both polarity cycles in the equatorial plane at 0.016, 0.05, 0.2, 0.5, 1.0 and 5.0 GeV, respectively, 

but now for a = 75', with the the appropriate change in the diffusion weficients as is explained in Chapter 3. The 

thee data points are from IMP, Pioneer 10, and Voyager 2 for solar maximum conditions in 1990-1991 (Webber 

and Lockwood, 2001b). The compatibility with the observations is obviously not as good as for solar minimum 

conditions, as expected, indicating that additional solar maximum modulation effects are required e.g., global 

merged interaction regions and tie-dependent diffusion coe5cients (Potgieter and Langner, 2003~). Similar to 
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Figure 5.3. Radial intensities for protons for both polarity cycles in the equatorial plane at 0.016, 0.05, 0.2, 0.5, 
1.0 and 5.0 GeV respectively, for a = 75' as function of radial distance. Solid lines represent A > 0, while the 
dashed lines represent A < 0 as is indicated. In the 0.2 GeV panel the squares represent A < 0 observations of 
IMF', Pioneer 10, and Voyager 2 (see Webber and Lockwood, 2001b) for solar maximum conditions, 1990-1991. 
The reference line denotes the position of the TS. Note the scale differences between the panels. 

solar minimum conditions, the modulation inside the TS is different for A > 0 and A < 0 cycles but these differeaces 

diminish with increasing energy. The reason is that the A < 0 intensities respond more significantly to changes 

in the tilt angle (a). The 'barrier' effect is still strongly present at 16 MeV for both polarity cycles although g, 

is different than before. The modulation difference beyond the TS between A > 0 and A < 0 is insignificant at 

all energies larger than a few tens of MeV, in contrast to solar minimum. This indicates that drifts are already 

almost negligible in this region for moderate solar maximum. At 0.5 GeV the 'barrier' effect is barely visible and 

for energies 2 1.0 GeV, its effect takes a different radial dependence not evident in the solar minimum solutions; 



in this case without the large increases close to the outer boundary for the A > 0 cycle. This is because of the 

reduced drifts in the heliosheath as will be shown in the next section. However, the modulation beyond the TS 

is still substantial for 0.2 GeV but becomes less signiscant with increasing energy compared to the amount of 

modulation inside the TS. Rom Figure 5.3 the cross-over between the A > 0 and A < 0 intensities can also be 

seen for moderate solar maximum conditions. Here the cross-over occurs for almost all energies of interest, which 

is not the case for solar minimum conditions (see Figure 5.2). This cross-over also migrates towards higher radial 

distances as the energy decreases as for solar minimum conditions and occurs at -110 AU at 16 MeV. 

5.6. Non-drift solutions in the heliosheath 
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Figure 5.4. Computed radial intensities for GCR protons without drifts but only if r > 90 AU (dark lines) for 
both polarity cycles in the equatorial plane at  0.016, 0.05, 0.2, 0.5, 1.0 and 5.0 GeV, respectively, and for a = 10'. 
Solutions with & i s  if T > 90 AU are shown as grey lines as a reference. 
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Figure 5.5. Similar to Figure 5.4 but for moderate solar maximum conditions with a = 75'. Note the scale 
Werences between the panels. 

It is generally assumed that increasing turbulence and a less ordered HMF should occur beyond the TS which 

will reduce d r i .  To illustrate to what extent particle drifts play a role in the heliosheath, solutions are repeated 

for the case where there are no drifts beyond the TS instead of just reducing drifts by a factor of s as in the 

previous cases. Figure 5.4 depicts the computed radial intensities for galactic protons for this case in the equatorial 

plane, for both polarity cycles, with a = lo0, and at six chosen energies: 0.016, 0.05, 0.2, 0.5, 1.0 and 5.0 GeV, 

respectively. This is also shown for a = 75' in Figure 5.5 in contrast to the solutions with drifts in the helicmheath. 

Rom these figures it fo11m that the sudden changes at the TS clearly make way for more gradual increases in 

the non-drift case. The drifts dec t  which is given by the model is still surprisingly large inside the heliosheath 

and is increasing with energy despite the reduction by a factor of s. Although the spectral slopes at distances r 

> 90 AU also become steeper than the adiabatic slope, it happens at much lower energies. Consequently, there 
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is no negative g, as in Figure 5.2 for A > 0 when a = 10'. The modulation in the heliosheath can become quite 

different for the two cases, especially for A > 0 if a = lo0. 
For moderate maximum conditions with a = 75', the Merences are almost negligible because of the decrease 

in drifts by a factor of s at and beyond the shock and the enhancement of tcee as has been described in Chapter 

3. Obviously, how much drifts really occur in the heliosheath and how important it is for modulation in the outer 

heliosphere will have to be investigated further and more fundamentally than what is presented in this work. The 

situation will also be more clear if spacecraft enter the heliosheath region. Rom this study, however, it follows that 

by allowing drifts beyond the TS, the 'barrier' effect is enhanced. 

5.7. Heliosheath modulation vs total modulation 

Tilt = 75 degrees 
A > 0 

LISfl AU 

10" lo-' 1 o0 
Kinetic energy (GeV) 
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10" lo-' 1 o0 

Kinetic energy (GeV) 

Figure 5.6. Intensity ratios j ~ ~ ~ / j l ,  j ~ ~ s / j g ~  and jgo/jl (120 to 1 AU, 120 to 90 AU and 90 to 1 AU) for protons 
as a function of kinetic energy in the equatorial plane with a = 10' (top panels) and 75' (bottom panels); left 
panels: for A > 0, right panels: for A < 0. The LIS is at 120 AU and the TS at 90 AU. 

Next, the modulation which is computed to take place in the heliosheath, between r b  and T. (LIS to TS), is 

compared to what happens between T* and 1 AU (LIS to Earth) and between r, and 1 AU (TS to Earth). This 

comparison is emphasiied by showing in Figure 5.6 the intensity ratios j ~ ~ s / j l ,  j ~ s / j g o  and j g ~ / j l  for protons 

as a function of kinetic energy in the equatorial plane for both polarity cycles with a = 10' and 75', respectively. 

Note that for a few cases the ratios become less than unity. 



According to this figure a significant level of modulation occurs in the heliosheath for p when A > 0 with E 5 
200 MeV. This is also true for the A < 0 cycle if a = 10' and both cycles if a = 75O, but at a somewhat lower 

energy. When A < 0 and a = lo0, jLrs/jw drops below unity because the intensity at the TS becomes larger than 

the LIS value. The 'barrier' effect is clearly the most prominent for the A > 0 cycle if a = 10'. Obviously, these 

ratios all converge at a high enough energy where no modulation is present (not shown). 

5.8. Summary and conclusions 

The TS and the heliosheath are prominent and interesting features of the heliosphere. The inclusion of a TS in the 

modulation model for protons and for solar minimum conditions causes abrupt changes in the CR radial gradients, 

g,, at the TS, at almost all energies of interest to modulation studies. For A > 0 cycles, g, becomes typically very 

large (positive) inside the TS but almost zero at energies > 1.0 GeV beyond the TS, to increase again significantly 

close to the outer boundary. At lower energies, g, progressively becomes larger positive behind the TS. The CR 

proton intensity is lower at the TS than the value of the assumed LIS at 120 AU for all energies that have been 

considered here. 

For the A < 0 cycle, the a b ~ p t  changes at the TS in g, are qualitatively similar, but they differ quantitatively, 

especially at low energies. For these cycles the intensity at the TS at energies 2 0.5 GeV can be higher than the 

corresponding value of the LIS, so that g, may even be negative beyond the TS. At energies 5 0.2 GeV, g, is 

very similar to that for the A > 0 cycle. Beyond the TS at energies < 10 MeV the slope of the spectra becomes 

much steeper than the adiabatic slope because the energy change term in the TPE becomes negligible beyond the 

shock caused by the assumed divergence free solar wind. These low energy particles obviously experience large 

modulation which is probably caused by 61, oc R1f3. This implies that the LIS for protons will in principle not be 

known at these low energies until a spacecraft approaches the outer boundary. 

For increased solar activity, the modulation in the heliosheath is quite diekrent from minimum activity. The 

heliosheath no longer plays the role of a distinguished 'barrier', although abrupt changes in g, at the TS may still 

occur, especially for A > 0 cycles, surprising more so for higher energies. The role of drifts manifests itself in the 

clear differences between the polarity cycles. Drifts in the heliosheath region have the effect to enhance the 'barrier' 

effect, while no drifts cause more gradual increases in the radial intensities. The spectral form of the LIS is not 

primaxiiy important but the value of the LIS at a given energy may change the total 'barrier' effect. This of course 

is not true for energies < 0.4 GeV in the inner most heliosphere because of adiabatic Lcooling'. Qualitatively, ow 

results are consistent to those of Jokipii et al. (1993) but there are quantitatively marked differences. 

Can the heliosheath be considered a distinguishable modulation 'barrier'? The answe~ is a reserved 'yes' as has 

been illustrated in Figure 5.6. The overall effect is clearly energy, solar polarity cycle and solar activity dependent. 

At low energies (E < 100 MeV) most of the modulation happens in the heliosheath for solar minimum and moderate 

mmimum activity. At moderate maximum modulation conditions the 'barrier' effect above -1 GeV is surprisingly 

less significant than for solar minimum conditions. Incorporating huge transient 'barriers' in the model may alter 

these conclusions in the sense that an accumulation of these 'barriers' may enhance or diminish the heliosheath 

effect depending on the polarity cycle and the phase of solar activity. 

In the following chapter the TS model is expanded to include the heliospheric modulation of anti-protons and 

protons with an anomalous component. 



Chapter 6 
Heliospheric modulation of protons and anti- 
protons 

6.1. Introduction 

The interest in the role of the TS and the heliosheath in CR modulation studies have increased significantly as the 

Voyager 1 and 2 spacecraft approach the estimated position of the TS. Observations near the predicted location 

of the TS (e.g., McDonald et al., 2000) have made it possible to study CR modulation in the outer heliosphere in 

more detail, especially the effects of the TS and what level of modulation may occur in the heliosheath. Modulation 

of protons and anti-protons inside the heliosphere also hides the value of their different local interstellar spectra, 

especially below a few GeV. However, improved calculations for the proton and in particular the anti-proton LIS 

based on sophisticated models for the propagation of cosmic rays in the Galaxy were published by Moskalenko et 

al. (2002). 

In the previous chapter the 'barrier' effect for galactic protons was discussed. In this chapter it is expanded to 

include the modulation of cosmic ray anti-protons, and anomalous protons. The modulation of anomalous protons 

is included to establish the consequent charge-sign dependence in p/p at low energies. The following topics are 

addressed in more detail: (1) The effects of the TS on the modulation of protons, with and without an anomalous 

component, and for the first time also for anti-protons, for both HMF polarity cycles, and as solar activity changes 

from minimum to moderate maximum conditions. (2) A comparison of the modulation of these species with 

and without a TS. (3) The level of modulation in the simulated heliosheath and the importance of this 'barrier' 

modulation for the different species and how this affect the computed p/p, and (4) to establish the consequent 

charge-sign dependent effects by means of the modulated D/p. The TS model in this chapter will be used with 

the parameters which have been described in Chapters 2, 3, and 4. The content of this chapter was published by 

Langner and Potgieter (2003b). 

- 

6.2. LIS for anti-protons and the anomalous proton source 

The proton LIS and the parameterisation used were described in detail in the previous chapter (see Equation 5.1). 

6.2.1. LIS for anti-protons 

The main process producing j5 is collisions of high energy cosmic p with the interstellar gas. The energy spectrum 

of these secondary j5 thus produced can be computed with reasonable confidence and therefore a good a priori 

knowledge is assumed of the input spectrum for heliospheric modulation. The distinct maximum of the p production 

spectrum around 2 GeV is because of the high energy threshold for p production in collisions. Moskalenko et al. 

(2002) argued that their anti-proton LIS might be too low despite the large error bars of the p observations, causing 

peculiar little modulation for P inside the heliosphere (see also Langner and Potgieter, 2003b). 

The galactic propagation models designed by Moskalenko et al. (2002, 2003) to match the secondary/primary 

nuclei ratios seem to produce t w  few anti-protons. They argue that there may exist a source of primary p at low 

energies that may increase the LIS. However, this is still undear and therefore the anti-proton LIS of Moskalenko 



et al. (2002) is used, with a parametrization given by 

exp (-9.60 - 0 .10 ln(~)"  l . g l e x p ( - E )  if E < 0.94 GeV 
~ L I S  = 

2.42 x 10-3E-2.81) / (0.81 + 7.74E-1.81) if E 2 0.94 GeV ' 
with E the kinetic energy in GeV. 

6.2.2. The anomalous proton source 

For protons with an anomalous component a source was injected at  the TS position for all 6' at an energy of -86 

keV as a delta function with a magnitude set to give reasonable fits to anomalous proton observations at 60 AU 

and to proton observations at Earth (see also Steenberg, 1998; Steenberg and Moraal, 1996). The solutions are 

independent of this injection energy as long as it is lower than the cutoff energy for anomalous protons as has 

been d i d  in Chapter 4. Since the mass-techarge ratios, A/Z  = 1, are the same for galactic and anomalous 

protons, the model can give simultaneous solutions for these species if the spectra of protons with an anomalous 

proton component are required. 

