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Abstract. A recently developed axially-symmetrical drift model
with a simulated wavy neutral sheet is applied to the modulation
of cosmic-ray electrons (e~ ), positrons (¢*) and helium (He)
nuclei in the heliosphere, and its prediction as to the magnitude
of charge-dependent modulation is established. We find that the
ratio He/e™ at 800 MV shows a strong dependence on the
waviness of the heliospheric neutral sheet for both positive and
negative polarity configurations of the interplanetary magnetic
field IMF). We also find a significant change, a factor of ~ 50, in
this ratio when the polarity of the magnetic field is reversed. With
a 10% and 25% contribution of positrons to the total local
interstellar spectrum, (¢* +¢7), this factor for He/(e* +¢7) re-
duces to ~26 and ~ 14 respectively. This illustrates the import-
ant role positrons play in drift dominated modulation and im-
plies that the positron intensity may even exceed that for
electrons when the tilt angle of the neutral sheet, «>(40+10°)
with the polarity configuration of the IMF as in 1969/71-80. A
25% contribution of positrons and a reduction of drift by a factor
of 2 produces a factor of ~2 change in the He/(e* +¢~) when a is
changed from 10° to 70° and a factor of 7+2 with a polarity
reversal. The latter value is more reasonable than with full drift
effects but still too large compared with observations which
indicate an upper limit of a factor of 4 change in the He/(e* +¢7)
following the polarity reversal in 1980. The tilt dependence, on
the other hand, seems more compatible with what has been
observed. These results are not significant enough evidence to
rule out the effects of drift in modulation. However, in conjunc-
tion with earlier conclusions, the results presented in this paper
suggest that a theoretical reassessment of the magnitude and
rigidity dependence of drift effects in the heliosphere seems to be
required. Further, it is suggested that a next generation of drift
models, probably time-dependent and incorporating effects such
as magnetic helicity, needs to be considered in modulation
studies.
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1. Introduction

Charge dependent modulation is one of the important features of
cosmic-ray drift models (e.g., Kota and Jokipii, 1983; Potgieter
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and Moraal, 1983, 1985). The reason for this is that the drift
velocity due to gradients and curvatures in the interplanetary
magnetic field (IMF) has opposite directions for positive and
negative particles. These particles should therefore experience
different modulation conditions after they had entered the
heliosphere as suggested by the drift pattern caused by the Parker
spiral structure of the IMF.

A difference in the modulation of oppositely charged particles
was already noted in the 1970’s by, e.g., Caldwell et al. (1977) and
Evenson et al. (1979) — see also references therein — when ob-
served spectra for the period 1973-75 were added to those for
1968-72 and a simultaneous fit to the proton and electron
spectra was unsuccessfully tried using a standard nondrift model
(see also Webber et al., 1983; Evenson et al., 1983). Potgieter and
Moraal (1985), on the other hand, showed that they could
simultaneously fit proton and electron spectra for two conse-
cutive solar minima (1965/1976) using one set of modulation
parameters and the polarity reversal of the IMF in their drift
model. Recently, strong evidence for charge dependent modul-
ation was reported by Garcia-Munoz et al. (1986, 1987) who
found a factor of 3+1 ~change in the helium
(70-95 MeV/nucleon) to electron (600—1000 MeV) ratio related
to the two recent reversals of the IMF polarity. Since these
particles have almost identical rigidities, conventional explan-
ations such as typical hysteresis effects seem unlikely, but cannot
be ruled out completely (Perko, 1987). Garcia-Munoz et al,
however, pointed out that the shape of the electron intensity-time
profile observed at Earth during 1970~ 80 is in apparent dis-
agreement with drift models which predicted a peaked electron
profile but almost flat proton profile for this period.

