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Abstract: Observations made with the two Voyager spacecraft confirmed that the solar wind decelerates to form the 
heliospheric termination shock. Voyager 1 crossed this termination shock (TS) at ~94 AU in 2004, while Voyager 2 
crossed it in 2007 at a different heliolatitude, about 10 AU closer to the Sun. These different positions of the TS con-
firm the dynamic and cyclic nature of the shock’s position. Observations from the two Voyager spacecraft inside the 
heliosheath indicate significant differences between them, suggesting that apart from the dynamic nature caused by 
changing solar activity there also may exist a global asymmetry in the north-south (polar) dimensions of the helios-
phere, in addition to the expected nose-tail asymmetry. This relates to the direction in which the heliosphere is mov-
ing in interstellar space and its orientation with respect to the interstellar magnetic field. We focus on illustrating the 
effects of this north-south asymmetry on the modulation of galactic cosmic ray (GCR) Carbon, between polar angles 
of 55° and 125°, using a numerical model which includes all four major modulation processes, the TS and the helio-
sheath. This asymmetry is incorporated in the model by assuming a significant dependence on heliolatitude of the 
thickness of the heliosheath. When comparing the computed spectra between the two polar angles, we find that at 
energies E < ~1.0 GeV the effects of the assumed asymmetry on the modulated spectra are insignificant up to 60 AU 
from the Sun but become increasingly more significant with larger radial distances to reach a maximum inside the he-
liosheath. In contrast, with E > ~1.0 GeV, these effects remain insignificant throughout the heliosphere even very 
close to the heliopause (HP). Furthermore, we find that a higher local interstellar spectrum (LIS) for Carbon enhances 
the effects of asymmetric modulation between the two polar angles at lower energies (E < ~300 MeV). In conclusion, 
it is found that north-south asymmetrical effects on the modulation of cosmic ray Carbon depend strongly on the ex-
tent of the geometrical asymmetry of the heliosheath together with the assumed value of the LIS.    
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1 Introduction 
 
It is known from comprehensive modeling that the global 
heliosphere has a steady asymmetric geometry (structure) 
in the nose-tail direction, with the nose region much less 
extended than the tail direction with respect to the Sun. 
This is caused by the relative motion of the heliosphere 
through the interstellar medium ([9]). It is also generally 
accepted that the position of the TS at all heliolatitudes 
changes significantly over an 11-year cycle (e.g., [10]). 
In addition to this solar cycle related time-dependence, 
the meridional asymmetry of the TS geometry is en-
hanced by the increasing latitude dependence of the solar 
wind velocity and ram pressure during solar minimum 
conditions over the solar poles ([8]). Apart from the large 
nose-tail asymmetry of the heliosphere and the corres-
ponding moderate non-spherical geometry of the TS, 
recent MHD models predict additional north-south 
asymmetries (in the meridional plane) in both the TS and 

HP positions in the nose region of the heliosphere ([6]; 
[7]) when considering the influences of the interstellar 
field and heliospheric magnetic field (HMF). Taking 
solar cycle dynamical effects into consideration, these 
asymmetries may result in a significant latitude depen-
dent thickness of the heliosheath. We focus on illustrating 
the modulation effects on GCR Carbon caused by an 
assumed latitude dependent heliosheath thickness using a 
shock-acceleration model. 
 

2 Numerical Model 
 
The model is based on the numerical solution of Parker's 
time-dependent transport equation (TPE): 
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where f (r, p, t) is the omnidirectional GCR distribution 
function, p is particle momentum, r is heliocentric posi-
tion vector, and t is time, with V the solar wind velocity. 
The diffusion tensor KS consists of a diffusion coefficient 
parallel to the average HMF (K||), and two perpendicular 
diffusion coefficients (KK r and K┴θ). The averaged guid-
ing centre drift velocity for a near isotropic cosmic ray 

distribution is given by D T BKT BBv eTK eTKT with /B mB/ m/ Be B , 
where Bm is the magnitude of the modified background 
Parker-type HMF. The spatial and rigidity dependence of 
K|| is taken from [2], while KK r, K┴θ and KT are based on a 
steady-state model derived by [1]. The solar wind speed 
changes from 400 km. s-1 in the equatorial plane (θ = 
90°) to 800 km. s-1 in the polar regions. To solve the TPE 
in a heliospheric geometry other than a sphere f (r, p, t) 
has to be transformed to g (u, v, w, t) using the coordinate 
transformation 
 
   coscosu r x y , v , w p .                   (2)  
 
The TPE is then written as  
 

2 2 2

2 2 ln

2 2 2

2 2 ln2 2 l2 2 l
g g g g g g ga b c d e j
t u v u v w u v   (3) 

 
with the primed variables the transformed coefficients. 
The details of this model are given by [4]. 
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Figure 1. In the top panel the assumed heliocentric radial 
position of the TS (dashed lines) and the HP (solid line) 
is shown as a function of polar angle θ. The bottom panel 
shows the corresponding polar angle (co-latitude) depen-
dent thickness of the heliosheath. 
 