6.3. Comparison of the modulation of protons, anti-protons, and 
anomalous protons 

The results that will be shown in the following sections concentrate on five aspects of heliospheric modulation for 

p and P: ( 1 )  The difference in the modulation of p and P, given the vastly different LIS. ( 2 )  How the inclusion of a 

TS in the model alters the modulation of p and P and the subsequent effects on charge-sign dependence. ( 3 )  The 

nature of modulation effects to be expected near the TS and in the heliosheath. (4 )  The effects of increased solar 

activity and tilt angle dependence. (5 )  How the inclusion of an anomalous proton source affects the modulation 

and chargesign dependence. 

The left panels of Figures 6.1, 6.3 and 6.5 show the modulation obtained with the TS model with respect to the 

LIS for galactic p, P, and for p with an anomalous component, as a function of kinetic energy, respectively. This 

is done at 1, 60, 90 and 115 AU in the equatorial plane for the A > 0 and A < 0 polarity cycles with a = lo0 

and cr = 75', respectively. The right panels of Figures 6.1 and 6.3 show the corresponding differential intensities 

at 0.016, 0.2 and 1.0 GeV as function of radial distance in the equatorial plane, respectively for solutions with a 

TS and without a TS. In Figure 6.5 the right panels also show the corresponding differential intensities at 0.016, 

0.2 and 1.0 GeV as function of radial distance in the equatorial plane, respectively but for solutions with s = 3.2 

and s = 2.0. The solutions without a TS corresponding with the left panels of Figures 6.1 and 6.3 are shown in 

Figures 6.2 and 6.4. 

In Figure 6.5 the p solutions are repeated with an anomalous component with s = 3.2, as the rest but also 

with s = 2.0. This decrease in the compression ratio was necessary to obtain reasonable compatibility with the 

anomalous proton observations at 60 AU as was shown in Chapter 4. The solutions in the inner heliosphere (r < 
40 AU) are largely insensitive to this change. Decreasing s causes the peak in the modulated anomalous proton 

spectrum to shift to lower energies as the observations seem to require and can be caused by a decreasing shock 

strength with increasing solar activity. These quantitative aspects of anomalous proton modulation were discussed 

in detail by Steenberg and Moraal (1996) and Potgieter and Langner (2003a, 2003b) and are not pursued further 

in this work. 

Rom Figures 6.1 and 6.3 it follows that the modulation is significantly different for galactic p and P, primarily 
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Figure 6.1. Left panels: Computed differential intensities for galactic protons as a function of kinetic energy for 
both polarity cycles and solar minimum and moderate maximum conditions, a t  radial distances of 1, 60, 90 and 
115 AU (bottom to top) in the equatorial plane. Right panels: Corresponding differential intensities as function of 
radial distance for 0.016,0.2 and 1.0 GeV, respectively. Solutions without a TS are given here as thin grey lines. 
In all panels the TS is at 90 AU, as indicated, and the LIS is specified at 120 AU. 
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Figure 6.2. Differential intensities computed without a TS for galactic protons as a function of kinetic energy for 
both polarity cycles and solar minimum (top panels) and moderate maximum (bottom panels) conditions, at radial 
distances of 1, 60, 90 and 115 AU (bottom to top) in the equatorial plane. 

caused by differences between the two LIS helow 2 GeV. A remarkable feature with the TS is that the modulated 

p spectra at large radial distancg for the A < 0 cycle can actually exceed the corresponding LIS between -200 

MeV and a few GeV, which cannot happen without a TS, as is shown in Figures 6.2 and 6.4. This effect is not as 

pronounced for P, seems absent for larger a's and clearly depends on the drifts direction. 

The energy spectra in Figures 6.1 and 6.3 also depict how the slopes of the modulated P spectre obtain the 

characteristic spectral index (energy slope) which is caused by adiabatic 'cooling' at higher energies than for protons. 

The reason is that the anti-proton LIS at E < 1 GeV already has an almost El dependence, with E the kinetic 

energy. This causes much larger modulation with respect to the relevant LIS for p than for P at energies below 

-1 GeV, but the level clearly depends on the polarity cycle. Beyond the TS (r > r.), the spectra obtain a much 

steeper energy slope and can cause rather strong negative radial gradients at very low energies as is evident from 

the top left panel of Figure 6.1. As has been discussed in Chapter 5, this is c a d  by the assumed divergence free 

solar wind speed in the heliosheath (V a l/r2). This implies that the proton LIS may not be known at these low 

energies until a spacecraft actually approaches the heliopause. This feature is not present in the solutions without 

a TS, as has been expected. Differences between the models with and without a TS will he discussed in detail in 

the next section. 

The modulation in the heliosheath is clearly an important part of the total modulation for p and P ss is shown in 

the right panels of Figures 6.1, 6.3 and 6.5. The TS in this regard plays a prominent role. For both species its effect 
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Figure 6.3. Similar to F i e  6.1, but for anti-protons. Note the scale differences between the panels. 
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Figure 6.4. Similar to Figure 6.2, but for anti-protons. Note the scale differences between the panels, 

becomes more pronounced the lower the energy. At higher energies, the 'barrier' effect progressively diminishes; 

the radial dependence beyond the shock may vanish or may even become negative to create a conspicuous shock 

effect on the radial intensity profiles. This effect is strongly dependent on the HMF polarity cycles, and also on 

the level of C i s  that have been allowed beyond the TS e.g., the peculiar radial dependence for 200 MeV p in the 

A < 0 cycle and p in the A > 0 cycle for a = lo0. For an elaborate discussion on these effects for protons, see the 

previous chapter (see also Langner et al., 2003b). 

The radial dependence for p is noteworthy because it is very weak except for E < 300 MeV where it becomes 

somewhat stronger. The shock effects (the abrupt changes in the radial intensities) above this energy are almost 

negligible. Despite the large error bars of the observations (see Chap%er 4), the modelling also indicates that the 

computed LIS may be too low, causing peculiar little modulation but with interesting consequences, e.g., that 

measurements in the inner heliosphere below 1 GeV may already indicate the spectral shape of the LIS in sharp 

contrast to protons. 

For protons with an anomalous component, as is shown in Figure 6.5, the intensities at the TS where the 

anomalous source is injected follow the characteristic E-'.2 spectrum with s = 3.2 and E-*.' with s = 2.0 (see 

Equations 2.49 and 2.52), which is dictated by the acceleration of the anomalous protons at the TS with E < 
100 MeV. The inclusion of an anomalous proton component has a profound effect on the proton intensities at 

larger radial distances (T 2 60 AU) at E < 100 MeV, but an almost negligible effect on the intensities at Earth. 

Near the TS the spectrum is of course substantially different because of the injected anomalous source. The radial 
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Figure 6.5. Similar to Figure 6.1 but for protons with an anomalous component. Here the thin gray lines represent 
solutions with s = 2.0, while the biack lines represent sdutions with s = 3.2. 



dependence of the 16 MeV intensity is consequently significantly different, but at the higher energies the effect 

diminishes as the acceleration cut-off is approached. The 'barrier' for this component at 16 MeV occurs inside the 

TS. This implicates that at these low energies a spacecraft may begin to observe a significant increase from -10 

AU infront of the TS. These aspects will be shown more quantitatively later in the chapter. Our results indicate 

that a s between 3.2 and 2.0 is preferred when anomalous protons are also considered, in fact, this ratio cannot be 

determined effectively using only galactic p and P spectra. Clearly, a strong shock with s = 4 is most unlikely (see 

also Potgieter and Langner, 2003a, 2003b). 

6.4. Differences in modulation with and without a TS 

In this section the differences in modulation with and without a TS are shown for p and P. In Figure 6.6 the effects 

of the TS on p and P modulation are illustrated by depicting the ratio of intensities obtained with and without a 

TS as a function of kinetic energy at radial distances of 1, 60, 90 and 115 AU, and as a function of radial distance 

at energies of 0.016, 0.2 and 1.0 GeV, respectively, in the equatorial plane for both polarity cycles when a = 10". 

This is also shown for a = 75' in Figure 6.7. The parameters of the two models were kept the same for these 

calculations in order to quantify the effects of the TS on the modulation of p and P. The ratios as a function of 

energy converge naturally at E > 10 GeV because the TS has progressively less modulation effects the higher the 

energy. The ratios as function of radial distance approach unity at 120 AU where the LIS are specified. These 

computed ratios indicate quantitatively how much the computed modulation for p and P changes when a TS is 

present. 

The effect of the TS on the modulation of p and p with respect to the relevant LIS is profound, it decreases 

the intensities at lower energies (e.g., at 100 MeV) but increase it at higher energies (e.g., at 1 GeV) as the lower 

energy particles are being accelerated to higher energies. This effect is also indicated by the ratios in Figures 6.6 

and 6.7 which become larger than 1 for high energies. The differences between the two models can be significant, 

especially with E < 1W300 MeV and r > 60 AU for both a = 10' and 75'. For a = lo0 the ratios in F i e  

6.6 are always the smallest at 115 AU for A > 0 for p and A < 0 for P at dl energies, which indicate that the 

effect of the TS model is the most at these larger distances. This is partly because of the assumed divergence 

free solar wind in the heliosheath region, causing the characteristic spectral slope which is caused by adiabatic 

'cooling' to be steeper for the TS model if r 2 90 AU. The ratios at the different radial distances also seem to have 

a minimum at a certain energy which becomes smaller as the radial distance increases. This is also because of the 

adiabatic 'cooling' that these particles experience, which will tend to let the ratios converge to a constant value at 

low energies. These two effects cause shifts in the minima of the ratios, e.g., for A < 0 for p and A > 0 for P and 

if a = 75" for both species the minima seem to become smaller if r > 90 AU and to cross for r = 90 AU and 115 

AU. 

The effect of the TS at Earth is not as pronounced as for larger distances, although the inclusion of the TS in 

the model can evidently influence the modulation of p and P even at Earth at low energies. The intensities can 

become less at  Earth at  low energies for the TS than without a TS. This is because of the d e r a t i o n  of these low 

energy particles to higher energies, as has been mentioned earlier. 
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Figure 6.6. Intensity ratios of solutions with a TS compared to those without a TS as a function of kinetic energy 
(left panels) at  radial distances of 1, 60, 90 and 115 AU and as function of radial distance (right panels) at eneraes 
of 0.016, 0.2 and 1.0 GeV for both polarity cycles in the equatorial plane. Top four panels are for protons and 
bottom four for anti-protons, all with cr = 10'. Note the scale differences between the panels. 
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Figure 6.7. Similar to Figure 6.6, but for a = 75'. Note the scale differences between the panels. 



6.5. Charge-sign dependence for protons and anti-protons 

6.5.1. Tilt angle dependence of protons, anti-protons and protons with an 
anomalous component 
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Figure 6.8. D i e n t i a l  intensities for protons, anti-protons and protons with an anomalous component, a s  a 
function of the tilt angle at Earth for both polarity cycles at energies of 0.016 and 1.0 GeV. Dotted lines are 
extrapolations to a = 90' where no drifts are assumed. Note the scale diEerences between the panels. 

Figure 6.8 shows differential intensities for p, p and p with an anomalous component, as a function of the tilt angle 

at Earth for both polarity cycles at energies of 0.016 and 1.0 GeV. It is evident that this model predicts a flatter 

tilt angle dependence for the A > 0 cycle than for the A < 0 cycle for cr < 50' but a somewhat steeper decrease for 

higher tilt angles than for the A < 0 cycle. For the A < 0 cycle a more gradual decrease with the tilt angle (almost 

linear) is predicted. This is in contrast with earlier drift models which have predicted a more gradual increase 

for the A > 0 cycle and an almost hyperbolic decrease for the A < 0 cycle (e.g., Potgieter et al., 2001~). These 



differences between the present and earlier models are caused by the decreasing d r i s  with increasing tilt angles, 

which tend to let the differential intensities for the two polarity cycles converge with increasing solar activity if no 

drifts are assumed for extreme maximum conditions, as are indicated by the dotted lines in Figure 6.8 which are 

extrapolations to a = 90" (see also Ferreira et al., 2002). At a = Oo (not shown) the intensities for the A < 0 (A 

> 0) cycle will be higher than that of the A > 0 (A < 0) cycle for p (p) at E = 1.0 GeV. This effect disappears 

for decreasing energy causing the intensities for the A > 0 (A < 0) cycle to be always larger than those for the A 

< 0 (A > 0) cycle for p (p) at low energies. This effect obviously reverses for fi as is required by drift models and 

is shown for the fist time for this species with its recently computed LIS. 

From Figure 6.8 it is evident that the decrease in intensities from a = 10' to 90' for p and p with an anomalous 

component at Earth is a factor of -10 at 1 GeV, while it is only a factor of -5 for anti-protons, because of the slope 

of the anti-proton LIS. For 16 MeV the factor decreases are approximately the same for protons and anomalous 

protons because of the effects of adiabatic 'cooling' at this energy. 

6.5.2. Energy dependence of j5/p and j5/p with an anomalous component 

In Figure 6.9 the modulation differences between p and fi are emphasiued by plotting fi/p, and fi/p with an 

anomalous proton component, as a function of kinetic energy for both polarity cycles in the equatorial plane at 1 

AU and 90 AU, with a = 10' and a = 75', respectively. As a reference, all the modulated ratios are compared to 

the corresponding (unmodulated) LIS ratios. From Figure 6.8 it is evident that the intensities of fi at 1.0 GeV at 

Earth are approximately a factor of less than those of protons, while the intensities of protons and protons 

with an anomalous component are approximately the same. This will have a clear effect on the computed ratios. 