At the time of writing, the only published work on electron
modulation using a drift model was that by Potgieter and
Moraal (1985). It seems that the predicted peaked profile for
electrons during the years mentioned had been deduced from the
work by Koéta and Jokipii (1983) on the effect of the tilt of the
wavy neutral sheet on proton modulation. In our experience
some caution is necessary when conclusions about the modul-
ation of electrons are based on results for protons (Moraal and
Potgieter, 1982). In the present paper we therefore address
electron modulation explicitly, using an axially-symmetric drift
model with a simulated wavy neutral sheet, recently developed by
Burger and Potgieter (1989). We shall also illustrate some general
characteristics of drift dominated modulation, using realistic
interstellar spectra and as realistic as possible values for the
various other modulation parameters. Constraints on the pos-
sible choices for the latter will be discussed in the final section.
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Special attention is given to the predicted neutral sheet tilt effect
on the intensity-time profiles for electrons, positrons and helium
nuclei and the magnitude of the subsequent charge-dependent
effect. In the final section we consider the implication of our
results for current drift models, and also give an indication of
how this and other recent developments could change the general
features of these models. Preliminary results were reported by
Potgieter et al. (1987a).

2. The model

The model is based on the numerical solution of the steady-state,
axially-symmetric, cosmic-ray transport equation (e.g. Potgieter
and Moraal, 1985). The important feature of the current model is
its ability to emulate a wavy neutral sheet, which is essentially a
three-dimensional property of the IMF, in a two-dimensional
code (see also Webber et al., 1990). Burger and Potgieter (1989)
developed this model by considering the effect of a wavy neutral
sheet on the time scale of a solar rotation, and details can be
found in that paper. The tilt angle o, which determines the
maximum excursion of the neutral sheet with respect to the solar
rotational equator, is a free parameter in this model. They also
found from a detailed comparison of 27 day average proton
intensities between the full three-dimensional model of Kéta and
Jokipii (1983) and the present model that they typically agreed to
within 10% for the parameters chosen by Kota and Jokipii and
at the energies considered here. We therefore regard the use of the
two-dimensional model of Burger and Potgieter (1989) as a valid
and efficient way of investigating neutral sheet tilt dependent
modulation.

The following modulation parameters were used for the
sample solutions in the next section. The solar wind speed was
assumed constant at 400kms~!, and the outer and inner
heliospheric boundary were taken as 50 AU and 0.005 AU re-
spectively. The local interstellar electron spectrum (LIS) assumed
was

jr=29exp[a(InE)*+b(InE)+c], (1a)
when the kinetic energy E>1 GeV, and
j1=29dE"'%7, (1b)

when E <1 GeV. Here, j; is the differential intensity and the
values of the constants are: a= —0.293, b= —1.870, c= —2.762
and d=0.063. This particular spectrum for electrons exceeds the
LIS which had been used previously (Potgieter and Moraal,
1985) by a factor of 2.9 and is considered more realistic. The
assumed interstellar helium spectrum is given by

jr=0.45 E°*/(E+0.25)%. k)

For the diffusion coefficient parallel to the background IMF we
assumed the form

K||=KOBKP(P)[1+(r/re)Z]7 (33)

where K, is a constant in units of 6 102° cm?s™*, B is the ratio of
particle speed to the speed of light, r. is 1 AU, and K(P) is the
rigidity dependence of this parameter. For simplicity we assumed
Kp(P)=P/(1 GV) when P>0.6GV, and K,(P)=0.6 when
P <0.6 GV. The diffusion coefficient perpendicular to the average
background IMF was taken as

KJ_=(KJ_)0ﬂKP(P)(Be/B), (3b)
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where B is the standard Parker spiral configuration of the IMF,
B.=5nT the magnitude of B at Earth and K,(P) as defined
above. The constant (K, ), has the same units as K,. For the
asymmetric part of the diffusion tensor we adopted the
expression

Kr=(K1)oBP/(3B), (3c)

which describes curvature and gradient drift. The constant (K1),
is dimensionless and equal to one for full drift effects and less
than one for reduced drift effects.

