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Abstract 

A first attempt at an ab initio steady-state three-dimensional modulation model for galactic 
cosmic ray electrons, utilizing expressions adapted from the work of Teufel and Schlickeiser 
[2003] and Shalchi et al. [2004a] for the parallel and perpendicular mean free paths dependent 
on basic turbulence quantities is presented. A similar model for galactic protons is also pre
sented. Various models for the dissipation range breakpoint presented by Leamon et al. [2000] 
are implemented. Applying a Fisk-Parker hybrid field, 26-day recurrent galactic proton and 
electron variations are investigated via a three-dimensional numerical modulation code in an 
attempt to understand the effects the varying of basic turbulence quantities would have on 
them. Only solar minimum conditions are considered here, and no attempts are made to fit 
data in any way whatsoever. At higher rigidities, the relationship between changes in cosmic 
ray intensities and changes in the modulation parameter first postulated by Zhang [1997] was 
found to adequately explain the linear relationship between these quantities first observed by 
the same author. Effective diffusion for both galactic electrons and protons was dominated 
by the ratio of the perpendicular to parallel mean free paths, whilst typically the relationship 
of Zhang was found to no longer hold for electrons when this ratio dropped below a critical 
value with a sufficiently small perpendicular mean free path. With this small mean free path, 
combined with the fact that drift effects are not effective at low energies, electrons would be 
significantly influenced by transport along the magnetic field. In general, results for electrons 
were found to be very sensitive to the ratio of the perpendicular to parallel mean free paths. 
Constants of proportionality for relative amplitudes as function of latitude gradients were typ
ically found to be ordered by the sign of the latitude gradient, being larger when it is positive 
than when it is negative. Only in one case, for electrons, was a clear ordering by the sign of 
the magnetic polarity found, with the constants of proportionality larger for qA > 0 than for 
qA<0. 

Keywords: Fisk-type heliospheric magnetic field, cosmic rays, 
modulation, recurrent cosmic ray variations, drift, 
diffusion, turbulence 
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Acronyms and Abbreviations 

Listed below are the acronyms and abbreviations used in the text. For the purposes of clarity, 
any such usages are written out in full when they first appear. 

2D two-dimensional 
3D three-dimensional 
AU astronomical unit 
HCS heliospheric current sheet 
HMF heliospheric magnetic field 
MFP mean free path 
MHD magnetohydrodynamic 
NLGC nonlinear guiding centre theory 
PCH polar coronal hole 
PFSS potential-free source surface 
QLT quasilinear theory 
SS source surface 
TPE transport equation 
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Chapter 1 

Introduction 

Galactic cosmic rays, on entering the heliosphere, encounter various phenomena dominated 
by processes originating at the Sun. Examples of these are the solar wind, and the turbulent 
heliospheric magnetic field (HMF). These encounters cause the cosmic rays to gain or lose en
ergy, to change their direction of propagation, et cetera, eventually reducing their intensity 
with respect to what it was at the boundary of the heliosphere. This process is known as the 
modulation of cosmic rays. An understanding of the factors governing the diffusion of these 
cosmic rays throughout the heliosphere is integral to understanding their modulation. The first 
aim of this study is to introduce analytical expressions for the mean free paths (both parallel 
and perpendicular to the uniform background component of the HMF) of cosmic ray protons 
and electrons, governed by the various turbulent transport processes these particles would 
encounter in the heliosphere. The need for analytical expressions for these mean free paths is 
twofold: to easily identify the roles of turbulence, and related, quantities in cosmic ray modu
lation, and to reduce the running time of cosmic ray modulation codes. The various processes 
in the heliosphere lead to cosmic rays exhibiting certain behaviours, an example of which is 
the 26-day recurrent cosmic ray variations observed by the Ulysses spacecraft. The second aim 
of this thesis is to qualitatively study the effects the varying of various turbulence quantities 
would have on these 26-day variations via the implementation of the abovementioned mean 
free path expressions in the 3D cosmic ray modulation code of Hattingh [1998]. 

In Chapter 2, a broad overview of processes and phenomena pertinent to the modulation of 
cosmic rays in the heliosphere, as relevant to the aims of the present study, is given, with 
special emphasis on the HMF and general form of the diffusion tensor. 

Chapter 3 introduces various quantities pertaining to turbulence theory, as applicable to the 
modulation of galactic cosmic rays, with emphasis on models proposed by Leamon et al, [2000] 
for the breakpoint wavenumber hp between the inertial and dissipation ranges in the turbu
lence power spectrum. Furthermore, semi-analytical expressions for the parallel and perpen
dicular mean free paths, based on the work of Teufel and Schlickeiser [2003] and Shalchi et al. 
[2004a], are introduced and characterized as functions of radial distance and rigidity. The ef
fects of kp on these mean free paths are also investigated. 
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Implementing the results of Chapter 3 via the three-dimensional modulation code of Hattingh 
[1998], the topic of Chapter 4 is the effect of varying various turbulence quantities (and drift 
effects) on the 26-day recurrent variations of galactic protons, in particular on the linear re
lationship between the relative amplitude and latitude gradient of these protons reported by 
Zhang [1997]. 

Chapter 5 presents a study of the effects of varying turbulence quantities pertinent to the dis
sipation range on the 26-day recurrent variations of low energy galactic electrons. This is the 
first application of analytical diffusion coefficients dependent upon basic turbulence quantities 
to the study of the modulation of low energy cosmic ray electrons. 

A summary of the work presented in this study, as well as conclusions derived therefrom and 
possible avenues of future research, is presented in Chapter 6. 

Progress reports from this dissertation have been presented at the 2006 and 2007 American 
Geophysical Union Fall Meetings (Abstracts SH53B-1505 and SH33B-04, respectively), and at 
the International Cosmic Ray Conference 2007. Furthermore, results from this study pertaining 
to the diffusion coefficients have been published in the Astrophysical Journal, as Burger et al. 
[2008]. 



Chapter 2 

Cosmic Rays and Their Modulation: a 
Brief Overview 

2.1 Introduction 

The term 'heliosphere' describes the region of interstellar space directly influenced by our Sun, 
and where cosmic ray modulation occurs. Figure 2.1, though somewhat antiquated, still ad
equately illustrates the greater heliosphere in terms of the various regions contained therein. 
The solar wind flow, carrying the heliospheric magnetic field with it, is supersonic (and super-
Alfvenic) up to a radial distance from the Sun of around 90 ± 5 AU [Langner and Potgieter, 
2005], where the termination shock is located [Stone et al, 2005]. Recently, Voyager 1 crossed 
the termination shock at 83.7 AU [Stone et al, 2008]. Here, due to pressure from the interstel
lar medium, the solar wind flow becomes subsonic. Beyond this shock, the solar wind enters 
the heliosheath, a region ~ 30 - 40 AU in extent, in the direction in which the heliosphere is 
moving through the local interstellar medium. This region is bounded by the heliopause, the 
outer boundary of the heliosphere. Beyond this, a possible bow shock is encountered. Here, 
the pressure of the solar wind is finally matched by that of the media in the interstellar region. 
In what follows, the aspects of cosmic ray modulation most pertinent to this study, including 
models for the heliospheric magnetic field (HMF), are briefly outlined. 

2.2 Cosmic Rays 

The term 'cosmic ray' is essentially a misnomer. Cosmic rays are (usually) particles, ranging 
over 14 orders of magnitude in energy up to ~ 1026 eV, and composed of approximately 87% 
protons, 12% ionized Helium nuclei, and a remainder of heavier ionized elements, Iron being 
an example [see, e.g., Kallenrode, 2001]. Also included under the rather generalised term cosmic 
ray are electrons, high energy neutrinos, and gamma rays. 

Cosmic rays can be classified by typical energy and by origin: galactic cosmic rays, with ener
gies per nucleon greater than ~100 MeV, of extra-heliospheric origin; anomalous cosmic rays 
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Figure 2.1: Heliospheric structure (not to scale) [Axford, 1973]. 

with energies per nucleon ranging from ~10 MeV to 100 MeV [see, e.g., Potgieter, 2008a]; and 
solar cosmic rays, originating as the name implies at the Sun, with energies per nucleon be
low approximate^ 100 keV. Lastly, the Jovian magnetosphere is also a source of cosmic ray 
electrons, first observed by Simpson et al. [1974], with energies of up to approximately 30 MeV. 

2.3 The Sun 

The largest, and most prominent object in our solar system, the Sun is a magnitude 4.8 star of 
spectral type G2V, with diameter ~ 1.39 x 106 km [see, e.g., Kallenrode, 2001]. Containing more 
than 99.8% of the solar system mass the Sun has a mass of ~ 1.989 x 1030 kg, and is composed 
of ~ 92% hydrogen and ~ 7% helium, the remainder being composed of trace elements such 
as carbon, nitrogen and oxygen. Thought to be ~ 5 x 109 years old, the Sun is approximately 
halfway through its main sequence evolution, with a transition to red giant status expected in 
a further 5 x 109 years. 

Tine solar interior is divided into four zones, as illustrated in Figure 2.2. The thermonuclear 
reactions responsible for the release of solar energy occur in the core region, whilst this energy 
is transported towards the solar surface through the radiative zone. In the convection zone, 
the radiative temperature gradient, less than the adiabatic lapse rate (the rate of temperature 
change as function of elevation, in this case as function of radial distance from the solar core) 
in the radiative zone, becomes larger, causing the plasma in this region to become convec-
tively unstable. Hence, granules of plasma, ranging in size from ~ 500 — 30000 km convect 
towards the solar surface, giving rise to a highly dynamic photosphere, and causing a small-
scale dynamo effect, thereby generating magnetic fields. Tine last zone, the solar atmosphere, 
is itself divided into several regions, in order of increasing distance from the solar interior: the 
photosphere, the chromosphere, the transition layer and the solar corona. 
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Figure 2.2: Solar interior structure (not to scale) [Kriiger, 2005]. 

2.4 Solar Activity 

The plasma granules emerging from the photosphere carry toroidal magnetic fields with them, 
the footpoints of the field lines of those granules migrating to the edges due to convection of 
the plasma within these granules [Schrijver et al, 1998]. This, then, causes a magnetic field 
loop structure on the opposite sides of the supergranules, which, if these fields have strengths 
of ~ 0.3 T, limit effective heat conduction. This implies a local temperature reduction ob
served as a regional darkening on the photosphere, referred to as a sunspot. These sunspots 
are grouped in pairs of opposite polarity, and, considering the northern hemisphere, the or
dering of sunspots of positive and negative polarity is the same in this hemisphere along the 
direction of solar rotation. This ordering is reversed in the southern hemisphere. This behav
ior was first observed by Hale [1908], and is known as Hale's Law. The number of observed 
sunspots varies with a mean period of ~ 11 years, illustrated in Figure 2.3, whilst the mag
netic polarities of sunspot pairs in each hemisphere undergo a reversal with each cycle. As 
the sunspot pair's polarities alternate in hemisphere every ~ 11 years due to the sunspot cy
cle, and as these sunspots are strongly associated with the solar magnetic field, it has been 
concluded that the solar magnetic field reverses in polarity every ~ 11 years, with a mean 
period of oscillation of ~ 22 years. Due to the convection of the granules, sunspots are tran
sient phenomena, vanishing after only a few solar rotations. The effect of this solar activity can 
clearly been see on cosmic ray intensities as measured over time at Earth. Figure 2.4 illustrates 
a clear anticorrelation between sunspot number and cosmic ray intensity, as measured by the 
Hermanus neutron monitor, with well defined 11 and 22-year cycles. 
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Figure 23: Monthly averaged sunspot count, from Jan. 1950 to Sep. 2005 [Krilger, 2005]. 

2.5 The Solar Wind 

The expanding corona, a plasma of protons, electrons, and a small percentage of heavier, 
ionised elements, is what is known as the solar wind. The solar wind can be divided into 
two lahtudinaJ regions, viz. the fast solar wind, ranging from latitudes of approximately 23° 
up to the poles, with speeds of around ~ 700 800 k m / s ; and the slow solar wind in lower 
latitudes, with a speed of <- 400 k m / s . This pattern is clearest during solar minimum, and 
is illustrated in Figure 2.5. The fast component of the solar wind has its origins primarily in 
coronal holes [Nolte et al., 1976], the open field lines emanating from these structures allowing 
coronal plasma to stream outwards freely. During most of the solar- cycle, bom poles are cov
ered by coronal holes [Waidmeier, 1981], explaining the predominance of the fast component at 
i"igh solar latitudes. The slow solar wind component originates near coronal hole boundaries, 
propagating along the open field lines along the edges of coronal streamers. Increased solar 
activity corresponds to a significant shrinkage of polar coronal holes, which, along with a mi
gration in latitude of coronal holes during solar polarity reversal [Kriiger, 2005, and references 
therein], leads to a mixture of high and low speed solar wind components during period of 
greater solar activity. As the solar wind expands into space, its pressure decreases with radial 
distance from the Sun, until it is equal to the pressure exerted by the interstellar medium. At 
this point, at a distance of between 83.7 - 94 AU [Stone et al., 2005; Stone, 2007; Stone et al, 2008], 
the solar wind makes a transition horn super- to subsonic flow, resulting in the heliospheric 
termination shock, beyond which its flow direction in the heliosheath is greatly altered due to 
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Figure 2.4: Cosmic ray intensity, corrected for atmospheric pressure changes, as measured by the Her
manus neutron monitor [Potgieter, 200Sb]. 

it encountering the interstellar medium. 

2.6 The Heliospheric Magnetic Field 

hi tiiis section, different models for the heliospheric magnetic field, as well as tor the helio
spheric current sheet, will be briefly discussed. 

2.6.1 The Parker Field 

This, the simplest of the models for the heliospheric magnetic field (HMF) was originally de
rived by Parker [1958]. A source surface is assumed in the high corona where the field is purely 
radial, and for all extents and purposes is considered to be the surface of origin of the HMF. 
In deriving the Parker HMF, a spherically symmetric solar wind outflow Ls assumed, with the 
rotational and magnetic axes of the Sun perfectly aligned. It is further assumed that the so
lar piasma rotates rigidly at a constant rate i'l from the inner corona to the Alfven radius at 
~ lOr.-., which is the radial distance beyond which the plasma 3 is greater than unity implying 
that the field lines would follow tire solar wind flow, and that the solar wind flow speed Vgw 
is constant and radial at and beyond the source surface. Then, in a rigidly co-rotating frame of 
reference, the solar wind velocity in heliocentric spherical coordinates is 

U = Vsu-er - Q(r - rss) sin 0e^. (2.1) 
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Figure 2.5: Solar wind structure during solar minimum conditions McCamas etal. [2003]. 

where r$s is the radial distance where the source surface is located, and l*.,. the solar wind 
speed. The coronal plasma is highly ionized at the source surface, and the HMF is frozen into it 
(plasma 1 being here greater than unity), implying that the magnetic field lines and solar wind 
flow velocity are parallel, or stated mathematically, B x U = 0. This implies that the meridional 
component B# of the field is zero, and that its azimuthal component is independent of o. It then 
follows from Maxwell's equations (or, more specifically, V ■ B = 0), that r2J3r = const. 

To acquire this constant, one can normalize this magnetic field to the field magnitude at 1 AU, 
Be, so that 

Br = A(*f)\ (2.2) 

where re is 1 AU, and \A\ the held magnitude at earth, the sign of A indicative of the polarity 
of the field. When the sign of A is positive, the field in the northern hemisphere points away 
from the sun, whilst it points inward in the southern hemisphere. The reverse applies when 
A < 0. The polarity of the HMF changes every ~ 11 years, the effects of which can be observed 
in cosmic ray intensities at Eartli (see Figure 2.4). 

Invoking again the condition that the field and solar wind flow velocity should be parallel, the 
evaluation of B x U yields the result 

flo=V*(V~rS5)sing. ^ 
Vsw 

The angle between the radial direction and the field's direction itself in tliis coordinate system, 
given by 

B6 Sl(r-rgs) . a n .. 
tan y: = - —- = sin 8 (2.4) 

Br Vs 
.-. 
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Rotation axis 

Figure 2.6: Some representative field lines for the Parker HMF, originating at the solar equator, and 
latitudes of 45 degrees north and south of the ecliptic [Hattingh, 1998]. Note that for this representation, 
the polarity would be .4 > 0, with die field in the northern hemisphere pointing away from the Sun, 
whilst that in the southern hemisphere points toward it. 

is known as the Parker spiral angle, and is also known as the winding, or garden hose angle, 

Whilst Br scales as r ~2, the azimuthal component scales as r - 1 , implying that the field lines 
become more tightly wound with increasing radial distance. The spiral structure of the Parker 
HMF is illustrated in Figure 2.6. Expressed in terms of the spiral angle, the Parker HMF is then 
given by 

B = A(^j ( e r - t a n r e , J . (2.5) 

2.6.2 T h e F i sk Field 

The rotation rate of the Sun depends strongly on heliolatitude, decreasing in magnitude with 
increasing heliolatitude [see, e.g., Snodgrass, 1983], This differentia] rotation of the Sun is taken 
into account in the HMF model proposed by Fisk [1996]. Here it is assumed that the photo-
spheric footpoints of the coronal magnetic field rotate differentially as function of heliolatitude 
about the solar rotational axis fi, whilst expanding superradially about the solar magnetic axis 
M, which in turn is assumed to rotate rigidly about Ci at the solar equatorial rotation rate, 
whilst being offset from fl by the tilt angle a. Field lines are stretched out by the solar wind, 
until they are radial at the source surface. 

In Figure 2.7, field lines map from a small polar coronal hole in the northern hemisphere to 
the source surface, indicated by the larger hemisphere, in a frame co-rotating in a counter-
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Hirure 2.7: Magnetic fit'ld lines expanding from A small polaj coronal hole in the Sun's northern hemi
sphere on the photosphere (inner sphere) towards the source surface, in a frame co-rotating at the solar 
equatorial rotation rate. Axis p is defined by the field line connecting the source surface to the Sun's 
north pole [Zurbuchen et a\., 1997]. 

clockwise direction at the solar equatorial rotation rate. As the differentia! rotation rate de
creases as one moves towards the polar helioIatitud.es, the magnetic field tootpomts rotate in 
a clockwise manner about a virtual axis p, defined to be the tangent to the magnetic field line 
connecting the source surface to the solar pole, experiences no differential rotation itself, and 
is inclined at angle {3 to the solar rotational axis. Hence, as opposed to die Parker model, 
footpoints on the source surface do not onlv rotate about O, but also about the virtual axis p, 
which, in turn, rotates rigidly about Q. This winds up the heliospheric magnetic field lines, 
allowing for significant field line excursions in latitude throughout the heliosphere. 

The derivation of the Fisk field follows much like that of the Parker field. The solar wind, 
according to the Potential Field Source Surface (PFSS) model, first described by Sduitten et al 
[1969], is assumed to Row radially and with a constant speed. The components of the solar 
wind velocity on the source surface, after being transformed to the time-stationary frame to 
correct for the differential rotation of the source surface footpoints and the solar equatorial 
rotation rate, given by (in a co-rotating system) [see, e.g., Van hiiekerk, 2000] 

U0 = r w s i n # s i n $ 
(~'Oj 

UQ = ru [sin 3 cos 8 cos 0 + cos 3 sin 8] . 
with u> being the footpoint differential rotation rate about axis p. Applying the condition that 
the field follows the solar wind flow, viz. B x U = 0, assuming the field is both uniform 
and radial at and beyond the source surface, and noting that this assumption implies that all 
transverse field components should reduce to zero at the source surface itself, the components 

http://helioIatitud.es
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of the Fisk field are 

' 7 
h;i = Br — 5111 ,.i sin j o + 

K, 
(r - rss) 

B* = Br 1 sin 0 cos # cos f © 
» ( r - r S S ; 

sin 0(w cos /3 — fi) , (2-7) 

where Q is the solar equatorial rotation rate. Illustrated in Figure 2.8 are some of the field lines 
predicted by this model. 

.50-25 0 2550 

Figure 2.8: Some field lines of the Fisk heliospheric magnetic field, originating at a heliolatitude of 70°, 
units in AU [Burger and Hattingh, 2001], 

The existence of a heliospheric magnetic field as described above hinges on three basic assump
tions, viz. that the photospheric footpoints of the coronal magnetic field are actually attached 
to the photosphere and do rotate differentially about O; that the solar magnetic axis does rotate 
rigidly with the solar equator whilst being inclined at some angle to fl; and that the field lines 
expand non-radially from the photosphere, and symmetrically about M [Kriiger, 2005]. 

As to the first assumption, one need but note that, by Ampere's law,, and the fact that most 
coronal field lines extend into the solar interior, the field footpoints would indeed be connected 
to the photosphere, and would thus rotate differentially with it. This assumption, however, is 
not viable if the field line diffusion rate exceeds the differential rotation rare, as is known to 
occur during periods of greater solar activity, when the resulting field would be a Parker field. 
The requirement in the second assumption that the magnetic axis should be tilted at an angle 
to the rotational axis of the Sun has been amply confirmed observational!)'. If M were not 
to corotate rigidly at the solar equatorial rotation rate, implying, as it were, that M would 
rotate about Q, at the local differential rotation rate, the coronal field footpoints would remain 
at approximately fixed latitudes, implying that the field reduces to a Parker model [Kriiger, 
2005]. As to the last assumption, it is sufficient to note mat the field lines do in fact expand 
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superradially for most of the so]ar cycle [Roberts et al, 2007], and that the symmetric expansion 
of field lines about M is a consequence of the PFSS mode] used to derive the footpoint velocity 
equations, a model which, though heavily criticized by some [see, e.g., Hudson, 2002; Ftsfe, 
2005], does nevertheless yield reasonable results [Schatten, 2001]. 

Several restrictions on the Fisk model exist. Polar coronal hole boundaries are assumed to 
be smooth and at constant heliomagnetic latitudes, Also, they are assumed symmetric in the 
northern and southern solar hemispheres [Roelof et al, 1997]. Another restriction is that due 
to the assumption of axial symmetry of the polar coronal holes about the solar magnetic axis 
from the photosphere to the source surface, inconsistent with observations [Webb et al, 1984, 
Harvey and Recehj, 2002]. Lastly, footpoint trajectories need to be closed in order to ensure 
a divergence-free velocity field [Fisk et al, 1999], As these footpoints cannot cross the Sun's 
neutral line, this implies a motion of footpoints around the polar coronal hole between the 
magnetic equator and its boundary. Although this return region is a mathematical necessity to 
the Fisk model, observational evidence for such footpoint motion is lacking. 

Indeed, direct evidence for the existence of the Fisk field is hard to come by, and somewhat 
ambiguous at best. Zurbudien et al. [1997]'s analysis of Ulysses magnetic field data strongly 
suggested the existence of a Fisk-type field. However, while the analysis of Forsyth et al. [2002] 
did not rule out the possibility of a Fisk-type field, they also concluded that, due to the rela
tively low amplitude of the systematic deviations that are the signature of this field, reliable 
detection would be difficult. Roberts et al. [2007], also analyzing LTysses data, find no evidence 
for a Fisk-type field, a conclusion based on predicted field magnitudes for parameters used by 
Zurbuchen et al. [1997], some of which, however, they point out could have been, overestimated. 