The TS combined with charge-sign dependent effects caused by drifts should have clear observable effects on 

cosmic ray modulation. The computed chargesign dependence of p and p becomes more significant in the outer 

heliosphere, manifesting at higher energies, than at 1 AU and more pronounced with a = 75". As the modulation 

processes become dominated by adiabatic energy losses in the inner heliosphere, fi/p reaches steady values with 

E < 100 MeV, but somewhat depending on the polarity cycle. At T, = 90 AU this also happens but at lower 

energies. These steady values are significantly different when a = 75". For p with an anomalous component, the 

p/p exhibits similar behaviour at 1 AU, but differs significantly at rs, as has been expected. The ii/p curves as 

a fundion of energy also crosses for the A > 0 and A < 0 cycles, at 1 AU at a much higher energy than at r,, 

and the effect seems to move to higher energies with increasing solar activity. For the no shock ratios at T, this 

crossover still occurs but at much lower energies, indicating that it is strongly imbedded in the d r i  modulation 

and cannot easily be overwhelmed by TS effects. 

6.5.3. Tilt angle dependence of F/p and F/p with an anomalous component 

In Figure 6.10 the p/p, and fi/p with an anomalous proton component, as a function of the tilt angle at 1 AU and 

90 AU for both polarity cycles in the equatorial plane are shown at energies of 0.016, 0.2, 0.5, and 1.0 GeV. The 

characteristic 'A' and 'V' shapes for the A > 0 and A < 0 cycles, respectively are clearly recognizable for 1 AU 

and become more pronounced for decreasing energy. The tilt angle dependence increases for the A > 0 cycle at 90 

AU and therefore the 'A' shape is more clearly recognizable (note the scale difference). The t i t  angle dependence 

for A < 0 becomes weaker with increasing radial distance. At 90 AU for the A < 0 cycle this characteristic 'V' 

shape even disappears for the A < 0 cycle at E < 0.1 GeV. At 1 AU the difference in the ratios with a = 10' and 

with a = 75' is larger for the A < 0 cycle than for the A > 0 cycle, because of the stronger t i t  angle dependence 
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Figure 6.9. Ratios flp, and P/p with an anomalous proton component (bottom panels), as a function of kinetic 
energy in the equatorial plane at 1 AU (top panels) and at the TS (rS = 90 AU) for both polarity cycles with 
cu = 10' (left panels) and cu = 75' (right panels), respectively. All ratios are compared to the LIS D/p ratio (at 120 
AU) as a reference. The ratioa without a TS are shown only in the third row paw at 90 AU. 
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Figure 6.10. Ratios p/p, and fi/p with an anomalous proton component, as a function of t i t  angle in the equatorial 
plane at 1 AU (left panels) and at the TS (r, = 90 AU) (right panels) for both polarity cycles at energies of 0.016, 
0.2, 0.5, and 1.0 GeV. Note the scale differences in the panels. 

of p modulation in the A < 0 cycle than for the A > 0 cycle. This was also shown from a different point of view 

in Figure 6.8, i.e., for 16 MeV protons the difference in the intensities at 1 AU with n = 10' compared to n = 75' 

is a factor of -10 for the A < 0 cycle, while for the A > 0 cycle it is a factor of -5. 

The transition from A > 0 to A < 0 at n = 75" is also much smoother at 90 AU than the drastic in- 

creases/decreases at 1 AU. This is because of drifts decreasing with a factor of s = 3.2 at the TS, and further 

indicates that driis must dissipate completely at extreme solar maximum conditions (a + 90') for all radial dis- 

tances. This was already implicated for e- by the work of Ferreira et al. (2001a, 2002, 2003) on time dependent 

electron modulation. 

6.6. Heliosheath modulation 

Next, the modulation computed to take place in the heliosheath, between rb and r,, is compared to what happens 

between 1.a and 1 AU (LIS to Earth) and between r, and 1 AU (TS to Earth). This comparison is emphasied 

by showing in Figures 6.11 and 6.12 the intensity ratios j ~ r s l j ~ ,  j ~ r ~ l j g o  and j g o / j l  for the three species under 

consideration as a function of kinetic energy in the equatorial plane for both polarity cycles with a = 10' and 75', 

respectively. Note that for a few cases the ratios become less than unity, because of the acceleration of particles at 

the TS which can increase the intensities to values Larger than the LIS intensities, as has been mentioned before. 

According to Figures 6.11 and 6.12 a significant level of modulation occurs in the heliosheath for galactic protons 
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Figure 6.11. Intensity ratios j L r s / j l ,  jLrs/jso and j w / j l  (120 to 1 AU, 120 to 90 AU and 90 to 1 AU) for protons, 
anti-protons, and for protons with an anomalous component as a function of kinetic energy in the equatorial plane 
with a = loo; left panels: for A > 0, right panels: for A < 0. Note the scale differences between the panels. 

when A > 0 with E 5 200 MeV for solar minimum (a = 10') and for moderate solar maximum (a = 75") conditions. 

This is also true for A < 0 but at a somewhat lower energy, as has been discussed in the previous chapter. For P 
the equimlent happens in the A > 0 cycle although clearly not as pronounced as for galactic protons, e.g., at 10 

MeV the heliosheath (barrier) modulation for galactic protons is a factor of -100 but a factor of only -7-for ji. 

For moderate solar maximum conditions the level of modulation in the heliosheath decreases significantly for E > 

200 MeV in contrast with that of jgo/jb This is aLso true for solar minimum conditions, but to a lesser extent. 

Obviously, these ratios all converge at a high enough energy where no modulation is present. The addition of the 

anomalous protons changes the ratios significantly for energies up to 1-2 GeV; j ~ ~ . q / j ~  is only slightly changed as 



has been expected. Evidently, at lower energies the presence of anomalous protons in the outer heliosphere will 

make observations of true heliosheath modulation di5cult. 
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F i e  6.12. Similar to Figure 6.11 but for a = 75". 

6.7. Summary  and conclusions 

In this chapter fiw aspects of heliospheric modulation were highlighted: (1) The differences in the modulation 

of galactic protons and anti-protons. (2) How the inclusion of a TS in the model altered this modulation and 

the consequent charge-sign dependence. (3) How the inclusion of anomalous protons changed the modulation for 

protons. (4) The kind of modulation effects to be expected near the TS and in the heliosheath and (5) The effects 



of increased solar activity. Qualitatively, these results for p are consistent to those of Jokipii et 81. (1993) but there 

are quantitatively marked differences (see also Langner et al., 2003b). The TS modulation results for p and the 

effects of the TS on charge-sign dependent modulation are new. The results confirm that this numerical model with 

a TS can reasonably reproduce the modulation between the outer boundary and Earth for protons, and anomalous 

protons. This will also be illustrated for electrons, positrons and Helium in the following chapters. Although these 

results are most reasonable it seems unavoidable that the diffusion coefficients should change time-dependently, 

together with the 'tilt angle' and parameters like the compression ratio (see also Potgieter and Langner, 2003a, 

2003b). These results indicate that a TS compression ration between 3.2 and 2.0 is preferred when anomalous 

protons are also considered, in fact, this ratio cannot be determined effectively using only galactic p and p spectra. 

A strong shock with s = 4 is most unlikely. 

The modulation produced by a model with and without a TS can differ significantly, depending on the species and 

HMF polarity. These differences increase towards lower energies and larger radial distances. The p/p approaches 

a steady value at all radial distances for lower energies which is a manifestation of the adiabatic 'cooling' these 

species experience in the heliosphere and is independent of the shape of the LIS. Strong charge-sign dependent 

effects occur for p and p enhanced by the vastly different LIS and the different effect the TS has on these CR 

particles. 

The heliosheath can be considered a distinguishable modulation 'barrier' for both p and p with the overall effect 

clearly energy, polarity cycle and solar activity dependent, e.g., for galactic protons most of the modulation may 

occur in the heliosheath for E 5 200 MeV at solar minimum during A < 0 cycles. For p the equivalent happens in 

the A > 0 cycle but not as pronounced as for p e.g., at 10 MeV the heliosheath (barrier) modulation for galactic p 

is a factor of -100 but a factor of only -7 for p. Tbis aspect can make it easier to detect in the inner heliosphere 

any additional galactic anti-proton component (Moskalenko et al., 2003) given that the LIS for P indeed has the 

illustrated spectral form at lower energies and that the chosen energy is not too low. 

These results indicate that the proton LIS may not be known at E 200 MeV until a spacecraft actually 

approaches the heliopause because of the strong modulation that occurs in the heliosheath, the effect of the TS 

and the presence of anomalous protons. For p, in contrast, these effects are less pronounced. 

In the following chapter the TS model is expanded to include the heliospheric modulation of electrons and 

positrons. 



Chapter 7 
Heliospheric modulation of electrons and positrons 

7.1. Introduction 

In this chapter the TS model, which has been applied to p and P in the previous chapter, is expanded to include 

the heliwpheric modulation of electrons (e-) and positrons (e+). Concerning modulation mechanisms, large-scale 

gradient, curvature and current sheet drifts that charged particles experience in the global HMF are most prominent, 

if not the dominating aspect. D r i  models predict a clear charge-sign dependence for the modulation of cosmic 

ray e- and e+. For example, e- will drii inward primarily through the polar regions of the heliosphere during 

mcalled A < 0 polarity cycles, that is when the HMF is directed towards the Sun in the northern hemisphere. On 

the other hand, e+ will then drift inward p r i k i y  through the equatorial regions of the heliosphere, encountering 

the HCS in the process. The modulation of low energy e- was also comprehensively studied by Ferreira et al. 

(2001a, 2001b, 2001~). The effect of the TS on charge-sign dependent modulation as is experienced by e- and e+ 

is the main topic of this chapter. 

Modulation of e- and e+ inside the helimphere hides the true value of the LIS below a few GeV and makes it 

d8icult to derive the values from modulation studies alone because the heliospheric &ion coefficients are poorly 

known. The e-/e+ and e-/p ratios at different energies and positions in the heliosphere could be computed in 

detail if the LIS of the different cosmic ray species were better known. Fortunately, new calculations have been 

made of the LIS for cosmic ray e- and ei, which are based on sophisticated models for the propagation of CRs in 

the Galaxy, and on comparisons with a variety of data sets, including radio synchrotron indices and y-rays (e.g., 

Peterson et al., 1999; Strong et al., 20M); Langner et al., 2001b). 

For e- and e+ modulation the following topics are addressed in detail: (1) The effects of the TS on the 

modulation of galactic cosmic ray e-, including a Jovian e- source, and e+ in a simulated heliosphere for both 

magnetic field polarity cycles using these new LIS, and also as  modulation changes from minimum to moderate 

maximum conditions. (2) The differences between a model with and without a TS. (3) The level and the importance 

of modulation in the simulated heliosheath for the two species, and (4) to establish the consequent charge-sign 

dependence and the effects of the TS on the modulated e-/e+ and e-/p. The application to cosmic ray e+ are 

new. 

Preliminary reports of the results in this chapter were made by Potgieter et al. (2001a, 2001b) and Langner 

and Potgieter (2001b). The content of this chapter was published by Potgieter and Langner (2003~). 

7.2. LIS for electrons, positrons and the Jovian electron source 

7.2.1. LIS for electrons 

Cwmic ray e- differ from the nuclear component in the sense that, apart from y-rays and radio synchrotron 

photons, e- interactions in the ISM do not produce secondary particles that can be used to infer the characteristics 

of the propagation of electrons. The situation is further complicated by the fact that other physical processes 

in the ISM also produce -prays and radio wavelength photons in the same energy and wavelength ranges as that 

which are produced from CR electrons. The diffuse continuum y-ray emission from the galactic plane at MeV 



energies is believed to originate mainly in bremgstrahlung interactions of cosmic ray e- with interstellar gas, but is 

still subject to considerable uncertainties. While the main 7-ray production mechanisms are agreed to be inverse 

Compton scattering, irO-production and bremsstrahlung, their individual contributions depend on many details 

such as interstellar e- and nucleon spectra, interstellar radiation and magnetic fields, gas distribution etc. (Strong 

et al., 2000). At energies above -1 GeV the dominant physical mechanism is yet to be established and the situation 

below -30 MeV is even more unclear. D i  gamma ray observations appear to be 'contaminated' by Crab-like 

point sources, so that it is di5cult to derive a consistent LIS for e- in the 1 to 30 MeV range (Strong and 

Moskalenko, 1998). Measurement of the y-ray spectrum at low energies therefore provides important constraints 

on the spectrum and propagation of CR electrons. This information is complementary to direct measurements and 

estimates which are based on radio synchrotron radiation. 

Large energy losses in the ISM because of ionisation cause low energy e- to be especially sensitive to galactic 

propagation effects (Strong et al., 1994). Energy losses are related to the gas distribution at low energies (ionisation 

and bremsstrahlung) and to magnetic fields and radiation density (synchrotron and inverse compton emission) at 

high energies; it follows that the electron spectrum is sensitive to the spatial properties of the propagation process. 