3. The modulation of electrons and positrons
according to a drift model with a simulated wavy neutral sheet

The main objective of this section is to illustrate the effect of the
changing waviness of the heliospheric neutral sheet on the
modulation of cosmic ray electrons and positrons. The waviness
is represented by a tilt angle, «, which has the same physical
meaning as that used by various other groups (e.g., Hoeksema
et al., 1983; Kota and Jokipii, 1983; Lockwood et al., 1988;
Webber and Lockwood, 1988; Webber et al., 1990). For the
purpose of illustration we included o < 5°, although observations
indicated that the 27 day averages of « did not fall below §°-10°,
at least not during the recent solar minimum period. We also
limited « to a maximum value of 70° because it is unlikely that the
global structure of the IMF remains well-ordered during the
approach to solar maximum activity, i.e. for larger values of «,
and the effectiveness of drift should then also be impaired. One
example of disorder during these periods is the occurrence of
multiple neutral sheets (Hoeksema et al., 1983).

In obtaining the results presented in this paper we used a set
of diffusion coefficients that gave acceptable simultaneous fits to
the helium and electron spectra observed at Earth in 1977. In
order to reduce the range of parameters that could fit the 1977
spectra (Webber et al, 1990), we kept (K,),=0.3 in Eq. (3b).
Then, with (K1), = 1.0 in Eq. (3c), and o= 10°, the constant K, in
Eq. (3a) had to have the value 0.8. Note that with the new
interstellar spectra used for this work, it was no longer possible to
simultaneously fit the electron and helium nuclei data at Earth
for 1977 and to stay within the Palmer (1982) consensus values.
The diffusion coefficient, K|, for instance, is significantly smaller
(a factor of ~10) than what Palmer proposed for this parameter.
The inference that can be drawn from this will be discussed in the
final section.

In Fig. 1 are shown the assumed local interstellar spectrum
(LIS) for electrons together with two sets of computed, modu-
lated spectra at Earth as a function of the tilt angle, &, and the two
polarity configurations of the IMF. The one set, where all the
curves coincide, despite a 70° variation in «, is with 4 <0, ie.,
when the northern hemispheric IMF is directed inwards. The
other set is with 4>0, when the northern field is directed
outward. The basic modulation features shown in Fig. 1 are also
applicable to positrons except that A>0 is to be replaced by
A <0, and vice versa, and that the absolute intensities for posit-
rons are much lower, of course. According to drift theory
electrons (positrons) will enter the inner heliosphere primarily via
the polar regions during an A <0 (A4 > 0) period and primarily via
the equatorial regions along the neutral sheet during an 4>0
(A<0) period. As expected, electrons (positrons) respond strongly
to an increasing tilt angle with A>0 (4 <0) as shown by the
dashed curves in Fig. 1. On the other hand, with A <0 (A4 > 0), this
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Fig. 1. The effect of an increasing tilt angle, o, of the heliospheric neutral
sheet on computed electron spectra (dashed lines) at Earth for the
~1970-80 configuration of the IMF (4 >0). The tilt angle is increased
from 0° to 70° in steps of 10°. No effect is predicted for the period
~1960-70 (A <0) and the spectra coincide at the «=0° level. The curve
indicated by LIS is the assumed local interstellar electron spectrum. The
differential intensity is in units of particles m~2s™!sr~! MeV ™!

model predicts no response for electrons (positrons) to changing
the waviness of the neutral sheet. Several interesting modulation
features are evident from this figure:

(1) The calculated spectrum with «=10° and 4 >0 will give a
reasonable good fit to the 1977 observed electron spectrum for
E>100 MeV.

(2) The modulated spectra with 4 >0 do not respond linearly
to the linear change in o. The largest decrease in intensity to a 10°
change occurs with a decreasing from 0° and 10°.

(3) Below 10 MeV the effect of an increasing o on the 4>0
spectra vanishes completely, while the effect of changing the IMF
polarity on the intensities below 1MeV becomes very small
compared to the significant effect at 100 MeV. The energies
where these features occur depend on the rigidity dependence
assumed for the diffusion coefficients. Note that Kp(P) in
Egs. (3a) and (3b) is constant below 0.6 GV and consequently also
K, /B and K, /B, whereas Kr/B remains proportional to P. It can
therefore be expected that drift effects will systematically dimin-
ish with decreasing energy while diffusion becomes relatively
more important. The situation below ~100 MeV can thus be
altered significantly by changing the relative contribution of
diffusion and drift to modulation at these energies. (This will
not happen for protons until down to very low energies and
constitutes the major difference between proton and electron
modulation apart from charge-dependence.) However, for the
present study we consider electron modulation below
~100 MeV to be less important since electrons at these lower
energies probably have a Jovian origin (e.g., Moses, 1987).

