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Abstract. The effects on the modulation of cosmic ray pro-
tons of different positions for the solar wind termination
shock and for the heliopause are illustrated for moderate
solar maximum conditions. This is done with a numerical
model which includes diffusive termination shock accelera-
tion, a heliosheath and drifts. The modulation is computed
for the heliospheric equatorial plane and at 35◦ heliolatitude
and for both magnetic polarity cycles of the Sun. It was
found that the differences between the modulation for the
two solar polarity cycles are less significant at a heliolati-
tude of 35◦ than in the equatorial plane. The modulation
for the different heliopause positions are qualitatively sim-
ilar, although there are clear quantitative differences which
should be observable with the two Voyager spacecraft in the
outer heliosphere. It is illustrated that the motion of the ter-
mination shock from 90 AU to 100 AU, with the heliopause
fixed at 120 AU, is not crucially important to global mod-
ulation. What is of primary importance is the location of
the heliopause. It can also be concluded from the results that
significant asymmetric modulation is to be expected between
the up-wind and down-wind directions of the heliosphere but
this may become measureable only when spacecraft move
beyond the termination shock into the heliosheath.

Keywords. Interplanetary physics (Cosmic rays; He-
liopause and solar wind termination) – Space plasma physics
(Transport processes)

1 Introduction

The effects of changing the position of the solar wind ter-
mination shock (TS) and the position of the heliopause on
the modulation of cosmic ray protons were illustrated for so-
lar minimum conditions by Langner and Potgieter (2005).
For this work the research is extended to include moderate
solar maximum conditions since the Voyager spacecraft is
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presently in the vicinity of the TS during these conditions
(e.g. Stone and Cummings, 2001; McDonald et al., 2003;
Stone and Cummings, 2003; Krimigis et al., 2003). This
study is done with a comprehensive numerical model which
includes convection, diffusion, adiabatic energy changes, dif-
fusive termination shock acceleration, a heliosheath and gra-
dient and curvature drifts.

The TS is described as a collisionless shock, i.e. a discon-
tinuous transition from supersonic to subsonic flow speed ac-
companied by discontinuous increases in the number density,
temperature and pressure. For our purposes the heliopause
which separates the solar and interstellar plasmas is consid-
ered as the outer modulation boundary. The region between
the heliopause and the TS is called the heliosheath. For a
review on the features of the outer heliosphere, see Ficht-
ner (2001). There is a reasonable consensus that the TS
should be in the vicinity of (90±5) AU (e.g. Stone and Cum-
mings, 2001) in the direction that the heliosphere is moving
(heliospheric nose), although over a solar cycle the TS may
move outwards and inwards (e.g. Whang et al., 2004). It
is not expected that the TS position will be more than 90–
100 AU away from the Sun towards the tail of the heliosphere
so that the assumption of a spherical TS is still considered
quite reasonable. The position of the heliopause, on the other
hand, is less certain, probably at least 30–50 AU beyond the
TS in the nose direction, but significantly further away in the
tail direction. This is because the geometry of the heliosphere
should be affected by the relative motion of the heliosphere
through the local interstellar medium (e.g. Scherer and Fahr,
2003; Zank and M̈uller, 2003).

The purpose of this work is to extend the work of Langner
and Potgieter (2005), and the work done by Ferreira et
al. (2001) for cosmic ray electrons, in studying the effects on
the modulation of cosmic ray protons of varying TS and he-
liopause positions, in particular during moderate solar max-
imum conditions, and for the up-wind and down-wind di-
rections with respect to the interstellar wind. We restrict
the study to the equatorial regions of the heliosphere be-
cause of the limitations of the two-dimensional model used
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for this study. First, we keep the TS position atrs=90 AU
but change the heliopause position fromrHP =120 AU to
rHP =160 AU. Second, we keeprHP =120 AU but change
rs=90 AU to rs=100 AU. Third, we combine these positions
to represent modulation in the up-wind and down-wind di-
rections of the heliosphere during moderate solar maximum
conditions. This study should help to interpret forthcoming
observations of the Voyager spacecraft from a global modu-
lation point of view.