Currently, the strongest evidence for the existence of a Fisk-type heliospheric magnetic field 
comes from energetic particle observations done by Ulysses. This was first illustrated by Burger 
and Hitge [2004] who explained observations of recurrent high-latitude 26-day galactic cosmic 
ray variations as due to a Fisk-type field. Kriigcr [2005] and Burger et al. [2008], by the refine
ment of a Fisk-Parker hybrid field implemented in the numerical model of Hattingh [1998], 
concluded that these 26-day variations do indeed provide strong evidence for the existence of 
a Fisk-type field allowing particles to travel latitudinally, The Fisk-Parker hybrid model used 
in the abovementioned study is the topic of the next subsection. 

2.6.3 The Fisk-Paiker Hybrid Field 

In the first derivation of the Fisk-Parker hybrid field by Burger and Hitge [2004], the assumption 
that ordered field footpoint motion persisted at almost all solar latitudes, was made. The 
model used in the present study is a refinement of the abovementioned model, presented by 
Burger et al. [2008] [see also Kriiger, 2005], where it is assumed that ordered footpoint motion, 
the source of the Fisk-type component of the hybrid field, only dominates at higher latitudes. 
Diffusive field line reconnection, the source of the Parkerian component, only occurs around 



CHAPTER 2. COSMIC RAYS AMD THEIR MODULATION: A BRIEF OVERVIEW 13 

the solar rotational equator. Differential rotation is assumed not to occur in the polar regions, 

resulting in a more Parker-like hybrid field at those latitudes. A schematic representation of 

Projected rotation equatof 

Figure 2.9: Representation of field lines (grey arrows) mapping from the photosphere (inner sphere) to 
the source surface (outer sphere). The lower dotted line indicates the mapping of the polar corona] hole 
boundary on the source surface, whilst the upper dotted line denotes a region, mapped to the source 
surface, where no, or at least little, differential rotation will occur [Burger et a)., 2008]. 

die hybrid field lines, and regions where either mainly a Fisk-type field, a Parker type field, 
or a combination of both exist, is shown in Figure 2.9. The grey area denotes a polar coronal 
hole on the photosphere (the inner sphere) centered on the solar rotational axis Cl. Note that 
this polar coronal hole, when mapped to the source surface (outer sphere), will not be centered 
on £1, due to the superradial expansion of the field lines about the solar magnetic axis M. 
Line HI denotes the latitude below which no ordered footpoint morion occurs. Between this 
latitude and the solar rotational equator, diffusive field line reconnection dominates, implying 
a Parker-type field. In the region between latitudes II and H, a mixture of ordered footpoint 
motion and diffusive reconnection occurs, as this region contains the outer boundary of the 
polar coronal hole on the source surface (the lower dotted line). At the highest latitudes, it is 
assumed that no differential rotation occurs, denoted by the upper dotted line in Figure 2.9. 
Thus, at latitudes above I, a mixture of Fisk and Parker-type fields is again expected, due to this 
region also containing part of the projection of the polar coronaJ hole onto the source surface. 
Lastly, a purely Fisk-type field is expected in the region between latitudes I and II, well within 
the polar coronal hole, where ordered footpoint motion dominates. In the approach followed 
by Burger and Hitge [2004], and subsequently Kriiger [2805], a footpoint velocity function on the 
source surface simulating the complex effects of the photospheric magnetic field is constructed 
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Figure 2.10: Transition function Fs as function of colatitude, from Burger et al. [2008]. The greater the 
transition function, the greater the influence of the Fisk field. 

by means of a transition function Fs, given by 

Fc = 
{tanh [6V8] + tanh [Sp(9 - *)] - tanh [5e(B - 8'b)}}'2 if B e [0, 0'h): 

0 if * e & , * - $ ; 
{tanh [5pg\ + tanh [Sp{$ - TT)] - tanh [<)t(0 -ir- 6>£)]}2 if 9 € (> - 0'b. it]. 

(2.8) 

This function is illustrated in Figure 2.10, where §p and 5e are constants affecting the gradients 
of Fs, and &{,, the rniiumum latitude at which ordered footpoint motion can occur on the pho
tosphere, expressed as function of time T (in years) after solar minimum under the assumtion 
that the coronal hole vanishes at solax maximum, by 

h = 12 
1 + COS 

I T- cos 
A' 

T if 0 < T ^ 4: 

- ( T - l l ) if 4 ^ T ^ 11. 
(2.9) 

The quantity 8'b is the minimum latitude at which ordered footpoint motion can occur on the 
source surface, denoted by line HI in Figure 2.9, and modeled as [Kriiger, 2005] 

h is 
1 + cos 

1 + cos 
f] 
-(T-ll) 

if 0 =£ T ^ 4: 

if 4 < T £ 11. 
(2.10) 

Where the field originates within a polar coronal hole, the transition function is greater than 
zero, implying that the hybrid field is more Fisk-like, becoming more so until P$ approaches 
unity, where it would be a pure Fisk field. Conversely, the hybrid field becomes more Parker
like as Fs approaches zero at the poles and the ecliptic plane. The gradual transition of the 
hybrid field from a more Fisk-like to a more Parker like field simulates the gradual transition 
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from differentia] rotation being the dominant mechanism behind the generation of the field 

to where diffusive field Line reconnechon dominates. The footpoint motion of the Fisk-Parker 

Figure 2.11: Trajectories of footpoints on the source surface, in a frame co-rotating at the solar equatorial 
rotation rate. The virtual axis p is defined in exactly the same way as in Section 2.6.2, whilst the shaded 
region close to the equator indicates a region dominated by field line reconnertion. Values of a = 12', 
a = £1/4 and Sp = S* = 3.0 were used [Burger et al, 2008], 

hybrid field is illustrated in Figure 2.] I for a frame co-rotating anticlockwise at the solar equa
torial rotation rate _Q (hence the anticlockwise mohon of the differentially rotating footpoints 
in the figure). Diffusion distorts the trajectories near the poles, whilst, due to P$ becoming 
zero in the region swept out by the wavy current sheet, the footpoints never cross the neutral 
line separating the hemispheres. The shaded region is dominated by random footpoint motion 
(not shown in the figure) implying a Parker-type field where the wavy current sheet occurs. 
Kriiger [2005J modified the footpoint velocity field of Burger and Hitge [2004] to also include 
the effects of the solar cycle, assuming that differential rotation does not affect the Parker field. 
This implies that .i, the angle between the solar rotational axis il and the virtual axis p de
fined in section 2.6.2, and tne differential rotation rate VJ must become zero as the hybrid field 
becomes more Parker-like. This is accomplished by setting 

3*(0) = JFS(8) 

u>*(0) = u?Fs(&). 

Furthermore, the only constraint on the transition function to obtain a divergence-free velocity 

field is that it must soLely be a function of 6 [Burger et al, 2008]. Then, the new divergence-

free velocity field on the source surface for the refined Fisk-Parker hybrid field in a frame 
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co-rotating at the solar equatorial rotation rate is given by 

U£) sin 0* sin 0ri 

u.0 = Tu>* sin 8* cos 0 cos $ Q + Tu>* cos /?* sin 9 
{U'* ■ s* ■ a , * ^ * a* • d 

+ r —— sin .5 sin P cos op + rw —— cos p sm » cos or;, 
d0 OP 

where ci! and 9 respectively are the heliographic azimuth and colatirude. 

The angle 1 can be expressed as a function of solar activity, given by 

(2.12) 

3 = cos - 1 - (1 - cos9'mm) sm* Q 
sin2 i9mr, 

o, (2.13) 

with B'mm = B'h + a and Bmm = 8;-, — o the angular polar coronal hole boundaries on the pho
tosphere and source surface respectively. The hit angle a, expressed in radians, as function of 
solar activity is modelled as [Burger ct al, 2008] 

7T 

4 

I ' m 

4 
- / 

T - 11) 

if 0 < T sC 4: 

if 4 < r < 11, 
(2.14) 

where S = -/!& in the present study. Figure 2.12 shows how angles a, 3, 6'h and !h:: vary as 
function of time after solar minimum. Note, however, that for the present study only solar 
minimum conditions will be considered. The Fisk angle 3 decreases to zero at solar maximum, 
implying that the Fisk component of the hybrid field vanishes towards solar maximum, also a 
consequence of the vanishing of angles 6'b and i9& at solar maximum. Tine tilt angle a achieves a 
maximum value at solar maximum, as required. The resulting components of die divergence-
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Figure 2.12: Models for tilt angle a (dot-dash line), Fisk angle 3 (soLid line), and the maximum latitudinal 
extent of the mode! polar coronal hole on the photosphere and source surface (short and long dash 
respectively) as function of time in years after solar minimum [Burger et al., 2008]. 

free Fisk-Parker hybrid field, derived from Equation 2.12 in the same way as in Sections 2.6.1 
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and 2.6.2, are given by 

BT = A T)' 
T 

Bfl — Br ——w* siD 3* sin o* 

Bj, = Br — -j* sin r cos 9 cos $" + sin 0(*J* cos 0* Q,) 

——-sin..7 sm9coso + u; —— cos tr sm # cos <z> 
(19 d9 

(2.15) 

where o" — 6 - Qi - fi(r - rss)sw + <fo a o d .4 = ±\Br(rE)\. A > 0 applies when the field in 
the northern hemisphere points away from the Sun (e.g. during the 1970's and 199G's), whilst 
during A < 0 (e.g. during the 1980's and 2000's) the field points toward the Sun in the northern 
hemisphere. During both parts of this solar cycle, the field in the soutliern direction points in 
a direction opposite to that of the field in the northern hemisphere (see Figure 2.6), 

The hybrid field resolves some of the percieved restrictions on the Fisk model, outlined in Sec
tion 2.6.2. The problem of an oversimplified approach to modelling uneven polar coronal hole 
boundaries is resolved reasonably well by averaging out their effect by means of the transition 
function Fs [Burger et a\., 2008]. Also, the concept of a return region is no longer necessary, as 
random reconnecrive diffusion takes over at the boundaries of the polar coronal hole, implying 
no preferred direction of footpoint motion. 

The current model for the hybrid field, embodied by the transition function shown in Figure 
2.10, should not be seen as the only possibility. The fact that the transition function is inde
pendent of longitude, and yields a Parker-type field in the polar regions of the Sun, facilitates 
its implementation in three-dimensional numerical modulation models. The current model 
should provide a lower limit to the effectiveness of the Fisk field. 

2.6.4 The Heliospheric Current Sheet 

In the region where the heliospheric magnetic field direction changes, we find the heliospheric 
current sheet (HCS), so named due to the fact that the gradient in the magnetic field causes cur
rent to flow along this structure. The current sheet has a warped, wavy structure due to it being 
dragged out into the heliosphere by the solar wind, and due to solar rotation. The structure 
of the HCS varies greatly during the solar cycle. The tilt angle o- between the solar magnetic 
axis and the solar rotational axis increases with increasing solar activity, greatly warping the 
structure of the current sheet. Increasing solar activity also affects the dipolar structure of the 
soak magnetic field, introducing quadrupole moments which may result in multiple current 
sheets in the heliosphere [Kota and Jokipii, 2001]. As solar minimum conditions return, the solar 
magnetic and rotational axes (almost) ahgn, producing a fairly simple, single current sheet. In 
Kriiger [2005] a derivation for an expression for the structure of such a current sheet in terms 
of the polar angle 0 is shown. For reasonably small tilt angles the current sheet occurs at a 
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F:gu~e 2.13: He-iospheric current sheet, for a tilt angle of 30°, up to a radial distance of 10 AU. A section 
of the sheet has been removed to accentuate its wavv structure [Kriigcr, 2005]. 

colatitude 

»« = a sin 0 + 
fir (2.16) 

with 6 the azLmuthal angle in a fixed observer's frame. A graphical representation of a current 

sheet as described by Equation 2.16 for a tilt angle of 30" is shown in Figure 2.13. 

2.7 The Cosmic Ray Transport Equation 

Four major processes govern the modulation of cosmic rays in the heliosphere. Adiabatic cool
ing, where the expansion of the solar wind changes particle energies, diffusion of cosmic rays 
into the heliosphere, cosmic ray drift due to gradients and curvatures of the heliospheric mag
netic field, and outward convection due to the flow of the solar wind. Parker [1965] first com
bined these processes into one transport equation, in terms of an omnidirectional cosmic ray 
distribution function /o, a function of cosmic ray position and momentum at time t, which can 
be related to the omnidirectional cosmic ray differential intensity by jj — yfo- The transport 
equation is given by 

Oh 
dt = V • (K ■ V/0) - Vsu. ■ V / 0 

■J 

Oh 
d In p 

+ Q(r.p.1). (2.17) 

with Vsw the solar wind velocity, K the cosmic ray diffusion tensor, and Q a function denoting 
cosmic ray sources within the heliosphere itself, set to zero when only galactic cosmic rays are 
considered. The term Vsw ■ V/describes the outward convection of cosmic rays by the solar 
wind, whereas the term 1,3 (V ■ V.c,r) df/dhip describes adiabatic energy changes the cosmic 
rays experience within the heliosphere. The remaining term, V ■ (K ■ Vf), describes both cosmic 
ray drift and diffusion, and is, in essence, the focus of mis study. 

A detailed derivation of Equation 2.17 as function of the differential number density with re-
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gard to momentum Up(r, p, 1), can be found in Webb and Gleeson [1979], given by 

^ = V • (K ■ VUP - VmUp) + i{V ■ V w ) | (p J7P). (2.18) 

In what follows, the relationship between the various differential intensities and number den
sities with the isotropic part of the cosmic ray distribution function will be illustrated. 

To do so simply, assume that the full cosmic ray distribution function /(r . p. t) can be written 
as [see Forman et al, 1974; Format! andjokipii, 1978; Webb and Gleeson, 1979] 

f<r,pJ) = Mr..p.t}+^1. (2.19) 
V 

with the units of all distribution functions being number m~-*p 3. According to Forman [1970], 
the use of a distribution function in terms of momentum has the advantage in that the distribu
tion function is Lorentz invariant [however, see Debbasch et al., 2001]. By definition, UP(r,p. t) 
is related to the cosmic ray distribution function by 

Up{r.p.t}=p2 I /(r.p.f)rffi. (2.20) 

If it is further assumed, for the sake of argument, that fi is constant in magnitude, and in the 
.r-direction, 

UPir.p.t) = p1 f f(r.p.t)dn 
Jo. 

r2rr 

Jo Jo 
= Wfo- (2.21) 

Gleeson and Axford [1967]; Gleeson and Urch [1973]; Momal and Potgieter [1982] give the relation
ships between I'v and various other quantities, whilst the differential intensity with respect to 
kinetic energy is j j = Up 4rr, implying that jr — p2f<). 

By definition, the differential intensity is the number of particles d* crossing a differential area 
element d.A perpendicular to momentum vector p in the interval (p. p — dp) within d.i'1 about p, 
in interval dt. Hence [H. Moraal, private communication] 

ds = . y x . p. t) d.A dpdUdt. (2.22) 

All particles crossing the abovementioned surface must have come from a cylinder with length 
vdt and cross-sectional area d.\, implying that there were 

ds = rfix, p. fjdUlAp2dpdil (2.23) 

particles in the cylinder. Hence it follows from Equations 2.22 and 2.23 that 

j,,i .x.p :/, = r / r / (x .p .O. (2-24) 

The mean value of jp is the omnidirectional differential intensity jP(x.p. t), given by 

.7p(x. p„ t) = ~ / fcfx, p, t)dil. (2.25) 
4" Jn 
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From Equations 2.21, 2.24, and 2.25, it follows that 

3p = ^ = rp2,U (2.26) 

with the units of jP and jp being number m ~2p_ 1s_1sterad_1 (with momentum in dsp about p), 
and number m_2p_:Ls^1sterad"1 (with all of the possible momenta in the interval {p.p + dp)), 
respective! j ' . 

The geometrical significance of the above argument is that jp is the algebraic 'sum' of ].,., nor
malised to unit solid angle, whilst tlie differential intensity with respect to kinetic energy is 
related to jp through 

(2.27] Jp = JT 
U 

i'jT-
dp 

with units of jr being number m_2energY_Js_1sterad_1 with kinetic energy in the interval 
[T, T -r dT). From the relativistic energy expressions E — T + m0c2 = mc2, E'2 = p2c2 + E2,, and 
that p = mv, it is simple to show that dT/dp = v, bv first showing that IF/dp — u, and noting 
that dT = dE. 

2.8 The Diffusion Tensor 

In spherical coordinates, the diffusion tensor K can be written as 

K = 
KTT KrQ KT(p 

h'flr KM K'da> 

KC>r Kd>6 Kod> 

(2.28) 

Assuming a coordinate system with one axis parallel to the average magnetic field, and the 
other two perpendicular to it, the diffusion tensor can be written as 

K' = 
;, 0 0 

0 K_,2 *A 

0 KA ^ J _ . 3 

(2.29) 

where KJ_.2 and *-j_.3 respectively describe diffusion in directions perpendicular to the mean 
magnetic field, KII describes diffusion parallel to the mean held, and K& denoting the drift 
coefficient. 

If one expresses the diffusion tensor K' as the sum of its symmetric and antisymmetric parts, 
Ks and K'4 respectively, where the antisymmetric tensor describes cosmic ray drift and tlie 
symmetric tensor cosmic ray diffusion, the first term on the right hand side of Equation (2.17) 
becomes 

V ■ [Ks - V/J + V ■ (K'4 ■ V/J . (2.30) 

where, if v^ is the guiding centre drift velocity, one can write [Jokipii et a\., 1977] 

V ( K A V / J = - V . ( v / J , (2.31) 



CHAPTER 2. COSMIC RAYS AMD THEIR MODULATION: A BRIEF OVERVIEW 21 

with v<; = V x [KA^B)- In m e model used in the present study, the drift coefficient 

8P (P/Po)2 

KA = (2.32) 
3 5 l - r ( P / P 0 ) 2 ' 

with P the particle rigidity, and PQ a constant with units of GV, is utilised. The fact that drift 
effects are reduced in the presence of turbulence has long been known theoretically [Jokipii, 
1993], and has been established by direct numerical simulations [Minnie et al, 2007]. However, 
a complete theory for this reduction in the presence of turbulence is still lacking, hence the 
simple form of the drift coefficient here used [Burger et al, 2008]. 

'<P 

B cos 

B cos \|; sin £ ee 

Figure 2,14: Components of the magnetic field in terms of r and £ [Burger et al, 2008]. 

From Figure 2.14, the following can be defined in order to transform from field aligned to 
spherical coordinates [Burger et al., 2008]: 

B6 
sin v 

cos( = 
B ; cos v = 

a. 
^ + Bl 

li 

implying that 

s^s; 

tan $ = 

-.: sin ( 
Bn 

(2.33) 

B- + BT, 

B, (2.34) 

a definition of the spiral angle different to that used by .Mania and Dzhapiashvili [1979], Kobylin 
ski [2001] and Mania [2002]. Furthermore, from Figure 2.14, 

B = B(cos </• cos (er + cos T/> sin Ce<? - sin 'tl>e<p). 

or, considering the held as function of [£?, tp, ( ) , 

m SB m dB , SB , 
f/B = —-dB + TTTCIC + — ^ 

(2.35) 

(2.36) 
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Using the definition for a base vector, it follows from Equation 2.35 that, in spherical coordi
nates, 

ei = cos yj cos Cer + cos y: sin £e# - sin ipe,/, 
e2 = - sin (er + cos Ce# (2.37) 
e3 = sin ij.> cos (er + sin ij> sin (eg - cos V;e .̂ 

To transform from spherical to field aligned coordinates, it must be noted that the multiplica
tion of the matrix implied by the system of equations in Equation 2.37 with its transpose gives 
the unit tensor, implying that the inverse of the matrix and its transpose are identical, further 
implying that said matrix is orthogonal. The diffusion tensor K' can then be transformed thus: 

K = T • K' • T - 1 = T • K' ■ t ■r (2.38) 

with T the t ransformation matr ix, 

T 
cos 4> cos C, — sin £ sin yj cos ( 
cos ib sin £ cos £ sin i/> sin ( 

— sin i/> 0 cos i/; 
(2.39) 

(2.40) 

The elements of the tensor K are then 

Krr = («-,]| cos21/> + «-,j_,3 sin2t/>) cos2 ( + K±$ sin2 C 
Kr0 = («|| cos2 tp + K±t3 sin2 ip — K±fi) sin Ccos ( - KA sin y) 
Kr(j> = (~K | | + ^±,3) sin ip cos yj cos £ — KA cos ib sin £ 
Kgr = (K|| COS2 V̂  + /cj.^ sin2 ib — KX,2) sin £ cos C + Kyi sin y> 
Kee = («|| cos2 V' + «U_,3 sin2 ^ ) sin2 £ + K J ^ COS2 £ 
KB<j> — (~K'\\ + ^±,3) sin ij) cos -0 sin £ + K^ COS V' cos ( 
K4>r = (~~K\\ + K-L,3) sin ^ cos )̂ cos ^ + KA cos i/> sin £ 
K4>0 = (—K|| + K±,3) sin V>cos ip sin £ — K^ cos V cos £ 
« ^ = «|| sin2 ib + KJ_J3 cos2 '0 

which, when isotropic perpendicular diffusion is assumed, is sirnilar to the results of Alania 
and Dzhapiashvili [1979], Kobylinski [2001] and Alania [2002], but with the a different winding 
angle (Equation 2.34). 

2.9 The Numerical Modulation Code 

In the present study, the steady-state, 3D numerical modulation code described in Hattingh 
and Burger [1995], Burger and Hattingh [1995], and Hattingh [1998] is utilized. Here, the Parker 
transport equation is solved in a frame corotating with the solar equator, the use of which 
being equivalent to requiring that [Kdta and Jokipii, 1983] 

f + («*r) v/=o. (2.41) 
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Taking the above into account, and considering only galactic cosmic rays, the Parker transport 
equation becomes 

V • (Ks ■ V/) - (vrf + V*) • V / + i (V ■ V*) ^ - = 0, (2.42) 

where V* = Vsw - fi x r is the solar wind speed in the corotating frame, and fl the solar 
equatorial rotation rate, assumed to be constant. 

