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Abstract: Observations of galactic cosmic rays (GCRs) from the two Voyager spacecraft inside the heliosheath indi-
cate significant differences between them, suggesting that in addition to a possible global asymmetry in the north-
south dimensions (meridional plane) of the heliosphere, it is also possible that different modulation (turbulence) con-
ditions could exist between the two hemispheres of the heliosphere. We focus on illustrating the effects on GCR Car-
bon of asymmetrical modulation conditions combined with a heliosheath thickness that has a significant dependence 
on heliolatitude. To reflect different modulation conditions between the two heliospheric hemispheres in the numeri-
cal model, the enhancement of polar diffusion off the ecliptic plane is assumed to differ from heliographic pole to 
pole. The computed radial GCR intensities at polar angles of 55° (approximating the Voyager 1 direction) and 125° 
(approximating the Voyager 2 direction) are compared at different energies and for both particle drift cycles. This is 
done in the context of illustrating how different values of the enhancement of polar diffusion between the two hemis-
pheres contribute to causing differences in radial intensities. We find that in the A > 0 cycle these differences between 
angles of 55° and 125° change both quantitatively and qualitatively for the assumed asymmetrical modulation condi-
tions, while in the A < 0 cycle, only minute quantitative differences are obtained. We conclude that the effects of 
asymmetrical modulation conditions on GCRs are dependent on solar magnetic polarity, being significant in the A > 0 
cycle.  However, in the A < 0 cycle, geometric effects remain dominant.   
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1 Introduction 
 
The cause(s) of asymmetrical heliospheric modulation of 
galactic cosmic rays (GCRs) as observed by Voyager 1 
(V1) and Voyager 2 (V2) in the heliosheath is not well 
established or understood (e.g., [4], [7]). It is, however, 
well established that GCRs are modulated in anti-phase 
with solar activity. The numerical modeling of GCR 
modulation in the heliosphere depends on the elements of 
the diffusion tensor and these diffusion coefficients are 
basically determined by the turbulence properties of the 
expanding solar wind and the imbedded magnetic field. 
Up to now, it has simply been assumed that the turbu-
lence is symmetrical away from the equatorial plane. 
This is not necessarily the case (e.g., [5]). Solar activity 
exhibits a north-south asymmetry ([1], [6]), so that it is 
possible that different levels of turbulence can occur 
between the north and south hemispheres. To reflect the 
consequent asymmetric modulation in our numerical 
model, we assume the enhancement of polar and radial 
perpendicular diffusion (K

┴θ and K
┴r) off the ecliptic 

plane to differ from heliographic pole to pole. This is 
done in the context of illustrating how different values of 
their enhancement between the two hemispheres contri-
bute to causing differences in radial intensity profiles of 
GCR Carbon between polar angles θ = 55° (approximat-
ing the V1 direction) and θ = 125° (approximating the V2 
direction) inside a heliosphere that already contains a 
north-south (meridional) asymmetrical geometry [8].  
 

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. 
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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 heliospheric magnetic field (HMF). The 
spatial and rigidity dependence of K|| is from [3], while 
KK r, K┴θ and KT are based on a steady-state model derived 
by [2]. 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 spherical f (r,p,t) has to be transformed to g (u, 
v, w, t) using the 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 [8]. A north-south 
asymmetry based on the assumed transformation places 
the heliopause (HP) and termination shock (TS) respec-
tively at 120 AU and 90 AU in the equatorial plane, at 
131 AU and 94 AU with θ = 55° and 86 AU and 109 AU 
with θ = 125°. The TPE is solved time-dependently as a 
combined diffusive-shock-acceleration and drift modula-
tion model with two spatial dimensions, therefore neg-
lecting any azimuthal dependence in this north-south 
asymmetrical geometry. The Carbon LIS of [10] is speci-
fied at the asymmetric HP boundary. 
 

3 Results and discussion 
 
The computed modulation differences in GCRs intensi-
ties between θ = 55° and θ = 125° due to north-south 
asymmetry in the TS and HP positions were discussed in 
[8]. Here we discuss the effects of an inherent asymmetry 
in modulation conditions inside a heliosphere that has a 
north-south asymmetrical geometry. 
Figure 1 illustrates the enhancement of K┴θ off the equa-
torial plane at different distances. In panel (a) the en-
hancement of K┴θ decreases from a factor of ~7 at 1 AU 
in the northern hemisphere to ~4 at 100 AU. In the 
southern hemisphere, it increases from ~7 at 1 AU to ~13 
at 100 AU. Panel (b) is showing the opposite of panel (a) 
with the enhancement of K┴θ increasing in the north and 
decreasing in the south similarly to panel (a). The mod-
ulation effects, of this assumed enhancement, on GCR 
Carbon are illustrated in Figures 2 and 3. 
The top row of Figure 2 shows the computed radial in-
tensities at θ = 55° and θ = 125° respectively obtained 
with the enhancement of K┴θ as in panel (a) of Figure 1,  
 

 
decreasing with r towards the direction of a wider helio-
sheath thickness (V1 direction) while increasing towards  
a narrower heliosheath thickness (V2 direction). The 
bottom row shows intensities obtained with the en-
hancement of K┴θ increasing toward a wider heliosheath 
and decreasing towards a narrower heliosheath as in 
panel (b) of Figure 1. Essentially, Figure 2 shows the 
combined effects as a function of r of both a geometrical 
and an inherent asymmetry in modulation conditions, as 
reflected by the enhancement of polar diffusion off the 
ecliptic plane that differs from heliographic pole to pole 
while KK r remains latitude independent. 
 