Since the bremsstrahlung spectrum could not be directly deconvolved to obtain the corresponding e- spectrum, 

plausible model spectra were computed based on propagation/energy loss models and the resulting bremsstrahlung 

emission was compared with the observations (Strong et al., 1994). 

Below -10 GeV solar modulation &ts become inmeasingly important, making it impossible to determine a 

realistic LIS from ohrved  modulated e- spectra at Earth because the heliospheric &ion coe5cients are simply 

not known well enough (Potgieter, 1996; Ferreira et al., 1999; Langner, 2000). Therefore indirect methods using 

galactic propagation models of CRs through the ISM and Monte Carlo simulation models are used (e.g., Strong et 

al., 2000; Higbie et al., 1999). 

Fortunately, cosmic ray e- do not experience large adiabatic energy l o r n  inside the heliosphere; this only 

becomes important below -1 MeV. For implications of different LIS on heliospheric modulation of CRs, see Langner 

(2000) and Feneiia and Potgieter (2002). For this study the gaiactic electron LIS of Langner et al. (2001b) were 

used. The parameterisation of this LIS is given by 

with j ~ l ~  the differential intensity in particles.m-2.s-'.sr-1.MeV-1 and R rigidity in units of GV, 

7.2.2. LIS for positrons 

Secondary CR particles are created in collisions of primary CR particles with the diffuse interstellar gas and include 

a small fraction of antimatter particles, i.e., e+ and P. In addition, e+ and p may also come from unusual sources 

and possibly provide ins i i t  into new physics. For instance, the annihilation of heavy supersymmetric dark matter 

particles within the galactic halo could lead to e+ and p with distinctive energy signatures. P r i  e+ can also 

arise when e+e- pairs are meated by electromagnetic processes, i.e., through the conversion of high energy y rays 

in the polar cap region of galactic radio pulsars and various other proposed processes (Harding and Ramaty, 1987). 

The uncertainties in the existing models and data for e+ are such that none of these models can yet be ruled out. 

Measurements show that there can be sources of primary e+ above 7 GeV, but that the contribution of primary e+ 



at E < 100 MeV is most probably negligible (Harding and Ramaty, 1987; Coutu et al., 1999). Unfortunately, there 

are only a few measurements in the < 50 MeV energy range. This contribution was thus neglected for the purpose 

of this study. Strong et al. (2000) considered their computed positron LIS more reliable than their electron LIS, 

because of more accurate measurements for e+ in the 1-10 GeV range (see also Moskaleako and Strong, 1998). 

As for CR electrons, adiabatic energy losses for e+ in the heliosphere become important only below -1 MeV. 

For galactic positrons the LIS of Strong et al. (2000) was used. The parameterisation of this LIS is given by 

7.2.3. The Jovian electron source 

In 1973 the Pioneer 10 spacecraft facilitated the discovery that the Jovian magnetosphere at -5 AU in the ecliptic 

plane is a relatively strong source of e- with energies up to at least -30 MeV (e.g., Simpson et al., 1974; Teegarden 

et al., 1974; Chenette et al., 1974). This was anticipated by McDonald et al. (1972) who observed e- flux variations 

at Earth at these energies. These Jovian e- propagate along and across the heliospheric magnetic field and are 

observed inward to and at Earth, and outward to -30 AU (e.g., Hamilton and Sipson, 1979; Eraker and Sipson, 

1979; Eraker, 1982; Ferrando et al., 1993a, 1993b, 1999). 

Several attempts were made to calculate the Jovian contribution to the total e- intensity in the equatorial 

regions of the inner-heliosphere. The growth of the obsemational basis, however, was not accompanied by any 

comparable progress with the modelling of the propagation of Jovian electrons. The few existing models suffer 

from the restriction that they are valid either only close to or far away from the source region. Being motivated 

by this situation, Fichtner et al. (2000), have developed a new 3D model of the propagation of both Jovian and 

galactic electrons. Although this model is limited to a steady-state and does not explicitly contain the TS, it allows 

one to simultaneously study both the propagation of Jovian e- from a localized source and cosmic ray e- entering 

the 3D heliosphere from interstellar space. Fichtner et al. (2000) have found that the Jovian e- distribution in 

the inner heliosphere is determined by the spiral pattern of the HMF. This implies that the perpendicular spatial 

dilhsion is not ac ient  enough to erase the spiral pattern that is imposed by the HMF. They also have found that 

the Jovian e- source is dominant inside 10 - 15 AU in and near the equatorial plane (0 = 90') depending on the 

modulation parameters. These tmely 3D effects m o t  be studied with a 2D model. 

Another 3D model for the propagation of Jovian e- and the effects and implications of Jovian modulation is 

described in detail in the Ph.D. thesis of Ferreira (2002) and accompanying publications (Ferreira et al., 2001a, 

2001d, 2002). For this study the source function of Ferreira et al. (2001a) is used for the Jovian e- source injected 

at 5 AU in the equatorial plane, which is given by 

with j1.5 = 5 x 10~E-l .~ ;  j6.0 = 1010E-6.0; cq = 0.6 and 4 = 5.0. Here E is in MeV. This function is a 

combination of j x E-1.5 and j cx E-6.0 spectra and is compatible to the normalized ISEE 3 (ICE) spectra 

(Moses, 1987) and Pioneer 10 observations (Lopate, 1991; Lopate, priv. comm., 2000). In the 2D model this point 

source is by implication a ring source, which means that the contribution of Jovian electrons in the inner heliosphere 

is overestimated, but by assuring compatibility to ohsaved low energy electrons, the effect is m i n h k d  (see also 

Haasbroek, 1997). 



7.3. Comparison of the modulation of electrons and positrons 

The left panels of Figures 7.1 and 7.3 respectively show the e- spectra including a Jovian source and the e+ spectra 

with respect to the corresponding LIS, as a function of kinetic energy for 1, 60, 90 and 115 AU in the equatorial 

plane with a TS, while Figures 7.2 and 7.4 show similar spectra but without a TS. This is done for the A > 0 

and A < 0 polarity cycles with a = 10' and 75', respectively. The right panels of Figures 7.1 and 7.3 show the 

wrresponding differential intensities as a function of radial distance in the equatorial plane at 0.016, 0.20 and 

1.00 GeV, respectively with a TS. Again the spectra without a TS are shown by Figure 7.2 and 7.4. The effect 

of the Jovian e- source is clearly visible at low energies. These results are consistent with the e- simulations 

of Ferreira and Potgieter (2002). Comparing the energy spectra and radial dependence of the intensities for the 

chosen energies, one can see how: (1) The modulation differs from solar minimum to moderate solar maximum for 

e- and e+. (2) The effect of switching the HMF polarity from A > 0 to A < 0. (3) The vast differences between 

e- and e+ modulation and how it is affected by incorporating a TS; and (4) The heliosheath modulation for e- 

and e+. At l AU the solutions without a TS coincide with the TS solutions for e- but not for e+ as is evident 

from the figures. 

The interesting general feature in Figures 7.1 and 7.3 is that under certain conditions the modulated spectra 

at r, exceed the corresponding LIS with the kinetic energy E 2 200 MeV because of the TS acceleration, which 

has been noted before for protons. This dec t  is not equally pronounced for all species and depends on the d r i  

direction. It becomes less evident when particles drift in over the heliospheric poles towards the equatorial regions 

(A > 0 for e+ and A < 0 for e- )  when a = 10'; with a = 75' it is still present but less pronounced. This effect is 

not present in Figures 7.2 and 7.4 as has been expected. 

It is well-known that for e- and e+ the adiabatic energy lossg are not s~gnificant down to -1 MeV. For this 

reason the modulated spectral slopes of these particles retain the slope of the LIS at low energies as long as the 

dSwion coefficients also have a constant rigidity at these low energies. Consequently, the modulated spectra for 

e- at lower energies are increasing with decreasing energy, in sharp contrast to p and p (see previous chapter). For 

e+, with a completely different shape LIS, this causes modulated spectra to have a rather mild energy dependence 

below -300 MeV, almost independent of energy, as is shown in the two bottom left panels of Figure 7.3, a feature 

not possible for protons and anti-protons. These kind of characteristic spectral features can be most helpful to 

distinguish between e- and e+ when measured at Earth, and to determine the rigidity dependence of the various 

diffusion coefficients at these low energies for the two species, again this is unachievable for protons. 

The modulation in the heliosheath is also clearly noticeable in the right panels of Figures 7.1, 7.2, 7.3, and 7.4. 
- 

The extent of the modulation in this region depends on the particle species, is strongly dependent on the polarity 

cycle, and is enhanced by the inclusion of the TS. This modulation is not similar as a function of energy for e- and 

e+ primarily because of the differently shaped LIS. The Jovian e- source conspicuously dominates the 16 MeV 

intensities in the inner heliosphere - for a detailed discussion see Ferreira et al. (2001a). 

7.4. Differences in modulation with and without a TS 

A general dec t  of the inclusion of the TS is to decrease the intensities at lower energies somewhat while increasing 

it at mid-energy ranges. This general feature is also evident from the radial intensity profiles that are shown 

in the right panels of Figures 7.1, 7.2, 7.3, and 7.4. The e- intensities are consistently larger at the TS than 

without a shock, associated with the increasing LIS for e- at these energies, enabling a large population of e- to 
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Figure 7.1. Left panels: Electron spectra with a TS and including a Jovian source, for both polarity cycles with 
a = 10' and 75", respectively, for 1, 60, and 90 AU (bottom to top graphs) in the equatorial plane. Right panels: 
Corresponding differential intensities as a function of radial distance for 0.016, 0.2 and 1.0 GeV for solutions with 
a TS. The LIS is at 120 AU, and the TS at 90 AU. 
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Figure 7.2. S i a r  to Figure 7.1, but without a TS. 
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Figure 7.3. Similar to Figure 7.1 but for positrons. Note the relatively weak energy dependence of the spectra 
below -300 MeV, in contrast to the electron, proton, and anti-proton spectra. 
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Figure 7.4. Similar to Figure 7.2, but for positrons. 



be accelerated. The lower the energy the more distinct the changes in the radial gradients become near and at the 

TS for e- but this tendency is not similar for e+, i.e., the TS has little effect on the 16 MeV e+. For them the 

intensities with and without the TS are almost equal for 100-300 MeV depending on the radial distance; below 

-100-300 MeV the intensities are lower, but larger for higher energies. 

Figures 7.5 and 7.6 show the ratio of intensities with and without a TS for e- and e+ as a function of kinetic 

energy at 1, 60, and 90 AU and as a function of radial distance at 0.016, 0.2 and 1.0 GeV for both polarity cycles in 

the equatorial plane for solar minimum with a = 10' and 75O, respectively. Obviously the solutions must converge 

at high energies (E > 10 GeV) because the TS has progressively less effect with increasing energy primarily being 

caused by the acceleration cutoff effect (e.g., Steenberg and Moraal, 1996). It is clear that the differences between 

the TS solutions and solutions without a TS can be substantial for both species, especially at lower energies and 

at larger radial distances. In Figures 7.5 and 7.6 the deviation from unity illustrates the effect of the TS in more 

detail. As has been expected the largest effect occurs at or near the TS. Intensities between 0.1 and 1.0 GeV are 

most affected and can be up to -3 times higher at 90 AU than without a TS. When A > 0, the TS effect is the 

largest for e- but the smallest for ei. Qualitatively, these ratios show the same tendency, i.e. to obtain a maximum 

value between 100 MeV and 1 GeV, although clearly at different energies for e- and e+. With the ratio < 1, the TS 

intensities are less than those without a shock. This is usually the case at lower energies as is expected, especially 

for e+. Intensities are affected by the presence of the TS in the inner heliosphere, wen at Earth, in contrast to 

what have been found for p and p (Langner and Potgieter, 2003a, 2003b); however, e+ intensities are clearly more 

affected at Earth than e- below -80 MeV but for another reason, the e- intensities are dominated by the Jovian 

e- source so that the ratios do not become < 1, as they do for example at 60 AU. 

7.5. Charge-sign dependence for electrons and positrons 

7.5.1. Tilt angle dependence of electrons and positrons 

Figure 7.7 shows differential intensities for e- and e+ as a function of the tilt angle in the equatorial plane at 

1 AU for both polarity cycles at an energy of 1.0 GeV. There is no difference between the differential intensities 

for the two polarity cycles at 16 MeV (not shown), because drifts become negligible at E 5 100 MeV for e- 

and e+. It is evident that this model predicts a more g~adual decrease with the tilt angle (almost linear) for the 

A > 0 cycle for e-, which is in contrast with predictions hom earlier drift models (e.g., Burger and Potgieter, 

1989; Potgieter and Burger, 1990). Those models predicted an almost parabolic shape for the e- intensities as a 

function of the tilt angle for the A > 0 cycle and an extrodinary insensitivity for e- intensities in the A < 0 cycle 

to changes in the current sheet waviness leading to a flat intensity-time profile. The latter characteristic is also 

different in this model, because the e- differential intensities stay more or less constant between a = 0' and 50°, 

thereafter it decreases sharply tawards larger a's. The differences between this and earlier models are caused by the 

decreasing & i s  with incxeasing tilt angles, which tend to let the differential intensities for the two polarity cycles 

converge with increasing solar activity. As has been discussed for protons in Chapter 6, the differential intensities 

at a = 90' converge when zero drifts are assumed during extreme solar maximum activity. At a = 0' (not shown) 

the intensities for the A > 0 (A < 0) cycle will be higher than that of the A < 0 (A > 0) cycle for e- (e+). This 

effect obviously reverses for e+ as is required by drift models and is shown for the first time for this species with 

its recently computed LIS. 
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Figure 7.5. Intensity ratios with a TS to without a TS as a function of kinetic energy at radial distances of 1, 60 
and 90 AU (left panels) and as a function of radial distance at energies of 0.016, 0.2 and 1.0 GeV (right panels) 
for both polarity cycles in the equatorial plane. Top four panels are for electrons and bottom four for positrons, 
all with a: = lo0. 
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Figure 7.7. Differential intensities for electrons and positrons as a function of the tilt angle at Earth for both 
polarity cycles at 1.0 GeV. 

