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Abstract: The effects on the galactic cosmic ray modulation of a Parkerfield modified by the motion of
footpoints of the magnetic field lines and the latitudinal dependent solar wind velocity are numerically
investigated. The calculation of the propagation of the galactic cosmic ray is made by solving a coupled
set of stochastic differential equations (SDE) which is equivalent to the so-called diffusion convection
partial differential equation. The three-dimensional code based on the SDE method has been developed
into the modified Parker field. We present the details of the effects of latitudinal footpoints motion on the
solar modulation of the galactic cosmic rays.

Introduction

The heliospheric magnetic field (HMF) plays an
important part in the model for the solar modula-
tion of the galactic cosmic rays. The model for
HMF by Parker [6] has been successfully used in
modulation studies, however, this model may be an
oversimplification to describe the field in the po-
lar region of the heliosphere. Recently some mod-
els of HMF have been proposed to take account of
the footpoint motion of open magnetic fields (e.g.
[3], [4]). When we adopt the footpoint velocity
u⊥ = Rssωθêθ + Rssωφêφ on the source surface
in a frame rotating with the Sun, the HMF takes the
following form

B = Bss

(

Rss

r

)2

×

(

êr −
ωθr

V
êθ −

r (Ω⊙ − ωφ) sinθ

V
êφ

)

× [1 − 2H (θ − θ′)] , (1)

wherer is the heliocentric distance,θ is the co-
latitude, Rss is the radius of the source surface,
Bss is the magnetic field strength at the source
surface, andΩ⊙ is the rotational angular velocity
of the Sun,V is the solar wind velocity, H is the
Heaviside function, andθ′ is the co-latitude of the
heliospheric current sheet. Note that this equation
can be applicable only for a constant solar wind ve-
locity V . The solar wind velocity has a latitudinal

dependence, especially near at the solar minimum
phase. Schwadron and McComas [7] studied the
effect of the latitudinal dependent solar wind on
the HMF (eq.1) and the cosmic ray acceleration at
the termination shock. Burger and Sello [2] calcu-
lated the latitudinal gradient of the galactic cosmic
rays by adopting a simple two-dimensional HMF
which takes account of the latitudinal dependent
solar wind velocity. The direction of the latitu-
dinal footpoint motion affects the structure of the
HMF in the region where the solar wind velocity
changes significantly with latitude. We have nu-
merically investigated the solar modulation of the
galactic cosmic rays by the same HMF assumed
by Burger and Sello [2]. We present details of the
effects of the direction of the latitudinal footpoint
motion on the solar modulation of the galactic cos-
mic rays.

Numerical models

Transport of the galactic cosmic rays in the he-
liosphere is described by the so-called diffusion
convection partial differential equation. This dif-
fusion convection equation is equivalent to a cou-
pled set of stochastic differential equations (SDE)
[8, 9]. This SDE method allows us to get some
information about the solar modulation phenom-
ena of the galactic cosmic ray not obtained by the
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other numerical methods, such as the distributions
of arrival time, energy lost, and trajectory. The
stochastic numerical code adapted for the wavy he-
liospheric current sheet in the standard Parker field
has been developed by Miyake and Yanagita [5].
We have developed this three-dimensional code
based on the SDE method into a Parker field modi-
fied by the latitudinal footpoint motion and the lat-
itudinal dependent solar wind velocity. The SDE
equivalent to the diffusion convection partial dif-
ferential equation is written as

dX = (∇ · κ − V(θ) − Vd) dt
+

∑

s σsdWs(t) ,

dP = 1

3
P (∇ · V(θ)) dt ,

(2)

where X and P are the position and the mo-
mentum of the particle,V(θ) is the solar wind
velocity which has a latitudinal dependence,Vd

is the gradient-curvature drift velocity,κ is the
diffusion coefficient tensor,

∑

s σµ
s σν

s = 2κµν ,
anddWs is a Wiener process given by the Gaus-
sian distribution. We adoptedκ‖ = 1.5 ×
1021β(p/(1GeV/c))(Be/B) cm2/s and κ⊥ =
0.05κ‖. We have used the “drift velocity field
method” [1] for the calculation of drift in the helio-
spheric current sheet. We investigated a case of the
tilt angle of the heliospheric current sheetα fixed
at10◦.

In our simulation, particles start at 1 AU on the
equatorial plane and run backward in time until
they exit the heliospheric boundary, 90 AU. The
momentum spectrumfX(p) at arbitrary positionX
is written as a convolution of the spectrumfX0

(p0)
at the heliospheric boundary with the normalized
transition probabilityF (p0,X0|p,X) obtained by
our SDE method as

fX(p) =

∫

fX0
(p0)F (p0,X0|p,X)dp0 . (3)

Here the spectrum at the boundary isfX0
(p0) ∝

(m2c4 + p0
2c2)−1.85/p0 which is assumed to be

uniform at the heliospheric boundary.