(4) Perhaps the most significant feature of the model is the
extraordinary insensitivity of the electron (positron) spectra tc
changes in the neutral sheet waviness when 4 <0 (4 >0). Because
of this feature the model predicts a flat intensity-time profile for
electrons during this period, but a peaked profile for 4 >0. (This
will be shown in more detail in the next section.) This prediction
for electrons (positrons), together with the well-documented pre-
diction for protons (e.g., Kota and Jokipii, 1983; Potgieter and

:' TTTT T TT T T LA '_
C A>DO A <O ]
= B ]
= C N
@ - 4
2 R He P i
_—f //He
2 0.1F s j
S c o 7 e b
— o Pt oo mmmmm e m oo -
s C ]
s | ]
0.01F e s
:‘ ) U WU S S R B PUR P WP S B SR e | n:
010 30 50 70 50 30 100

Tilt Angle (Degrees)

Fig. 2. The predicted differential intensity (particles m~2s~!sr~?
MeV ™) for electrons (e”) and helium (He) for 800 MV at Earth as a
function of neutral sheet tilt angle, o. The period 4> 0 is represented by
a=0°—70° and 4 <0 by «=70°—0°. The change in the polarity of the
IMF (e.g., 1980) is depicted by the central, vertical dotted line

Moraal, 1985; Webber et al., 1990), indicates that a significant
charge-dependent effect should occur. The question now arises:
How large do current drift models actually predict this charge-
dependent effect?

4. The magnitude of charge-dependent modulation

In this section we shall establish the actual magnitude of charge-
dependent modulation as predicted by the present drift model.
The observations of Garcia-Munoz et al. (1986, 1987) were
for 600-1000 MeV  electrons and 70-95 MeV/nucleon
(739-866 MV) helium so that in order to compare the predic-
tions of our model with these observations we chose a representa-
tive value of 800 MV for both species.

The calculated intensities at Earth for both electrons and
helium nuclei as a function of tilt angle, «, are shown in Fig. 2.
The tilt angle is varied from 0° to 70° representing an A>0
period, and then from 70° to 0° representing an 4 <0 period. The
calculated intensities with «~10° and 4 >0 in Fig. 2 are compat-
ible with the 1977 data for both species of particles at this rigidity.
The vertical dotted line in this figure (and the ones to follow)
depicts the period of time during which the IMF reverses its
polarity. This period may be several months (as in 1980) or a few
years (as from 1969 to 1971). The change in intensity from just
before the reversal starts to just thereafter must therefore not be
interpreted as instantaneous as the single dotted line may sug-
gest. The predicted behavior of the helium and electron intens-
ities as a function of « and the configuration of the IMF shown in
Fig. 2 clearly illustrates:

(1) The insensitivity of helium (also positrons and other
positive particles) to a changing o« during an A>0 period,
whereas the electron intensities respond significantly.

(2) How the helium nuclei and electrons respectively respond
to the reversal of the IMF polarity. According to this model the
electron intensity should increase during this reversal period
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whereas intensities for positive particles should decrease. The
opposite should happen when the polarity changes from 4 <0 to
A>0.

(3) What happens after the polarity reversal when the drift
velocity directions reverse for the two species particles. The
electron intensity now shows no response to a changing o
whereas the helium intensity responds significantly, exactly the
opposite from what happened before the polarity reversal.

