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Abstract. We compare recent two-dimensional simulations of anomalous and galactic cosmic rays 
with recent observations of radial variations and energy spectra in the outer heliosphere using data 
from the Voyager and Pioneer spacecraft. The simulations show quite reasonable agreement with 
observations and give significant additional support the present paradigm of cosmic-ray transport and 
acceleration in the heliosphere as presented in the introductory talks. 

Key words: anomalous cosmic rays, Pioneer JO, SAMPEX, Voyager, solar modylation, heliosphere, 
solar wind termination shock, diffusion coefficient, gradients 

1. Introduction 

As the current solar 11 year cycle reaches its minimum in 1996, it is clearly evident 
that the intensities of anomalous H, He, and 0 nuclei are greatly different than they 
were at the minimum of the previous cycle in 1987. In the outer heliosphere between 
40-60 AU the intensities are typically only 0.1-0.2 of what they were at the same 
radial distance in the previous cycle (Stone et al. 1996; Webber and Lockwood, 
1997; McDonald and Lal, 1995). The situation at the Earth seems to be reversed 
with the intensities in 1996 actually larger than those observed in 1987 (Lockwood 
and Webber, 1997). Obviously the radial gradients must be quite different as well 
in the two cycles. This data provides clear evidence for a solar magnetic polarity 
effect on the anomalous component intensities. Such effects are the basis of models 
for the solar modulation which include drift effects; however, the large intensity 
differences that are observed between cycles require other explanations beyond 
simple drift effects within the region of the heliosphere inside the shock. 
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Figure 1. 10-22 MeV/nuc He+ nuclei intensities as a function of heliocentric radius. PIO, V2, and 
IMP data points are shown as solid symbols connected by solid lines. Predictions for + and - cycles 
for two possible termination shock distances shown as dashed lines. 

2. Observations and Model Calculations 

In an attempt to understand the situation we have examined the intensities of 
30-60 MeV H+, 10-22 MeV/nuc He+ and 7-17 MeV/nuc O+ as a function of 
heliocentric radius near the equatorial plane, comparing both measurements and 
predictions for the negative polarity cycle minimum in 1987, and the positive 
polarity minimum 1996. These results are shown in Figures 1, 2, and 3. The 
calculations are shown for shock locations at 70 and 85 AU for a nominal set of 
interplanetary diffusion parameters: K(P)<XP and K(r)<Xr. The data come from the 
PlO, V2 and IMP spacecraft at 1987.5 and 1996.0. At 1987.5, PlO and V2 are 
located at 42 and 24 AU respectively, and in 1996.0 these distances are 64 and 
47 AU. The large intensity difference between cycles in the outer heliosphere is 
immediately apparent in the data for He+ and O+ and is much less obvious in the 
data for H+. A crossover of intensities near the Earth is also seen for He+ and O+; 
however, the intensity of He+ is too small at the Earth to make a clear observation 
of this effect. 
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Figure 2. Same as Figure 1 but for 7-17 MeV/nuc O+ 

The model calculations likewise show this large difference of a factor rv5-
10 between cycles for the He+ and O+ intensities in the outer helioshpere. The 
observed crossover of intensities between cycles just beyond the Earth is also 
correctly predicted. The predicted difference between H+ intensities in the+ and 
- cycles is much less than that for the other two species in agreement with the 
data. So overall the model calculations correctly predict the general behavior of the 
anomalous nuclei intensities in the opposite polarity cycles. They show that this 
difference is a result of a much lower intensity near the heliospheric equator at the 
location of the termination shock at the time of the + cycle minimum. 

Overall the radial dependence of the intensities in the two cycles are fit slightly 
better with a termination shock location at 85 AU. This fit can be optimized 
by normalizing the intensities at the termination shock and varying the radial 
dependence of K(r) and further work is in progress in this area to try to determine 
the location of the shock more accurately. The rigidity dependence of K(P) will 
determine the relative changes in the various components in the two polarity cycles, 
as well as the extrapolation to the termination shock. The range in rigidity is from 
rv2.4 GV for O+ to rv0.3 GV for H+. The total extrapolation to the termination 
shock is a factor'""' 1.5 for O+ at 64 AU, a factor'""' 10 for He+, increasing to a factor 
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Figure 3. Same as Figure 1 but for 30-60 Me V /nuc H+ 

,....., 100 for H+, in inverse order to their rigidity. Here the calculational effort, which 
consists of varying K(P), is directed towards determining accurate intensities and 
spectra at the termination shock during both cycles. 

The overall comparison in this paper is, of course, restricted to near the equator 
(latitudes < 35°), because that is where the spacecraft are located. The calculations 
show that in the - cycle there is a negative intensity gradient along the termina
tion shock leading to much smaller intensities at the pole. This is at least partly 
responsible for the negative latitudinal gradients observed within the heliosphere 
at this time (1987) (see Stone et al. 1996). In the+ cycle the calculations show 
the opposite behavior, a positive gradient along the termination shock leading to 
much larger intensities at the pole and again responsible for the positive latitudinal 
gradients seen within the heliosphere at this time (1996). 