The drift coefficient is the same as that used by Burger and Hitge [2004] (see Equation 2.32), 
whilst modifications to the diffusion coefficients are topical to the present study, and are pre
sented in more depth in the next chapter. The local interstellar spectrum assumed for protons 
is similar to that of Bieber et al. [1999] at high energies, but higher at low energies, and is given 
as a function of rigidity (in GV) in units of particles.m~2.s-1.sr^1 as 

where P0 = 1 GV. For electrons, the local interstellar spectrum used is that parametrized by 
Langner [2004], from Langner et al. [2001], and given by (with units the same as those of the 
proton local interstellar spectrum) 

214.32 + 3.32 In (P/P0) 
L_LJL! * if P < 0.0026 GV, 

1 + 0.261n(P/P0) + 0.02 [ln(P/P0)]2 

1555.89 + 17.36(P/P0) - 3.4 x 10"3(P/P0)2 + 5.13 x 10_ 7(P/P0)3 (2.44) 
1.7 

■elec _ . 
3LIS — \ 

1 - 11.22(P/P0) + 7532.93(P/P0r + 2405.01(P/Por + 103.87(P/P0)4 

i f 0 . 1 G V < P < 10.0 GV, 

1.7 exp [-0.89-3.22 ln(P/P0)] if P > 10 GV, 

where PQ is again 1 GV. 

For the purposes of the present study, a 50 AU heliosphere is assumed, with a constant solar 
wind speed of 600 km/s, over all latitudes. The former value was chosen as a compromise 
between the stability of the numerical code, and its resolution, given the available computing 
resources. 

2.10 Summary 

In this chapter, a brief outline of aspects of cosmic ray modulation most pertinent to the aims 
of this study, has been given, with emphasis on various models for the heliospheric magnetic 
field. In the chapter to follow, basic turbulence quantities affecting the modulation of cosmic 
rays will be discussed briefly. Expressions for the parallel and perpendicular mean free paths 
for protons and electrons will be introduced, and various models for the breakpoint wavenum-
ber kr> between the inertial and dissipation range of the turbulence power spectrum will be 
investigated and implemented in the abovementioned mean free path expressions. 
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Chapter 3 

Diffusion and Turbulence 

3.1 Introduction 

The aim of this chapter is to offer a brief introduction to such concepts and quantities found in 
turbulence theory as are relevant to this study, and to introduce the models for the diffusion co
efficients here utilized. As such, highly mathematical treatments of scattering and turbulence 
theories are not considered here. 

3.2 Turbulence 

A turbulent magnetic field can be written in terms of a uniform background field B0, taken to 
be directed along the z-axis of a right-handed Cartesian coordinate system, and a fluctuating 
component transverse to the uniform background field SB, thus [see, e.g., Minnie, 2002] 

B = B0ez + SB(x,y,z). (3.1) 

The root mean square amplitude of this fluctuating component is denoted in the present study 
by SB, and follows from the variance SB2. The properties of this fluctuating component de
pend on which turbulence model is applied. Hereafter follows a brief description of those 
models pertinent to this study [see, e.g., Bieber et at., 1994; Matthaeus et ah, 1995, 2003]. 

3.2.1 Slab Turbulence 

Sometimes referred to as one dimensional turbulence, in this geometry the field fluctuations 
are taken to be a function only of the coordinate z along the background field, the fluctuations 
remaining unchanged as function of coordinates perpendicular to the z-axis, these coordinates 
being combined in the (x, y) plane. Hence flux tubes beginning at a particular (x, y) coordinate 
will remain well behaved as their trajectory is traced along the z-axis, as they will in essence 
remain identical, due to their fluctuating component being only a function of z, as illustrated 

25 
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Figure 3.1: Magnetic flux tubes for pure slab turbulence (left pane!) and 80/20 composite turbulence 
(right panel) [Matthaeus ct al, 2003]. 

in the left panel of Figure 3.1. The total field can be expressed by 

Where axial symmetry is assumed, the x and y components of the fluctuations are indistin
guishable, such that 

SB2
slab = 2SB%^ = 2SB;labai. (3.3) 

as is assumed in the present study. 

3.2.2 2D Turbu l ence 

In this model, the total field is written as 

B = Bc,e- + SBT.7D(i-- p)ea + % . 2 n ( x . y)ey. (3.4) 

Here, 6B is a function of coordinates perpendicular to the uniform background magnetic field 
only, and thus remains constant for any particular value of coordinate ~, whilst varying in any 
given (x. y) plane. Hence, different flux tubes starting at different (r, y) positions would not be 
similar, and the well-defined structure of the overal! magnetic field when only slab turbulence 
is considered, is lost. The root mean square amplitude of the fluctuating component for this 
model can again be written as 

5BJD = 26B%DjS = 25B'lD,y (3.5) 

under the assumption of axially symmetric fluctuations. 
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3.2.3 Composite Turbulence 

A combination of the above two models, here the field fluctuation is expressed as 

flB = SBsiab(z) + rtB2o(x, y). (3.6) 

As fluctuations along the background field in this model do not result from either the slab or 
2D components of the turbulence alone, the total variance of the fluctuating field component 
perpendicular to the background field can be written as [Matthaeus ei al. 1995] 

S&^itfQto + SBfa,. (3.7] 

In the present study, a composite turbulence model is utilized, assigning an 80/20 percentage 
ratio for the energy contained in tlie 2D and slab fluctuations respectively [Bieber et al., 1994]. 
The right hand panel of Figure 3.1 shows magnetic flux tubes for the case of composite turbu
lence. Note the lack of correlation in the {x. y) plane due to the 2D component, as opposed to 
the case of pure slab turbulence illustrated in the left panel of the figure. The assumption of 
axial symmetry then allows the variance to be written as 

SB2 = 2SB2
slabJz) - 2ABJDJr.y). (3.8) 

3.3 The Turbulence Power Spectrum 
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Figure 3.2: Turbulence power spectrum used in the present study, from Teufel and Schlickeiscr [2003]. Unit 
of fr|, in the figure is m - 1 . 

In Figure 3.2 we have a representation from Teufel and Schlickeiser [2003] of the spectral energy 
density of the x-component of the slab heliospheric magnetic field turbulence, also used in the 
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present study; as function of the wavenumber k of the turbulence along the mean magnetic 
field direction [see also Bieber et ai, 1994], expressed by 

9(h) = .9o|/c|||" for kmiri < [fcjj| < kd: 
g0\k{i\~p f o r |A:;M > kd. 

(3.9) 

Here g0 can be expressed in terms of the total (slab) field variance, thus 

s - 1 
(3-lH) 

In the above expression, s and p are the spectral indices of the inertia! and dissipation ranges 
respectively, with &„„■„ representing the wavenumber of the break between the energy and 
inertia.! ranges, and kj representing the wavenumber at which the break between the inertia! 
and dissipation range occurs. The spectrum is assumed to have no dependence on ku in the 
energy range. The value of s is here assumed to be that derived by Kolmogorov, i.e. 5/3, 
whilst in the present model a value of 2.6 for p is assumed, which is an average vaJue for the 
dissipation indices calculated from open magnetic field data by Smith et al. [2006]. 

3.3.1 The break between the inertial and energy range 

Rodia! distance [AU] Rodiol distance [AU] 

Figure 3.3: Some observational data from Voyager on the magnetic variance, correlation scale, normal
ized variance, solar wind temperature and cross helicity, shown as functions of radial distance, with 
predictions of the model of Minnie [2006] shown for various colatitudes [Minnie, 2006]. 

To model kmin, one must model the correlation length, as an inverse relationship exists between 
these two quantities. Avoiding a strictly rigourous mathematical definition, it suffices for the 
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purposes of this study to simply state that the correlation length is a measure of the range over 
which fluctuations in one region of space influence those in another region. Two points which 
are separated by a distance larger than the correlation length will each have fluctuations which 
are relatively independent, and will in essence be uncorrelated. Minnie [2006] presents obser
vational data on, amongst other quantities, the correlation length taken by Voyager [Matthaeus 
et al, 1999; Smith et al, 2001], and illustrated in Figure 3.3. 

In the present study, a first-order fit was applied to the abovementioned data (bottom left 
panel), yielding a simple radial dependence for the correlation length of - ?,Ll4, so that here 
kmin ~ r~ - Furthermore, this fit was normalized to a reference value of 0.023 AU at Earth, 
whilst the 2D correlation length, a measure of correlation perpendicular to the mean magnetic 
field, was set to a reference value of one tenth of the abovementioned slab correlation length 
[Teitfel and Schlickeiser, 2003], The radial dependence of the x-component of the magnetic field 
slab variance was here modeled in exactlv the same wav, bv fitting; a first-order line to the data 
presented in Figure 3.3 (top left panel). A radial dependence of ~ r -2 -1 was found, and the 
result was normalized to a reference variance value at 1 AU, 13.2 nT2 [Bieber et al, 1994]. A 
more detailed discussion of 1 AU parameter ranges will follow in Section 3.6. 

3.3.2 The break between the inertial and dissipation range 

Several theories exist as to how to model the breakpoint k o between the inertial and the dissi
pation range, where magnetic energy finally dissipates into the background plasma by means 
of kinetic coupling [Leamon et al, 2000]. In the present study the effects of two models for 
i-'bp, the frequency associated with the breakpoint k&, on the modulation of cosmic rays are 
considered. Leamon et al. [2000] compare these models with solar wind observations at 1 \\J, 
employing Wind observations and applying linear regressions to these observations. Leamon 
et al. [1998b] describe the methodology behind the data Leamon et al. [2000] use for these com
parisons. 

The first model, that u-!tv is a function of the proton gyrofrequency Qc,, given by (in Hz) 

Qd = \q\B0/m. (3.11) 

where m and q are the particle's mass and charge respectively, and Bu the average magnetic 
field strength, has long been in use [Goldstein et al, 1994; Leamon et al., 1998a]. The Wind data 
analyzed by Leamon et al. [2000] for this model, and the best-fit regression they applied, is 
illustrated in Figure 3.4. Leamon et al [2000] introduce, from MHD considerations, a model 
where the onset of the dissipation range occurs at scales where Local current sheet formation 
perpendicular to the mean magnetic field occurs, usually associated with the local ion inertia! 
scale pa, defined by 

VA 
Pii = 7T1- (3.12) 
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0.05 0.10 0.15 0.20 
Ion Gyrofrequency [Hz] 

0.25 

Figure 3.4: The observed spectra! breakpoint frequency from 33 Wind intervals, plotted against the pro
ton gyrofrequency. Dashed line indicates best fit regression line, from Le.am.on et al. [2000]. 

X n 6 Xs 

^ n C ! 0.200 1.760 2.93 
0 3.190 3.88 

fbii' *-y 0.152 0.451 2.66 
0 0.686 3.07 

Table 3.1: Parameters and \2 values of regressions applied by Leamoit et al. [2000] to observed break
point frequencies. Fits are of the form i/bp = a + bX/2rr. Column A' units have been corrected here 
(see text for details). 

V'A being the Alfven speed. The Doppler-shifted wavenumber associated with the formation 
of these current sheet structures at the ion inerrial scale is given bv 

Ktl — 
2~ s i n * 2-fL, sin * 

-',. VA 
(3.13) 

with vp the standard winding angle of the HMF, implying the breakpoint frequency to be pro
portional to kaVsw. Table 3.1 lists the parameters, and their associated chi-squared values, 
found by Letvncn et al. [2000] for the Wind data for the models for ;/;,,,. 

There is some uncertainty as to the units used by Leamon et a!. [2000] for the proton gyrofre
quency. The factor 2ir in Equation 3.13 seems to imply that il,~ would have units of Hz, as 
indicated on the x-axis of Figure 3.4. However, the l / 2 r factor applied to the fits (being of the 
form i^yjj = u 4- bX ilir), seems to imply that both fid and kaVm would have units of radians 
per second. The approach to this question in the present study has been to reduce both kaVstu 

and Q,.- to units of Hz, and to convert the units of the fits accordingly, so that they now are 

and 

"bp 

Vbp = a 

M L 

2~ 
-kiiVs 

(3.14) 

(3.15) 

http://Le.am.on
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Figure 3.5: The observed spectral breakpoint frequencv from 33 Wind intervals, plotted against the 
Doppler-shifted wavenumber of perpendicular current sheet structures at the local ion inertia] scale. 
Dashed line indicates best fit regression line, from Leamon et al. [2000). Note that the frequency kaVsw 
presented here is in units of radians per second and should be divided bv a factor of 2TT, as opposed to 
the units indicated in the above figure. 

where A ,,■ remains as defined in Equation 3.13, to yield breakpoint frequencies in units of Hz. 
Thus, a factor of 1 !2~ must be inserted into the x-axis of Figure 3.5 to make the units consistent 
[R.J. Leamon, private communication]. 

The mean free paths used in the present study require the breakpoint wavenumber ku as input. 
In converting the breakpoint frequency to a wavenumber, we introduce Aj,P, some wavelength 
associated with the breakpoint between the inertial and dissipation ranges so that 

Dividing Equation 3.16 by X^,, and multiplying by a factor of 2ir, yields 

~2»'JbP = kDVm, 

implying that 
2K 

KD = TT-^bp-
>' sw 

Substituting for v^p from Equation 3.14 or 3.15 yields 

kD = j^{a+ bflcl). 
r a w 

or 
2 - h 

Vton +" 

(3.16) 

(3.17) 

(3.18) 

(3.19) 

(3.20) 

respectively. 
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ko(kii) Best fit kolkii) Through origin Oti Best fit Q~; Through origin 
0.452 0.456 0.29* 0.17S 

Table 3.2: Values in Hz for the breakpoint frequency i^P at 1 AU predicted by the various models and 
fits of Leamon et al. [2000]. 

In the next section, these regressions will be applied to the entire heliosphere and compared 
to kmm, the bend-over wavenumber between the energy and inertia! ranges on the turbulence 
power spectrum, as a function of radial distance and cobtitude. 

3.4 Characterizing kD 

1 10 100 

r [ A U ] 

Figure 3.6: Various Leamon et al. [2000] ko as function of radial distance in the ecliptic plane, for a 
Parker/Fisk-Parker hybrid field. Also shown is /cmjn as function of radial distance. See text for relevant 
parameters u?ed. 

The various fits for fcrj derived by Leamon et al. [2000] as functions of radial distance, axe il
lustrated in Figures 3.6 through 3.8, for colaritudes of 90°, 40c, and 10", respectively. In these 
plots, a 100 AU heliosphere is assumed, with a 600 k m / s solar wind speed, whilst a Fisk-
Parker hybrid HMF was used. Also illustrated as function of radial distance in all figures in 
this section is k,lt:i>, which, for all radial distances, and colaritudes, assumes values that remain 
numerically well below those assumed by all models for ko considered in the present study. 
Tlus ensures that the turbulence power spectrum always has well-defined energy and inertial 
ranges. Note that since tlie correlation and bend-over scales here have a r0A dependence (see 
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Section 3.31), kmtn scales as r~0A. Values for the breakpoint frequency v^ at 1 AU predicted 
by the various models/fits for kD are listed in Table 3.2 (in Hz). The values predicted by the 
ion inertia! model (both fits) are in good agreement with the value of ~ 0.4 Hz at 1 AU [Leamon 
etal, 1998a], 

1Q5 

105 

=- 104 

< 
^ 103 

10 2 

10' 

10° 

1 10 100 
r [AU] 

Figure 3.7: Various Leamon et al. [2000] k^ as function of radial distance at 40"1 colatitude, for a Fisk-
Parker hvbrid field- Also shown is k„. ,, as function of radial distance. See text for relevant parameters 
used. 

Figure 3.6 shows the various fits for k-u as function of radial distance in the ecliptic plane, where 
the hvbrid field reduces to the standard Parker model. For best fit models for kjy, regardless 
of whether they are functions of the ion inertia! scale of the proton gyro-frequency, the radial 
dependence appears fiat, due to the first, constant term in Equations 3.19 and 3.20 dominating 
the second, radially dependent term for best fit value assumed by parameter b (see Table 3.1). 
In the particular case of the ecliptic plane, the first term in Equation 3.14 assumes a value of 
2.09 x 10^6 Hz (as a constant), whilst the second term at 10 AU assumes a value of 6.03 x 
10 ~s Hz, whilst the corresponding terms for the ion inertia] dependent best fit (Equation 3.15) 
are 1.59 x 10~6 Hz and 5.37 x 1U~' Hz, respectively. The constant term remains dominant at 
all colatitudes for these best fit solutions, as can be seen by the comparison of Figures 3.6, 3.7, 
and 3.8. 

The radial dependences of the ion inertial and proton gyrofrequency models for An are more 
clearly seen in the fits through the origin, where there is no constant term present, as parameter 
a is zero. Henceforth, only these solutions wiU be discussed when the radial dependences of 

k0(_kn}, best fil 

kD{kn). fit thrOLigh origin 

kD(u,_.), best fii 

kD{nc i) , fit through origin 

k 
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Figure 3.8: Various Leamon cl al. [2000] ka as function of radial distance at 10c colatitude, for a Fisk-
Parker hybrid field. Also shown is km!n as function of radial distance. See text for relevant parameters 
used. 

the various models for kr, are topical. Considering the model for hp as function of QCl, the 
only possible radial dependence must come from that of the HMF model used. In Figure 
3.6, a kjj ~- /■ 1 0 dependence is present beyond a few AU, as expected, as the hybrid field 
reduces to the standard Parker model in the ecliptic plane. The magnetic field dependences of 
the gyrofrequency and Alfven speed cancel each other out in Equation 3.13, and the particle 
density scales as p -- r~2, which, combined with an ■;■/ v 1 -r r2 radial dependence for sin r 
(assurning tan-%6 ~ r), implies that a fej> ~ l / V l + T2 radial dependence is to be expected 
of the ion inertial scale model for kp. This is confirmed by the fairly constant behaviour of 
the function at small radial distances, and the -- r ! IJ dependence illustrated at large radial 
distances. This behaviour holds for all colatitudes. 

Figures 3.7 and 3.8 show kjj as function of radial distance at colatitudes of 40° and 103 respec
tively. Oscillations in the curves are due to the fact that there is more of a Fisk-component to 
the hybrid field at these colatitudes. At lower radial distances in Figure 3.8, the fit through the 
origin of the proton gyrofrequency dependent model at 10' colatitude displays a ko ~ r~2"0 

dependency, with oscillations about a fcrj ~ r dependency at larger radial distances. The 
same curve at 40° colatitude, shown in Figure 3.7, displays radial dependences of ko ~ r L s 

and ko -0,9 at lower and higher radial distances, respectively, with the solution again 
oscillating about the abovementioned radial dependence at large radial distances, due to the 

presence of the hybrid field. As the hybrid field at these colatitudes is a combination of Fisk 
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and Parker field models, radial dependences intermediate to those predicted by these models 
are expected. As to the origin fit ton inertial model, a relatively constant radial dependence 
is observed at low radial distances, with weak oscillations about a kjy ~ r~10 dependence at 
greater radial distances due to the hybrid field, for both colatitudes here considered, as in the 
ecliptic plane. 

In general, at larger radial distances for all colatitudes considered, the proton gyrofrequency fit 
through origin model produces the lowest values for kD. The best fit models are very similar as 
functions of radial distance at all colatitudes here considered, whilst, at lower radial distances 
the ion inertial fit through origin model closely resembles the best fit models, only deviating 
significantly at larger radial distances. The \-2 values of the regressions applied by Leamon etal. 
[2000] imply that the best fit ion inertial model is the most accurate at describing the Wind 
data, hence this model will be used in the present study as a reference model for fcrj. 

3.5 Mean free paths 

Knowledge of particle mean free paths is a key requirement for the study of cosmic ray mod
ulation, this being especially true for low energy electrons, which have long been known to be 
highly sensitive to changes in diffusion coefficients, as drift effects here are less important, and 
adiabatic energy changes are negligible [see, e.g., Potgieter, 1996; Potgieter and Ferreira, 1999]. 
Potgieter [1996] studies the effect of parallel mean free path predicted by various models, with 
emphasis on their rigidity dependences, on electron energy spectra. Here, the models for the 
parallel mean free path considered were those outlined in Bieber et al. [1994], essentially nu
merical results from Quasilinear theory, and of Muller-Mdlin and Wibberenz [1995], where 

Kn = ^ / ( n § . (3.2i) 

with «o a hee parameter, 6 the ratio of the cosmic ray speed to the speed of light, j{P) the 
rigidity dependence of the paraLlel diffusion coefficient, and B the magnitude of the HMF. Fig
ure 3.9 illustrates these mean, free paths as function of rigidity. The perpendicular diffusion 
coefficient was assumed to be directly proportional to the parallel diffusion coefficient, follow
ing Kota and Jokipii [1995b]. In a later study, Potgieter and Ferreira [1999] use a parallel diffusion 
coefficient of the form 

ft|l =^Mp)h(^r), (3.22) 

with / i (P) and f%(9,r) the rigidity and radial/meridional dependences of su, respectively, 
whilst following much the same approach as in Potgieter [1996] when handling the perpen
dicular diffusion coefficient. A similar approach to both diffusion coefficients is taken by Fer
reira et al. [2000]. Ferreira et al, [2001] follow much the same approach, only here presenting 
a parametrized parallel diffusion coefficient, illustrated in Figure 3.10, again taking K± to be 
proportional to K^. 
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Figure 3.9: Various para'iiel mean free paths used in Potgieter [1996], Numbers 1 through 3 pertain to 
models presented by Bieber ct al. [1994] for a random .c veeping turbulence model for slab geometry, a 
damping model with a composite slab/2D turbulence geometry, and for a damping model with only a 
slab geometry. The parallel mean free path presented by Miiller-Meilin and Wibberenz [1995] is illustrated 
by line 4, whilst the 'standard' QLT predichon, as indicated by Bieber et al. [1994], is denoted by line 5 
[Potgieter, 1996]. 

Similarly, expressions for the proton parallel mean free path have usually been the parametrized 
products of Quasilinear theory [see, e.g., Zank et al., 1998; Le Roux et al, 1999], an example of 
which is given by 

1/3,2/3 
A. = 2.433-RV*l 

A dab. 
0.0972 EL 5/3 

+ 1 (3.23) 

from Le Roux et al. [1999], where Ri is, the maximal Larmor radius, lt the wavelength corre
sponding to the breakpoint wavenumber between the energy and inertial ranges, and Allabx 

the ratio of the variance of the x-component of the slab turbulence to the background HMF. 
Burger et al. [2000] present similar parametrized mean free paths for protons, both parallel and 
perpendicular. For a fuller discussion of prior work on proton mean free paths, see Minnie 
[2002,2006], 

Only after the publication of results by Teufel and Schlickeiser [2002] and Teufel and Schlickeiser 
[2003] did it become possible to apply piecewise-continuous analytic expressions for the par
allel mean free path, derived from QLT, for both protons and electrons in terms of basic tur
bulence quantities to the study of the modulation of cosmic rays, and of cosmic ray electrons 
in particular. The aim of this section is to present continuous expressions for the proton and 
electron mean free paths based on the results of Teufel and Schlickeiser [2003]. Similarly, only 
with the publication of the results of Shalchi et al. [2004a] has it become possible to apply an an
alytical expression for the perpendicular mean free path, derived from NLGC theory in terms 
of the parallel mean free path and basic turbulence quantities, to cosmic ray studies. An ana-
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Figure 3.10: Parametrized parallel mean free path for electrons as function of rigidity at various radial 
distances used by [Ferreira et al., 2001]. 

lyrical expression for this perpendicular mean free path, for a general turbulence geometry (as 
opposed to a hard-coded 80/20 ratio of slab to 2D turbulence), will be presented here. 