Evidently, this model predicts vastly different intensity-tilt
profiles for helium nuclei and electrons with the same rigidity.
How large this predicted charge-dependent effect is, is depicted
by the solid line in Fig. 3 where the ratio of the helium to electron
intensities from Fig. 1 is plotted as a function of « for the epochs
before and after the particular polarity reversal. This ratio shows
a strong tilt dependence for both magnetic field configurations (a
factor of ~12 for & changing from 0 ° to 70°) and a significant
change in the ratio when the polarity reverses (a factor of ~ 50).
However, at this point it is important to note that the measure-
ments of Garcia-Munoz et al. (1986, 1987), although not ex-
plicitly mentioned by them, were done for the so-called total
spectrum ie. the sum of positrons and electrons, (e +e7).
Before a comparison between what the models predict and actual
measurements can be made, it is essential that the contribution of
positrons to the total spectrum should be taken into account,
because as illustrated in Fig. 2, the modulation of positively and
negatively charged particles differ significantly during the same
IMF polarity epoch. The modulation of (¢* +¢€ ) as a function of
o may therefore differ significantly from that for pure electrons.
The crucial question when it comes to the relative modulation of
electrons and positrons in the heliosphere is what fraction of the
total very local interstellar spectrum is in fact positrons. The
general perception seems that e*/(e*+e7)<0.10 (eg.
Protheroe, 1982). However, recently Webber (1987) argued that
this fraction may be as high as 0.2040.05. If this is indeed true,
positrons may play a very important role in charge dependent
modulation in the heliosphere.

To calculate the modulation of (¢* +¢7) as a function of «, we
assumed, first, a 10% positron contribution to the total LIS,
which, for the purpose of this paper, is given by Eq. (1), and
further that the LIS for positrons has the same rigidity de-
pendence as that for electrons. Although this may not be the
actual situation, the assumptions are considered reasonable. The
modulation ofe ™, e*, (e* +e~) and He as a function of « and the
reversal of the IMF polarity are shown in Fig. 4. The parameters
given above were also used in this case. Comparing the tilt
dependence of (e* +¢ ™) with that of pure electrons, one finds that
the tilt dependence of the sum is less, by a factor of 2, during the
A >0 period, whereas for A <0 there is practically no difference
because of the much higher electron intensities compared to
positron intensities for most of this period. Using the intensities
shown in Fig. 4 to calculate the change in the ratiose* /(e* +¢7)
and He/(e* +e7) with a polarity reversal, we found for both a
factor of ~26, which is almost a factor of 2 less than for He/e™
(Fig. 3). ‘

Next, we used a 25% positron contribution, as an upper limit,
to the total LIS and repeated the calculation done for Fig. 4. The
corresponding intensities fore ", €™, (¢ ™ +e~) and He are shown
in Fig. 5. Apart from the significant smaller « dependence of
(e* +e7) compared to e~ with 4>0, another interesting and
probably important modulation feature occurs, and this is that
under this assumption the positron intensities at Earth may
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Fig. 3. The predicted ratio of the helium to the electron intensities for
800 MV as a function of « and the configuration of the IMF with full drift
effects (solid line) and with drift effects reduced by a factor of 2 (dashed
line)
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Fig. 4. The predicted differential intensity (particles m~™2s™!sr™?
MeV 1) for helium (He), electrons (¢ ~), positrons (€*) and the sum of
positrons and electrons (¢* +¢~) for 800 MV at Earth as a function of a.
The positron contribution to the sum, (e* +e~), at the heliospheric
boundary (50 AU) is 10%

exceed that for electrons when o >(40+10°) and 4>0. Taking
this into account the corresponding e*/(e* +¢7) and He/(e*
+e7) ratios as a function of a are shown in Figs. 6 and 7
respectively. Comparing the tilt dependence, taken between 10°
and 70°, of He/e™ in Fig. 3 with that for He/(e* +¢~) in Fig. 7
shows that it changed from a factor of ~ 12 to a factor of ~4 with
A >0, while the change with the polarity reversal reduced from a
factor of ~50 to ~ 14. This clearly illustrates what an important
role positrons may play if modulation is indeed dominated by
drift effects.