2 Modulation model

The model is based on the numerical solution of the time-
dependent cosmic ray transport equation (Parker, 1965):

∂f

∂t
= −(V + 〈vD〉) · ∇f + ∇ · (KS · ∇f )

+
1

3
(∇ · V)

∂f

∂ ln p
+ Jsource, (1)

wheref (r , p, t) is the omnidirectional cosmic ray distribu-
tion function,p is the particle momentum,r is position, and
t is time, withV the solar wind velocity. Terms on the right-
hand side represent convection, gradient and curvature drifts,
diffusion, adiabatic energy changes and a source function, re-
spectively. The tensorKS consists of a parallel diffusion co-
efficient (κ ||), and perpendicular diffusion coefficients (κ⊥).
The averaged guiding centre drift velocity for a near isotropic
cosmic ray distribution is given by〈vD〉=∇×(κT eB), with
eB=B/Bm, whereBm is the magnitude of the modified back-
ground HMF as described below; hereκT (sometimes in-
dicated asκA) is the diffusion coefficient specified by the
off-diagonal elements of the generalized diffusion tensorK ,
which describes gradient and curvature drifts in the large-
scale HMF. The functionJsource may represent any local
source, such as Jovian electrons (e.g. Ferreira, 2002), pick-
up ions, anomalous cosmic rays, etc., which is not utilized
for this work (i.e.Jsource=0). The diffusion coefficientsκ ||,
κ⊥, andκT are based on those given by Burger et al. (2000)
for a steady-state model, except for changes caused by the
introduction of the TS in this model (Langner et al., 2003).
Perpendicular diffusion is assumed to enhance towards the
poles. For a complete description of these diffusion coeffi-
cients and details of the model, see Langner et al. (2003) and
Langner and Potgieter (2004a).

The transport equation is solved time-dependently in a
spherical coordinate system as a combined diffusive shock
acceleration and drift modulation model with two spatial
dimensions, neglecting any azimuthal dependence and is
symmetric with respect to the polar axis. A similar two-
dimensional numerical model was described originally by
Jokipii et al. (1993); see also Potgieter and Ferreira (2002).
The HMF was assumed to have a basic Parkerian geometry
in the equatorial plane but was modified in the polar regions
similar to the approach of Jokipii and Kóta (1989).

The position of the outer modulation boundary (he-
liopause) is assumed to be either atrHP =120 AU or

rHP =160 AU, where the proton local interstellar spectrum
(LIS) of Moskalenko et al. (2002) is specified. The position
of the TS is assumed atrs=90 AU andrs=100 AU, respec-
tively, with a compression ratios=3.2 and a shock precursor
scale length ofL=1.2 AU (see also Langner et al., 2003).
This means that up to the shock, the solar wind speedV de-
creases by 0.5s starting atL, then abruptly as a step function
to the downstream value, in total toV/s. Beyond the TS,
V decreases as 1/r2 up to the outer boundary, which implies
that no additional acceleration can occur beyond the shock
and that adiabatic energy losses become insignificant, which
may be an oversimplification.

Concerning the solar wind, it is assumed thatV has no
clear latitudinal dependence typical for solar maximum con-
ditions as was observed by Ulysses (McComas et al., 2000).
It is therefore assumed to be on average 400 km s−1 in
the whole heliosphere in contrast to solar minimum condi-
tions whenV has a strong latitude dependence. A mod-
ified version of the current sheet model of Hattingh and
Burger (1995) was used, which emulates the waviness of the
current sheet in two spatial dimensions (see also Langner,
2004). The current sheet tilt anglesα as calculated by Hoek-
sema (Wilcox Solar Observatory; courtesy of J. T. Hoek-
sema: http://wso.stanford.edu) were assumed to represent
moderate solar maximum modulation conditions withα=75◦

during A>0 (e.g. ∼1990–2001) andA<0 (e.g. ∼1980–
1990) solar magnetic polarity cycles. The case withα=10◦

was studied by Langner and Potgieter (2005).