3.5.1 The parallel mean free path 

One of the aims of the present study is to investigate the effects of basic turbulence parame
ters on the parallel mean free path, and hence on die modulation of cosmic rays (specifically 
on the 26-day cosmic ray variations described in section 4.1), and as such, tractable and ana
lytical expressions for the proton and electron/positron mean free paths explicitly dependent 
upon said turbulence parameters were required. Teufel and Schlickeiser [2003] derive piecewi.se-
continuous expressions for the parallel mean free paths from Quasilinear theory (QLT), intro
duced bv Jokipii [1966], for a full turbulence spectrum including an energy range (described 
in section 3.3) for both the damping and the random sweeping models of dynamical turbu
lence [Bieber et aL, 1994], The solution for the case of the random sweeping model, and the 
continuous solution amalgamated therefrom in the present studv, satisfies die above require-
ments. It should be noted, though, that electric fields are neglected in this derivation. The 
mean free paths derived from the damping turbulence model also satisfy these requirements, 
but are beyond the scope of this study. Note that, in genera], mean free paths are related to the 
coefficients of die diffusion tensor present in the Parker transport equation as 

A- (3.24) 

where v is the test particle speed. When K is the drift coefficient, A will be referred to as the 
drift scale. 

The general expression for the parallel mean free path derived by Teufel and Schlickeiser [2003] 

http://piecewi.se
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for the random sweeping model is given by 

3s R2 

An = y/n(s - 1) bkmin \5BslabtX 

where s is the spectral index of the inertial range, and 

K, (3.25) 

R 

Q 

b 

kcR-L, 
V 

(3.26) 
2adVA 

where ay is a parameter determining the strength of dynamical effects [Bieber et al, 1994; Teufel 
and Schlickeiser, 2002], RL — P/B0 the maximal Larmor radius (with P = pc/\q\ the particle 
rigidity), V the particle speed, and 5BsiabtX the component of the slab turbulence perpendicular 
to the magnetic field direction. The different values of K for different values of R, Q, and b are 
shown in Table 3.3. 

Case no. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

Case 
1 <C 6<g R«. Q 
l « i J « Q « 6 
1 < R<g. b<£ Q 
b <£ 1 <£ R <£ Q 

6«C fl«C 1 « ;Q 
# « Q <S 1 <s 6 
i ? « Q « b « l 
i ? « i « k < Q 
i?:«: l «: Q < 6 
R<z:b<§: l <s Q 
i ? ^ b < Q « l 

A" 

4v^ + 
4V? 
+ r>72) ^ V ^ ( P - 2 ) J 

b 
4v/F 

2 s 
3 2-7«-2s In b/H 
2 s 
3 2--vs-2slnb/fl 
2 ' a 
3 2--ys-2slnb/R 

+ 

2 b» 
srrp/2) QP-"R' 

2 b_ 
V»(2-s)(4-s) fi-' 

1 1 b p " ' [r(p/2) ^ V5F(p-2)JQ)'-«Ji' 
2 b" 

3r(s/2) R° 
2 b* 

3V(s/2) Rs 

+ v^(2 -s ) (4 -s ) i?a 

Table 3.3: Analytical expressions for K for the random sweeping model, from Teufel and Schlickeiser 
[2003]. 

The piecewise continuous, analytical mean free paths derived by Teufel and Schlickeiser [2003] 
for protons and electrons/positrons are illustrated in Figure 3.11, along with numerical solu
tions for the mean free paths, calculated using the values 

nin = l C T ^ m " 1 

kD = 2 x 10~5 m _ 1 

B, — 4.12 nT 

VA — 33.5 km/s 

Oid = 1 

s = 5/3 

p = 3. 
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The solutions for electrons are those corresponding to the case numbers 1,7 and 9 in Table 3.3, 
whilst those for protons are simply 1 and 9, cases 4 through 6 representing values for R, Q, 
and b not consistent with heliospheric conditions. These solutions correspond to the energy 
range (solution 1), the inertial range (solution 9) and the dissipation range (solution 7) of the 
turbulence power spectrum. As the dissipation range does not so greatly affect protons as it 
does electrons, there is no solution pertinent to that range present in the expression for the 
proton parallel mean free path. Tractable, continuous expressions for these mean free paths 
are readily constructed the relevant solutions described above. This yields a straightforward 
expression for the parallel mean free path for electrons, 

An = 
3s R2 

b 
+ 

l 

B0 

5Bslaf,.x 

1 
+ +-_ 4 ^ \ r ( p / 2 ) V^(p - 2) y QP-sRs V^(2 - s)(4 - s) Rs (3.27) 

whereas that for protons is given by 

R2 

A n  as 
v/7r(s - 1) bk, 

Bo 
SB, slab.x + 4 ^ v ^ ( 2 - s ) ( 4 - s ) i ? s (3.28) 

Table 3.4 lists the dependences of Equations 3.27 and 3.28 on the various turbulence parame-

10" 10' 

Rigidity (MV) 

Figure 3.11: Parallel mean free paths for protons and electrons/positrons as function of rigidity, from 
Teufel and Schlickeiser [2003]. Crosses indicate numerical solutions, solid lines approximate solutions. 

ters pertinent to this study, for the parts of the solutions applicable to the energy, inertial, and 
dissipation ranges of the turbulence power spectrum, and are given as a quick reference to 
clarify further discussions of these mean free paths (see, e.g., Sections 3.5.3 and 3.5.4). 
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Variable Energy Range Inertial Range Dissipation Range 
k'min ^ " ' m m m, in rn.in 

kn - - KD 
SBsiab.x ~ (6Bslab,x)^ ~ {SBsiab,x)~J' <~ {SBslab,x)~2 

Vsw - - v SW 

VA - - ~vr 
B0 - ~ Bs ~ Bp 

P ~ P * ^ p'l—s r^ p'*-V 

Table 3.4: Dependences of the parallel mean free path for electrons (Equation 3.27), where all ranges 
apply, and protons (Equation 3.28), where only the energy and inertial range columns are applicable, 
on various quantities pertinent to this study. Quantities s and p are absolute values of the spectral 
indices of the inertial and dissipation ranges respectively. A dash implies no explicit dependence on 
a quantity. 

3.5.2 The perpendicular mean free path 

The transport of charged particles perpendicular to a turbulent magnetic field has been a long
standing problem in space plasma physics. Perpendicular diffusion has often been described 
via the Field Line Random Walk (FLRW) limit of the Quasilinear theory [Jokipii, 1966], where 
tine particle gyrocenters follow field lines which themselves spread diffusively, allowing for a 
net particle diffusive spread perpendicular to the mean magnetic field. This approach, how
ever, has not proven itself accurate for all particle energies in numerical simulations [Giacalone 
and Jokipii, 1999], being most accurate at high particle energies. Matthaeus et al. [2003] derive a 
Nonlinear Guiding Center Theory (NLGC) based on the assumption that perpendicular trans
port is governed by the velocities of the charged particles gyrating along the magnetic field 
lines, which in turn diffusively separate, but here due to the transverse complexity of the field 
turbulence. This theory, when compared to test particle simulations, more closely approaches 
the simulation values than other existing theories describing perpendicular transport (includ
ing FLRW) do, illustrated in Figure 3.12. However, there are several other reasons for choosing 
the NLGC perpendicular mean free paths to be applied in this study. Firstly, the NLGC per
pendicular mean free path expressions are functions of the particle parallel mean free path. 
This is important, as a coupling between these two quantities is evident in other non-linear 
theories as well [see, e.g., Shalchi et al, 2004b]. Secondly, NLGC predicts a perpendicular mean 
free path which, in magnitude, is only of the order of one or a few percent of the input parallel 
mean free path, which is consistent with particle observations. Lastly, when the NLGC perpen
dicular mean free paths are compared to observational determinations from Jovian electrons, 
the values of the perpendicular mean free paths are in good agreement [Bieber et al, 2004]. 

Shalchi et al [2004a] derive analytical forms for the perpendicular mean free path for various 
turbulence geometries (discussed briefly in Section 3.2) for the case of dynamic turbulence. In 
all of these solutions, the parallel mean free path is a key input for the perpendicular mean 
free path. As this study focuses on composite turbulence, only the solutions applying to that 
particular model will be here discussed. Different solutions apply for different values of the 
parallel mean free path. Several cases, depending on the parallel MFP values, are considered 
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Figure 3.12: Comparison of perpendicular diffusion coefficients as function of the ratio of the maximal 
Larmor radius (here denoted by TL) to correlation length (here denoted by Ac) predicted by various 
theories, with the results of particle simulations, for 20% slab and 80% 2D turbulence [Matthaeus et al., 
2003]. 

here. 

In the case of Ay <C VSlsiab, where lsiab is a slab correlation scale related to the correlation length 
lc by lstab = lc/(2irC(v)), with v = 5/6 the spectral index of the slab/2D model magnetic field 
and 

C{y) T(y)IT(y--) (3.29) 

the perpendicular mean free path was found by Shalchi et al. [2004a] to be proportional to the 
parallel mean free path, and given by 

A ~aHB\ (3.30) 

where a = l / \ /3 is a numerical factor. For the case of Ay > VSlsiab, the perpendicular mean 
free path is expressed as 

A_L ta — a S-^F1(u) + S-^F2(u)^ (3.31) 

with Fi{v) = 2vj{2v - 1) and F2{v) = 2T<C(V)FI(V). The last case, with 12D as a 2D correlation 
scale, equal to 10% of the magnitude of lsia{, [Shalchi et al, 2004a], pertains to the region where 
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An Aj_ <C 3 ^ , with 
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where F(;A es;ab) is the hypergeometric function 2-Fi(l, 0.5, ̂  + 1, (fSiab 
3Z^ab/Ajj a dimensionless parameter. Defining the following, 

Ay, (3.32) 

l)/es;ab)/ and esiab = 

2 i / - 1 
Qsbm 

4u 
SBIP)2 F2(v)V3hD\fx;u 

2v 
Psbm 

4u 

m ) 
l
a2 f6B2D F{v,esiab)>^i 

Dsbm — 

Bl 
(Psbm. \ . I Qsbm \ 

\T2-) v 3 ; 

the perpendicular mean free path (when Ay Aj_ <C 31%D) 1S g i v e n by 

(3.33) 

Ax = 2 cos 
Qsbm I (bsbml/3) 5 (3.34) 

when Dsbm < 0, and, when D s b m > 0, by 

'(-^+v/^:)l + (-A± 
Qsbm -VD. sbm (3.35) 

Figure 3.13 illustrates the solutions for the perpendicular mean free path described above in 
comparison with numerical solutions as functions of the parallel mean free path, for a compos
ite 2D/slab turbulence geometry, with lsiab = 0.030 AU. Note that the largest deviation from 
the numerical solution occurs when Ay Ax « ^ID- Equations 3.34 and 3.35 are also plotted 
as functions of rigidity for electrons alongside the numerical solution at Earth in Figure 3.14, 
with the electron parallel mean free path described in Section 3.5.1 as input. Note that these 
approximations produce a perpendicular mean free path within the Palmer consensus values 
indicated in Figure 3.14. 

Furthermore, Shalchi et al. [2004a] investigate the asymptotic properties of their expressions 
for the perpendicular mean free path, and present expressions for the cases of low and high 
rigidities, given by Equation 3.30, and 

A± 
2 i / - l 

4 i / 
F2{v)lsiaba' 

,SB2 2V3' 
~W 25 A; (3.36) 

respectively. Equation 3.36, however, has the disadvantage of having an 80/20 ratio of slab/2D 
turbulence hardcoded into it. For a more general result, consider the more general approximate 
solution for the ratio of the perpendicular to the parallel mean free path derived by Shalchi et al. 
[2004a], viz. 

Ax _ 2v - 1 
4i / ^ M ^ + Bl 

&Bslab EV,, , \ 
2 t[y, esiab) (3.37) 
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Figure 3.13: Comparison of perpendicular diffusion coefficients as function of the parallel mean free 
path with numerical simulations, for 20% slab and 80% 2D turbulence [Shalchi et al., 2004a]. 

Letting nsiab and n2£, be the fractions of slab to 2D turbulence, such that 

&Bslab/2D = nslab/2DSB , (3.38) 

and ni the fraction of the slab correlation length that the 2D correlation length is assumed to 

be, 

hD = ml slab, (3.39) 

and finally taking note of the fact that, when Ay <C V^hiab, a s f ° r heliospheric conditions, the 
hypergeometric function F(u, esiab) can be approximated by [Shalchi et al, 2004a] 

F(u,eslab)*F2(v)Vz1^., 

which allows Equation 3.37 to be written as 

A, 
2 v - 1 2_, . >. Fj5B2 

4u 

Rewriting the above somewhat yields 

A 3/2 2i/— 1 2F2(v)lslabV3 

Bl 

5B2 

An 

n2Dni\lT 1" nslab 

n2DniJ\\\ + nsiab V^-L 

(3.40) 

(3.41) 

(3.42) 
4 i / - - . , - , - „ _ . - B 2 

which, in the limit where A|| <c Aj_, indicates a solution dominated by 2D turbulence, given by 

A 3/2 2v-l 2 „ , ., ,-SB2 f— 
— aF2(v)lslabv3-^rri2DniJ\\\. 

Av Bl
0 V 

Substituting Equations 3.38 and 3.39, with minor algebra, delivers 

A.i 2 ^ - 1 2 n , s, K&Bln 
— a2F2{v)l2DV3—^ 

Av B% 

2/3 
.1/3 

(3.43) 

(3.44) 
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Figure 3.14: Full approximations of the perpendicular mean free paths from NLGC (Equations 3.34 and 
3.35), the current approximation represented by Equation 3.44, and numerical solution, as functions of 
rigidity at I AU in the ecliptic for electron?. Bar indicates Palmer consensus values. 

which is equivalent to Equation 3.36, but for a general ratio of slab to 2D turbulence. 

In the present study, Equation 3.44 is used exclusiveh- to describe the perpendicular mean 
free path throughout the heliosphere, as it is a relatively simple expression, and compares 
well with the full approximations (Equations 3.34 and 3.35) and the numer\..~i solution itself, 
as can be seen in Figure 3.14, plotted at 1 AU in the ecliptic, which is the radial distance and 
colatitude at which it deviates the most from the numerical solutions, being approximately 14% 
smalller. Also, Equation 3.44 yields a perpedicular mean free path in reasonable agreement 
with the Palmer consensus value [Palmer, 1982], Table 3.5 lists the complete dependences of 
this expression on the various turbulence quantities pertinent to this study again to facilitate 
discussion of these mean free paths. 

3.5.3 Characterizing the Mean Free Paths 

The purpose of this section is not only to characterize the mean free paths described in Sec
tions 3.5.1 and 3.5.2 as functions of rigidity and radial distance, but also to present the mean 
free paths arising from the standard set of turbulence parameters utilized in the present study. 
These various mean free paths for protons and electrons are illustrated in Figures 3.15 and 
3.16. A Fisk-Parker hybrid field was used, and a constant solar wind velocity of 600 km/s was 
assumed, whereas the best fit ion inertia! scale model for ko (see Section 3.3.2) was applied as 
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Table 3.'5: Dependences of the perpendicular mean free path for electrons (where all indicated ranges 
apply) and protons (where only the energy and inertia] range columns are applicable) on various 
quantities pertinent to this study. Quantities s and p are absolute values of the spectral indices of the 
inertia! and dissipation ranges respectively. A dash implies no explicit dependence on a quantity. 

Quantity Value Units 
Bo 4.12 nT 

& Bflab. x 13.2 nT1' 
Fraction slab turbulence 0.2 Dimensionless 

Spectral index en erg}? range 0 Dimension] ess 
Spectral index inerriaJ range s 5/3 Dimensionless 

Spectral index dissipation range p 2.6 Dimensionless 
Slab correlation length Ialab 0.023 AU 
2D correlation length Jgo 0.0023 AU 

Solar wind density p 7 Particle per cm"'" 
Strength of dynamical effects ay 1 Dimensionless 

XLGC constant a 1/V3 Dimensionless 

Table 3.6: Reference 1 AU values for quantities that enter into the expressions for the parallel and 
perpendicular mean free paths illustrated in Figures 3.15 and 3.16. 

a reference model. Table 3.6 illustrates the values assumed for the various applicable param
eters. For a fuller discussion of the applicable parameter ranges, see Section 3.6. Figure 3.15 
illustrates the mean free paths, both perpendicular and parallel to the background magnetic 
field, discussed in Sections 3.5.1 and 3.5.2, in the ecliptic plane at 1 AU, as function of rigidity 
for both protons and electrons. The Palmer consensus of expected Values for the parallel mean 
free path at 1 AU in the ecliptic [Palmer, 1982] is illustrated by the box for parallel mean free 
paths, and solid line for perpendicular mean free paths. The electron mean free path here illus
trated most notably does not fall within this range. This, however, is not problematic, as there 
is much scope in the observed ranges of the parameters upon which these mean free paths de
pend, within which the electron parallel mean free path may be safely adjusted to fall within 
this range. The effects of the dissipation range can be clearly seen in the increase in the elec
tron parallel mean free path at low rigidities, in agreement with observation [see, e.g., Bieber 
et ai, 1994], corresponding to an initially flat rigidity dependence, which rapidly becomes a 
A|| ~ p - 0 - 5 2 dependence as the dissipation range solutions begin to dominate. At rigidities 
greater than ~ 0.1 GV, the electron parallel mean free path flattens, and begins to increase with 
a A|| ~ pO-33 dependence as the inertial range component of Equation 3.27 becomes dominant, 
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Figure 3.15: Mean tree paths (parallel and perpendicular) for electrons and protons as function of rigid-
itj at 90 coiatitude, for a Fisk-Parker hybrid field. See text for detail on relevant parameters used. 
Box and bar indicate Palmer consensus values for the parallel and perpendicular mean free paths re
spectively. Note that runs with the numerical modulation code are tvpicallv done for rigidities above 
0.0] GV.' 

as expected from Table 3.4. This behaviour is reflected, although somewhat less acutely due 
to the A/ term in Equation 3.44, when the electron perpendicular mean free path is consid
ered. Here again a flat rigidity dependence is encountered at low rigidities, decreasing with 
a Ax "- P^ J dependence as the dissipation range kicks in, flattening beyond ~ 0.1 GV; and 
steadily increasing with a A_̂  ~ f u rigidity dependence as the inertia] range component of 
the parallel mean free path begins to dominate. The proton parallel mean free path crosses the 
Palmer consensus range. As expected, no dissipation range effects are visible in Figure 3.15, 
as no solutions corresponding to dissipation range were incorporated into the expression for 
the proton parallel mean free path. Throughout the rigidity range here considered, the inertia! 
range component in Equation 3.28 dominates, leading to a Aj| - P0 '33 rigidity dependence. 
The proton perpendicular mean free path again mimics the parallel mean free path, but with 
a rigidity dependence of A^ ~- P° 1. The rigidity dependence of the perpendicular mean free 
path for protons is flatter than that of the parallel mean free path, in agreement with Burger et al. 
[2000]. The perpendicular mean free paths for both protons and electrons fall within Palmer 
consensus values. It comes as no surprise that the rigidity dependences for electrons at higher 
energies for both the parallel and perpendicular mean free paths are the same as those for the 
protons: at higher rigidities, the inertial and energy range components of both expressions 
dominate, and these are identical for both species in the present stud}'. 

The parallel and perpendicular mean free patlis for 0.1 GV protons and electrons as functions 
of radial distance in the ecliptic plane are shown in Figure 3.16. The proton and electron mean 
free path expressions here used are very different when considered as functions of rigidity, 
but very similar as functions of radial distance. Therefore Figure 3.16 was plotted at a rigidity 
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Figure 3.16: Mean free paths (parallel and perpendicular) for 0.1 GV electrons and protons as function of 
radial distance at 90° colatirude, for a Fisk-Parker hybrid field. See text for detail on relevant parameters 
used. 

where the proton and electron mean free paths are still readily distinguishable, as these mean 
free paths also become very similar at high rigidities. As such, in Figure 3.16 the proton and 
electron parallel mean fee paths display very similar radial dependencies at higher radial dis
tances, with Aii — ri2 and Ay '- r1*1, respectively, with the electron mean free paths greater 
than the proton mean free paths, as expected from Figure 3.15. At smaller radial distances this 
difference is greatest, due to the effect of the dissipation range on the electron parallel mean 
free path. The behaviour of the parallel mean free paths is reflected in that of the perpendicular 
mean free paths, with that of the electrons being greater than that of the protons, most notably 
at smaller radial distances, the perpendicular mean free paths for both species assuming an 
essentially identical radial dependence of Ax ~ r® '36, as would be expected from the An term 
in Equation 3.44. 