We note that the high intensities at the shock near the equator in the - cycle 
are roughly but not exactly matched by the high intensities at the shock near the 
pole in the + cycle. This alternating intensity behavior near the shock in the two 
cycles is a result of the drift and acceleration of the anomalous cosmic rays along 
the shock (Jokipii, 1990) - but the effective accelerating potential, </J, is not quite 
symmetric between - and + cycles, being more effective in the - cycle when the 
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particles are drifting along the shock from the pole to the equator. The important 
thing to note here is, however, that the "source" function for anomalous cosmic 
rays is changing dramatically along the shock from - to + cycles. This in turn has a 
large effect on the anomalous intensities within the heliosphere. In fact a large part 
of the observed "modulation" of the anomalous components within the heliosphere 
at all locations may simply be the result of these intensity changes taking place 
near the termination shock. 

3. Model Calculations from South Africa 

The research effort of the Space Research Unit and its collaborators is centered 
around the numerical solution of the time-dependent cosmic ray transport equation 
(TPE) for a heliosphere containing a solar wind termination shock (SWTS) where 
first order Fermi acceleration of galactic cosmic rays (GCR) and lower energy 
particles (of the order of a hundred ke V) takes place. Steenkamp ( 1995) developed 
a two-dimensional shock acceleration model that includes drift effects and a dis
continuous (or continuous) shock transition in an axially symmetric heliosphere 
(model 1), while Le Roux et al. (1996) modeled a spherically symmetric helio
sphere and a continuous solar wind termination shock (model 2). Both models are 
descendants of a unique steady-state acceleration model by Potgieter & Moraal 
(1988) which is still widely used, e.g., Stone et al. ( 1996). 

Models 1 and 2 show that the anomalous cosmic ray (ACR) component at the 
SWTS has a characteristic power law spectrum for energies up to a curvature cutoff 
energy, as shown by Figure 4. They are also able to explain the characteristics of 
the generally singly charged anomalous component of cosmic ray species where 
it is easily distinguishable from the fully ionized galactic component (He, 0 and 
N), e.g. Steenkamp & Moraal (1993a). The more complex case of protons, with 
only one charge state, was considered by Steenberg & Moraal (1995) and Le Roux 
et al. (1996), who used models 1 and 2 respectively, to investigate the spectral 
characteristics of anomalous protons during the 1987 solar minimum (qA < 0 
drift cycle). They concluded that the coincident spectral peaks of the ACR and 
GCR components combined with the greater radial gradient of the former should 
make detection of the ACR component exceedingly difficult inside a heliocentric 
radius of between 20 to 30 AU, while it should be dominant in the outer heliosphere. 
Potgieter ( 1995) pointed out that the likelihood of detection in the inner heliosphere 
should be higher during the qA > 0 drift cycle because of a shift to lower energies 
in the spectral peaks of the anomalous proton spectra. 

The so-called hysteresis effect in cosmic rays, where cosmic ray intensities lag 
behind the actual modulation conditions in the heliosphere, was investigated by 
Steenkamp (1993b, 1995) and Steenberg & Moraal (1996). It was found that a 
pure modulation model (without a SWTS) produced the smallest hysteresis effect 
or temporal phase lag (about 4 months), followed by a GCR re-acceleration model 
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Figure 4. Panels A and B show He and 0 observations from IMP-8, Voyager 2, and Pioneer 10 in 
1987 taken from McDonald et al. (1992), together with modulated ACR spectra at the spacecraft 
positions from Steenberg and Moraal (1996b ). Panel C shows drift-modified r- 1 power law spectra 
for the qA < 0 drift cycle produced by a compression ratio s = 4 shock up to the so-called curvature 
cutoff energy. 
Uust under a year), and the ACR acceleration model (2 years). The large phase lags 
for ACR's were attributed to the long characteristic acceleration time for the first 
order Fermi acceleration process. 

Steenberg and Moraal ( 1997) showed that particle drifts greatly modify ACR 
spectra at the SWTS, causing a harder (softer) spectrum in the ecliptic and a softer 
(harder) spectrum in the polar regions in the qA < 0 (qA > 0) drift cycle. It turns 
out that these modifications are greatly parameter dependent and need intensive 
further study. -· 

The current focus is on: (1) Explaining the 1994 to 1997 (qA > 0) spectral 
observations of ACR and GCR spectra in the outer heliosphere (Steenberg & 
Moraal, this volume) (2) Using a two-dimensional version of model 2 to study 
the re-acceleration and modulation of galactic and J avian electrons at the SWTS 
(Haasbroek et al., 1997). (3) Modeling the injection of thermal ions into the SWTS 
(Le Roux, this volume). 

4. Summary and Conclusions 

The above discussion gives significant additional support to the current paradigm 
of the transport and acceleration of galactic and anomalous cosmic rays in the 
heliosphere. The modelled energy spectra and radial variations of anomalous cos-
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mic rays, as a function of time, energy, and species are in excellent agreement with 
observations from the Voyager and Pioneer spacecraft. Of particular importance is 
the change in the gradients from one sunspot minimum to the next, which strong
ly supports the importance of guiding-center drifts. The variations in the energy 
spectra with time are also in reasonable agreement with observations. 

Future progress along these lines will require better determinations of the dif
fusion tensor, particularly the component in the latitudinal direction. 
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