3 Results and discussion

The computed differential intensities for galactic protons are
shown in Fig. 1 (left panels) as a function of kinetic en-
ergy for both magnetic polarity cycles and for moderate so-
lar maximum conditions withα=75◦. The spectra are shown
in the equatorial plane (θ=90◦) at radial distances of 1 AU,
60 AU, and at the TS location, in this case withrs=90 AU.
These spectra are repeated withθ=55◦ (heliolatitude of 35◦

which is approximately the Voyager spacecraft trajectory lat-
itude). In the right-hand panels the corresponding differen-
tial intensities are shown as a function of radial distance for
0.016, 0.2 and 1.0 GeV, respectively. The LIS is specified at
the heliopause, first assumed atrHP =120 AU (as a represen-
tation of the up-wind direction – the direction in which the
heliosphere is moving relative to interstellar space) and then
with rHP =160 AU (as a representation of the down-wind di-
rection – the tail region of the heliosphere). The purpose is to
illustrate what effect this change in position has on the mod-
ulation of cosmic ray protons in the heliosheath and in the
rest of the heliosphere. All the modulation parameters, in-
cluding the diffusion coefficients, are kept the same for both
situations.

The modulation for the different heliopause positions look
qualitatively similar, but clearly differ quantitatively, espe-
cially when considered as a function of radial distance. The
intensities withrHP =120 AU in all four panels of Fig. 1 are
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higher than for the 160 AU position as one would expect.
The differences between the intensities at different AU are
most prominent for energies<∼1 GeV and these differences
increase with decreasing energy indicative of the wider he-
liosheath (larger modulation volume), especially during the
A<0 cycle. The total modulation between the heliopause
and Earth is considerably more for the A<0 cycle. These dif-
ferences were more enhanced for solar minimum conditions,
as reported by Langner and Potgieter (2005), than what we
found here, as judged by the amount and at what energies
for the A<0 cycle the spectra at 90 AU (and even at 60 AU
for solar minimum conditions) exceed the LIS value for ener-
gies>∼2 GeV. In Fig. 1 the spectra at 90 AU only are equal
or somewhat larger than the LIS. As they reported, this “ex-
cess” effect is reduced when the heliopause is moved further
out. As a function of radial distance these effects are quite
evident for the chosen energies, e.g. the 0.20 GeV intensities
are lower at all radial distances. The “barrier” type effect,
as manifested by the sharp drop in intensities over relatively
small radial distances in the heliosheath, becomes more pro-
nounced (covers a larger distance) when the heliopause is
moved outward, especially during the A<0 cycles when it
happens over an extended energy range. The slowly decreas-
ing effective radial diffusion coefficient with increasing ra-
dial distance beyond the TS contributes to this trend. The ex-
tent (width) of this modulation “barrier” is dependent on the
values of the diffusion coefficients close to the outer bound-
ary, and especially the direction of the drift velocities. For
energies<∼200 MeV most of the modulation happens in-
side the heliosheath for both cycles, but especially because of
the “barrier” covering relatively small distances near the he-
liopause during the A>0 cycle. The conspicuous difference
about what happens with the intensities at the TS between
the two polarity cycles was discussed at length by Langner et
al. (2003) and Langner and Potgieter (2004a, 2004b). Obvi-
ously, the very illustrative situation at 0.016 GeV for galactic
protons will be completely overshadowed by the presence of
the anomalous protons which were not considered for this
study; see Langner and Potgieter (2004a). Compared to the
corresponding solar minimum situation reported by Langner
and Potgieter (2005), the radial dependence of the modula-
tion in the heliosheath is more gradual and the effects of the
TS are less conspicuous, especially for the A<0 cycle. Even
the “barrier” effect is spread out over a larger distance for
solar maximum conditions which qualitatively makes good
sense. Inside the TS, the radial gradients are in all energy
cases larger than for the solar minimum situation.