3.5.4 Mean free paths as function of dissipation range breakpoint wavenumber 

Here the effects of the choice of model for kr>, derived by Leamon et el [2000], on the electron 
parallel and perpendicular mean free paths used in this study are considered, for these mean 
free paths as functions of rigidity and radial distance at 1 AU in die ecliptic plane. Proton 
mean free paths are not considered here, as they do not contain any terms pertaining to the 
dissipation range. Consider Figure 3.17, illustrating the electron parallel and perpendicular 
mean free paths as function of rigidity at Earth, for various models of kjy, as discussed in 
Section 3.3.2, with all other parameters as those of the reference mean free paths discussed 
in Section 3.5.3. For both the perpendicular and parallel mean free paths, the slopes of the 
functions do not change significantly with changing Up, as none of the Leamon et al. [2000] 

— proton '/ 

eleciror -

proton t. 

electron , 
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Figure 3.17: Effect of various models for ku on mean free paths (parallel and perpendicular) for electrons 
as function of rigidity at Earth, for a Fisk-Parker hybrid field. Due to their similarity, curves for the best 
fit and fit through origin ion inertia! scale models are indistinguishable. See text for detail on relevant 
parameters used. Box and bar indicate Palmer consensus values for parallel and perpendicular mean 
free paths respectively. 

models for ki> are functions of rigidity. The parallel mean free paths do, however, differ in 
magnitude with differing fcrj, those corresponding to the models of ko predicting the smallest 
wavenumbers at 1 AU (see Figure 3.6 in Section 3.4), assuming the greatest values. This is due 
to the parallel mean free path having a A|| ~ k'^p dependence, where s = 5/3 and p = 2,6 are 
the spectra] indices of the inertia] and dissipation range, respectively. Electron mean free paths 
for both the best fit and fit through origin ion inertia! scale models for frrj are very similar, and 
cannot be distinguished in the figure. This Ls to be expected from the similarity of the values of 
fcrj predicted by these models at 1 AU. This behaviour is also displayed by the perpendicular 
mean free paths, due to their A,/ dependence. At higher rigidities, all solutions converge, as 
at these rigidities the inertial and energy components of the mean free path expressions tend 
to dominate. None of the parallel mean free path solutions fall within the Palmer consensus 
for the parameter set used. This, however, is again not entirely problematic, as several other 
parameters, the fraction of slab turbulence, for example, may be varied within observational 
limits (see Table 3.7) so as to decrease the electron mean free path values given by Equation 
3.27. The various electron mean free paths, both parallel and perpendicular, corresponding 
to the different models for kD considered in the present study as functions of radial distance, 
are shown in Figure 3.18. Here again the mean free paths, both parallel and perpendicular, 

i • 1 1 , i n i i— 

' - l i^ i i l b e s ' M 

'-|Kkt[) *'' t n r o u 9 h origin 

" '-||<"ci> b « < f " 

* \\('lc\) fi' though origin 

A (kjj) f i l lhrough origin 

■ ' ^ ( " c i ) b E s ! ' " 

• ( " :) fit through origin 



CHAPTER 3. DIFFUSION AMD TURBULENCE 49 

100 

10 

— 1 

=3 
< 
0-
LL 
S 0.1 

0.01 

0.001 
1 10 100 

r [AU] 

Figure 3.18: Effect of various models for kp on mean free paths (parallel and perpendicular) for 0.1 GV 
electrons as function of radial distance at 90° colatitude, for a Fisk-Parker hybrid field. Legend is exactly 
that of Figure 3." 7. See text for detail on relevant parameters used. 

corresponding to models predicting the smallest values of ko, assume the largest values. The 
mean free path curves are here different according to the model for kjj, as the ion inertia! 
scale model has a different radial dependence to that of the proton gyrofrequency model. At 
higher radiaJ distances, electron mean free paths with ion inertial scale jfej/s display a A <- v1A 

dependency, and again are very similar. This is to be expected from Figure 3.6, showing how 
the various models for kp vaiy with radial distance in the ecliptic plane, where both the best 
fit, and fit through origin, ion inertial scale models assume values rather close to one another. 
The same holds for the perpendicular- mean free paths with ion inertial fcrj's, these showing 
a Ax ~ f0,3e dependence at higher radial distances, as would be expected from the A,,' term 
in Equation 3.44. The parallel mean free paths corresponding to the proton gyrofrequency 
models for ko exhibit a A|i ~ r12 radial dependence, whilst the perpendicular mean free paths 
show a A i ~ r0-39 radial dependence at higher radial distances. 

3.6 Parameter Ranges 

Observations show that there are large variations in the mean free paths from one event to the 
other, as illustrated in Figures 3.19 and 3.20 [see, e.g., Bieber et al, 1994; Droge, 2000]. In the 
present study, only solar mirumum conditions are considered, and therefore suitable average 
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Figure 3.19: Parallel mean free path as function of particle rigidity for several solar particle events (see 
Figure reference for detail on the events concerned). The form of the rigidity- dependence as indicated 
by the upper curve seems to be independent of the event concerned, with only the absolute height of 
the curve varying. The lower curve indicates predictions of quasilinear theory for typical solar wind 
conditions [Drogc, 2000]. 

values of the various parameters affecting the perpendicular and parallel mean free paths will 

be used, the brief discussion of which is the topic of this subsection. For ease of reference, Table 

3.7 lists the parameters, along with their values and units, pertinent to this particular study. 

As to the background HMF at Earth, a value of 5 nT is commonly used in modulation studies 
[see, e.g., Jokipii, 2001; Verre.ira etai, 2003; Caballero-Lopez et a).., 2004; Caballero-Lopez et al, 2004], 
but is not always reported as such, whilst Bieber et al. [1994] report an average value of 4.12 nT. 
Solar wind density ranges from approximately 5 to 10 particles per cubic centimeter [see, e.g., 
Smith et el, 2001; Wang et al., 2007]. The turbulence spectrum used as input for the theoretical 
calculations of diffusion coefficients [see, e.g., Teufel and Schlickeiser, 2003; Shalchi et al., 2004b; 
Shalchi and Schlickeiser, 2004], is usually that of Bieber et al. [1994] or some similar variant thereof 
(see Figure 3.2). This spectrum has a flat energy range, an inertial range with a Kolmogorov 
spectral index of - 5 / 3 and a dissipation range with a spectral index of - 3 . However, the 
average values of the spectral indices in the dissipation and inertial ranges were found to be 

2.6 and -■ 1.6 respectively, by Smith et al. [2006] (see Figure 3.21). With regards to the 
slab correlation length lslabr Bieber et al. [1994] find a value of 0.023 AU, while Matthaeus and 
Goldstein [1982] and Smith et al. [2001] find a slightly larger value of approximately 0.U3 AU 
for this quantity. The 2D correlation length l^o is usually set to one tenth of the value of 
Js!ab [see, e.g., Matthaeu? et al, 2003]. Bieber et al. [1994] use a value of 13.2 nT2 for the total 
variance in one perpendicular component of the magnetic field, with a range here considered 
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Figure 3.20: Proton parallel MFP for several solar events (see reference for detail on the events con
cerned} [Bieber et ah. 1994]. 

of 10 - 20 nT2, The proportion of slab to 2D turbulence stated in Bieber et al [1996] is 0.1-5/0.85. 
However, Saur and Bieber [1999] us a proportion of 0.36/0.64. Thus a range of 0.10 to 0.50 
for the proportion, of slab variance will be here considered, with a reference proportion of 
0.80/0.20 [see, e.g., Bieber et al, 1994]. Last.lv, the parameter <>,; ranges from 0 to 1, and is used 
to adjust the strength of dynamical effects, 0 applying to the magnetostatk limit, and 1 for 
strong dynamical effects [Bieber et al., 1996]. The quantity a found in the NLGC perpendicular 
mean free path expressions [Matthaeus et al, 2003] is usually taken to be equal to l / v ' 3 , a value 
seemingly due to data fitting. Here it will be varied between 0.32 and 1.0. The actual parameter 
ranges considered were determined by the stability of the numerical modulation code, and wiD 
be indicated in the relevant sections. 

Quantity Value/Range Units 
R 4.12-5 nT 

«%.».* 10-20 nr 
Fraction slab turbulence 0.15-0.36 Dimensionless 

Spectral index energy range 0 Dimensionless 
Spectral index inertia 1 range .s 1.5-1.8 Dimensionless 

Spectra] index dissipation range p 1.7-3.6 Dimensionless 
Slab correlation length lglab 0.023 - 0.03 AU 
2D correlation length fee 0.0023 - 0.003 AU 

Solar wind density p at 1 AU 5-10 Particle per cm - ' ' 
Strength of dynamical effects a„> 0-1 Dimensionless 

NLGC constant a 0.32-1.0 Dimensionless 

Table 3.7: 1 AU value ranges for quantities that enter into the expressions for the parallel and per
pendicular diffusion coefficients 

http://Last.lv
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Figure 3.21: Distribution of the merrial range (top) and dissipation range (bottom) power-law indices 
(top) [Smith et al.,2006]. 

3.7 Summary 

In this chapter, the basic turbulence quantities pertinent to this study were briefly discussed. 
Then expressions for the parallel and perpendicular mean free paths for protons and electrons 
were introduced, and characterized as functions of rigidity and radial distance. Several alter
native models for the breakpoint wavenumber between the inertia] and dissipation ranges of 
the turbulence power spectrum were studied, and implemented in the abovementioned mean 
free path expressions, comparisons being made. Tine topic of the next chapter will be the study 
of the effect of varying diffusion coefficients through changes in the various turbulence quanti
ties, within the parameter ranges discussed in Section 3.6, on 26-day recurrent galactic proton 
variations, utilizing the modulation code of Hattingh [1998] described in Section 2.9. 



Chapter 4 

Effects of Changes in Diffusion 
Coefficients on 26-Day Variations for 
Protons 

4.1 26-Day Recurrent Cosmic Ray Variations 

The COSPIN (Cosmic Ray and Solar Particle Investigation) experiment aboard the spacecraft 
Ulysses, moving out of the ecliptic plane to a latitude of 82.2°S, then to 82.2°N, revealed 26-day 
variations in the cosmic ray flux at all latitudes covered [Simpson etal, 1995a, b] (see Figure 4.1), 
with little difference in data gathered in the southern and northern hemispheres. Corotating 
interaction regions (CIRs), formed when a high-speed solar wind stream interacts with a slow 
solar wind stream emitted by the Sun at an earlier time, have been postulated as an explanation 
for these variations [Kota and Jokipii, 1995a, 1998]. These interaction regions, however, persist 
only at lower to middle latitudes (up to — 40°) [Gosling and Pizza, 1909], and thus cannot 
explain the persistence of these observed variations in the higher latitudes by themselves. Also, 
any effect the heliospheric current sheet may have cannot explain the variations at latitudes 
above - 40c [Zhang, 1997]. 

Several possible m.echanisms have been proposed to explain the transport of particles from 
lower to higher latitudes. One explanation is that there is substantial particle diffusion across 
the mean magnetic field. From the theory of classical scattering, the ratio of the perpendicular 
to parallel diffusion coefficients TJ is given by 

with T9 the proton gyroradius. However, T] is too small for typical values of AII [Richardson, 
2004, and references therein], implying that this may not be the cause of the variations at high 
latitudes. Perpendicular diffusion could also be caused by the random walk of magnetic field 
lin.es, which could be related to supergranule motions in the photosphere [Jokipii ct a!., 1995; 
Giacolone, 1999] or by magnetic field turbulence. Figure 4.2 illustrates such a magnetic field. 
In this model, particles gyrate along 'braided' field lines, which, if braided at length scales 
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similar to the proton gyroradius, would allow particles to jump from one field line to another, 
thereby effecting perpendicular transport [Fisk and Jokipii, 1999]. This, then, allows for a value 
of // = 0.02, which allows for considerable Latitudinal particle transport. 
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Figure 4.1: 2oU - 2CKI0 MeV proton count rate and solar wind speed measured by Uh/sses as it moved 
to a latitude of - 80:S at a heliocentric distance of — 2.5 AU from the ecliptic plane at ~ 5.5 AU, Insets 
illustrate periods at latitudes of ^ 25 and ~ 45 . Recurrent cosmic ray variations persist up to the 
highest latitudes [Heber and Burger, 1999]. 

However, 26-day recurrent variations could also be explained if a Fisk-type model of the he-
Liospheric magnetic field, described in Sections 2.6.2 and 2.6.3, is considered. In. such a model, 
different latitudes can be connected directly via magnetic field lines due to the latitudinal ex
cursions of the field footpoints on the Sun. Figure 4.3 illustrates the radial distance at which a 
field line originating at a given longitude and latitude would cross 30° latitude, from a simple 
model of footpoint motion described in Zurbuchen et al. [1997], It is clear that the connection 
distance along the field lines between high and low latitudes is sufficiently short to allow for 
particle transport between such latitudes [Fisk and Jokipii, 1999]. 

Zhang [1997] reported a linear relationship between the amplitude of the recurrent variations 
observed by Ulysses and the latitude gradient, independent of particle species and energy, for 
the entire inner heliosphere, shown in Figure 4.4, whilst Richardson et al. [1999] find that the 
size of the variations is dependent on the polarity of the HMF, being greater during A > 0 than 
during ,4 < 0. Burger and Hitge [2004], Kriiger [2005] and Burger et al. [2008], assuming that 
direct field line connection could explain these variations, applied the Fisk-Parker hybrid field 
model described in Section 2.6.3 (or variations thereof), to the 3D cosmic ray modulation code 
developed by HatHngh [1998]. They find that the linear relationship reported by Zhang [1997] 
for galactic cosmic rays could be explained by such a heliospheric magnetic field model. 

Moreover, Zhang [1997] states that if a single FiMF structure is responsible for global latitudi

nal and longitudinal cosmic ray distributions, then there would be a possibility of a correlation 
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Figure 4.2: Magnetic field line projection for the field line random walk model [Giacolone, 1999]. 
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Figure 4.3: Radial distance (heliocentric) where a field line beginning at a given longitude and latitude 
would cross 30° north latitude [FisJc and Jokipii, 1999]. 

between the latitude gradients (a latitudinal phenomenon) and the recurrent variations (a lon
gitudinal phenomenon), on the condition that such a field has a recurrent property, and a 
global effect. Based on the force-field approximation [Gleeson and Axford, 1968], Zhang [1997] 
and Paizis et al. [1997, 1999] employ an expression describing small variations in cosmic ray 
intensities in terms of changes with respect to some observed spectrum, given by 

\1T 
JT 

C 
3K2{P) 

C 
3K2{P) 

-A 
.•■ 

V(x.t) 
dx 

KI(T.12) 
dx-

V[.r.1:i dx (4.2) 

where V is the solar wind speed, ri the heliospheric boundary, i the ratio of particle speed 

to me speed of light, and K% and K2 two parts of the diffusion coefficient. C is the Compton-

Getting factor, 

C = 
Q-. 

(4.3) 
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Figure 4.4: Linear relationship between the amplitude of 26-dav recurrent cosmic ray variations and 
latitude gradient, adapted from Zhang [1997]. 

where 

and 

T + 2£0 

T+Eo (4.4) 

(4.5) 

with E0 the particle rest-mass energy, and T the particle kinetic energy. The Compton-Getting 
factor for proton spectra in the inner heliosphere typically drops off monotonically with de
creasing rigidity, approaching zero at the adiabatic limit, where particle intensity is directly 
proportional to kinetic energy. The above results are used by Zhang [1997] and Paizis et al. 
[1997,1999] to explain the linear relationship between the latitude gradient Gp and the relative 
amplitude of the recurring variations. Zhang [1997] states that the variation in cosmic ray flux 
implicit in these phenomena can be described by a result similar to Equation 4.2, 

Air - 3 C A $ . 
IT 

(4.6) 
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where $ is the modulation parameter, given by 

s 
(4.7) 

in terms of an effective diffusion coefficient K£, integrated along the average particle trajectory. 
Zhang [1997] argues that «e = 0KIKS can describe either transport in latitude to yield a latitude 
gradient, or changes in the diffusion coefficient due to corotaring interaction regions to yield 
recurrent variations. The similar rigidity dependencies for the recurrent variations and the 
latitude gradients could then be explained if the effective diffusion coefficients governing the 
abovementioned phenomena have similar rigidity dependencies, implying a linear relation
ship between latitude gradients and relative amplitudes. Paizis et al. [1999] show that quite a 
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Figure 4.5: Rigidity dependence of the proton latitude gradient and amplitude of recurrent variations 
(left/right axes, and triangle/circle symbols, respectively). The dotted line indicates the expected varia
tions ignoring the Compton-Getting factor, whilst the shaded area shows values calculated from Equa
tion 4.6 for an effective diffusion coefficient with a rigidity dependence ranging from Pn 3 to P6 " [Paizis 
etal, 1999]. 

good fit for die amplitude of the recurrent variations and latitu.de gradient can be achieved by 
the application of Equation 4.6, illustrated in Figure 4.5. They caution that, due to Equation 
4.6 arising from the strictly one-dimensional force-field approximation, it cannot be expected to 
adequately describe the modulation of cosmic rays in a three-dimensional heliosphere. Clearly, 
good, quantitive agreement between latitude gradients and the amplitude of the recurrent vari
ations calculated using a three-dimensional modulation code, as in the present stud}', should 
not be expected. However, as a typical diffusion coefficient increases monotonically with rigid
ity, and the Compton-Getting factor behaves in much the same way, one would expect at least 
a qualitative agreement, in that the latitude gradient and the amplitude of the recurrent varia-
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tions should show a local maximum as function of rigidity. Moreover, if the effective diffusion 
coefficients governing these two phenomena were to have similar rigidity dependences, one 
would expect the local maxima to occur at more or less the same rigidity for each case. 
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Figure 4.6: Latitude gradients at 2 AU as function of rigidity during 4 > 0 for a Parker (dashed line) 
and Fisk-Parker hybrid (solid line) heliospheric magnetic field. Drift effects are not considered here, to 
emphasize the role of diffusion, 

The question now is whether the two effective diffusion coefficients governing the latitude 
gradients and the amplitude of the recurrent variations would indeed have similar rigidity 
dependencies if the recurrent variations were due to a Fisk-tvpe field. In such a model for the 
heliospheric magnetic field, latitudinal variations would not only be affected by KA and K L, 
but also by s^, due to the meridional component of the field. Periodic variations in magnitude 
also occur in Fisk-type fields, which would be reflected in KA, K_, and K||. A S to whether or not 
a Fisk-type field would affect transport in latitude, consider Figure 4.6, illustrating the latitude 
gradients as function of rigidity for both a Parker and Fisk-Parker hybrid field at 2 AU, with all 
other relevant parameters kept the same. The latitude gradient is clearly reduced by the Fisk-
type field, due to diffusion parallel to the field facilitated by magnetic connection between 
different latitudes. 

4.2 Effects of Changes in the Diffusion Coefficient on 26-day Varia
tions 

In this section, solutions with changes in various turbulence quantities will be considered rel
ative to a reference solution, the parameters of which are listed in Table 3.6 in Section 3.5.3, 
to ascertain the effects these changes have on the cosmic ray spectra at Earth, and hence on 
the Compton-Getting factor; the latitude gradients as function of rigidity; the amplitude of the 
recurrent variations as function of rigidity; and their effect on the relationship between the lat
itude gradients and the amplitude of the recurrent variations. Conclusions will then be drawn 
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from the abovementioned effects. The Compton-Getting factor is not shown here graphically, 
as its form can readily be inferred from the cosmic ray intensity, here shown for the purposes 
of clarity as function of rigidity, rather than the more conventional depiction as function of 
kinetic energy. Note that in the next chapter, the Compton-Getting factors will be shown when 
electrons, with more complicated energy spectra, are considered. In the graphs to follow, an 
increase in a parameter is denoted by a dashed line, whilst a decrease is denoted by a dot
ted line. Reference solutions are always depicted by solid lines. Linear regressions applied 
to plots of the relative amplitude versus the latitude gradient are shown to guide the eye as 
to the effects of varying the turbulence quantities here studied, using the same line types as 
for the cases they pertain to. The shapes of the functions, however, are not conducive to good 
least-squares fits, especially in cases where the latitude gradient changes sign, as function of 
rigidity. As a brief aside, in the present study the latitude gradient G$ between polar angles 0\ 
and &2 is defined as in Burger and Hitge [2004], viz,. 

Ge(r)= - I n x 1007c- (4.8) 

with 9\ = 80c and B2 = 10" colatitude, following Zhang [1997]. Note that only solar minimum 
conditions are considered here, and that no attempts are here made to fit data in any way 
whatsoever. 

4.2.1 Rigidity dependence of the drift coefficient 

In the present stud}', Equation 2.32, given by 

_ 3P (F/P 0 j 2 

describes the drift coefficient KA, which reduces to the weak scattering value, the largest value 
for h\4, when Pn goes to zero. An increase in Pa implies a smaller HA and thus decreased drift 
effects, whilst the converse applies for a decrease in PQ. The reference solution here considered 
has a value for PQ of 0.71 GV, whilst drift effects were increased, and decreased, for the other 
solutions by setting the values of PQ at 0.22 GV and 2.2 GV, respectively. Figure 4.7(a), illus
trates the drift scales corresponding to these changes, as well as die perpendicular and parallel 
mean free paths, as function of rigidity at Earth (1 AD, 90c colatitude). Drift effects should 
become unimportant when the drift scale becomes significantly smaller than the mean free 
paths, the perpendicular mean free path in particular. Considering the solution corresponding 
to the weakest drift effects (PQ = 2.2 GV, dashed lines), the rigidity dependence of the drift 
scale changes from the weak scattering dependence of XA ~ P1 to a dependence of XA -~ P3 

at low rigidity. This change in rigidity dependence is also present, but less prominently so, for 
larger drift effects. Hence, the disappearance of drift effects should become significant below 
a rigiditv of ~ 1 GV. 

The energy spectra at Earth are plotted as function of rigidity in Figures 4.7(b) and 4.7(c) for 
both solar magnetic polarity cycles. For both A > 0 and A < Q, the intensity decreases as drift 
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effects are decreased, with an accompanying shift to higher rigidity of the local maxima of the 
respective spectra. Hence, from Equation 4.3, the Compton-Getting factors for the respective 
solutions will begin to drop off at higher rigidities with increased drift effects. 

Figure 4.8(a) illustrates the latitude gradient Gg as function of rigidity for both A > 0 and A < 
0. Consider first the curves for A > 0. The local maxima for Gg shift to higher rigidities with 
decreasing drift effects. This is due to the Compton-Getting factors for the respective solutions 
also dropping off faster with decreasing rigidity when drift effects are decreased. At higher 
rigidities, G& increases as drift effects decrease, as predicted by Equation 4.6. The behaviour 
of Gg for A < 0 is more complicated: for decreasing drift effects, | Gg | first decreases towards 
zero, as rigidity decreases, and then increases as Gg becomes positive. This initial decrease in 
Gg, best seen in the solution corresponding to weaker drift effects (P0 = 2.2 GV, dashed line), 
is not predicted by Equation 4.6. Nevertheless, when one compares the relative amplitudes, 
plotted as function of rigidity at 50° colatitude in Figure 4.8(b), with the latitude gradients, it is 
clear that the relative amplitude behaves in much the same way as Gg for A > 0, and \Gg\ for 
A < 0: and increase in the one corresponds to an increase in the other, and vice versa. Also, the 
local maxima of the relative amplitude curves shift to higher rigidities with decreasing drift 
effects. Here, as for Gg, the relative amplitude behaves in a complicated way during the A < 0 
cycle, with an initial minimum at high rigidity for the weakest drift effects that corresponds 
to a zero latitude gradient. Nevertheless, for this solution the relative amplitude again follows 
\GQ\. Overall, the main effect of changing the rigidity dependence of the drift coefficient is the 
shift in the position of the peaks in Gg and the relative amplitudes for A > 0. 

Thus, considering the relative amplitude as function of Gg in Figure 4.8(c), an almost linear 
relationship between the two quantities is observed, with a slope for a linear regression applied 
to the data greater in absolute value for A > 0 than for A < 0. An exception to this occurs when 
drift effects are very small during A < 0 (dashed line). Here the latitude gradient becomes 
positive at a higher rigidity, causing the slope of the regression line to become positive, and 
essentially the same as the slopes for fits pertaining to A > 0. There is no clear relationship 
between changes in drift effects and changes in this slope, except in the abovementioned case 
of very small drift effects during A < 0. 

4.2.2 The magnitude of the HMF at Earth 

Here the reference solution applies to a value at Earth for the HMF of Be = 4.12 nT, this being 
increased for the purposes of comparison to Be = 5 nT. The drift scale will decrease when Be is 
increased, whilst the parallel and perpendicular mean free paths are expected to respectively 
increase and decrease as functions of rigidity, as implied by Tables 3.4 and 3.5. This behaviour 
is illustrated in Figure 4.9(a), showing the drift scale and mean free paths as function of rigidity 
at Earth. Figure 4.9(a) also shows that an increase in Be corresponds to a decrease in the ratio 
A±A,|. 
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An increase in Be decreases the cosmic ray intensities at Earth for both A > 0 and A < 0, shown 
as function of rigidity in Figures 4.9(b) and 4.9(c), although this effect is less marked for A < 0. 
The position of the peaks in the spectra remain relatively unchanged when Be is varied during 
both parts of the solar cycle, thus the Compton-Getting factors for both solutions should be 
very similar. 