7.5.2. Energy dependence of e-/e+, e-/p, and e-/p with an anomalous proton 
component 

In Figures 7.8 and 7.9, the intensity ratios of e- (with a Jovian source) to e+ (e-/e+) are shown as a function of 

kinetic energy, also e-/p, and e-/p with an anomalous proton source, as a function of rigidity in the equatorial 

plane at 1 AU and 90 AU, respectively for both polarity cycles with a = lo0 and a = 75'. The p intensities 

are taken from the previous chapter (see also Langner and Potgieter, 2003a, 2003b). As a reference, these ratios 

are compared to the corresponding LIS ratios at 120 AU. For a review of the modelling of the e-/p over 22-years 

without a TS and observations with the Ulysses spacecraft, see Ferreira et al. (2003) and Heber et al. (2002, 2003), 

respectively. Figures 7.8 and 7.9 are similar and illustrate the dependence of charge-sign-dependent modulation 

on energy (or rigidity) for e-, e+, and p, except that these intensity raticm are shown at 1 AU in the former 

and at the TS (T, = 90 AU) in the latter figure. Ratios for the corresponding solutions without a TS are also 

shown to emphasize the TS contribution to modulation. From Figure 7.7 it is evident that the intensities of e+ 

are approximately a factor of -10 less than those of e- at 1.0 GeV. The total contribution of e+ to the sum of 

e- + e+ at 1.0 GeV at Earth will therefore be in the order of -10% accordmg to this model. 

The first result to be emphasized is that at low energies (< 20 MeV) the e-/e+ is converging for the two 

polarity cycles becanse they become progressively independent of drifts, while adiabatic energy changes are still 

insignificant. Secondly, with decreasing energy this ratio will obtain the same slope as the LIS ratio, but only 

where the Jovian electrons become less dominating, typically with T > 1@15 AU. For p this is not possible, ss has 

been mentioned previously. Above -80 MeV the effect of drifts complicates this type of calculation. Between -80 

MeV and -1 GeV the e-/e+ at  1 AU differs markedly for the two polarity cycles, even more with a = 75". h m  

Figure 7.9 follows that at 90 AU this diverging starts at a higher energy; the e-/e+ deviates more from the LIS 

ratios when the TS is taken into account. The difference between the two polarity cycles is also less for the no 

shock solutions. 

For the intensity ratios, e-/p, and the e-/p with anomalous protons, one can expect to see a combination 

of the main features of the energy dependence of the F/p as has been described in the previous chapter and the 

e-/e+ as has been discussed above. For example, p experience large adiabatic energy losses at low energies while 
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Figure 7.8. Intensity ratios, e-/e+ (top panels), e-/p (middle panels) and e-/p with an anomalous proton 
wmponent (bottom panels) as a function of kinetic energy or rigidity in the equatorial plane at 1 AU for both 
polarity cycles with a = 10' (left panels) and a = 75' (right panels), respectively. All ratios are compared to the 
corresponding LIS values at 120 AU as a reference. Solutions without a TS are also shown in the four top panels 
as dotted ling, with the A < 0 solutions the higher values between 0.1 and 1.0 GeV (top panels) and 0.1 and 1.0 
GV (middle panels). 

e- do not. Furthermore, e- modulation becomes progressively independent of drifts with lower energies so that 

the e-/p at 100 MV is a factor of -200 at 90 AU. However, when the anomalous proton wmponent is added, 

the e-/p at 90 AU becomes significantly lower at low energies, e.g., only at 100 MV since the anomalous 

protons dominate the galactic protons at these energies. The slight differences between the e-/p and the eC/p 

with anomalous protons at 1 AU and in comparison with the no shock ratios may be interpreted as an indication 

that anomalous protons may reach the Earth (e.g., MeWaldt et al., 1996). 
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F i e  7.9. Similar to Figure 7.8, but at the TS (7, = 90 AU). Solutions without a TS are also shown in the four 
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and 1.0 GV (middle panels). Note the scale differences between the panels. 

7.5.3. Tilt angle dependence of e2/e+ 

In F i e  7.10 the e-/ec as a function of the tilt angle at 1 AU and 90 AU for both polarity cycles in the equatorial 

plane are shown at energies of 0.016, 0.05, 0.2, and 1.0 GeV, respectively. The characteristic 'A' and 'V' shapes 

are, as for F/p, recognizable at 1 AU and 90 AU for the A > 0 and A < 0 polarity cycles, respectively, but only 

for E 2 0.5 GeV. For E 5 0.1 GeV the shapes for the two polarity cycles become approximately the same because 

of the negligible d r i i  effects at these energies, although with a different a-dependence at 1 AU than at 90 AU. An 

increase in the e-/e+ is evident for a >, 50' at 1 AU at thee energies which is not present at larger energies. This 



is because of decreasing drifts with increasing solar activity, which leads to a flatter energy dependence for the e+ 

spectra at 1 AU for E 5 0.1 GeV. These effects are also present at 90 AU, but clearly less prominent. 

The neglect of drift effects at E < 0.1 GeV is also evident when comparing the transition found for A > 0 to 

A < 0 in Figure 7.10. At 1 AU the difference between the intensity ratios at a = 75' for the A > 0 and A < 0 

cycle is negligible, causing a smooth transition with the changing in direction of the HMF. At 1 AU with E > 0.1 
GeV the differences between the intensity ratios from the A > 0 to the A < 0 cycle with a = 75' become larger, 

caused by increasing drifts. This indicate that too much & i s  are allowed at even these moderate solar maximum 

conditions (a = 75') in this model, and that drifts must decrease with increasing solar activity towards extreme 

maximum conditions (a = 90"). This aspect of heliospheric modulation has been considered and discussed in detail 

by Ferreira et al. (2001a, 2002) and is not pursued further in this work. 
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Figure 7.10. Ratios of e-/e+ as a function of the tilt angle in the equatorial plane at 1 AU (left panels) and at the 
TS (T, = 90 AU) (right panels) for both polarity cycles at energies of 0.016, 0.05, 0.2, and 1.0 GeV. Note the scale 
differences between the panels. Legends are shown at the right side of the figures. 

7.5.4. Tilt angle dependence of e-/p, and e- /p  with an anomalous proton 
component 

In Figure 7.11 the e-/p, and e-/p with an anomalous proton component, as a function of tilt angle at 1 AU and 90 

AU for both polarity cycles in the equatorial plane are shown at rigidities of 0.05, 1.10, and 2.5 GV, respectively. 

The characteristic 'A' shape is again recognizable for 1 AU and 90 AU for the A > 0 cycle, but only for R > 0.1 
GV. For the A < 0 cycle the characteristic 'V' shape at 1 AU and 90 AU is present for all rigidities shown. For the 

A > 0 cycle the 'A' shape changes to a 5'' shape at R < 0.1 GV, which is caused by the almost constant tilt angle 

dependence for p at these rigidities between a = 10' to -50°, and then a decrease in intensity towards higher tilt 

angles. For e- at low rigidities the Jaian e- source dominates in the inner heliosphere. 

At 1 AU the ratios in the A < 0 cycle at a = 75' are larger than those for the A > 0 cycle, anticipating a large 

increase (apprcocimately a factor of 10) in the ratios for the transition between the A > 0 and A < 0 cycles despite 

decreasing drifts with increasing solar activity. The intensities with a = 75' are not yet converging for the two 

polarity cycles in this model, but will if extreme solar maximum conditions without driis are considered (Ferreira 

et al., 2002). At 90 AU this effect is less evident because & i s  become already relatively small during moderate 

solar maximum conditions. 
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Figure 7.11. Ratios of e-/p (top panels) and e-/p with an anomalous proton component (bottom panels), as  a 
function of the tilt angle in the equatorial plane at 1 AU (left panels) and at the TS (T, = 90 AU) (right panels) 
for both polarity cycles at rigidities of 0.05, 1.10, and 2.5 GV, respectively. Note the scale differences between the 
panels. 

7.6. Heliosheat h modulation 

The modulation computed to take place in the heliosheath, between r b  and T,, is compared to what happens with 

the intensities between r b  and 1 AU (LIS to Earth) and between T, and 1 AU (TS to Earth). This comparison 

is emphasized by showing in Figures 7.12 and 7.13 the intensity ratios of modulation occurring in the heliosheath 

( jLIS/ j~~)  in comparison to what happens between the TS and Earth (jgo/jl) and in total between the outer 

boundary and Earth (jL~s/jl) for the two species under consideration as a function of kinetic energy in the 

equatorial plane for both polarity cycles with a = 10' and 75'. No€e that j~~s/ jw becomes less than unity in 

some energy ranges, which is caused by the TS. 

Note that for e- in Figure 7.12 the factor modulation in the heliosheath becomes comparable to the factor 

between the TS and Earth ( j ~ ~ s / j ~  >> jgo/jl) at low energies for both polarity epochs but not for e+. During 

the A > 0 epoch, the e- intensity ratios, j ~ ~ ~ / j s o  < 1 (or j g o / j l  > j ~ , s / j ~ )  from -150 MeV to a few GeV so that 

the heliosheath cannot then be considered a modulation 'barrier' for electrons. During the A < 0 epoch this also 

happens for e' but at somewhat higher energies. The presence of the TS is thus more pronounced for e- during 

A > 0 polarity cycles but for e+ during A < 0 cycles. 

In F i e  7.13 the intensity ratios as in Figure 7.12 are shown but with a = 75'. From the figure follows that for 

electrons the modulation in the heliosheath is less conspicuous than for protons as has been shown in the previous 
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Figure 7.12. Intensity ratios j~rs / j l ,  j ~ ~ s / j g ~  and jso/jl (120 to 1 AU, 120 to 90 AU and 90 to 1 AU) for electrons 
(top panels) and positrons (bottom panels) as a function of kinetic energy in the equatorial plane with a = 10'; 
for A > 0 (left panels), and for A < 0 (right panels). The LIS is at 120 AU and the TS at 90 AU. Note the scale 
differences between the panek. 

chapter, and for positrons. For electrons the 'barrier' type modulation starts at -200 MeV and increases with 

decreasing energies to a factor of -3 at 1 MeV. The differences between the A > 0 and A < 0 cycles are small. 

For positrons the heliosheath effect is larger, starting at -500 MeV for both cycles to reach and maintain a 

maximum effect of a factor of -5.5 bom -10 MeV and lower. As for protons the ratios become < 1 between 1 

to 2 GeV which is caused by the TS. For moderate madmum conditions the heliosheath cannot be considered an 

effective modulation 'barrier' for e- or e+. 

7.7. Summary and conclusions 

Improved LIS for cosmic ray e- and e+ and a fundamental approach to dilhsion co&cients have made it relevant 

to study the modulation for these species with a comprehensive numerical model including the TS and the Jovian e- 

source. These aspects are considered for the 6rst time for galactic positrons. The following heliospheric modulation 

aspects are highlighted: (1) The differences in the modulation of e-, including a Jovian e- source, and e+, also with 

increased solar activity, and the consequent chargesign dependence. (2) How the inclusion of a TS in the model 

alters this modulation and (3) the kind of modulation effects to be expected near the TS and in the heliosheath 

for e- and e+. The results confirm that the TS model reasonably reproduces the observed e- modulation between 

the outer boundary and Earth. The TS model can therefore be applied with confidence to eC modulation. The 



Kinetic energy (GeV) Kinetic energy (GeV) 

F i e  7.13. Similar to Figure 7.12 but for a = 75". 

following have been found: 

The modulated spectra for e- and e+ at the TS may exceed the corresponding LIS at energies > 200 MeV. 

It becomes less pronounced when these particles drift in over the helicspheric poles towards the equatorial 

regions. With increased solar activity the effect becomes less evident for both polarity cycles. 

The modulation of e- and e+ becomes progressively independent of driis with lower energies. Electrons 

and e+ also experience significantly less adiabatic energy losses at energies 2 1 MeV than p and P with the 

consequence that the rigidity dependence of the dilhsion coefficients can easily be deduced from observations 

at lower energies. By studying the intensity ratios it is even possible to deduce the energy slopes of the 

corresponding LIS. Unfortunately, for e- the situation at E < 100 MeV is complicated in the inner heliosphere 

by the dominating presence of the Jovian e- source. 

With the inclusion of the TS, the largest modulation &ects occur at/near the TS, aa is expected. Intensities 

between 0.1 and 1.0 GeV are most affected and can be up to -3 t i e s  higher at 90 AU than without a shock. 

A general effect of the inclusion of the TS is to decrease the intensities at lower energies at all radial distances 

while increasing it at mid-energy ranges. The energy where this adjustment occurs for e+ is between 1OCL300 

MeV depending on the radial distance and < 1 MeV for electrons. The effect of the TS on modulation is the 

largest for e- when A > 0, but for e+ when A < 0. For both species the intensities are affected by the presence 

of the TS, even at Earth. 