We adopted the simplified model of HMF which is
assumed by Burger and Sello [2] and takes account
of the footpoint motion of open magnetic fields and

Figure 1: The solar wind velocity profile used in
this study.

Figure 2: (a) The effect of the solar wind velocity
profile shown in Figure 1 on the HMF strength at 1
AU whererp×dV/dθ ≤ 0.; (b) Same as (a) where
rp × dV/dθ ≥ 0.

the latitudinal dependent solar wind velocity,

B = Bss

(

Rss

r

)2

× [

(

1 −
rp

4V (θ)

dV (θ)

dθ

)

êr

−
rΩ⊙sinθ

V (θ)
êφ] ,

(4)

where rp is a dimensionless constant. Figure 1
shows the solar wind velocity profile used in this
study. We assumed the solar wind velocity depends
only on θ. Figure 2.a shows the effect of the so-
lar wind velocity profile shown in Figure 1 on the
HMF strength at 1 AU whererp × dV/dθ ≤ 0.
The solid line indicates the HMF strength where
the absolute value ofrp is 4. The dotted line indi-
cates the HMF strength whererp = 0, namely for
the standard Parker field. Figure 2.b is the same as
Figure 2.a forrp × dV/dθ ≥ 0. While the differ-
ence of the HMF from the standard Parker model
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Figure 3: The latitudinal dependence of the 1 GeV
proton intensities at 1 AU whererp × dV/dθ ≤ 0.
The intensity is normalized to the intensity at the
heliospheric boundary. The solid line indicates the
intensities where the absolute value ofrp is 4. The
dotted line indicates the intensities whererp = 0.

for both cases is localized in the region where the
solar wind velocity changes significantly with lat-
itude, the feature of the difference is quite differ-
ent qualitatively between Fig 2.a and b. These dif-
ferences would affect the solar modulation of the
galactic cosmic rays. We have numerically investi-
gated the effect of these differences on the modu-
lation of the galactic cosmic rays.

Results and Conclusions

Figure 3 shows the latitudinal dependence of the
1 GeV proton intensities at 1 AU whererp ×
dV/dθ ≤ 0 for both signs of the magnetic polar-
ity qA. The intensity is normalized to the intensity
at the heliospheric boundary. The solid line indi-
cates the intensities where the absolute value ofrp

is 4. The dotted line indicates the intensities where
rp = 0, namely for the standard Parker field. Fig-
ure 4 is the same as Figure 3 forrp × dV/dθ ≥ 0.
In Figure 3, the intensities for the modified Parker
field where|rp| = 4 is lower than the intensities
for the standard Parker field, especially in the re-
gion where the solar wind velocity changes signif-
icantly with latitude. This tendency comes from

Figure 4: Same as Figure 3 butrp × dV/dθ ≥ 0.

the dependence of the diffusion mean free path and
the drift scale on the HMF strength. In our simula-
tion, the diffusion coefficient and the drift scale are
inversely proportional to the HMF strength. Ac-
cordingly it is difficult for the galactic cosmic rays
to access to the region where the HMF strength is
relatively high, i.e. in the region where the solar
wind velocity changes significantly with latitude.
As seen in Figure 3, this tendency is opposite to
the results by Burger and Sello [2]. This contra-
diction in the results between Burger and Sello [2]
and ours may come from the difference in the as-
sumption of the dependence of the diffusion coef-
ficient on the HMF strength. Burger and Sello [2]
adopted a model the parallel mean free path of the
diffusion is proportional toB5/3 at low rigidities
and is independent ofB at high rigidities. There-
fore the different latitudinal dependence may re-
sult in for the case ofrp × dV/dθ ≤ 0. Fig 4
shows the same results shown in Fig 3 for the case
of rp × dV/dθ ≥ 0. The intensities in the region
where the HMF strength is modified differ from
those predicted for the case of the standard Parker
model including the direction of the change.

Although the local drift patterns change near at the
region where the solar wind velocity changes sig-
nificantly with latitude, the global drift pattern has
the same tendency as the pattern for the standard
Parker field. For the positive polarityqA > 0,
the galactic cosmic rays drift from the polar re-
gion towards the heliospheric current sheet, and
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outward along the heliospheric current sheet. In
contrast, for the negative polarityqA < 0, the di-
rection of the drift is opposite to the caseqA >
0. This is the reason for the decrease (increase)
in the intensities for the modified Parker field at
higher co-latitude than the region where the solar
wind velocity changes significantly with latitude
for qA > 0 and at lower co-latitude forqA < 0
whenrp × dV/dθ ≤ 0 (≥ 0).
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