Figure 1 shows the assumed meridional asymmetry in the 
extent of the heliosheath resulting in a heliosheath thick-
ness (width) that is latitude dependent. The assumed  
 
 
 
 

 
heliosheath is wider in the northern hemisphere (0° < θ < 
90°) than in the southern hemisphere (90° < θ < 180°). At 
θ = 55° the TS and HP are placed at 94 AU and 131 AU 
respectively, while at θ = 125° the TS is at 86 AU and the 
HP at 109 AU. The essence of this assumption is that the 
thickness of the heliosheath is decreased from ~40 AU to 
~20 AU from heliographic pole to pole, in the nose re-
gion of the heliosphere. The TPE is solved time-
dependently as a combined diffusive-shock-acceleration 
and drift modulation model with two spatial dimensions, 
therefore neglecting any azimuthal dependence in this 
north-south asymmetrical geometry. For the Carbon LIS, 
two approaches are followed for intensities below ~300 
MeV, the estimated LIS of [11] as the lowest possibility 
and the computed LIS by [3] as the highest possibility. 
Above 300 MeV, the two LIS’s are identical. 

3 Results and discussion 
 
In Figure 2 the computed spectra with θ = 55° (V1) are 
compared to those with θ = 125° (V2) for the two differ-
ent LIS’s. This is done for the two drift cycles during 
solar minimum modulation and for the assumed asymme-
try as discussed above. The two top panels are for the 
low LIS ([11]) and the bottom panels for the high LIS 
([3]).  The left panels are for the A > 0 polarity cycle and 
the right panels for the A < 0 cycles. Spectra for C are 
shown at radial distances of 1, 60 and 100 AU, at θ = 55° 
(red lines) and θ = 125° (black lines). The differences 
between the black and red lines illustrate the effect of the 
assumed meridional asymmetry. 
It follows from this figure that when the LIS of [11] is 
used, the computed spectrum, with E < ~100 MeV in the 
A > 0 cycle, at 100 AU with θ = 125° is a factor of ~1.4 
higher than with θ = 55°. At 60 AU, in the A > 0 cycle, 
the differences caused by the assumed north-south 
asymmetry are negligible. The A < 0 cycle exhibits large 
differences between the two polar angles, with the com-
puted spectrum becoming a factor ~2.0 higher at 125° 
than at 55° at 100 AU and with E < 100 MeV. For the 
LIS from [3] the differences in spectra between θ = 55° 
and θ = 125° are larger for both polarity cycles. In the A 
< 0 cycle, with E < 50 MeV, the difference can be as 
large as a factor of ~4.0. Such a large difference between 
V1 and V2 should be easily measurable beyond 100 AU 
in the heliosheath. A general result from Figure 2 is that 
the computed spectra at 125° are higher than that at 55° 
with the differences, caused by the assumed meridional 
asymmetry, quite prominent at 100 AU. The differences 
vary from insignificant at higher energies to as large as a 
factor of ~ 2.2 at lower energies in the heliosheath during 
the A > 0 cycle, whereas during the A < 0 cycle it can be 
as large as a factor ~4.0 at lower energies but these num-
bers depend strongly on what is assumed for the LIS at 
these lower energies.  
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Figure 2. Computed differential intensities for galactic C as a function of kinetic energy at radial distances of 1, 60 and 
100 AU for both polarity cycles during solar minimum  conditions (α = 10°).  Black lines represent solutions at θ = 125° 
and red lines at θ = 55°. For results in the top row the LIS of [11] is used at the HP, whereas for the bottom row the LIS 
of [3] is used. 
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Figure 3. Computed differential intensity for galactic C as a function of radial distance at energies of 50 MeV, 200 MeV 
and 1.0 GeV for both polarity cycles during solar minimum conditions. In the top row the LIS of [11] is specified at the 
HP, whereas in the bottom row the LIS of [3] is used. Black lines are solutions for θ = 125° and red lines for θ = 55°.  
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In Figure 3 the computed radial intensities at θ = 55° (red 
lines), at energies of 50 MeV, 200 MeV and 1.0 GeV, are  
compared to those at θ = 125° (black lines). This is done 
for the two different LIS’s and the two drift cycles during  
solar minimum modulation, respectively. The two top 
panels show solutions obtained with the LIS of Webber 
and Higbie (2009) whereas in the bottom panels the LIS 
of [3] was used. The effects of the assumed asymmetry 
between θ = 55° and θ = 125° on the radial intensities of 
C are of interest. The differences (between the black and 
red lines) clearly increase as a function of radial distance 
and become significant in the heliosheath, but only at 
low energies; compare e.g. the 0.2 GeV with 1.0 GeV 
intensities. With E > ~200 MeV, it seems that the mod-
ulation effects of a north-south asymmetry of the helio-
sheath are insignificant, even very close to the HP, in 
both polarity cycles. In the inner heliosphere (r < ~40 
AU), these effects on the modulation of GCRs subside at 
all energies for both drift cycles. Also noteworthy is that 
with E = 50 MeV and E = 200 MeV the associated radial 
gradient will increase beyond the TS but more signifi-
cantly at θ = 125° than at θ = 55°, resulting from the HP 
that is much closer to the TS at θ = 125° than at θ = 55°. 
The computed C intensities obtained with the assumed 
asymmetry illustrate insignificant differences between 
55° and 125° in the inner to middle  heliosphere but the 
effect grows with increasing distance, as expected, to-
wards the TS, especially for the A > 0 cycle. Inside the 
heliosheath larger differences are possible at energies 
below a few-hundred MeV. Clearly, with E = 1.0 GeV, 
the differences are already insignificant.  
The results shown in Figure 3 can be interpreted to indi-
cate that V1 and V2 may observe large differences in 
GCR intensities below a few-hundred MeV in the near 
future, if such an asymmetry would exist. Finally, it 
should be noted that in addition to the asymmetry in the 
geometry of the heliosphere it is possible that an asym-
metry in modulation conditions between the north and 
south hemispheres can also exist, for example, the HMF 
turbulence could develop differently. Such an asymmetry, 
to reflect different modulation conditions, can be simu-
lated in modulation models e.g., by an enhancement of 
KK that differs from heliographic pole to pole. This may 
produce even larger effects when combined with the 
geometrical asymmetry as discussed above. This aspect 
is discussed in detail in [5].  
 