The modulation in the heliosheath depends on the particle species, is strongly dependent on the energy of 



the CRs - diminishes at higher energies but in a different manner for the different species - the polarity cycle 

and is enhanced by the inclusion of the TS. Ftom the computations it is possible to estimate the ratio of 

modulation occurring in the heliosheath to the total modulation between the heliopause and Earth. For e- 

the factor modulation in the heliosheath becomes comparable to the factor between the TS and Earth at low 

energies for both polarity epochs when a = 10'. However, during the A > 0 epoch the heliosheath cannot 

really be considered a modulation 'barrier' above -150 MeV for e-, while for e+ this occurs at somewhat 

higher energies during the A < 0 epoch. For a = 75" the heliosheath cannot be considered a modulation 

'barrier'. 

(5) For e+,  with a completely different shape LIS, the modulated spectra have very mild energy dependences 

below -300 MeV, even at Earth, in contrast to e - ,  p and p (Langner and Potgieter, 2003a, 2003b). These 

characteristic spectral features can be most helpful to distinguish between e- and e+ spectra when measured 

near and at Earth. These results can be of use for future missions to the outer heliosphere and beyond. 



Chapter 8 
Heliospheric modulation of galactic and anom- 
alous Helium 

8.1. Introduction 

In this chapter the TS model applied to p, A e-, and e+ in the previous chapters, is expanded to include the 

heliospheric modulation of galactic Helium (He++) and Helium with an anomalous component (He+). Concerning 

modulation mechanisms, large-scale gradient, curvature and current sheet drifts that He experiences in the global 

HMF are most prominent. Drift models predict a clear charge-sign dependence for the modulation of cosmic ray 

e- and He, which has been observationally confirmed (e.g., Heber et al., 2003). The e&t of the TS on charge- 

sign dependent modulation as is experienced by He and anomalous He is the main topic of this chapter, and is 

complementary to the previous chapters. 

Modelling the heliospheric modulation of He was done by various authors previously (e.g., Steenberg, 1998; 

Steenberg and Moraal, 1996). how eve^, with a new and fundamental approach to dSusion coefficients and the TS 

model including a heliosheath and drifts that are very successful in explaining simultaneously the modulation of 

cosmic ray p, p, e-, and e+ in the heliosphere, this study is extended to include He and anomalous He. This tests 

the generality of the TS model and the set of diffusion parameters for various species, both polarity cycles, and 

as modulation changes from solar minimum to moderate solar maximum conditions which together was not done 

before. The following topics are addressed in detail: (1) The effects of the TS on the modulation of galactic He 

and anomalous He in a simulated heliosphere for both HMF polarity cycles as modulation changes from minimum 

to moderate maximum conditions. (2) The differences in modulation between a model with and without a TS. (3) 

The level and the importance of modulation in the simulated heliosheath for galactic He, and (4) to establish the 

consequent charge-sign dependence and the effects of the TS on the modulated e-/He and e-/He with anomalous 

He. 

Dierent isotopes for galactic He and anti-Helium were not considered for this study. 

8.2. LIS for Helium and the anomalous Helium source 

8.2.1. LIS for Helium 

Protons and He are the most abundant species in cosmic radiation and knowledge of their absolute abundance 

and the exact shape of their energy spectra are of particular astrophysical importance. Their spectral shapes are 

sensitive indicators of the processes of particle acceleration in the Galaxy (e.g., Gaisser, 1990) and their fluxes 

are a primary measure of the energy density of CRs in the ISM. These spectra also serve as important input to 

calculations which aim to predict the 7-ray flux in the ISM because of x0 decay or the secondary interstellar p or 

positron e+ fluxes, dl results of high energy interactions of p and He nuclei with the interstellar gas. 

Unfortunately, neither the absolute fluxes nor the spectral shapes of these CR species are known with adequate 

precision in the ISM (e.g., Menu et al., 2000). The low-energy LIS for galactic protons, He and P cannot be 

measured directly deep inside the heliosphere because of modulation, especially the large adiabatic energy losses 

that these particles experience during their inwa~d propagation in the heliosphere. The numerical modelling of He 
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plays therefore an essential role in understanding the modulation mechanisms that are involved and what to expect 

from observations. For this study the LIS for galactic He of Webber (1987) has been used, which is given by 

exp (-1.47- l . 5 5 h E  - 0 . 2 8 ( l n ~ ) ~ )  if E < 5.54 GeV 
~ L I S  = 

(0.52E-2.5) if E > 5.54 GeV 

8.2.2. The anomalous source 

For anomalous He a source was injected at the TS position at  all 0 at a rigidity of -13.0 MV as a delta function 

with an arbitrary magnitude set to give reasonable compatibility to anomalous He observations at 60 AU and to 

He observations at Earth (e.g., Steenberg and Moraal, 1996; Steenberg, 1998). As for protons, the solutions are 

independent of this injection energy as long as it is lower than the TS cutoff energy for the ACRs, as has been 

discussed in Chapter 4. Since the mass-to-charge ratio, A/Z, is not the same for galactic He (A/Z = 2 for He++) 

and anomalous He (A/Z = 4 for He+), the model has to be IUII separately for these species, making it a very time 

consuming task. Solutions are therefore shown as a linear combination of solutions for galactic He and anomalous 

He. For protons the situation was simpler since A/Z = 1 for both galactic and anomalous protons (Langner and 

Potgieter, 2003b). 

8.3. Comparison of the modulation of Helium and anomalous Helium 

The results which will be shown in the following sections concentrate on four aspects of the heliospheric modulation 

of He: (1) The difference in the modulation of galactic He and He with anomalous He. (2) How the inclusion of a 

TS in the model alters the modulation of He and the subsequent effects of charge-sign dependent modulation on 

the e-/He and e-/He with anomalous He. (3) The nature of modulation effects to be expected near the TS and 

in the helioaheath. (4) The effects of increased solar activity and tilt angle dependence. 

The left panels of Figures 8.1 and 8.5 show the modulation obtained with the TS model with respect to the 

LIS for He and for He with anomalous He, as a fundion of kinetic energy, respectively. This is done at 1, 60, 

90 and 115 AU in the equatorial plane for the A > 0 and A < 0 pohi ty  cycles with a = lo0 and cr = 75', 

respectively. The right panels of Figure 8.1 show the corresponding differential intensities at 0.016, 0.2 and 1.0 

GeV as a function of radial distance in the equatorial plane, respectively for solutions with and without a TS. 

In Figure 8.5 the right panels also show the corresponding differential intensities at 0.016, 0.2 and 1.0 GeV as a 

function of radial distance in the equatorial plane, respectively but for solutions with the compression ratio s = 

3.2 and s = 2.0. The spectra without a TS corresponding to the left panels of Figure 8.1 are repeated in Figure 

8.2. The He with anomalous He spectra for a compression ratio of s = 3.2 and s = 2.0, are shown in Figures 8.4 

and 8.3, and together in Figure 8.5 to emphasize the differences between these spectra. The decrease in s was 

necessary to obtain reasonable compatibility with the anomalous He observations at  60 AU as discussed in Chapter 

4. The solutions in the inner heliosphere (T 5 40 AU) are largely insensitive to this change. Decreasing s causes 

the peak in the modulated anomalous He spectra to shift to lowex energies as the observations seem to require and 

can be caused by a decreasing shock strength with increasing solar activity, similar to protons. These quantitative 

aspects of anomalous He modulation were discussed in detail by Steenkamp and Moraal (1993), ~teenkamp<l995), 

Steenberg (1998), and Steenberg et al. (1998) and were not pursued further in this work. 

With the TS the modulated He spectra at large radial distances (T + T,) for the A < 0 cycle also exceed 

the correspondvlg LIS between -200 MeV and a few GeV as has been noted for protons. This cannot happen 
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Figure 8.1. Left panels: Computed differential intensities for galactic He as a function of kinetic energy for both 
polarity cycles and solar minimum and moderate maximum conditions, at radial distances of 1, 60, 90 and 115 AU 
(bottom to top) in the equatorial plane. Right panels: Co~~esponding differential intensities as function of radial 
distance for 0.016, 0.2 and 1.0 GeV, respectively. Solutions without a TS are given here as thin grey lines at the 
same energies than solutions with a TS. In all panels the TS is at 90 AU, as indicated, and the LIS specified at 
120 AU. The compression ratio s = 3.2. 
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Figure 8.2. Differential intensities of galactic He computed without a TS as a function of kinetic energy for both 
polarity cycles and solar minimum (top panels) and moderate maximum (bottom panels) conditions, at radial 
distances of 1, 60, 90 and 115 AU (bottom to top) in the equatorial plane. 

without a TS as is emphasized in Figure 8.2. This effect also seems absent for larger a's and clearly depends on 

the dr i i  direction. The energy spectra in Figures 8.1 to 8.5 also depict how the slopes of the modulated He spectra 

systematically obtain the characteristic spectral index (energy slope) at lower energies which is caused by adiabatic 

'cooling' with decreasing radial distance. Beyond the TS (r > re), the spectra obtain a much steeper energy slope 

at low energies and can cause rather strong negative radial gradients at very low energies, also evident for protons. 

This happens, however, at much lower energies (E < 1.0 MeV) than for protons, for the same reasons as has been 

discussed in Chapter 6. This implies that the LIS for galactic He may not be known at these low energies until 

a spacecraft actually appmaches the heliopause. Dierences between the spectra with and without a TS will be 

discussed in detail in the next section. 

For He with anomalous He as is shown in Figure 8.5, the intensities at the TS where the anomalous He source 

is injected follow the characteristic (E)-1.2 spectrum with s = 3.2 and (E)-2.0 with s = 2.0, which is dictated by 

the acceleration of anomalous He at the TS with E 5 100 MeV. The inclusion of a anomalous He component has 

a profound effect on the He intensities at larger radial distances (r 2 60 AU) at E 5 100 MeV, but a relatively 

small effect on the intensities at Earth. This larger effect is because of the higher rigidity of He than that of 

protons for a given energy and should even be larger for heavier spedes (i.e., Oxygen, Boron, Carbon). Near the 

TS the spectrum is of course substantially different because of the injected anomalous He source. Note that the 

modulation for r 2 50 AU is much larger in the A < 0 cycle than for the A > 0 cycle if a = 10'. This is also true 

for a = 75', although the modulation then is also larger for the A > 0 cycle than if a = 10". This effect is even 
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Figure 8.3. S i  to Figure 8.1 but for He with anomalous He and s = 2.0. 
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Figure 8.4. Similar to F i e  8.3 but for He with anomalous He and s = 3.2. 
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Figure 8.5. Similar to Figure 8.1 but for He with anomalous He. Here the dotted lines represent solutions with s 
= 2.0 (Figure 8.3) instead of s = 3.2 (Figure 8.4). 



more enhanced as the compression ratio decreases from s = 3.2 to s = 2.0. At E a 60 MeV the cutoff energy of the 

anomalous He spectrum is quite evident for both values of a. The radial dependence of the 16 MeV intensity, that 

is shown in the right hand panels, is consequently significantly different, but at higher energies the effect diminishes 

as the acceleration cut-off energy is approached. The 'barrier' type modulation for this component at 16 MeV 

occurs inside the TS, and is not associated with the heliosheath, but occurring at smaller radial distances than 

have been predicted for protons, e.g., for the A > 0 cycle if a = lo0 this is evident from -40 AU already, while 

for the A < 0 cycle the 'barrier' effect disappears. This implicates that at these low energies a spacecraft should 

begin to observe a significant increase relatively far away from the TS for the A > 0 cycle. These aspects will be 

shown more quantitatively later in the chapter. Our results indicate that a s between 3.2 and 2.0 is preferred when 

anomalous He is also considered, and is consistent with the results that have been found for anomalous protons. 

Clearly, a strong shock with s = 4 is most unlikely (see also Potgieter and Langner, 2003a, 2003b). 

8.4. Differences in modulation with and without a TS 

In this section the differences in modulation with and without a TS are shown for galactic He. The difTerences 

between the spectra are evident from a comparison between Figures 8.1 and 8.2. In Figure 8.6 these differences 

are illustrated by depicting the ratio of intensities which have been obtained with and without a TS as a function 

of kinetic energy at radial distances of 1, 60, 90 and 115 AU, and as a function of radial distance at energies of 

0.016, 0.2 and 1.0 GeV, respectively, in the equatorial plane for both polarity cycles when a = 10' and 75'. The 

modulation parameters of the two models were kept the same for these calculations in order to quantify the effects 

of the TS on the modulation of He. The ratios as a function of energy converge naturally at E 2 10 GeV because 

the TS has progressively less effect the higher the energy. The ratios as a function of radial distance approach 

unity at 120 AU where the LIS has been specified. These computed ratios indicate quantitatively how much the 

computed modulation for He changes when a TS is present. 

Evidently, the effect of the TS on the modulation of galactic He with respect to the relevant LIS is profound. 