With the effect of positrons taken into account in our calcul-
ations, a more realistic comparison between the model’s predic-
tions and observations can now be made. The current model with
full drift effects predicts a change of a factor of ~14 with a
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Fig. 5. Same as Fig. 4, for a 25% positron contribution to the sum,
(e*+e7)
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Fig. 6. The predicted ratio ofe* /(e* + ™) for 800 MV at Earth with full
drift effects (solid lines) and with drift effects reduced by a factor of .2
(dashed lines). Both cases are with e /(e* +e~)=0.25 at the heliospheric
boundary

polarity reversal and a tilt dependence which varies from 10° to
70° by a factor of 4 for He/(e* +e~) when 4>0. From observ-
ations, these factors are 3+1 and ~2 respectively. It is not yet
clear from observations what the tilt dependence for the 4 <0
period is, except that it seems significantly larger than when 4 >0
(Garcia-Munoz et al,, 1987). This comparison of the model’s
predictions with observations shows that the present drift model,
with as realistic as possible modulation parameters, and a 25%
positron contribution to the total LIS, predicts too large charge-
dependent modulation.

Potgieter et al. (1985, 1987a,b, 1989) have argued that most
observations do not seem to confirm the large drift effects predic-
ted by contemporary steady-state drift models. One such
example is the large difference between the radial gradients of
cosmic-ray protons in the heliosphere before and after the pol'ar-
ity reversal in 1980 (for reviews see McKibben, 1987; Fillius,
1989). They consequently proposed the reduction of drift over the
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Fig. 7. Same as Fig. 6, for He/(e* +e7)

entire heliosphere to obtain better agreement between model
predictions and observations (see also Forman, 1987). Ths reduc-
tion is not unfounded because Smith et al. (1987) showed that the
magnitude of the IMF had changed at Earth from ~5 nT in
1976 to ~9 nT in 1982. Since Koc 1/B, drift effects could well be
reduced by a factor of 2, at least with increasing solar activity.
Following the same line of reasoning we scaled drift down by a
factor of 2, i.e, taking (K1), =0.5 in Eq. (3c), and reducing neutral
sheet drift accordingly. To illustrate the effect of this reduction we
recalculated the intensities as a function of & and the correspond-
ing ratios for the various cases and species of particles considered
here. The ratios, He/e™, e*/(e* +¢~) and He/(e* +e7); are
shown by the dashed curves in Figs. 3, 6 and 7 respectively. In all
three cases the tilt angle dependence is significantly reduced
during both 4>0 and A <0 epochs, and so is the change in the
ratio with the reversal of the IMF polarity. The results in Fig. 7,
for instance, show that reducing drift effects by a factor of 2
reduces the « dependence of He/(¢* +¢~) when A>0, from a
factor of ~4 to a factor of ~ 2, which is more compatible with the
corresponding observation. The change in this ratio with a
polarity change is reduced from a factor of ~ 14 to a factor of ~ 7,
which is, however, compared with the measured value still by a
factor of 2-3 too large.
Seen on its own, this result could be interpreted as to suggest

a further global reduction of drift. This premise, however, is not
supported by the intensity-time-tilt variations at Earth found for
several proton energies by Webber et al. (1990). They have found

good compatibility between the « dependence of proton data and
the model’s predictions, especially for the 4 <0 epoch when drift

effects were varied between full and half drift. In view of the

current state of affairs with drift model predictions, we believe

that some re-appraisal of drift effects seems to be needed. Such
studies have already started, and in the last section we will
discuss some results and also present an outline of how we foresee
possible changes in drift effects.

5. Discussion and conclusion

Up to the present the emphasis in drift studies has been on
positively charged particles, with the exception of positrons. In
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contrast to earlier studies (e.g., the references in the previous
section), which showed that drift could explain some prominent
features of the modulation of cosmic ray protons, the results
presented in this paper showed that it seemed to fail to do the
same for charge dependent modulation, in general, unless drift
effects were reduced by a factor of 2 or more. It is therefore
obvious that the magnitude of drift effects need to be re-examined
and that other possibilities must also be considered to try and
solve this problem.