In the lower set of panels in Fig. 1 withθ=55◦, the “bar-
rier” effect is diminished because the total modulation in the
heliosheath is less. As a function of radial distance the mod-
ulation in the heliosheath happens considerably more grad-
ually over distance, especially the wider the heliosheath be-
comes. The radial dependence of the intensities in the he-
liosheath becomes rather similar for the two polarity cycles,
and for the two heliopause situations, even at the TS, so that
it is unlikely that in the future the two Voyager spacecraft
will be able to distinguish between the two polarities using
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Fig. 1. Left panels: top two figures, computed differential intensi-
ties for galactic protons withα=75◦ as a function of kinetic energy
for both polarity cycles, at radial distances of 1 AU, 60 AU and the
TS location (bottom to top) in the equatorial plane (θ=90◦). Bot-
tom two figures: similar but atθ=55◦. Right panels: corresponding
differential intensities as a function of radial distance for 0.016, 0.2
and 1.0 GeV, respectively. The TS is at 90 AU, as indicated, with
the heliopause at 120 AU (red curves) and 160 AU (black curves)
respectively, where the LIS was specified.

only cosmic rays.

In Fig. 2 the heliopause position is maintained at
rHP =120 AU but the TS position is moved outwards from
90 AU to 100 AU. Comparing the spectra for the two situ-
ations the intensities are lower at all energies of interest for
rs=90 AU than forrs=100 AU, even at Earth which was not
as clear for solar minimum conditions. This means that mov-
ing the TS outwards, while keeping the heliopause positions
and other parameters fixed, does not cause additional total
modulation, although there are clear quantitative differences
in the outer heliosphere. The effectiveness of the TS is also
rather similar for the two scenarios. The exact position of
the TS (given that it moves within 10 AU or so) is some-
what more important for the moderate solar maximum sce-
nario than for the solar minimum scenario, but this is still not
crucially important to the total modulation.

Inspection of the radial dependence shown in the right-
hand panels of Fig. 2 emphasized what is shown for the
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Fig. 2. Similar to Fig. 1 but with the TS positioned at 90 AU (red
curves) and 100 AU (black curves), respectively, as indicated with
the heliopause position specified at 120 AU.

spectra. The modulation trends inside the TS simply persist
when it is shifted 10 AU further out; the occurrence of he-
liosheath modulation characteristics are postponed until the
TS is reached. From a diffusion point of view it must be
noted that the diffusion coefficients keep on increasing with
radial distance until the TS is reached so that the intensities
will follow suit; the diffusion coefficients then drop at the
TS by the value of the compression ratio, to decrease moder-
ately with increasing distance. If the TS is positioned further
out, the intensities must be higher as the 0.016 GeV protons
clearly illustrate. The “barrier” effect mentioned with Fig. 1
is not affected by moving the TS. As with Fig. 1, the differ-
ences between the two polarity cycles atθ=55◦ are almost
negligible and the heliosheath effects are significantly more
moderate than in the equatorial regions.

Figure 3 illustrates two combined scenarios, the first with
rs=90 AU and rHP =120, compared tors=100 AU with
rHP =160 AU. The two cases are indicative of what can be
expected, respectively, in the nose and the tail region of the
heliosphere. Qualitatively, the results are similar to the pre-
vious two figures and are not discussed again in any detail.
Note that if the TS and the heliopause “move” in the same
direction, the effects on the modulation of protons are some-
what tempered. It can be concluded from these results that
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Fig. 3. Similar to Fig. 1 but with the TS positioned at 90 AU and
with the heliopause at 120 AU (red curves) compared to the TS at
100 AU with the heliopause at 160 AU (black curves).

significant asymmetric modulation can be expected between
the up-wind and down-wind directions but these may be-
come measureable only when spacecraft move somewhat be-
yond the TS into the heliosheath. These “asymmetry” effects
will be further studied in the future using a true asymmetric
modulation model based on a model originally developed by
Haasbroek and Potgieter (1998).