It decreases the intensities at lower energies (e.g., at 100 MeV) but increases it at higher energies (e.g., at 1 GeV) 

as the lower energy particles are being accelerated to higher energies, as have been emphasized by the ratios in 

Figure 8.6 which become larger than 1 for high energies. The differences between the two models can be significant, 

especially with E < 100-300 MeV and r 2 60 AU for both a = 10" and 75', similar to protons. For a = 10' the 

ratios have the lowest values at 115 AU for A > 0 at all energies, which indicates that the effect of the TS model 

is prominent at these larger distances. This is partly because of the assumed divergence free solar wind speed in 

the heliosheath region, causing the characteristic spectral slope which has been caused by adiabatic 'cooling' to be 

steeper for the TS model if r > 90 AU. The ratios at the different radial distances also have a minimum at a certain 

energy which becomes smaller as the radial distance increases, also related to the adiabatic 'cooling' that these 

particles experience which tends to have the ratios converge to a steady value at low energies. Combined these 

effects cause shifts in the minima of these ratios to lower energies, for increasing a and when the HMF polarity 

reverses. 

The effect of the TS at Earth is not pronounced as has been expected, although the inclusion of the TS in the 

model can evidently influence the modulation of He even at Earth at low energies. The galactic He intensities are 

less at Earth at low energies with the TS than without it, because of the acceleration of these low energy particles 

to higher energies, as has been mentioned earlier. At these energies, this effect will of course not be observable 
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Figure 8.6. Intensity ratios of solutions for galactic He with a TS model compared to those without a TS as a 
function of kinetic energy at radial distances of 1, 60, 90 and 115 AU (left panels) and as function of radial distance 
at energies of 0.016, 0.2 and 1.0 GeV (right panels) for both polarity cycles in the equatorial plane. Top four panels 
are for solar minimum conditions (a = 10") and bottom four for moderate solar maximum conditions (a  = 75'). 
Note the scale differences between the panels. 



because of the presence of anomalous He in the heliosphere. 

8.5. Charge-sign dependence 

8.5.1. Tilt angle dependence of Helium and Helium with anomalous Helium 

Figure 8.7 shows differential intensities for He with and without anomalous He, as a function of the tilt angle in 

the equatorial plane at 1 AU for both polarity cycles at energies of 0.016 and 1.0 GeV. As has been noted for 

protons in Chapter 6, the model predicts a flattish tilt angle dependence for the A > 0 cycle for a < 50°, but a 

steep decrease with larger tilt angles. For the A < 0 cycle a more gradual decrease with tilt angle is predicted. In 

Figure 8.7 it is also shown that theoretically the differential intensities with a = 90' converge if zero d r i i  have 

been assumed for extreme solar maximum activity. At a = 0' (not shown) the intensities for the A < 0 cycle are 

higher than that of the A > 0 cycle at E = 1.0 GeV, similar to protons, but the opposite happens at lower energies 

which is well known (see Reiecke et al., 1993). 
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Figure 8.7. Dierential intensities for He (left) and He with anomalous He (right), as a function of the tilt angle 
in the equatorial plane at 1 AU for both polarity cycles at energies of 0.016 and 1.0 GeV. The dotted lines are 
extrapolations to solutions with zero drifts at a = 90°, when theoretically the HMF reverses. 

8.5.2. Energy dependence of e-/He and e-/He with anomalous Helium 

In Figure 8.8 the modulation differences between e- and He am e m p h a s i  by plotting e-/He and e-/He with 

anomalous He, as a function of rigidity for both polarity cycles in the equatorial plane at 1 AU and 90 AU, with 

a = 10' and a = 75', respectively. As a reference, all the modulated ratios are compared to the corresponding 

(unmodulated) LIS ratios. 

For the intensity ratios, e-/He, and the e-/He with anomalous He, one can expect to see effects similar to 

those of e-/p and e-/p with anomalous protons as has been d i s c 4  in the previous chapter. At low energies He 

experiences large adiabatic energy losses while e- do not, and in addition e- modulation becomes progressively 

independent of drifts so that the e-/He is a fador of -3000 for 100 MV at 90 AU. However, when the anomalous 

He component is added the e-/He at 90 AU becomes significantly lower at low energies, e.g., only 6x10-= at 

100 MV since the anomalous He dominates the galactic He at these energies, which is similar to protons. The 

slight differences between the two cases at 1 AU indicates that anomalous He can reach the Earth. The cross-over 
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between the curves for the A > 0 and A < 0 polarity cycles for e-/He evidently mows to lower rigidities with 

increasing radial distance, although this effect shifts to higher rigidities with increasing solar activity. 

8.5.3. Tilt angle dependence of e-/He, and e-/He with anomalous Helium 

In Figure 8.9 the e-/He and e-/He with anomalous He are shown as a function of the tilt angle a t  1 AU and 90 

AU for both polarity cycles in the equatorial plane at rigidities of 0.05, 1.10, and 2.5 GV. As has been noted for 

the e-/p ratios, the characteristic 'A' shape are also clearly recognizable at 1 AU and 90 AU for the A > 0 cycle, 

but only for R 2 0.1 GV. For the A < 0 cycle the characteristic 'V' shape is visible for all rigidities shown at 1 

AU and 90 AU. For the A > 0 cycle the tilt angle dependence becomes significantly less at R < 0.1 GV. For a 

discussion of these aspects see Chapter 7. 
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Figure 8.9: Ratios of e-/He (top panels) and e-/He with anomalous He (bottom panels), as a function of the tilt 
angle in the equatorial plane at 1 AU (left panels) and at the TS (r. = 90 AU) (right panels) for both polarity 
cycles at  rigidities of 0.05, 1.10, and 2.5 GV. Note the scale differences between the panels. 

8.6. Heliosheath modulation 

Next, the modulation computed to take place in the heliosheath, between rs and r., is compared to what happens 

between r b  and 1 AU (LIS to Earth) and between r, and 1 AU (TS to Earth). This comparison is emphasized by 

showing in Figures 8.10 and 8.11 the intensity ratios jLrs/jl, j~rs/jgo and jw/h  for He and He with anomalous He 

as a function of kinetic energy in the equatorial plane for both polarity cycles with a = 10' and 75", respectively. 

For a few cases the ratios become less than unity, because of the acceleration of these particles at the TS. 
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Figure 8.10. Intensity ratios j ~ r s / j l ,  j ~ r s / j ~ o  and j w / j l  (120 to 1 AU, 120 to 90 AU and 90 to 1 AU) for He (top 
panels) and He with anomalous He (bottom panels) as a function of ldnetic energy in the equatorial plane with 
a = 10'; left panels: for A > 0, right panels for A < 0. Note the scale differences between the panels. 

According to Figures 8.10 and 8.11 a significant level of modulation occurs in the heliosheath for galactic He 

when A > 0 with E 5 200 MeV for solar minimum (a = 10') and for moderate solar maximum (a = 75') 

conditions. This is also true for A < 0 but at a somewhat lower energy, similar to protons. For moderate solar 

maximum conditions the level of modulation in the heliosheath decreases significantly for E > 200 MeV in contrast 

with that of j 9 0 / j l .  This is also true for solar minimum conditions in the A < 0 cycle and also to a lesser extent 

for the A > 0 cycle. Obviously, these ratios all converge at a high enough energy where no modulation is present. 

The addition of the anomalous He component changes these ratios significantly for energies up to 1-2 GeV. 

The concept of 'barrier' or heliosheath modulation applicable to galactic CR species, changed when anomalous He 

and protons are considered. The heliosheath dects are still present at higher energies (rigidities) as the modelling 

indicates. Unfortunately, &om an observational point of view clear indications of heliosheath modulation of galactic 

He and protons will be overwhelmed at low energies by the presence of the anomalous species. On the other hand, 

the presence of the anomalous particles should make the detection of the TS with particle detectors possible. 

The modulation in the heliosheath is also an important part of the total modulation for galactic He and He with 

anomalous He as has been shown in the right panels of Figures 8.1 and 8.5. The TS in this regard plays a prominent 

role. For both species its effect becomes more pronounced the lower the energy. At higher energies, the 'barrier' 

effect progressively diminishes; the radial dependence beyond the shock may vanish or even become negative to 
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Figure 8.11. Similar to Figure 8.10 but for a = 75O. 

create a conspicuous shock effect on the radial intensity profiles. This effect is, how eve^, strongly dependent on the 

HMF polarity cycles and is similar to that for protons. 

8.7. Summary and conclusions 

In this chapter four aspects of heliospheric modulation for He were highlighted: (1) The differences in the modulation 

of galactic He and He with anomalous He. (2) How the inclusion of a TS in the model altered this modulation 

and the consequent charge-sign dependence. (3) The ldnd of modulation effects to be expected near the TS and 

in the heliosheath; and (5) the effects of increased wlar activity. Qualitatively, the results for He are similar to 

those of protons but there are quantitatively marked differences. These results confirm that this numerical model 

with a TS can reasonably reproduce the He modulation between the outer boundary and Earth and for a Msiety 

of species as it has been illustrated in the previous chapters. Although these results are most reasonable it seems 

unavoidable as has been noted before that the diffusion coe5cients should change time-dependently, together with 

the 'tilt angle' and parameters like the compression ratio. These results indicate that a TS compression ration 

between 3.2 and 2.0 is preferred when anomalous He is also considered. 

The modulation for galactic He that has been produced with and without a TS differs significantly, depending 

on the HMF polarity. These differences increase towards lower energies and larger radial distanm. The slight 

differences between the e-/He and the e-/He with anomalous He at 1 AU indicate that anomalous He can reach 

the Earth. 
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The heliosheath can be wnsidered a d i s t i i h a b l e  modulation 'barrier' for galactic He with the overall effed 

clearly energy, polarity cycle and solar activity dependent, e.g., most of the modulation may occur in the heliosheath 

for E 200 MeV at solar minimum during A < 0 cycles. 

These results indicate as for protons that the LIS for galactic He may not be hown at E < 200 MeV until a 

spacecraft actually approaches the heliopause because of the strong modulation that occurs in the heliosheath, the 

effect of the TS and the subsequent presence of anomalous He. 

A detailed comparison with He obsenmtions at Earth and beyond was not done for this work - see Steenberg et 

al. (1998). Such a study may be well suited for a Masters thesis as follow-up and a further application of the TS 

model as has been presented in this work. 



Chapter 9 
Summary and conclusions 

The interest in heliosheath modulation has leaped forward when it has become apparent, particularly from the 

Voyager and Pioneer spacecraft observations in the outer heliosphere, that the global modulation was significantly 

different in the A > 0 cycle than in the A < 0 cycle (Webber and Lockwood, 1995, 1997, 1998; McDonald, 1998; 

McDonald et al., 1998). The question of what happens beyond the solar wind termination shock has followed 

and has been the main motivation to address the issue of heliosheath modulation. The modulation, propagation 

and distribution of galactic and Javian electrons, positrons, protons, anti-protons, Helium, and anomalous protons 

and Helium throughout the heliosphere and the effects of the solar wind termination shock on this modulation 

were therefore studied, using a twodimensional termination shock model, referred to as the TS model, which was 

developed in this work. The solutions of this TS model were compared to a variety of observations from the Ulysses, 

Pioneer 10, and Voyager 1 and 2 missions. 

A summary and the main conclusions that have been drawn from this study are given next: 

After introducing the reader to this study in Chapter 1, a brief overview was given in Chapter 2 of the major 

properties and the structure of the heliosphere. Topics discussed were the Sun, the solar wind, the solar activity 

cycle, the solar wind termination shock, the heliospheric magnetic field, and the Parker transport equation. What 

follows is an outline of the most important of these concepts which have been used in this study as is given in 

Chapter 2: 

(1) The outer boundary (heliopause) of the heliosphere is assumed to be at rs = 120 AU, while the location of the 

TS is assumed at r, = 90 AU. 

(2) The solar wind speed is assumed to change from 400 km.s-' in the equatorial plane to 800 km.sw' in the 

polar regions for solar minimum conditions, but to stay constant at 400 h.s- '  for moderate solar maximum 

conditions. Extreme solar maximum conditions are not considered. 

(3) The heliospheric magnetic field is assumed to be a Parker spiral, but is significantly modified in the heliospheric 

polar regions, as are suggested by Jokipii and K6ta (1989). 

(4) The heliosphere is divided into a northern and southern hemisphere with oppositely directed magnetic fields 

that change polarity every -11 years. These hemispheres are separated by the wavy heliospheric current sheet 

along which charged particles experience drifts effects. Drift directions are different during the A > 0 and A 

< 0 cycles for a given species. 