Figure 4.10(a) shows the latitude gradient as function of rigidity. Local maxima for Gg during 
A > 0 and \G$\ during A < 0 for the different solutions remain at approximately the same 
rigidity, as expected from the similarity of the Compton-Getting factors for these solutions. For 
A > 0, an increase in the magnitude of the HMF at Earth corresponds to a significant increase 
in GQ. The perpendicular mean free path, and the drift scale, both decrease with increased Be, 
decreasing the effective diffusion coefficient in Equation 4.6, and thus leading to an increased 
latitude gradient. The increase in Ay appears to further decrease drift effects, and therefore the 
effective diffusion coefficient. The decrease in the ratio Aj_/A|| could also be a significant factor 
in the effective diffusion coefficient, especially when the relative magnitude of the increase in 
latitude gradient during A > 0 is considered. During A < 0, an increase in Be corresponds 
to a relatively small decrease in \Gg\. This indicates a decrease in drift effects similar to the 
case for PQ = 2.2 GV in Figure 4.8(a) (dashed line). Comparison with Figure 4.10(a) shows that 
the relative amplitude, shown as function of rigidity in Figure 4.10(b), behaves in much the 
same way as G$ during A > 0, with local maxima at approximately the same rigidity for both 
latitude gradient and relative amplitude. For A < 0 one could view the apparent decrease in 
\Ge\ as an attempt to reach larger positive values due to the reduced drift effect, and therefore 
as an increase. Then both the relative amplitude and \Go\ increase in concert. 

Here again an almost linear relationship between latitude gradient and relative amplitude is 
found, illustrated in Figure 4.10(c). For A > 0, the slope of a linear regression applied to the 
data is greater in absolute value than that for A < 0, for both solutions, whilst an increase in 
the magnitude of the HMF at Earth corresponds to an increase in absolute magnitude of this 
slope during both A > 0 and A < 0. 

4.2.3 The fraction of slab turbulence 

That an increase in the fraction of slab turbulence is expected to decrease both the parallel and 
perpendicular mean free paths, and vice versa, is implied by Tables 3.4 and 3.5. That behaviour 
is reflected in Figure 4.11(a), illustrating the mean free paths and drift scale as function of rigid
ity at Earth, for a reference solution with a 20% fraction of slab turbulence, and two solution 
sets representing an increase of the slab fraction to 50% (dotted line), and a decrease to 10% 
(dashed line). Here, a decrease in slab fraction corresponds to an increase in both mean free 
paths, and vice versa, whilst the drift scale remains unchanged, as expected. However, a de
crease in the fraction of slab turbulence, whilst increasing the mean free paths, decreases the 
ratio Ax/AN, with a corresponding increase in this ratio with an increase in the fraction of slab 
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turbulence. Due to the correspondingly smaller parallel mean free path for a greater fraction 
of slab turbulence, drift effects should become more important for this case. 

Considering spectra at Earth as function of rigidity, shown in Figures 4.11(b) and 4.11(c), inten
sities for both A < 0 and A > 0 increase with a decreasing fraction of slab turbulence, which 
is to be expected due to the ease of particle diffusion implied by the corresponding increase 
in both the parallel and perpendicular mean free paths. Changes in the slab fraction do not 
greatly affect the shape of the spectra in Figures 4.11(b) and (c), with only a small change in 
the positions of the local maxima, for both A < 0 and A > 0. Therefore, the Compton-Getting 
factors for each of these solutions are expected to be quite similar. 

Consider Figure 4.12(a), where the latitude gradient is shown as function of rigidity, for A > 0 
and A < 0. The similarity in Compton-Getting factors described above is reflected in the close 
proximity of the local maxima for all the solutions. For A > 0, G$ increases slightly with a 
decreased slab fraction, and decreases with increased slab fraction. Equation 4.6 requires that, 
should the latitude gradient increase, the effective diffusion coefficient should decrease, and 
vice versa. As both the perpendicular and parallel mean free paths increase when the slab frac
tion decreases, the effective diffusion coefficient should be dominated in this case by the de
creasing ratio Ax/Ay and decreased drift effects. An increase in the fraction of slab turbulence 
corresponds to an increase in Ax/Ay and increased drift effects, which would explain the de
crease in Ge for that particular solution in Figure 4.12(a). For A < 0, the general trend appears 
to be a decrease in latitude gradient with a decreased fraction of slab turbulence, implying that 
the corresponding increase in mean free paths here govern the effective diffusion coefficient in 
Equation 4.6. Comparing relative amplitudes as function of rigidity (Figure 4.12(b)) with Fig
ure 4.12(a), the relative amplitude can be seen to behave in much the same way as \GQ |, with an 
increase in one corresponding to an increase in the other, and vice versa. Local maxima for rel
ative amplitudes for the various solutions corresponding to A > 0 also occur at approximately 
the same rigidity, as expected from the similarity of the different solution's Compton-Getting 
factors. The relative amplitudes display a more complex behaviour during A < 0, with the 
solution corresponding to a decreased fraction of slab turbulence (dotted line) reaching a min
imum as \Ge | goes to zero with decreasing rigidity, similar to the case of reduced drifts (dashed 
lines) in Section 4.2.1. 

However, when the relative amplitudes are plotted as function of Ge, an almost linear relation
ship can be seen for both A > 0 and A < 0. The slopes for linear regressions applied to the 
data are again, in general, greater in absolute value for A > 0 than for A < 0. No clear relation
ship between these slopes and the fraction of slab turbulence can be seen, as a decrease in the 
fraction of slab turbulence increases the slope for A > 0, and decreases it in absolute value for 
A < 0, whilst a decrease in the fraction of slab turbulence does exactly the same thing. 
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4.2.4 The magnitude of 8B2
X 

Here, solutions resulting from an increase to 20 nT2 in the magnitude of the x-component of the 
variance at Earth SBfj., and a decrease to a value of 10 nT2, are compared to a reference solution, 
where 5B% = 13.2 nT2. Changes in 5B^ would change both the slab and 2D variance. From 
Table 3.4, an increase in this value should correspond to a decrease in the parallel mean free 
path, and vice versa, whilst for the perpendicular mean free path, from Table 3.5, an increase 
in 5B% is expected to result in an increase in Aj_. The drift scale should remain unaffected. 
That this is indeed the case is evident from Figure 4.13(a), showing the drift scale and mean 
free paths as function of rigidity at Earth. It should also be noted from Figure 4.13(a) that 
an increase in bB\ corresponds to an increase in the ratio A_L/A||, and vice versa. Drift effects 
should become less significant for decreased bB\, as the unchanged drift scale becomes smaller 
relative to the parallel mean free path for such changes. 

Figures 4.13(b) and 4.13(c) show cosmic ray intensity spectra as function of rigidity at Earth, 
for A > 0 and A < 0, respectively. For both solar magnetic polarity cycles, a decrease in 5B% 
causes a slight increase in cosmic ray intensities, whilst an increase causes a slight decrease in 
intensities. For A > 0, the location of the cosmic ray intensity maximum doesn't seem to shift 
when 8B\ changes, whilst there is only a small shift to higher rigidity for the maxima of the 
intensities during A < 0. 

There is a correspondingly small shift to higher rigidities in the positions of the local maxima 
for \Gg\ during A < 0 and G$ during A > 0, shown as functions of rigidity in Figure 4.14(a), 
when 5B% is increased. For A > 0, the latitude gradient increases with decreasing 5B%. A de
crease in 6B% corresponds to an increase in the perpendicular mean free path, and a decrease 
in the parallel mean free path, implying an ambiguous change in the effective diffusion coeffi
cient, which, by Equation 4.6, would not result in the significant differences in latitude gradi
ents observed for low rigidities in Figure 4.14(a). However, such a decrease in 8B\ also results 
in a decrease in the ratio A^/Ay, implying that the effective diffusion coefficient could be dom
inated by this quantity, as in Sections 4.2.2 and 4.2.3. In addition, the drift scale decreases with 
respect to the parallel mean free path when 5B% is decreased (dotted line), implying smaller 
drift effects in this case. During A < 0, a decrease in 8B%. corresponds to a relatively small 
decrease in \G$\. As before, the reduced drift effects, possibly due to a reduction in the ratio 
of the drift scale to the mean free path concurrent with a decrease in SB^, could explain the 
decrease of \Gg\ towards zero. The relative amplitude, shown as function of particle rigidity in 
Figure 4.14(b), follows Gg during A > 0 quite closely, with small shifts to higher rigidity of the 
local maxima with increasing <552, and local maxima at approximately the same rigidities as 
those of the latitude gradients. 

From the above discussion it is no surprise that an almost linear relationship can be seen when 
the relative amplitude is plotted as function of the latitude gradient, in Figure 4.14(c), for both 
A > 0 and A < 0. For A < 0, the slopes obtained by applying linear regressions to the 
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data remain smaller in absolute value to those obtained for A > 0, with an increase in SB?j. 
decreasing the slopes for both parts of the solar cycle, a decrease in 5B% resulting in an increase 
in absolute value of these slopes for A > 0 and A < 0. 

4.2.5 The slab correlation length 

From Section 3.3.1, an increase in the value of the slab correlation length l ^ at Earth, would 
decrease the value of the wavenumber kmin at which the break between the energy and in
ertia] ranges occurs. It follows then, from Table 3.4, that the parallel mean free path would 
then also increase. Also, due to the 2D correlation length being proportional to lsiab, and the 
perpendicular mean free path also being a function of the parallel mean free path (see Table 
3.5), an increase in the perpendicular mean free path is also expected from an increase in the 
slab correlation length. The drift scale remains unaffected. That this is indeed the case can be 
seen in Figure 4.15(a), where the mean free paths and the drift scale are shown as function of 
rigidity at Earth. 

Considering the cosmic ray intensity spectra at Earth, shown in Figures 4.15(b) and 4.15(c) as 
function of rigidity, an increase in Zs/0& corresponds to a slight increase in intensities during A > 
0 and A < 0. This is to be expected from the overall increase in the parallel and perpendicular 
diffusion coefficients, allowing easier particle access to Earth. The maxima of the spectra for 
the reference and increased lsiab solutions remain at approximately the same rigidity for both 
A > 0 and A < 0, implying almost identical Compton-Getting factors for both cases. 

Figure 4.16(a) shows a decrease in latitude gradient as function of rigidity, when the slab cor
relation length is increased for A > 0, and a decrease of \Ge\ with increased lsiab. This is in 
line with Equation 4.6, as an increase in both mean free paths implies an increase in the effec
tive diffusion coefficient, which would lead to a decrease in latitude gradient. Local maxima 
for both parts of the solar cycle occur at approximately the same rigidities for both solutions, 
as expected from the similarity of their Compton-Getting factors. This behaviour of the lo
cal maxima is reflected in the plot of the relative amplitudes as function of rigidity, shown in 
Figure 4.16(b). Here the relative amplitude follows Gg quite well during A > 0, increasing 
and decreasing when it does, with local maxima at approximately the same rigidities. During 
A < 0 the relative amplitude follows \Go\ in much the same way. 

An almost linear relationship can be seen, for both A > 0 and A < 0, between the relative am
plitude and latitude gradient illustrated in Figure 4.16(c). When a linear regression is applied 
to the data, the slope thereby acquired is greater in absolute value for A > 0 than for A < 0. An 
increase in the slab correlation length decreases the value of this slope slightly for A > 0, with 
a corresponding slight decrease in absolute value of this constant during A < 0. Thus, there 
seems to be some relationship between an increase in slab correlation length, and the slope for 
a linear regression applied to the relative amplitude as function of the latitude gradient. 
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4.2.6 The 2D correlation length 

Here, the reference value for the 2D correlation length foe is set at one tenth that of the slab 
correlation length laiab, compared to solutions where 12D is set to a fifth, and a twentieth, of 
I slab, which remains normalized at the reference value of 0.023 AU at Earth. In the present 
study, the parallel mean free path, and drift scale, are not dependent on 12D- This is reflected 
in Figure 4.17(a), showing the mean free paths and drift scale as function of rigidity at Earth. 
From Table 3.5, the perpendicular mean free path is expected to increase with increased 2D 
correlation length, as it indeed does in Figure 4.17(a). Drift effects should be more significant 
relative to the perpendicular mean free path, with decreasing 12D-

An increase in 12D corresponds to a small increase in cosmic ray intensity at Earth for A > 0, 
shown in Figure 4.17(b), whilst changes in the perpendicular mean free path seem to have a 
negligible effect on spectra at Earth during A < 0, illustrated in Figure 4.17(c). For both A > 0 
and A < 0, changes in the 2D correlation length seem to have very little effect on the position 
of the local maximum of the cosmic ray spectrum, implying almost identical Compton-Getting 
factors for all three solutions. 

The small effect of changes in I2D on cosmic ray intensities at Earth belie the significant effect 
these changes have on latitude gradients, and relative amplitudes, shown as function of rigid
ity in Figures 4.18(a) and 4.18(b). Here, for both Go, and the relative amplitude, an increase in 
the 2D correlation length corresponds to a decrease in both quantities (although, for A < 0, the 
decrease is in the absolute value of the latitude gradient), respectively, and vice versa. This is 
to be expected from Equation 4.6, where the increase in the perpendicular mean free path due 
to an increase in Z2p would imply in increased effective diffusion coefficient, leading to a de
crease in Ge and relative amplitude. Relative amplitudes increase when Go increases, and vice 
versa, for A > 0, and follow \Go\ in the same way for A < 0. Local maxima in both figures do 
not shift significantly as hr> changes, again to be expected due to the Compton-Getting factors 
for the respective solutions being almost identical. Thus, in this case, the perpendicular mean 
free path clearly plays the most important role in the effective diffusion coefficient. 

Figure 4.18(c) shows again the almost linear relationship between the relative amplitude and 
Ge, with the slope obtained via a linear regression applied to the data being greater in absolute 
magnitude for A > 0 than for A < 0. An increase in the 2D correlation length corresponds to 
a decrease in this slope for A > 0, and an increase in absolute value during A < 0. A decrease 
in I2D causes an increase in absolute value in this slope for both A > 0 and A < 0. Therefore, 
there appears to be a clear relationship between the 2D correlation length and these slopes. 

4.2.7 The magnitude of the perpendicular diffusion coefficient 

This Section considers variations in the perpendicular diffusion coefficient through the factor 
a, to be found in Equation 3.44 for the perpendicular mean free path. The reference value of 
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this variable here used, viz. a = l / \ / 3 , from Shalchi et al. [2004a], appears to be entirely due 
to numerical fitting. In what is to follow, the solution resulting from this reference value will 
be compared to solutions where a2 is increased to a value of 1 (dashed line), and decreased to 
a value of 0.1 (dotted line). From Equation 3.44, the perpendicular mean free path scales as 
Aj. ~ a4/3. Hence, an increase in a2 corresponds to an increase in the perpendicular mean free 
path. The parallel mean free path, and drift scale, remain unchanged with any change in a2 

in the present study. This is clearly seen in Figure 4.19(a), showing the mean free paths and 
drift scale as function of rigidity at Earth. The perpendicular mean free path also increases 
here with increasing a, as expected. Drift effects should be more significant for the a2 = 0.1 
solution, as here the perpendicular mean free path is smaller relative to the drift scale. 

Figures 4.19(b) and 4.19(c) illustrate cosmic ray intensity spectra at Earth for A > 0 and A < 0, 
respectively. For A > 0, an increase in a2 leads to a corresponding increase in cosmic ray 
intensities, as expected from the accompanying increase in the perpendicular diffusion coeffi
cient. Furthermore, there is a slight shift to higher rigidity of the maxima of the spectra with 
decreasing values of a2. During A < 0 an increase in a2 leads to a slight decrease in cosmic ray 
intensities at higher rigidities and a slight increase in intensities at lower rigidities, with almost 
no effect on the position of the maxima of the spectra. Thus the Compton-Getting factors are 
expected to behave differently for A > 0 and A < 0: the various solution's Compton-Getting 
factors should begin to drop off at higher rigidities with decreasing a2 for A > 0 implying 
a shift to higher rigidity of the peaks of the latitude gradients and relative amplitudes, with 
virtually no shift for A < 0. 

The local maxima of the latitude gradients, and relative amplitudes, shown in Figures 4.20(a) 
and 4.20(b) as function of rigidity, do not reflect this cycle-dependent behaviour of the Compton-
Getting factor, in that the local maxima for both quantities shift to higher rigidities with increas
ing a2 for both polarities. This shift, however, is consistent with increased drift effects due to 
the smaller perpendicular mean free path implied by decreased values of a2 (see Section 4.2.1). 
A decrease in a2 corresponds to an increase in latitude gradients (for A > 0) and \Gg\ (for 
A < 0). This is to be expected from Equation 4.6, in that the corresponding decrease in the per
pendicular mean free path would decrease the effective diffusion coefficient, thus increasing 
latitude gradients. This behaviour can also be seen in Figure 4.20(b), and, in general, the rel
ative amplitude behaves in much the same way as the latitude gradient does, both quantities 
increasing and decreasing in concert, with local maxima at approximately the same rigidities. 

An almost linear relationship between the latitude gradient and relative amplitude is illus
trated in Figure 4.20(c), with the slopes, acquired by applying linear regressions to the data, 
being greater in absolute magnitude during A > 0 than during A < 0. There is a clear inverse 
relationship between the value of this slope and a2, as a decrease in a2 appears to increase this 
slope in absolute magnitude for both A > 0 and A < 0, whilst an increase in a2 decreases the 
slope in absolute value during both A > 0 and A < 0. 
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4.2.8 Anisotropic perpendicular diffusion 

Here the meridional perpendicular mean free path (governing K±$ in Equation 2.29) is in
creased to three times the magnitude of the perpendicular mean free path, which is held equal 
to the reference solution, with which this increased meridional Aj_ is compared to in Figure 
4.21(a). In this figure the unchanged parallel mean free path and drift scale are also illustrated 
as functions of rigidity at Earth. Drift effects should here be less significant for the increased 
meridional Aj_, as the drift scale is relatively smaller than this Aj_, as opposed to the reference 
solution. 

Illustrated in Figures 4.21(b) and 4.21(c) are the cosmic ray intensity spectra at Earth as function 
of rigidity, for both A > 0 and A < 0. During A > 0, the increase in the meridional diffusion 
coefficient corresponds to the slightest of decrease in cosmic ray intensities, evident only at 
lower rigidities, while the local maximum of the spectrum remains at approximately the same 
rigidity. An increase in the meridional Aj_ causes a more significant decrease in intensity during 
A < 0, with a slight shift of the local maximum toward a higher rigidity. This implies that, 
while the Compton-Getting factor remains relatively unchanged during A > 0, the Compton-
Getting factor should begin to drop off at a higher rigidity with increased meridional Aj_ during 
A < 0. Again, this should imply a shift in the peaks of the latitude gradient and relative 
amplitude to higher rigidity. 

In Figures 4.22(a) and 4.22(b), illustrating the latitude gradient and relative amplitude as func
tion of rigidity, the local maxima all shift to higher rigidity with increasing meridional Aj_. The 
significant decrease in latitude gradient, or the absolute value thereof when A < 0 is consid
ered, evident in Figure 4.22(a) can be explained by Equation 4.6: the increase in the meridional 
perpendicular mean free path would correspond to an increase in the effective diffusion coef
ficient. That the subsequent decrease in latitude gradient is so significant, implies that merid
ional perpendicular diffusion plays a significant role in the latitudinal transport of cosmic rays. 
Comparison of Figure 4.22(b) with Figure 4.22(a) shows that the relative amplitude behaves in 
much the same way as \G$\, for both A > 0 and A < 0, with local maxima at approximately the 
same rigidities. 

Figure 4.22(c) shows the almost linear relationship between the latitude gradient and relative 
amplitude, with the slope obtained via application of a linear regression to the data being 
greater in absolute magnitude during A > 0 than during A < 0. In increase in the meridional 
perpendicular mean free path appears to increase this slope during A > 0, and decrease it in 
absolute magnitude during A < 0. 

4.3 Summary and Conclusion 

In general, an increase in latitude gradient corresponds to an increase in relative amplitude 
as functions of rigidity. This is reflected in the consistently almost linear relationship between 
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the relative amplitude and latitude gradient displayed by all the cases here considered. The 
absolute values of the slopes of linear regressions applied to plots of the relative amplitude as 
function of latitude gradient for all cases considered here are consistently greater during A > 0 
than during A < 0, in qualitative agreement with the findings of Richardson et al. [1999]. As a 
rule, the slopes of these regression lines for A < 0 are negative, but if drift effects are too small, 
the latitude gradient changes sign. Then the line has a positive slope, and is in agreement with 
slopes of lines for data pertaining to A > 0. 

Typically, a change in a parameter corresponding to an increase in the perpendicular mean free 
path alone leads to a decrease in latitude gradient as function of rigidity, and vice versa. An 
exception to this occurs when the fraction of slab turbulence is varied (Section 4.2.3), where a 
decrease in Aj_ corresponds to a decrease in Gg and an increase in Aj_ to an increase in Gg, as 
function of rigidity. However, for that particular case, it can be argued that the effective diffu
sion coefficient in Equation 4.6 is dominated by the ratio of the perpendicular to the parallel 
mean free path, and hence that the change in latitude gradient does not depend solely on Aj_. 
The latitude gradient as function of rigidity generally increases and decreases as the parallel 
mean free path increases and decreases. Here again there is an exception: when the slab cor
relation length is increased (Section 4.2.5), Gg decreases. However, as Aj_ also increases in this 
case, and the behaviour of Gg is consistent with the general trend in the relationship between 
these two quantities, one would expect the effective diffusion to be perhaps dominated by the 
perpendicular mean free path in this case. Direct changes in the drift scale A^ do not appear to 
lead to any large net changes in the magnitudes, but do shift the position of the local maxima, 
of the latitude gradients as function of rigidity. Whenever the parallel mean free path changes 
relative to the drift scale (as in Sections 4.2.2 through 4.2.4), there is an accompanying shift in 
the local maxima of both the latitude gradient and the relative amplitude. For cases where the 
drift scale remains small compared to an increased parallel mean free path, there is a tendency 
for the latitude gradients to increase, to the point of changing sign, during A < 0. 