4 Summary and conclusion 
 
The modulation of galactic C was investigated using a 
numerical shock-acceleration model, including particle 
drifts, with a heliosheath thickness (width) that is asym-
metrical in the meridional plane varying from ~40 AU to 
~20 AU. The effects of this asymmetry on the modulated 
C spectrum and its radial dependence were studied at 1, 
60 and 100 AU and at polar angles of θ = 55° and θ = 
125°, corresponding to the trajectories of V1 and V2, 
respectively. The results were shown at 50 MeV, 200 
MeV and 1.0 GeV for both polarity cycles and for solar 

minimum conditions. The computations were repeated 
using two possible LIS’s for galactic C, one from [11] as 
the lowest option, and the other one as the highest option 
from [3].  
Using the higher LIS at the HP, we found that the differ-
ences in computed spectra between θ = 55° and θ = 125° 
caused by the assumed asymmetry vary from insignifi-
cant at higher energies (E > ~1.0 GeV) to as large as a 
factor of ~2.2 below ~100 MeV in the heliosheath during 
the A > 0 cycle, whereas during the A < 0 cycle the factor 
difference can be as large as ~4.0 at this energy. For the 
lower LIS, a difference of a factor of ~1.4 was found for 
the A > 0 cycle and ~2.0 in the A < 0 cycle, with E < 
~100 MeV in the heliosheath. In the inner heliosphere (r 
< 40 AU), the effects are insignificant at all energies.  
Based on these modeling results, it is concluded that the 
significance of the effects of a meridional asymmetry in 
the width of the heliosheath between θ = 55° and θ = 
125° on C intensities depends on the position of the ob-
server in the heliosphere, the particle energy, the location 
of the HP and the assumed LIS. Increasing the LIS at E < 
~300 MeV enhances asymmetric modulation effects for a 
given polar angle dependence of the width of the helio-
sheath. The effects on GCR modulation of this type of 
asymmetry are insignificant in the inner heliosphere but 
become increasingly important with increasing distance 
to reach a maximum effect beyond the TS but only for 
energies below a few-hundred MeV. Above 1.0 GeV the 
effects subside even inside the heliosheath.  
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