As for solar minimum conditions it is quite evident from
all three figures that the radial gradients of protons in the
equatorial regions change significantly at the TS; for the
A>0 cycle they become less beyond the shock at all ener-
gies of interest compared to inside the shock, while for the
A<0 cycle they increase in the heliosheath but only in the
100–500 MeV range.

4 Conclusions

In a first of two papers, the effects of different positions of
the TS and the heliopause on the heliospheric modulation
of galactic protons for solar minimum conditions were il-
lustrated by Langner and Potgieter (2005). A similar study
was conducted by Potgieter and Ferreira (2002) for elec-
trons. For the present study we elaborate on these effects
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but for moderate solar maximum conditions. This has be-
come relevant because of the current positions of the two
Voyager spacecraft, as well as the present activity phase of
the Sun. A numerical model that includes particle drifts,
the solar wind termination shock, a heliosheath beyond the
shock, and a new approach to heliospheric diffusion coef-
ficients has been used. This study was done for different
scenarios of the position of the TS (rs=90 or 100 AU) and
the heliopause (rHP =120 or 160 AU) to basically simulate
the heliospheric equatorial regions in the nose (e.g.rs=90;
rHP =120) and tail directions (e.g.rs=100;rHP =160). Previ-
ously, the model withrs=90 AU andrHP =120 AU had been
applied successfully to the modulation of cosmic ray protons,
anti-protons, electrons, positrons and He, as discussed by
Langner et al. (2003), Langner and Potgieter (2004a, 2004b),
and Potgieter and Langner (2004).

It was found that the global modulation results for the
different heliopause positions look qualitatively similar, but
clearly differed quantitatively, especially when considered
as a function of radial distance. The spectra in the equa-
torial plane for rHP =120 AU were higher than for the
rHP =160 AU position with the differences between the dif-
ferential intensities most prominent for energies<∼1 GeV
and which increased with decreasing energy, indicative of the
larger (wider) heliosheath. These differences were more en-
hanced for solar minimum conditions as reported by Langner
and Potgieter (2005) than what we found here. The “bar-
rier” effect close to the heliopause becomes more prominent
when the heliopause was moved outwards, especially during
the A<0 cycles where it happens over an extended energy
range. The extent of this modulation “barrier” is dependent
on the value of the diffusion coefficients close to the outer
boundary. At a heliolatitude of 35◦ the radial dependence of
the intensities in the heliosheath becomes very similar for the
two polarity cycles, and for the two heliopause scenarios, so
that it is unlikely that in the future the two Voyager spacecraft
will be able to distinguish between the two polarities using
only cosmic rays.

For the scenario where the TS positions were moved out-
wards fromrs=90 AU to rs=100 AU with rHP =120 AU, the
intensities for the first situation were lower at all energies of
interest which seems counterintuitive. This means that mov-
ing the TS outwards while keeping the heliopause positions
and other parameters fixed does not increase the total modu-
lation between the heliopause and Earth. The exact position
of the TS (given that it moves within 10 AU or so) is there-
fore not crucially important to global modulation, although
the effect can be larger for moderate solar maximum condi-
tions than for solar minimum conditions. If the TS and the
heliopause were moved in the same direction, the effects on
the modulation became somewhat tempered.

The two cases, indicative of what can be expected, re-
spectively in the nose and the tail region of the heliosphere,
were also studied. It can be concluded from these results that
significant asymmetric modulation can be expected between
the heliospheric up-wind and down-wind directions but these
differences may become measurable only when spacecraft

move beyond the TS into the heliosheath. These “asymme-
try” effects will be further studied in the future using a true
asymmetric modulation model based on the model developed
by Haasbroek and Potgieter (1998).
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