The distribution of cosmic rays in the heliosphere is the result of four different transport processes, namely d3h- 

sion, drifts, convection and adiabatic energy loss. The purpose of Chapter 3 was therefore to give a short overview 

of the heliospheric transport processes, modulation theory, the numerical models developed by the Potchefstroom 

modulation group and for the present study, and in particular the h i v e  shock acceleration process. In this 

work the locally one dimensional and the Wendroff's implicit method were used for solving the transport equa- 

tion with a discontinuity at the assumed location of the solar wind termination shock. A suitable diffusion tensor 

was &so constructed applicable to modulation of a variety of particles in the heliosphere. It has been shown that 

in tsmdimensional modulation models three diffusion coefficients are of particular interest. q, n l v ,  and 'EL@, the 

diffusion coetlicients parallel and perpendicular to the heliospheric magnetic 6eld in the radial and polar direc- 



tions, mpectively. The 'drift wdcient '  KA represents gradient, curvature and current sheet drifts. A KII was 

constructed based on theoretical calculations without the dissipation range but with slab/~dimensional turbu- 

lence (Burger et al., 2000) and extended to lower rigidities for electrons and positrons, R 5 100MV, to have a near 

constant rigidity dependence (R0.') as predicted by observations and models includmg dynamical turbulence, e.g., 

the damping model (see Figures 3.5 and 3.8). Because of the complexity of nl ,  not much theoretical work exists, 

although currently it is seriously researched (e.g., Minnie, 2002; Teufel and Schlickeiser, 2W2, 2003; Teufel et al., 

2003; Stawicki, 2003; Shalchi, 2003; Parhi et al., 2003), illustrating that it is realized that nl is important for the 

better understanding of CR modulation. In this work it was assumed that n l  K q, and that XL,/XII S Xls/XII 

between 0.003 - 0.2 for 0.5 MV - 5.0 GV (see Figure 3.13) at Earth. The 'drift coefficient' is the same as the one 

which has been used by Burger et al. (2000). Below -1 GV, drifts are slightly reduced with respect to the weak 

scattering case for which XA cx R, VR. In this work 50% drifts were ~ssumed for all tilt angles. Without this as- 

sumption, the comparison between the computations and obsemtions is very poor and it has become clear that 

full & i s  are not possible as has been emphasized in many publications of the Potchefstroom group. 

In Chapter 4 characteristics of the improved and expanded two-dimensional TS modulation model developed 

and used for this study were shown. This model is an improvement of existing locally developed two-dimensional 

termination shock modulation models (e.g., Steenkamp, 1995; Haasbroek, 1997; Steenberg, 1998), but with a more 

general approach to handling the heliospheric current sheet in a two-dimensional model and the manner in which 

the s o h  wind speed transition at the termination shock is treated numerically. The WCS model of Hattingh 

(1993) was revisited, and a more general heliospheric current sheet approach was derived in order to accommodate 

a magnetic field with a modification, as was used in this work, and so that the TS model wuld be valid for all a. 

The effects of continuous, discontinuous, and quasi-discontiiuous transitions of the solar wind speed at the 

termination shock on the numerical solutions and the effect of the injection source spectrum at the termination 

shock were also studied. It was found that the spectra calculated for the continuous transition function of the 

s o h  wind speed differ from that of the discontinuous and quasi-diswntiiuous transitions. It became clear that 

although the continuous profile of the solar wind speed was easier to handle numerically, care had to be taken 

because the acceleration and modulation effects might be underestimated. In this work the quasi-discontinuous 

solar wind speed transition function was used with a compression ratio of s = 3.2 and a scale length of L = 1.2 

AU inside of the termination shock. The deviation from the theoretically expected E-'.Is dependence, for s = 3.2, 

of the shocked spectra for the anomalous cosmic rays and the quasi-discontiiuous transition could clearly be seen 

in the 10 - 300 MeV range, and was prominent for the A < 0 cycle, but it was almost absent in the A > 0 cycle. 

This is similar to the effect that has been discussed by Steenkamp (1995) (see also K6ta and Jokipii, 1994), which 

causes the anomalous proton spectra in the A < 0 polarity cycle to be flatter than that of the A > 0 polarity cycle. 

It was also shown that the TS model solutions  we^ independent of the anomalous source injection energy, 

and that the accelerated spectrum at the termination shock was independent of the spectral form of the source 

spectrum, as long as the energy dependence was less than the expected energy dependence wrresponding to the 

compression ratio used. For the TS model a delta fuoction was injected at the termination shock with an arbitrary 

value which wuld be normalised by comparing the resultiig spectra to observations. These aspects of the TS 

model are consistent to that of the S t e e n h p  (1995) model. 

The effects of all these fundamental modulation processes and changes to the diffusion we5cients (discussed 

in Chapters 2 to 4) when applied to wsmic ray modulation in the heliosphere were shown though wmparisons of 



solutions to some major observations. These comparisons confirmed that the TS model used in this work could 

indeed reasonably reproduce the modulation in the heliosphere for a variety of galactic and anomalous particle 

species, and for Jovian electrons. Although the aim of this work was not to study the diffusion coe5cients, it was 

evident that the chosen set gave reasonable comparisons to the observations for solar minimum, but for extreme 

solar maximum activity modification seemed necessary, e.g., by introducing transient 'barriers' like global merged 

interaction regions into the model to reproduce the observed radial gradients. 

In Chapter 5 it was shown that the inclusion of a termination shock in the modulation model for protons and 

for solar minimum conditions w e d  abrupt changes in the cosmic ray radial gradients at the termination shock, at 

almost all energies of interest to modulation studies. For A > 0 cycles, the radial gradients became typically very 

large (positive) inside the termination shock but almost zero at energies > 1.0 GeV beyond the termination shock, 

to increase again significantly close to the outer boundary. At lower energies, the radial gradients progressively 

became larger positive behind the termination shock. For the A < 0 cycle, the abrupt changes at the termination 

shock in the radial gradients were qualitatively similar, but they differed quantitatively, especially at low energies. 

For these cycles the intensity at the termination shock at energies 2 0.5 GeV could be higher than the corresponding 

value of the local interstellar spectrum for protons, so that the radial gradients might even be negative beyond 

the termination shock. Beyond the termination shock at energies < 10 MeV the slope of the spectra became 

much steeper than the adiabatic slope because the energy change term in the transport equation became negligible 

beyond the shock caused by the assumed divergence £ree solar wind in the heliosheath region. 

For increased solar activity, the modulation in the heliosheath was quite Werent £rom minimum activity. The 

heliosheath no longer played the role of a distinguished 'barrier', although abrupt changes in the radial gradients 

at the termination shock might still occur, especially for A > 0 cycles, surprising more so for higher energies. The 

role of drifts manifested itself in the dear differences between the polarity cycles. Drifts in the heliosheath region 

had the effect to enhance the 'barrier' effect, while no drifts caused more g~adual increases in the radial intensities. 

Qualitatively, these results for protons were consistent to those of Jokipii et al. (1993) but there were quantitatively 

marked differences (see also Langner et al., 2003). 

In Chapter 6 five aspects of heliospheric modulation for protons and anti-protons were highlight& (1) The 

differences in the modulation of galactic protons and anti-protons. (2) How the inclusion of a termination shock in 

the model altered this modulation and the consequent charge-sign dependence. (3) How the inclusion of anomalous 

protons changes the modulation for protons. (4) The kind of modulation effects to be expected near the termination 

shock and in the helicsheath and (5) The effects of increased solar activity. The termination shock modulation 

results for anti-protons and the &ts of the termination shock on charge-sign dependent modulation were new. 

Although the results were most reasonable it seemed unavoidable that the diffusion coefficients should change 

time-dependently, together with the 'tilt angle' and parameters like the compression ratio (see also Potgieter and 

Langner, 2003a, 2003b). These results indicated that a termination shock compression ration between 3.2 and 2.0 

was preferred when anoinalous protons were also considered, but that this ratio could not be determined effectively 

using only galactic proton and anti-proton spectra. A strong shock with s = 4 was most unlikely. 

The modulation produced by a model with and without a termination shock could differ significantly, depending 

on the species and heliospheric magnetic field polarity. These differences increased toward lower energies and 

larger radial distances. The p/p approached a steady value at all radial distances for lower energies which was a 

manifestation of the adiabatic 'cooling' these species eqjerienced in the heliosphere and was independent of the 



shape of the local interstellar spectrum. Strong c h a r m  dependent effects occurred for protons and anti-protons 

enhanced by the vastly different local interstellar spectra and the c l ikmt  effect the termination shock had on these 

cosmic ray particles. 

It was also found that the heliosheath could be considered a distinguishable modulation 'barrier' for both 

protons and anti-protons with the overall effect clearly energy, polarity cycle and solar activity dependent. These 

results indicated that the proton local interstellar spectrum might not be known at E 5 200 MeV until a spacecraft 

actually approached the heliopause because of the strong modulation that occwed in the heliosheath, the effect of 

the termination shock and the presence of anomalous protons. For anti-protons, in contrast, these effects were less 

pronounced. 

In Chapter 7 the following heliospheric modulation aspects for electrons and positrons were highlighted: (1) 

The Merences in the modulation of electrons, including a Jovian electron source, and positrons, also with increased 

solar activity, and the consequent charge-sign dependence. (2) How the inclusion of a termination shock in the 

model altered this modulation and (3) the kind of modulation effects to be expected near the termination shock 

and in the heliosheath for electrons and positrons. These aspects were considered for the &st time for galactic 

positrons. The following were found: 

(1) The modulated spectra for electrons and positrons at the termination shock might exceed the corresponding 

local interstellar spectrum at energies 2 200 MeV. It became less pronounced when these particles dr'ifted in 

over the heliospheric poles t m d s  the equatorial regions. With increased solar activity the effect became less 

evident for both polarity cycles. 

(2) The modulation of electrons and positrons became progressively independent of drifts with lower energies. 

Electrons and positrons also experienced significantly less adiabatic energy losses at energies 2 1 MeV than 

protons and anti-protons with the consequence that the rigidity dependence of the diffusion coefkients could 

easily be deduced £rom observations at lower energies. By studying the intensity ratios it is even possible to 

deduce the energy slopes of the corresponding local interstellar spectrum. Unfortunately, for electrons the 

situation at E 5 100 MeV was complicated in the inner heliosphere by the dominating presence of the Jovian 

electron source. 

(3) With the inclusion of the termination shock, the largest modulation effects occured at/near the termination 

shock. Intensities between 0.1 and 1.0 GeV were most affected and could be up to -3 times higher at 90 AU 

than without a shock. A general effect of the inclusion of the termination shock was to decrease the intensities 

at lower energies at aJl radial distances, while increasing it at mid-energy ranges. The energy where this 

adjustment occurred for positrons was between 102-300 MeV depending on the radial distance and 5 1 MeV 

for eledrons. The effect of the termination shock on modulation was the largest for electrons when A > 0, but 

for positrons when A < 0. For both species the intensities were affected by the presence of the termination 

shock, even at Earth. 

(4) The modulation in the heliosheath depended on the particle species, was strongly dependent on the energy of 

the cosmic rays, the polarity cycle, and was enhanced by the inclusion of the termination shock. For electrons 

the factor modulation in the heliosheath became comparable to the factor between the termination shock and 

Earth at low energies for both polarity epochs when a = 10'. Hawever, dwing the A > 0 epoch the heliosheath 

could not really be considered a modulation 'barrier' above -150 MeV for electrons, while for positrons this 

occured at somewhat higher energies during the A < 0 epoch. For a = 75' the heliosheath could not be 
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considered a modulation 'barrier'. 

(5) For positrons the modulated spectra had very mild energy dependencies below -300 MeV, even at Earth, in 

contrast to electrons, protons and anti-protons (Langner and Potgieter, 2003a, 2003b). 

In Chapter 8 four aspects of heliospheric modulation for Helium were highlighted: (1) The differences in the 

modulation of galactic Helium and Helium with an anomalous component. (2) How the indusion of a termination 

shock in the model altered this modulation and the consequent chargesign dependence between Helium and 

electrons. (3) The kind of modulation effects to be expected near the termination shock and in the heliosheath 

and (5) The effects of increased solar activity. Qualitatively, the results for Helium were similar to those of protons 

but there were quantitatively marked differences. The modulation for galactic Helium produced by the TS model 

with and without a termination shock Wered significantly, depending on the heliospheric magnetic field polarity. 

These differences inmeased towards lower energies and larger radial distances. The slight differences between the 

e-/He and the e-/He with anomalous Helium at 1 AU indicated that anomalous Helium could reach the Earth. 

The heliosheath could also be considered a distinguishable modulation 'barrier' for galactic Helium with the 

overall effect dearly energy, polarity cycle and solar activity dependent. These results indicated as for protons 

that the local interstellar spectrum for galactic Helium might not be known at E < 200 MeV until a spacecraft 

actually approached the heliopause because of the strong modulation that occured in the heliosheath, the effect of 

the termination shock and the subsequent presence of anomalous Helium. 

The results of Chapters 5 to 8 confirmed-that the two-dimensional numerical model with a termination shock, 

used in this work, could reasonably reproduce the modulation between the outer boundary and Earth for protons, 

anti-protons, electrons with a Jovian source, positrons, Helium, and anomalous protons and Helium. Although these 

results were most reasonable it seemed unavoidable that the &ion co&cients should change time-dependently, 

together with the 'tilt angle' and parameters like the compression ratio. Modifications for extreme solar maximum 

activity also seemed necgsary, e.g., by introducing transient 'barriers' like global merged interaction regions into 

the model to reproduce the observed radial gradients. 

Comparing the findings summarized in this chapter to the list of topics discussed in Chapter 1, this work has 

successfully addressed these topics and can provide useful information for future spacecraft missions, especially to 

the outer heliosphere. The TS model can also be used for future studies, e.g.: 

Explaining the measurements by the Voyager missions in the region of the termination shock in more detail. 

A detailed comparison with Helium, Boron, and Carbon observations, and the calculation of the B/C ratio at 

Earth and beyond. 

The role and importance of drifts, and the structure of the heliospheric current sheet in the heliosheath. 

The inclusion of timedependent parameters and different structures of the termination shock in the model. 

The development of a TS model with an asymmetric geometry for the heliosphere. 

The expansion of the TS model to three spatial dimensions. 
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