Before we discuss possible ways of solving what appears to be
a challenge to current drift models, it should be pointed out that
the helium measurements (70-95 MeV/nucleon) could be con-
taminated to some extent by anomalous helium, as was pointed
out by Garcia-Munoz et al. (1987). They estimated this contri-
bution at a few percent. But, even a contribution of just 10%
could influence the o dependence of He at Earth, especially if the
contribution occurs during solar minimum activity and less, or
even no contribution, during solar maximum activity. An effect
like this would make the « dependence during the 4 >0 periods
less strong, as had been observed. This aspect will, however, have
to be investigated with a model which in a solar wind termination
shock is incorporated for the acceleration of the anomalous
helium.

Another aspect to mention, although we do not consider it as
very serious, is the fact that we work with a two-dimensional
model with a simulated wavy neutral sheet as were explained in
detail by Burger and Potgieter (1989). A full three-dimensional
model (Ko6ta and Jokipii, 1983) might give somewhat different
results. Whether it can reduce the difference between predictions
and observations concerning charge-dependent modulations,
without using new concepts in the model, remains to be seen.

All of our previous work (see references in the previous
section) suggested that, in order to explain certain observations,
drift should be made less effective. In the present paper, an
additional argument in this regard is the parallel mean free path
that we were forced to accept in order to fit the 1977 helium and
electron spectra simultaneously, and which is much smaller than
the consensus values proposed by Palmer (1982). A wide variety
of diffusion coefficients were tried as well as changes in other
modulation parameters such as the outer heliospheric boundary,
but none could rectify this problem. It is interesting to note that
this problem did not appear in earlier work on electron modu-
lation (Potgieter and Moraal, 1985) when a different LIS for
electrons was assumed. The question now is how drift effects can
be reduced, and to answer this, we consider some theoretical
arguments.

Lee and Fisk (1981) proposed the presence of helical magnetic
flux tubes in interplanetary space, and argued that drift effects
would be eliminated for particles trapped within the flux tubes if
their gyroradii were less than the flux-tube radius. Taking the
separation of tangential discontinuities to be representative of
flux-tube diameters (~ 10° m), they conclude that drift suppres-
sion could occur for particles with energies less than about
1 GeV/nucleon. Work in progress on the effects of large scale
fluctuations on average drift velocities, also provides theoretical
support for the idea of reduced drifts. Our preliminary results
suggest that a reduction of as much as a factor of three is possible
for fluctuations with amplitudes comparable to the background
magnetic field.

The recent work of Jokipii and Ko6ta (1989) concerns another
possible mechanism for reducing drift effects. They suggest that
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the polar heliospheric magnetic field may deviate considerably
from the generally accepted Parker spiral at large heliospheric
distances, leading to smaller drift velocities and diffusion coef-
ficients in those regions, if the latter are assumed inversely
proportional to the magnetic field strength. We did several test
runs with this effect incorporated in our model and found that if
the IMF was changed by an average factor of 3 at ~30 AU in the
polar regions of the heliosphere, the He/(e* +e~) changed by a
factor of 1.3. With full drifts in the rest of the heliosphere this
would not have much influence, but with reduced drifts, as shown
in Fig. 7, and in conjunction with other effects suggested in this
section it could be become significant.

Furthermore, the effects of scattering on drift need further
investigation. Work in progress on diffusion coefficients similar
to those employed by Kadokura and Nishida (1986) shows that it
might be possible to change the rigidity dependence of K from
the generally accepted form given in Eq. (3c), and consequently
also its magnitude. The possibility of drift effects having a rigidity
dependence different from P! is suggested by the recent work of
Webber et al. (1990). These authors also used the drift model
employed in the present work, and when fitting intensity-tilt data
at various energies, they found that at lower energies
(100—200 MeV) the need for reduced drift effects appeared to be
stronger than at higher energies.

We therefore come to the conclusion that there seems to be
ample theoretical arguments to support the premise of reduced
drift effects, and none to the contrary. Depending on the outcome
of the mentioned investigations in progress, and considering the
arguments for an overall reduction of drift effects, it could well be
that future drift studies will not be restricted to using K in its
present form.