An increase in the perpendicular mean free path leads to a decrease in absolute magnitude of 
the slopes of linear regressions applied to plots of the relative amplitude as function of lati
tude gradient for all cases here considered, during both A > 0 and A < 0, and vice versa. An 
exception to this occurs when only the meridional perpendicular mean free path is increased 
(Section 4.2.8). There is an unclear relationship between such an increase and the abovemen-
tioned slopes. As with the latitude gradients, an increase or decrease in An leads to an increase 
or decrease in the absolute values of the regression slopes, with the case of an increased slab 
correlation length again being an exception. However, the behaviour of the perpendicular 
mean free path and this slope for this particular case is in line with that of the other cases here 
considered, implying again that the perpendicular mean free path is the significant factor in 
the effective diffusion coefficient. The behaviour of the regression slopes is ambiguous when 
the slab fraction is varied. This may be due to the effective diffusion coefficient being domi
nated by a ratio of mean free paths, as opposed to one particular diffusion coefficient. Varying 
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drift effects lead to ambiguous changes in these regression slopes. During A > 0, the greatest 
value at a latitude gradient of 1.5 %/° assumed by these regression lines is ~ 27.2%, whilst the 
smallest is ~ 18.1%. During A > 0, the largest and smallest values of the relative amplitude 
from the regression lines applied, at a latitude gradient of -1.5 %/° , are ~ 18.6% and ~ 4.4%, 
respectively. From the above values, it can be concluded that the shape of the relative am
plitude plotted as function of the latitude gradient for galactic protons is relatively robust for 
both A > 0 and A < 0 when the turbulence quantities here considered are varied. The only 
exception to this occurs during A < 0, when drift effects are very small, as noted above. Here 
the magnitude of the constant of proportionality is ordered by the sign of the latitude gradient, 
rather than by that of A. 

From the above rather complex scenario, the following picture emerges: 

1. Four of the eight cases considered (those of changes in lsiab, I2D, perpendicular diffusion, 
and anisotropic perpendicular diffusion) have the property that a change in one of the 
abovementioned quantities leading to an increase in \Gg\ and the relative amplitude dur
ing A > 0 will also lead to an increase in \Gg\ and the relative amplitude during A < 0, 
and vice versa. Here, perpendicular diffusion (or equivalently the ratio Aj_/A||) dominates 
the effective diffusion coefficient. 

2. Three of the eight cases considered (those of changes in the slab/2D ratio, Be, and 5B%) 
have the property that a change in one of the abovementioned quantities leading to an 
increase in \GQ\ during A > 0 will lead to a decrease in \Gg\ during A < 0, and vice versa 
whilst a change in a quantity leading to an increase in relative amplitude during A > 0 
will lead to an increase in relative amplitude during A < 0, and vice versa. In this case 
drift effects or the ratio Ax/Ay dominate the effective diffusion coefficient. 

3. The case where drift effects alone are varied has the unique property here of achieving 
very similar increases in both the latitude gradients and relative amplitudes whether drift 
effects are increased or decreased, for A > 0. Here, rather, a decrease in drift effects leads 
to a shift to higher rigidity of the local maxima of both the latitude gradient and relative 
amplitude, with a shift of the local maxima to a lower rigidity with decreased drift effects. 

The above categories could be referred to as the Standard, Inverted, and Drift Categories, and 
could be useful for future parameter studies. However, these categories may not be the only 
ones if a larger parameter space is explored. Nevertheless for each category, it is interesting to 
note that the ratio Ax/Ay plays a key role in the behaviour of both the latitude gradients and the 
relative amplitudes. To summarize, whilst different cases can be identified when parameters 
the diffusion tensor depends upon are varied, no major changes in the relationship between 
the relative amplitudes and the latitude gradient occur. Thus, the Ajx — A^ approach gives 
a reasonable qualitative explanation for the observed linear relationship between the relative 
amplitudes and latitude gradient. 
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Figure 4.7: Effect of varied drift effects on mean free paths and drift scale (panel a), and galactic proton 
intensities for both A > 0 and A < 0 (panels b and c, respectively), at 1 AU in the ecliptic plane, as 
functions of rigidity. Dashed lines indicate a decrease in drift effects (an increase in Po), dotted lines an 
increase (a decrease in Po), whilst the reference solution is denoted by a solid line. See text for details. 
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Figure 4.8: Effect of varied drift effects on galactic proton latitude gradient (panel a), and relative am
plitude at 50° colatitude (panel b), as functions of rigidity for both A > 0 and A < 0. Panel c shows 
the relative amplitude as function of latitude gradient at 50° colatitude for both A > 0 and A < 0, and 
includes linear regressions applied to the various data. Dashed lines indicate a decrease in drift effects 
(an increase in P0), dotted lines an increase (a decrease in P0), whilst the reference solution is denoted 
by a solid line. See text for details. 
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Figure 4.9: Effect of varying the magnitude of the HMF at Earth on mean free paths and drift scale (panel 
a), and galactic proton intensities for both A > 0 and A < 0 (panels b and c, respectively), at 1 AU in the 
ecliptic plane, as functions of rigidity. Dashed lines indicate an increase in the magnitude of the HMF at 
Earth, whilst the reference solution is denoted by a solid line. See text for details. 
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Figure 4.10: Effect of varying the magnitude of the HMF at Earth on galactic proton latitude gradient 
(panel a), and relative amplitude at 50° colatitude (panel b), as functions of rigidity for both A > 0 and 
A < 0. Panel c shows the relative amplitude as function of latitude gradient at 50° colatitude for both 
A > 0 and A < 0, and includes linear regressions applied to the various data. Dashed lines indicate an 
increase in the magnitude of the HMF at Earth, whilst the reference solution is denoted by a solid line. 
See text for details. 
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Figure 4.11: Effect of varying the proportion of slab turbulence on mean free paths and drift scale (panel 
a), and galactic proton intensities for both A > 0 and A < 0 (panels b and c, respectively), at 1 AU in 
the ecliptic plane, as functions of rigidity. Dashed lines indicate an increase in the proportion of slab 
turbulence, dotted lines a decrease, whilst the reference solution is denoted by a solid line. See text for 
details. 
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Figure 4.12: Effect of varying the proportion of slab turbulence on galactic proton latitude gradient 
(panel a), and relative amplitude at 50° colatitude (panel b), as functions of rigidity for both A > 0 and 
A < 0. Panel c shows the relative amplitude as function of latitude gradient at 50° colatitude for both 
A > 0 and A < 0, and includes linear regressions applied to the various data. Dashed lines indicate 
an increase in the proportion of slab turbulence, dotted lines a decrease, whilst the reference solution is 
denoted by a solid line. See text for details. 
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Figure 4.13: Effect of varying 5B% on mean free paths and drift scale (panel a), and galactic proton 
intensities for both A > 0 and A < 0 (panels b and c, respectively), at 1 AU in the ecliptic plane, 
as functions of rigidity. Dashed lines indicate an increase in dB%, dotted lines a decrease, whilst the 
reference solution is denoted by a solid line. See text for details. 
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Figure 4.14: Effect of varying 5B% on galactic proton latitude gradient (panel a), and relative amplitude 
at 50° colatitude (panel b), as functions of rigidity for both A > 0 and A < 0. Panel c shows the relative 
amplitude as function of latitude gradient at 50° colatitude for both A > 0 and A < 0, and includes 
linear regressions applied to the various data. Dashed lines indicate an increase in SB%, dotted lines a 
decrease, whilst the reference solution is denoted by a solid line. See text for details. 
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Figure 4.15: Effect of varying lsiab at Earth on mean free paths and drift scale (panel a), and galactic 
proton intensities for both A > 0 and A < 0 (panels b and c, respectively), at 1 AU in the ecliptic plane, 
as functions of rigidity. Dashed lines indicate an increase in lsiab at Earth, whilst the reference solution 
is denoted by a solid line. See text for details. 
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Figure 4.16: Effect of varying Zs;0j, at Earth on galactic proton latitude gradient (panel a), and relative 
amplitude at 50° colatitude (panel b), as functions of rigidity for both A > 0 and A < 0. Panel c shows 
the relative amplitude as function of latitude gradient at 50° colatitude for both A > 0 and A < 0, and 
includes linear regressions applied to the various data. Dashed lines indicate an increase in Zs;0j, at Earth, 
whilst the reference solution is denoted by a solid line. See text for details. 
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Figure 4.17: Effect of varying 12D on mean free paths and drift scale (panel a), and galactic proton 
intensities for both A > 0 and A < 0 (panels b and c, respectively), at 1 AU in the ecliptic plane, 
as functions of rigidity. Dashed lines indicate an increase in 1-LD, dotted lines a decrease, whilst the 
reference solution is denoted by a solid line. See text for details. 
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Figure 4.18: Effect of varying I2D on galactic proton latitude gradient (panel a), and relative amplitude 
at 50° colatitude (panel b), as functions of rigidity for both A > 0 and A < 0. Panel c shows the relative 
amplitude as function of latitude gradient at 50° colatitude for both A > 0 and A < 0, and includes 
linear regressions applied to the various data. Dashed lines indicate an increase in 12D, dotted lines a 
decrease, whilst the reference solution is denoted by a solid line. See text for details. 



82 4.3. SUMMARY AND CONCLUSION 

10 F 

0.1 

0.01 

0.1 

0.01 
0.1 

Rigidity [GV] 

A>0 at Earth : 

H 1 1 1 1 1 ► 

A<0 at Earth 

10 

Rigidity [GV] 

Figure 4.19: Effect of varying a2 on mean free paths and drift scale (panel a), and galactic proton inten
sities for both A > 0 and A < 0 (panels b and c, respectively), at 1 AU in the ecliptic plane, as functions 
of rigidity. Dashed lines indicate an increase in a2, dotted lines a decrease, whilst the reference solution 
is denoted by a solid line. See text for details. 
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Figure 4.20: Effect of varying a2 on galactic proton latitude gradient (panel a), and relative amplitude at 
50° colatitude (panel b), as functions of rigidity for both A > 0 and A < 0. Panel c shows the relative 
amplitude as function of latitude gradient at 50° colatitude for both A > 0 and A < 0, and includes 
linear regressions applied to the various data. Dashed lines indicate an increase in a2, dotted lines a 
decrease, whilst the reference solution is denoted by a solid line. See text for details. 
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Figure 4.21: Effect of varying the meridional perpendicular mean free path on mean free paths and drift 
scale (panel a), and galactic proton intensities for both A > 0 and A < 0 (panels b and c, respectively), 
at 1 AU in the ecliptic plane, as functions of rigidity. Dashed lines indicate an increase in the meridional 
perpendicular mean free, whilst the reference solution is denoted by a solid line. See text for details. 
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Figure 4.22: Effect of varying the meridional perpendicular mean free path on galactic proton latitude 
gradient (panel a), and relative amplitude at 50° colatitude (panel b), as functions of rigidity for both 
.4 > 0 and A < 0. Panel c shows the relative amplitude as function of latitude gradient at 50° colatitude 
for both A > 0 and A < 0, and includes linear regressions applied to the various data. Dashed lines 
indicate an increase in the meridional perpendicular mean free path, whilst the reference solution is 
denoted by a solid line. See text for details. 
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Chapter 5 

Effects of Changes in Diffusion 
Coefficients on 26-Day Variations for 
Electrons 

5.1 Introduction 

This chapter presents for the first time the application of analytical diffusion coefficients de
pendent upon basic turbulence quantities to the study of the modulation of low energy cosmic 
ray electrons, in particular to 26-day galactic electron variations, via the 3D modulation code 
of Hattingh [1998]. Emphasis is placed on the effects of basic turbulence quantities, in partic
ular those pertaining to the dissipation range, on these variations. In Chapter 4 the effect of 
changing various turbulence quantities (and drift effects) on the 26-day variations for galactic 
protons at rigidities higher than 0.1 GV were discussed. This chapter is in essence a contin
uation of the investigation of the previous chapter, now for galactic electrons, but here rather 
with emphasis on lower rigidities (below ~ 0.1 GV), where dissipation range effects become 
important. Burger et al. [2008] show that an almost linear relationship holds for the relative 
amplitudes as function of latitude gradient for both electrons and protons (illustrated in Fig
ure 5.1). Thus, what holds for protons, will also hold for electrons at rigidities above ~ 0.1 GV. 
Moreover, these authors used a very simple model for the breakpoint wavenumber kp be
tween the inertial and dissipation ranges of the turbulence power spectrum. Here more realis
tic models for ko, discussed in Section 3.3.2, will be applied, with the ion inertial scale best fit 
model chosen as a reference case. Furthermore, the effects of changes in the dissipation range 
spectral index p and parameter ay (used to adjust the strength of dynamical effects) on the 26-
day variations will also be investigated, with reference values of 2.6 and 1 for these respective 
quantities. All other parameters in the reference solutions for electrons correspond to those 
used in the study of protons in the previous chapter (see Table 3.6). Throughout this chapter, 
reference solutions will be denoted by solid lines, whilst solutions arising from a change in a 
turbulence quantity will be denoted by a dashed line. Magnetic polarity epochs are denoted 
by qA > 0 and qA < 0, with q the (signed) electron charge, implying that qA > 0 denotes the 
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A < 0 epoch, and vice versa. Obviously, for protons qA > 0 denotes A > 0, and so forth. 
Furthermore, as drift effects are so small at the low rigidities here considered, different line 
types will not here be used to distinguish between the A > 0 and A < 0 epochs. Where neces
sary, these will be explicitly indicated on the relevant figures. All quantities are again plotted 
as functions of rigidity to facilitate comparison. However, the Compton-Getting factor is now 
also shown due to the electron spectra having more features at low energies than the proton 
spectra. Mean free paths and drift scale are here multiplied by 3, the ratio of particle speed 
to that of light, to show the rigidity dependence of the respective diffusion coefficients, and 
will henceforth be referred to as simply the parallel or perpendicular diffusion coefficient. The 
ratio of the perpendicular to parallel mean free paths (or, equivalently, diffusion coefficients) 
is also shown explicitly as function of rigidity. Although the drift scale is both negligible at the 
rigidities concerning this chapter, and unaffected by the changes in turbulence quantities here 
considered, it is also included for the sake of completeness. Actual mean free paths are shown 
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in Sections 3.5.3 and 3.5.4. Note that all latitude gradients and relative amplitudes are plotted 
at 2 AU and 5(r colatitude, Ulysses being at 2 AU and the hybrid field being most Fisk-like at 
50c colatitude, whilst all diffusion coefficients are plotted at 2 AU and 10" colatitude, this be
ing the colatitude at which the latitude gradients used in this study are defined (see Equation 
4.8, in Section 2.9). Electron spectra, and the corresponding Compton-Getting factors, are aJJ 
plotted at 1 AU in the ecliptic plane. This particular set of graphs was chosen as they represent 
the rrururnum information required to explain the behaviour of the relative amplitudes and 
latitude gradients. Note that only solar minimum conditions are considered here, and that no 
attempts are here made to fit data in any way whatsoever. 

5.2 Models for the break between inertial and dissipation ranges 

In the first subsection the behaviour of the reference case, where the best fit ion inertial scale 
model for fcrj was used, will be discussed along with that of the best fit proton gyrofrequency 
model. In subsequent subsections, it will be compared to the fit through origin proton gyrofre
quency and ion inertial scale models, respectively. 

5.2.1 Best fit proton gyrofrequency model 

The mean free paths and drift scale (multiplied by 5), and the ratio of the perpendicular to par
allel mean free path are shown as functions of rigidity at 2 AU and at 10' colatitude in Figure 
5.2. Trie parallel diffusion coefficient for the na- best fit model is slightly smaller than the ref
erence diffusion coefficient. This is to be expected, as, due to the parallel mean free path here 
used having a Ay ~ A:̂ "" dependence, the greater value of fcrj predicted by the best fit fta model 
at 2 AU and 10° colatitude (see Figure 3.8 in Section 3.4) would serve to decrease the parallel 
diffusion coefficient. This in turn implies the slightly larger ratio of perpendicular to parallel 
mean free path for the best fit fl,.., model to be seen in panel (b) of Figure 5.2. Electron intensity 
spectra at Earth for both models, shown as function of rigidity for both polarity epochs in Fig
ure 5.3(a) and (b), are virtually identical, as are their Compton-Getting factors, shown in panel 
(c) as function of rigidity. Note that the step-like behaviour of the Compton-Getring factor 
at high rigidity is a numerical effect, due to the transition from the no-modulation boundary 
condition to the actual solution in the modulation code here used. 

This behaviour is reflected in the latitude gradients, shown as function of rigidity in Figure 
5.4(a) at 2 AU and 50 colatitude, with both models yielding almost identical results. How
ever, when the relative amplitudes are considered (shown as functions of rigidity in panel (b) 
of the same figure), the relative amplitudes for the Qt;- best fit model are considerably smaller 
than those of the reference case below ~ 0.1 GV. If the Aj j - A© relationship of Equation 4.6 
(see Section 4.1) were to hold, then the relative amplitude and latitude gradient would have 
to be proportional to the Compton-Getting factor, and inversely proportional to some effective 
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diffusion coefficient. The Compton-Getting factor for the best fit proton gyrofrequency model 
decreases slightly relative to that of the reference case at lower rigidity whilst both the parallel 
and perpendicular diffusion coefficients decrease slightly when this model is applied. These 
smaller diffusion coefficients could explain the observed increase in the latitude gradient at 
lower rigidity. The smaller relative amplitude for the fid best fit case would imply a larger 
effective diffusion coefficient than that for the reference case, working perhaps in concert with 
the somewhat smaller Compton-Getting factor. Considering Figure 5.2(b), it follows that this 
effective diffusion coefficient would be dominated rather by the ratio Aj_/A||, which does in
crease for the case of fid, than by the individual mean free paths. 

The relative amplitudes as function of latitude gradient for both models, illustrated in Figure 
5.4(c), show the by now expected linearity. However, for the reference case, a second linearity 
appears, due to the increase in relative amplitude below 0.1 GV. This behaviour could be asso
ciated with a change in rigidity dependence of the parallel mean free path (see Figure 3.15 in 
Section 3.5.3). No second linearity is observed for the fid model with its slightly larger ratio of 
the perpendicular to parallel mean free path. 

5.2.2 Fit through origin ion inertial scale model 

From the smaller value of &D predicted by the fit through origin ku model at 2 AU and 10° 
colatitude (see Figure 3.8) compared to that predicted by the reference case it can be deduced 
that the application of this model would produce greater parallel and perpendicular diffusion 
coefficients, as is indeed shown in Figure 5.5(a). However, the ratio of the perpendicular to 
parallel mean free paths, shown as function of rigidity at 2 AU and 10° colatitude in Figure 
5.5(b), is smaller than the ratio for the reference case. Figures 5.6(a) and (b) illustrate electron 
intensities at Earth for both polarity epochs. The higher electron intensities for the fit through 
origin ku model during both polarity epochs are a result of the easier access to Earth particles 
have when encountering the larger mean free paths resulting from this choice of model for hp. 
This model also leads to a significantly larger Compton-Getting factor at low rigidity than that 
of the reference case, shown in Figure 5.6(c). 

Both the latitude gradient and relative amplitude (panels (a) and (b) of Figure 5.7) for this 
model are considerably larger than the latitude gradient and relative amplitude for the refer
ence solution at low rigidities. From Equation 4.6, the increase in both the parallel and perpen
dicular diffusion coefficients should imply a smaller latitude gradient and relative amplitude, 
which is not the case. The initial increase in Gg and the relative amplitude as functions of 
rigidity below ~ 0.2 GV mirrors the increase in the Compton-Getting factor as function of 
rigidity shown in Figure 5.6(c). However, the significantly lower ratio of the perpendicular to 
parallel mean free path (relative to the reference solution) would also, by Equation 4.6, yield 
larger latitude gradients and relative amplitudes. Thus the effective diffusion coefficient here 
could either be dominated by the Compton-Getting factor, or by the ratio Aj_/A||, as was the 
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case for the best fit proton gyrofrequency model for kn- At the lowest rigidities here consid
ered, both the relative amplitude and the latitude gradient decrease as function of rigidity. No 
feature in the Compton-Getting factor, or the ratio of the diffusion coefficients, suggests such 
a decrease, nor would one suspect the parallel or perpendicular diffusion coefficients to play a 
role, as they remain relatively flat as functions of rigidity. Note, however, that the ratio Aj_/A|| 
becomes smaller than 0.04 at a rigidity below ~ 0.05 GV, which is also the rigidity at which 
the decrease in latitude gradient begins. This suggests that for a ratio below this value, par
allel diffusion will begin to dominate. Then the latitude gradient and relative amplitude will 
be influenced by the long distance travel of particles along magnetic field lines. If this were 
the case, latitude gradients and relative amplitudes would no longer be local effects, and the 
Ajr — A(j> relationship would no longer hold, as seems to be the case here. 

The relative amplitude as function of the latitude gradient, plotted at 2 AU and 50° colatitude 
in Figure 5.7, shows a complicated behaviour. The linear relationship during qA > 0 (denoted 
as such in the figure) follows that of the reference case, but, during qA < 0, a different constant 
of proportionality occurs for GQ > 0. This constant is very close in magnitude to that for values 
of Gg < 0, and clearly different to the constant for the relative amplitude as function of Gg 
during qA > 0. Whilst the model for kr> that yields this result may be deemed unrealistic, this 
is an intriguing result. In all other cases where the latitude gradient becomes positive during 
qA < 0 the constant of proportionality is very similar to that for qA > 0 (where Gg > 0). It 
would seem from this that the magnitude of the constant of proportionality typically depends 
rather on whether Gg is positive or negative than on the magnetic polarity cycle. This may 
be the key to understanding why the constant of proportionality during qA > 0 is greater in 
magnitude to that of qA < 0. A second linearity may be present, denoted by line I in the figure, 
similar to that of the reference case with approximately the same slope. Beyond this second 
linearity, the curve turns inward due to the decreasing relative amplitude discussed above. 

5.2.3 Fit through origin proton gyrofrequency model 

The values of kp predicted by the fit through origin fiCj model are much smaller than those 
predicted by the other models of Leamon et al. [2000] beyond 2 AU (see Figure 3.8), implying 
that the mean free paths for this case will be much higher than those for the others. This is 
reflected in Figure 5.8(a), illustrating the mean free paths and drift scale at 2 AU and 10° colat
itude as functions of rigidity. Due to the larger increase in the parallel mean free path relative 
to the perpendicular mean free path, the ratio Aj_/A||, shown as function of rigidity in Figure 
5.8(b), is considerably smaller than that of the reference case, dropping below 0.04 at rigidities 
below ~ 0.2 GV. Figures 5.9(a) and 5.9(b) illustrate electron intensity spectra as function of 
rigidity for both qA > 0 and qA < 0. During both polarity epochs, intensities at Earth are con
siderably higher than those for the reference case, due to the larger mean free paths allowing 
easier particle access. The differences in electron spectra at Earth predicted by these models 
is reflected in their Compton-Getting factors, shown in panel (c) of the same figure, with the 
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Compton-Getting factors corresponding to the fit through origin proton gyrofrequency model 
being considerably larger than those of the reference solution for both qA > 0 and qA < 0. 