    
 
Figure 1. Enhancement function F(θ, r) of K┴θ with re-
spect to its value at θ = 90° at different θ  and r.  

It is noted that the effect of decreasing the enhancement 
of K┴θ towards the direction of a wider heliosheath thick-
ness while simultaneously increasing it towards a nar-
rower heliosheath thickness is to increase differences in 
radial intensities significantly between θ = 55° and θ = 
125° in the A > 0 cycle throughout the heliosphere. 
While, in the A < 0 cycle the effects of the assumed 
inherent asymmetric modulation become insignificant in 
the whole heliosphere indicating that geometric effects 
remain dominant in this cycle. However when the en-
hancement of K┴θ increases with r towards the direction 
of a wider heliosheath thickness and decreases towards 
the direction of a narrower heliosheath thickness, intensi-
ties at θ = 55° are slightly higher than at θ = 125° in the 
A > 0 cycle but only inside the TS. This is quite interest-
ing since both the TS and HP positions are ~8 AU and   
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Figure 2. Computed differential intensity of GCR C as a function of radial distance at energies at E = 50 MeV, 200 MeV 
and 1.0 GeV for both polarity cycles during solar minimum conditions (α = 10°). In the top row the enhancement of K┴θ 
increases towards the poles as in panel (a) of Figure 1, while the bottom row is obtained with the enhancement as in 
panel (b) of Figure 1. In both rows K┴r is assumed to be latitude independent. 
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Figure 3. Similar to Figure 2 but in the top and bottom rows both K┴θ and KK r increase towards the poles as in panel (a) 
in Figure 1, whereas in the bottom row as in panel (b) in Figure 1. 
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~ 22 AU respectively closer to the Sun at 125°, but not 
surprising since geometric effects are wiped out by solar  
modulation inside the TS ([8]). Therefore, in A > 0 cycle 
the assumed inherent asymmetric modulation off-set 
geometrical asymmetric effects but only inside the TS. In 
the heliosheath the effects of the assumed asymmetry in 
the geometry of the heliospheric boundary remain domi-
nant. The A < 0 cycle differences in intensities between 
the two directions are interesting since at all radial posi-
tions the effects of the assumed enhancement of K┴θ 
remain insignificant. The important point in this figure is 
that the effects of the assumed latitude dependence of K┴θ 
(inherent asymmetric modulation) dominate geometric 
effects between θ = 55° and θ = 125° but only inside the 
TS in the A > 0 cycle, while in the A < 0 cycle differenc-
es in intensities together with heliosheath modulation are 
still dominated by geometric asymmetry.  
The top row of Figure 3 shows the computed radial in-
tensities at θ = 55° and θ = 125° when the enhancement 
of both K┴θ and KK r decrease as a function of r towards 
the direction of a wider heliosheath thickness and in-
crease towards a narrower heliosheath thickness as in 
panel (a) in Figure 1. The bottom row shows intensities 
obtained with the enhancement of both K┴θ and KK r in-
creasing toward a wider heliosheath and decreases to-
wards a narrower heliosheath as in panel (b) in Figure 1. 
The differences in intensities are now very large, even 
inside the TS and become notable at higher energies. 
Such large differences inside the TS are unlikely and 
should have been observed easily, which is not the case. 
This means that enhancing KK r to the extent done for this 
work is too large and should be reduced. However, a 
noteworthy result in Figure 3 is the large differences in 
the corresponding radial gradients in the heliosheath at E 
= 0.05 GeV between the two polar angles. Small radial 
gradients are obtained in the direction of increased latitu-
dinal transport while large radial gradients are obtained 
in the direction of reduced latitudinal transport of par-
ticles in the heliosheath.  
Though the assumed large latitude dependence of KK r 
seems unrealistic inside the TS, the situation in the helio-
sheath may be more complicated, owing to the alignment 
of the HMF and interstellar magnetic field at the HP, and 
may allow such large asymmetric latitudinal transport of 
particles to exist. For example, MHD modeling reveals 
the existence of an asymmetry in the magnetic structure 
between the northern and the southern hemispheres in the 
heliosheath, where the north is found to be a region with 
more magnetic islands or holes ([9]). As a result perpen-
dicular diffusion could be different in the two hemis-
pheres with larger values in the north (associated with 
small radial gradient) and smaller values in the south 
(associated with large radial gradient). Hence the latitu-
dinal dependence of perpendicular diffusion may be 
more important for understanding heliosheath modula-
tion between the two Voyager directions.  
 
 
 

4 Summary 
 
The modulation of GCR Carbon was investigated with a 
modeled heliosheath thickness with a significant depen-
dence on heliolatitude combined with an enhancement of 
K┴θ that is different in the two heliospheric hemispheres 
(meridional plane). We find that decreasing the en-
hancement of K┴θ in the direction of a wider heliosheath 
thickness while increasing it towards a narrower helio-
sheath thickness increases differences in the C intensities 
between θ = 55° and θ = 125°. But increasing the en-
hancement of K┴θ towards the direction of a wider helio-
sheath thickness and decreasing it towards a narrower 
thickness completely off sets the geometric asymmetry 
inside the TS. But only for modulation in the A > 0 cycle; 
in the A < 0 cycle geometrical effects remain dominant. 
For KK r we find that a strong latitude dependence can 
indeed produce strong modulation differences in heliola-
titude, even inside the TS. Such a scenario is more likely 
to occur in the heliosheath and can thus be important in 
explaining modulation differences between the two 
Voyager spacecraft.   
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