Another feature of current drift models that needs attention is
the predicted insensitivity of electrons (and anti-protons — see
Webber and Potgieter, 1989) as a function of tilt angle when
A <0, and similarly for protons and positrons when A >0. For
the latter species observational evidence shows peaked behaviour
for A<-0, and to a lesser extent but still clearly evident for 4>0
(Smith and Thomas, 1986; Webber et al., 1990). If, however, we
assume that within the region swept out by the neutral sheet the
magnetic field is not as well ordered as that outside of this region,
the following feature emerges: Since the thickness of this region
increases as the tilt angle increases, this would also lead to a more
peaked intensity-tilt profile for electrons when A <0, but still less
pronounced than for A>0. We note that such a behaviour can be
produced with our model if we decrease gradient and curvature
drift in the region swept out by the neutral sheet region according
to the “effective” magnetic polarity averaged over a solar ro-
tation. Just outside of the neutral sheet region this value is of
course one, decreasing to zero at the solar rotational equator
while neutral sheet drift is adjusted to keep the effective drift
velocity field divergence free. [The model by Potgieter and
Moraal (1985) does give a more realistic tilt dependence when
A>0 (see Reinecke et al, 1990).] Test runs with this model
showed that compensation for this lack of response of the
electron intensity as a function of « has a moderate effect, a factor
of 1.2, on the He/(e* +e7).

Apart from drift, magnetic helicity is currently the only other
known process that can cause charge-dependent modulation.
Bieber et al. (1987) have confirmed their theoretical predictions
by showing that the observed magnetic helicity is systematically
larger south of the neutral sheet than north of it. These authors
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emphasize, however, that their measurements and calculations
pertain to scales larger than a correlation length, and that the
question whether there remains on the average a dominant sign
of helicity at smaller scales (relevant for cosmic ray scattering) is
left open. While it is clear that our knowledge of the detailed
effects of magnetic helicity is still far from complete, the recent
work by Bieber and Burger (1990) shows that helicity can
produce a difference of more than 30% between the diffusion
coefficients of oppositely charged particles parallel to the mean
magnetic field. Moreover, if magnetic helicity acts to suppress
drifts (see Lee and Fisk, 1981), and if drift on its own produces
peaked intensity-tilt profiles, it might well be that helicity and
drift work in concert to produce the observed intensity-time
profiles. It is therefore imperative that the work of Bieber and
Burger (1990) be extended to include the effect of helicity on
propagation perpendicular to the mean magnetic field, and of
course that helicity be included in a modulation model.

A last question is how dynamic effects as described by a time-
dependent drift model (e.g. Le Roux and Potgieter, 1989) will
change the results obtained by steady state models. As an il-
lustration of how dynamic effects might influence intensities at
Earth, consider the following. As the Sun approaches its period of
minimum activity, the tilt angle at Earth will reach a minimum
value some time before the same value is reached in the outer
heliosphere. During epochs when A4 <0 this kind of “phase lag”
could cause, for instance, intensity-tilt profiles at Earth to be
asymmetric with respect to the minimum tilt value. (For prelim-
inary results, see Le Roux and Potgieter, 1990). The effects of
transients and features like merged interactive regions (MIR’s) at
large radial distances (e.g., Burlaga et al., 1985; Perko and
Burlaga, 1987) can also not be ignored any longer when it comes
to the numerical modelling of modulation. Features like MIR’s in
the outer heliosphere could lead to large barrier effects which
might also play an important role in the modulation process
(Lockwood and Quenby, 1987; Potgieter and Le Roux, 1989).

In conclusion, the results of this paper in conjunction with
previous results suggest that a fundamental reassessment of the
magnitude and rigidity dependence of drift effects is required, and
that a next generation of drift models, probably time-dependent
and incorporating effects such as magnetic helicity, needs to be
considered for modulation studies. It seems clear that the puzzle
of charge dependent modulation probably has more pieces than
was previously thought. To identify them all and to fit them all
together, will no doubt be a major undertaking.
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