The latitude gradient and relative amplitudes yielded by the fit through origin proton gyrofre
quency model are considerably larger than those of the reference case, as shown in Figures 
5.10(a) and 5.10(b). By Equation 4.6, the larger parallel and perpendicular diffusion coefficients 
should lead to smaller latitude gradients and relative amplitudes. However, the larger values 
for these quantities could be explained by the larger Compton-Getting factor for this case, or by 
an effective diffusion coefficient dominated by the decreased ratio of the perpendicular to the 
parallel mean free path. The shapes of the relative amplitude and rigidity curves, as functions 
of rigidity, are very similar, both quantities increasing between ~ 0.1 and ~ 0.5 GV, only to be
gin decreasing again below ~ 0.1 GV. As in the case of the fit through origin ion inertial scale 
model, this increase in latitude gradient and relative amplitude as functions of rigidity cannot 
be explained by the relatively flat parallel and perpendicular diffusion coefficients. However, 
the Compton-Getting factor for the case of the fit through origin fid model does begin to in
crease as function of rigidity between ~ 0.1 and ~ 0.5 GV, and the ratio of the perpendicular 
to parallel mean free path does decrease relative to that of the reference solution in this rigid
ity range. By Equation 4.6, both of these effects could serve to increase latitude gradients and 
relative amplitudes. Again as in the case of the fit through origin ka model for kr>, the latitude 
gradient and relative amplitude begin to decrease significantly at a rigidity corresponding to 
that at which the ratio Aj_/A|| drops below a value of 0.04. This decrease could be explained 
in terms of the Compton-Getting factors decreasing as function of rigidity below 0.1 GV. The 
decrease in \±/X\\ below 0.04 for the fit through origin proton gyrofrequency model has an 
effect on the latitude gradients and relative amplitudes different to that observed for a similar 
decrease in the ratio of perpendicular to parallel mean free paths below 0.04 seen in the case of 
the ion inertial scale fit through origin model. This could be due to the fact that the fit through 
origin fid model predicts much the smallest values of kr> at larger radial distances, and hence 
the largest mean free paths (both parallel and perpendicular), at larger radial distances. Thus, 
due to such a larger perpendicular diffusion coefficient at larger radial distances, particles fur
ther out in the heliosphere would have easier access, and thus serve to somewhat replenish the 
loss of particles due to transport parallel to the magnetic field (which would dominate if the 
local perpendicular diffusion coefficient were to become too small) at 2 AU and 50° colatitude. 
This would allow the latitude gradients and relative amplitudes to follow the behaviour of the 
Compton-Getting factor as functions of rigidity, and explain their slightly steeper decrease as 
functions of rigidity, compared to that of the Compton-Getting factor. 

The relative amplitudes as function of rigidity, shown in panel (c) of Figure 5.10, present es
sentially a single linear relationship, due to the similarity of the latitude gradient and relative 
amplitude as function of rigidity. 
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5.3 Dynamical effects 

Here the parameter ay (see Equation 3.26 in Section 3.5.1) determining the strength of dynami
cal effects, is decreased from the reference value of 1 to a value of 0.25. This leads to an increase 
in both the parallel and perpendicular diffusion coefficients as function of rigidity, shown in 
Figure 5.11(a) at 2 AU and 10° colatitude. The ratio of the perpendicular to parallel mean free 
path is smaller than that of the reference case, as illustrated in panel (b) of the same figure, 
dropping below 0.04 at a rigidity of ~ 0.05 GV. Electron spectra at Earth, for both qA > 0 and 
qA < 0, reflect the increase in mean free paths accompanying the decrease in ay, being greater 
at lower rigidities than those corresponding to the reference solution, shown in Figures 5.12(a) 
and 5.12(b). Figure 5.12(c) illustrates the corresponding Compton-Getting factors as function 
of rigidity, with a decrease in ay corresponding to the Compton-Getting factor increasing with 
decreasing rigidity due to the change in the spectrum's energy dependence. 

Latitude gradients as function of rigidity, shown in Figure 5.13(a), are slightly larger than those 
of the reference case. Here again, from Equation 4.6 the larger mean free paths should lead to a 
decreased latitude gradient, but an increased Compton-Getting factor, or an effective diffusion 
coefficient dominated by the decreased ratio A^/Ay, could explain these larger latitude gradi
ents. The same reasoning would hold for the larger relative amplitudes yielded by the smaller 
ay. Considering Figure 5.13(b), illustrating relative amplitudes as function of rigidity, a similar 
increase as function of rigidity as that of the latitude gradients below approximately 0.1 GV 
can be observed. However, below about 0.05 GV, the relative amplitude decreases as function 
of rigidity, whereas the latitude gradients do not. This decrease again occurs at a rigidity cor
responding to that at which A±/Ay drops below a value of 0.04. This would imply that parallel 
diffusion dominates, further implying that the relative amplitudes would be affected by long 
distance particle transport along magnetic field lines. Then the relative amplitudes would no 
longer be a local effect, and the Ajr - A<6 relationship would no longer hold. 

Figure 5.13(c) show the relative amplitudes as functions of the latitude gradient at 2 AU and 
50° colatitude. Here a second linearity can be observed, with slopes for both linearities being 
approximately the same as those of the reference solution. At higher positive latitude gradi
ents, there is a sharp drop in the curve, corresponding to the decrease in relative amplitude 
seen in Figure 5.13(b). 

5.4 Increasing the dissipation range spectral index 

Here the dissipation range spectral index p is increased from a reference value of 2.6 to a value 
of 2.9. That this leads to a increase in both parallel and perpendicular diffusion coefficients, is 
attested by Figure 5.14(a), showing these diffusion coefficients and the drift scale as function of 
rigidity at 2 AU and 10° colatitude. Considering panel (b) of the same figure, plotting Aj_/A|| as 
function of rigidity at the same radial distance and colatitude, the increase in p here considered 
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leads to the steepest decrease in this ratio of all the cases here considered, and drops below the 
value of 0.04 at approximately 0.04 GV. Figures 5.15(a) and 5.15(b) show the electron intensities 
at Earth as function of rigidity. An increase in p leads to an increase in the electron spectra, to be 
expected from the easier access of electrons due to the increased mean free paths. As such, the 
Compton-Getting factor for the increased dissipation range spectral index, shown as function 
of rigidity in Figure 5.15(c), is correspondingly larger than that for the reference case. 

The latitude gradients as function of rigidity for both cases, illustrated in Figure 5.16(a), are 
similar for both cases here considered. However, an increase in p leads to the largest relative 
amplitudes (Figure 5.16(b)) below 0.1 GV, the shape of the curve being very similar to that of 
the case of reduced dynamical effects. Equation 4.6 implies that the larger diffusion coefficients 
for this case would imply smaller relative amplitudes, but the larger Compton-Getting factor 
below 0.1 GV could play a part in this increase in the relative amplitude. Also, an effective 
diffusion coefficient dominated by the smaller ratio Aj_/A|| could lead to such larger relative 
amplitudes. Likewise, the steep increase in relative amplitudes as function of rigidity below 
0.1 GV cannot be explained by the relatively flat diffusion coefficients at these rigidities, but 
could possibly be due to the increase with decreasing rigidity of the Compton-Getting factor, 
along with the steep decrease with rigidity of the ratio of the perpendicular to parallel mean 
free paths. Below ~ 0.04 GV, the relative amplitudes decrease sharply as function of rigid
ity, more so than in any case here considered. This again is associated with the ratio Ax/Ay 
dropping below a value of 0.04. This decrease in relative amplitudes could be due to parallel 
diffusion dominating below ~ 0.04 GV due to the decrease in the perpendicular diffusion co
efficient, allowing particles to travel long distances away along magnetic field lines. Then if 
this were the case, the relative amplitudes would no longer be a local effect, and the Ajx - A</> 
relationship of Equation 4.6 would no longer hold. 

The shape of the relative amplitude as function of the latitude gradient, plotted in Figure 
5.16(c), is similar to that of the case of decreased dynamical effects, but with a more pronounced 
second linearity and drop off, due to the steeper (and greater) increase and decrease of the rel
ative amplitude at rigidities below 0.1 GV. 

5.5 Decreasing the dissipation range spectral index 

The dissipation range spectral index p is now decreased to a value of 2.3, leading to a de
crease in both parallel and perpendicular diffusion coefficients, shown as functions of rigidity 
in Figure 5.17(a). This in turn leads to the increased ratio of the perpendicular to parallel mean 
free path illustrated in Figure 5.17(b), which remains at values greater than 0.04 at low rigidi
ties. The smaller diffusion coefficients make access to Earth more difficult for galactic electrons 
during both the qA > 0 and qA < 0 polarity epochs, as attested by the decreased spectra cor
responding to the decrease in p shown in Figures 5.18(a) and 5.18(b), which in turn imply the 
decreased Compton-Getting factor shown in panel (c) of the same figure. 
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Considering Figure 5.19(a), the latitude gradients as function of rigidity for a decreased p are 
quite flat and somewhat smaller than those for the reference case. This may be due to the 
smaller Compton-Getting factor, or due to an effective diffusion coefficient dominated by the 
larger ratio Ai/Ay, as the smaller diffusion coefficients, by Equation 4.6, would lead to larger 
latitude gradients. The relative amplitudes as function of rigidity for decreased p, shown in 
Figure 5.19(b), are also smaller than those of the reference case, possibly due to the same rea
sons as were stated for the case of the latitude gradients, and indeed behave in a very similar 
way to the latitude gradients, flattening off below 0.1 GV as functions of rigidity. At no point 
is there a decrease in the relative amplitude at the lowest rigidities, as was the case for an 
increased dissipation range spectral index. Note that for a decreased p, the ratio of the per
pendicular to parallel mean free path never assumes values below 0.04, as was the case for an 
increased p. 

As such, there is only a single linearity present in the relative amplitude plotted as function of 
latitude gradient, shown in Figure 5.19(c). 

5.6 Summary and conclusion 

The present chapter is the first study of the effects of varying basic turbulence quantities on the 
modulation of galactic cosmic ray electrons, with emphasis on the 26-day recurrent variations. 
These variations are found to be extremely sensitive to the shape of the diffusion coefficients, 
and thus to any turbulent quantities affecting that shape, at low rigidities. Typically, a change 
in turbulence quantity leading to a larger latitude gradient and relative amplitude is governed 
by a larger Compton-Getting factor, or a decrease in the ratio of the perpendicular to parallel 
mean free paths, and vice versa. This implies an effective diffusion coefficient dominated by 
the ratio A^/Ay. Below 0.1 GV, a second linearity appears in the relative amplitude plotted as 
function of the latitude gradient for some of the cases here considered. This may be due to 
the fact that at approximately this rigidity, the rigidity dependence of the parallel mean free 
path changes due to the effects of the dissipation range. If the ratio of the perpendicular to 
parallel mean free path drops below a certain critical value, parallel diffusion dominates and 
particles have difficulty moving off magnetic field lines, leading to sharp decreases in the rela
tive amplitudes (and in one case the latitude gradients) at the lowest rigidities here considered, 
as the particles can now travel long distances along the magnetic field. As the relative ampli
tude is no longer a local effect when this occurs, the Ajr - A(f> relationship of Equation 4.6 no 
longer holds for such cases, as the effective diffusion coefficients governing latitude gradients 
and relative amplitudes are now markedly different. The exception is for the case of the pro
ton gyrofrequency fit through origin model for the dissipation range breakpoint (Section 5.2.3), 
where even though the ratio Ai/Ay drops below the critical value, the perpendicular mean free 
path remains large enough to facilitate cross-field diffusion. Should the ratio of the perpendic
ular to parallel mean free paths remain above the critical value, the AJT — A<f> relationship of 



96 5.6. SUMMARY AND CONCLUSION 

Equation 4.6 will also still hold. 

Regarding the constant of proportionality in the plots of the relative amplitudes as function of 
latitude gradient at high rigidities, the typical result is that this constant is larger in magnitude 
for G$ > 0 than for Gg < 0, regardless of whether qA > 0 or qA < 0. One clear exception occurs 
when the fit through origin ion inertial scale model for the dissipation range breakpoint is used 
(Section 5.2.2), where the magnitude of the constant of proportionality for qA < 0 and Ge < 0 
remains virtually the same when the latitude gradient changes sign. As was pointed out in the 
relevant section, this result may hold the key to explaining the result that the magnitude of the 
constant of proportionality is larger for qA > 0 than for qA < 0 [Richardson et ah, 1999], As yet, 
in the present study no plausible explanation for this phenomenon has been found. 
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lines indicate solutions where the best fit proton gyrofrequency model for fc£> was used, whereas the 
reference solution is denoted by a solid line, where a best fit ion inertial scale model for ko was applied. 
See text for details. 
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Figure 5.5: Effect of different ko on mean free paths and drift scale multiplied by ft (panel a), and the 
ratio of perpendicular to parallel mean free path (panel b), at 2 AU and 10° colatitude, as functions of 
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used, whereas the reference solution is denoted by a solid line, where a best fit ion inertial scale model 
for ko was applied. See text for details. 



100 5.6. SUMMARY AND CONCLUSION 

10 

0.001 

0.0001 

0.01 

0.001 

qA > 0 at Earth 

Reference 
k fit through origin 

qA < 0 at Earth 

0.0001 
0.01 0.1 1 

Rigidity [GV] 
10 

(C) 
0.2 

0.01 0.1 1 

Rigidity [GV] 

10 

Figure 5.6: Effect of different kn on galactic electron intensities for both qA > 0 and qA < 0 (panels a and 
b, respectively), and the Compton-Getting factors, at 1 AU in the ecliptic plane, as functions of rigidity. 
Dashed lines indicate solutions where the fit through origin ion inertial scale model for ko was used, 
whereas the reference solution is denoted by a solid line, where a best fit ion inertial scale model for kn 
was applied. See text for details. 
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Figure 5.7: Effect of different fcp on galactic electron latitude gradient (panel a), and relative amplitude 
at 50° colatitude (panel b), as functions of rigidity for both qA > 0 and qA < 0 at 2 AU. Panel c shows 
the relative amplitude as function of latitude gradient at 50° colatitude for both qA > 0 and qA < 0. 
Dashed lines indicate solutions where the fit through origin ion inertial scale model for ko was used, 
whereas the reference solution is denoted by a solid line, where a best fit ion inertial scale model for ko 
was applied. Line / placed to accentuate possible second linearity in the ion inertial scale fit through 
origin data for qA < 0. See text for details. 
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Figure 5.8: Effect of different ko on mean free paths and drift scale multiplied by ,3 (panel a), and the 
ratio of perpendicular to parallel mean free path (panel b), at 2 AU and 10° colatitude, as functions of 
rigidity. Dashed lines indicate solutions where the fit through origin proton gyrofrequency model for 
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model for UD was applied. See text for details. 
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Figure 5.9: Effect of different ko on galactic electron intensities for both qA > 0 and qA < 0 (panels 
a and b, respectively), and the Compton-Getting factors, at 1 AU in the ecliptic plane, as functions of 
rigidity. Dashed lines indicate solutions where the fit through origin proton gyrofrequency model for 
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Figure 5.10: Effect of different ko on galactic electron latitude gradient (panel a), and relative amplitude 
at 50° colatitude (panel b), as functions of rigidity for both qA > 0 and qA < 0 at 2 AU. Panel c shows 
the relative amplitude as function of latitude gradient at 50° colatitude for both qA > 0 and qA < 0. 
Dashed lines iiidicate solutions where the fit through origiii proton gyrofrequency model for ko was 
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for ko was applied. See text for details. 
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Figure 5.11: Effect of varied dynamical effects on mean free paths and drift scale multiplied by fj (panel 
a), and the ratio of perpendicular to parallel mean free path (panel b), at 2 AU and 10° colatitude, as 
functions of rigidity. Dashed lines indicate solutions where ad = 0.25 was used, whereas the reference 
solution is denoted by a solid line, with ad = 1. See text for details. 
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Figure 5.12: Effect of varied dynamical effects on galactic electron intensities for both qA > 0 and qA < 
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functions of rigidity. Dashed lines indicate solutions where ad = 0.25 was used, whereas the reference 
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Figure 5.17: Effect of decreased dissipation range spectral index on mean free paths and drift scale 
multiplied by ,3 (panel a), and the ratio of perpendicular to parallel mean free path (panel b), at 2 AU 
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Figure 5.18: Effect of decreased dissipation range spectral index on galactic electron intensities for both 
qA > 0 and qA < 0 (panels a and b, respectively), and the Compton-Getting factors, at 1 AU in the 
ecliptic plane, as functions of rigidity. Dashed lines indicate solutions where p = 2.3 was used, whereas 
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Chapter 6 

Summary and Conclusions 

This study presents a first attempt at an ab initio three-dimensional steady-state modulation 
model for galactic electrons, utilizing expressions for the parallel and perpendicular mean free 
paths based on the work of Teufel and Schlickeiser [2003] and Shalchi et al. [2004a], and imple
menting various new models for the dissipation range breakpoint presented by Leamon et al. 
[2000]. A similar model for galactic protons is also presented. These mean free paths are in 
good to reasonable agreement with Palmer consensus values [Palmer, 1982], depending on 
values used for the various turbulence quantities. These mean free paths were implemented 
in the three-dimensional modulation code of Hattingh [1998], with the purpose of studying the 
effect of varying diffusion coefficients through changes in the various turbulence quantities, 
within certain parameter ranges, on 26-day recurrent galactic proton and electron variations, 
with emphasis on what happens at higher rigidities for the former, and at lower rigidities for 
the latter. 

As various turbulence quantities were varied, several categories presented themselves in the 
study of the 26-day recurrent galactic proton variations: a Standard Category, pertaining to 
changes in the slab correlation scale, the 2D correlation scale, perpendicular diffusion, and 
anisotropic perpendicular diffusion, where a change in one of these quantities leading to an 
increase in the absolute value of the latitude gradient \GQ\ and the relative amplitude during 
A > 0 will also lead to an increase in \Go\ and the relative amplitude during A < 0 and vice 
versa; an Inverted Category, pertaining to changes in the slab/2D ratio, the magnitude of the 
HMF at Earth, and the magnetic field variance, where a change in one of the quantities in this 
category leading to an increase in | G$ | during A > 0 will lead to a decrease in | G$ | during A < 0 
(and vice versa), whilst a change in a quantity leading to an increase in relative amplitude 
during A > 0 will lead to an increase in relative amplitude during A < 0, and vice versa; 
and lastly a Drift Category, where a decrease in drift effects leads to a shift to higher rigidity 
of the local maxima of both the latitude gradient and relative amplitude, with a shift of the 
local maxima to a lower rigidity with decreased drift effects. For each case where a turbulence 
quantity was varied, the ratio of the perpendicular to parallel mean free paths was found to 
play a key role in the behaviour of both the latitude gradients and the relative amplitudes. No 
major changes in the relationship between the latitude gradient and relative amplitudes were 
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found for the range of turbulence quantities here considered. It was found that the A J T - A<̂> 
approach [Zhang, 1997; Paizis et al, 1999] gives a reasonable qualitative explanation for the 
linear relationship between the relative amplitudes and latitude gradients first observed by 
Zhang [1997]. 

The study of the 26-day recurrent variations for low energy electrons presented in Chapter 5 
being the first study of the effects of varying basic turbulence quantities, here those pertinent 
to the dissipation range, on the modulation of galactic cosmic ray electrons, these variations 
were found to be highly sensitive to changes in the parallel and perpendicular diffusion co
efficients. Typically, changes in turbulence quantities leading to larger latitude gradients and 
relative amplitudes corresponded to larger Compton-Getting factors, and smaller ratios of the 
perpendicular to parallel mean free paths, and vice versa. This implies that here, as in the 
case of the 26-day recurrent variations for galactic protons, the effective diffusion coefficient is 
dominated by this ratio. At rigidities below those where the ratio Aj_/A|| drops below a critical 
value, sharp decreases as function of rigidity are observed for the relative amplitudes (and in 
one case the latitude gradients). This may be due to the difficulty particles would have moving 
off magnetic field lines when the perpendicular relative to the parallel diffusion coefficient is 
small, as particles would then be able to travel long distances along field lines. If this were 
the case, the relative amplitudes would no longer be a local effect, and the AJT - Atfi rela
tionship would no longer hold. There is an exception present in the cases considered here, for 
when the proton gyrofrequency fit through origin model for the dissipation range breakpoint 
is applied, perpendicular transport at greater radial distances remains large enough to facili
tate cross-field diffusion. The A J T - A</?> relationship holds for all cases where the ratio of the 
perpendicular to parallel mean free paths remains above this critical value. 

An unambiguous explanation for the different constants of proportionality found when the 
relative amplitudes of the recurrent variations are plotted as function of latitude gradient 
[Richardson et al, 1999], is still outstanding. For higher rigidities, considering both electrons 
and protons, the following argument may be illuminating. When Go > 0 and qA > 0, dif
fusion and drift are both directed from high to low latitudes. When drift effects disappear, 
latitude gradients become positive, evident from Figure 4.8 for protons and for all the electron 
runs considered, implying that for Go > 0 diffusion effects dominate. The magnitude of the 
constant of proportionality now has a larger value. For Gd < 0 and qA < 0, diffusion and drift 
are both directed from low to high latitudes. Since Go < 0, this scenario is drift dominated, 
and the magnitude of the constant of proportionality has the smaller value. However, when 
qA < 0 but Go > 0, diffusion and drift are oppositely directed. If diffusion were to dominate, 
the magnitude of the constant of proportionality would have the larger value, which indeed 
seems to be the case for all the proton cases, and the majority of the electron cases. If, however, 
drifts dominate, the magnitude of the constant of proportionality should be the same as that 
for the Go < 0 and qA < 0 scenario, viz. the smaller value. A clear example of this is for the 
case where the fit through origin ion inertial scale model for the dissipation range breakpoint 
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was used, shown in Figure 5.7. This case presents the largest latitude gradient of all cases con
sidered, but why it is so different to the rest of the cases considered is not clear at this stage, 
and requires further investigation. Furthermore, the second linearity observed at low rigidi
ties in plots of the relative ampKtudes as functions of latitude gradient for some of the electron 
runs requires more thought. However, it does seem to to be associated with the change in the 
rigidity dependence of the mean free paths when the effect of the dissipation range becomes 
important. 

Possible avenues of future research stemming from this study include: 

• An explanation for the magnetic polarity cycle dependence of the magnitude of the con
stant of proportionality for the relative amplitudes as function of latitude gradient. 

• An explanation for the onset of a second linearity in the plots of the relative amplitudes 
as function of latitude gradient. 

• Investigating the effects of proton and electron parallel mean free paths derived from the 
damping turbulence model on the 26-day recurrent variations. 

• Considering the effects of the inclusion of Jovian electrons into the model of Hattingh 
[1998] on the 26-day recurrent variations. 

• A study of the effect an HMF model derived with a latitude dependent solar wind speed 
would have on the modulation of low energy cosmic ray electrons. 

• A detailed comparison of models with Ulysses particle data. 

• Changing the spectral index in the inertial range from the Kolmogorov value. 

• The inclusion of a complete turbulence model, including longitudinal variations in the 
pickup ion distribution. 

• The effect of longitudinal variations in the solar wind speed. 

• The inclusion of corotating interaction regions. 
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