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Cosmic ray modulation along Voyager 1 and 2 trajectories
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Abstract: Recent theoretical advances in cosmic ray transport parameters are incorporated into our 2D time-dependent
modulation model which numerically solve the Parker (1965) transport equation. The model results are then compared
to 133-242 MeV proton observations from Voyager 1 and 2 spacecraft for compatibility. In order to predict cosmic ray
intensities we extrapolate the tilt angle, magnetic field magnitude and magnetic variance from 2010 onwards. The model
indicate a possible asymmetric heliosphere and also that Voyager 1 is close to the heliopause with a steady increase in
intensities to be observed. This is not the case for Voyager 2 which is still under the influence of the solar cycle related
changes because of the large modulation volume between the heliopause and the spacecraft.
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1 Introduction

A two-dimensional (2D) time-dependent modulation
model is used to simulate cosmic ray (CR) modulation
along the Voyager 1 and 2 trajectories up to the heliopause
(HP). Recent theories on the transport parameters by [4],
[10], [11] and [12] are implemented in the model and
introduced in a new approach where the measured mag-
netic field magnitude, variance and tilt angle are trans-
ported from Earth into the heliosphere to provide a time-
dependence for the transport parameters. This new ap-
proach compute realistic CR modulation at Earth and along
both the Voyager trajectories when compared to the space-
craft observations. To predict the CR intensities along Voy-
ager trajectories, the heliospheric magnetic field (HMF)
magnitude, variance and tilt angle are extrapolated from
2010 onward until both Voyagers reach the HP. The model
results show that the CR intensity along Voyager 1 trajec-
tory should increase at a constant rate until the spacecraft
reaches the HP because of its proximity from the HP. How-
ever, the CR intensities along Voyager 2 trajectory are still
under the influence of the solar cycle due to the large mod-
ulation volume left between the spacecraft and the HP. Also
model computation shows a heliospheric asymmetry when
the same set of transport parameters are assumed in the he-
liospheric north and south hemispheres. Recent theoretical
work done by [6] and [8] indeed suggests a possible asym-
metry in the two hemispheres due to an external pressure
resulting from the interstellar magnetic field. The alterna-
tive would be to assume a different set of transport param-
eters in the two hemispheres in order to compute compati-
bility with observations (see also [5]).

2 Model and results

Our 2D time-dependent modulation model is based on the
numerical solution of the Parker transport equation [7].
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Here t is the time, �V is the solar wind velocity, 〈 �vD〉 the
pitch angle averaged guiding center drift velocity for a near
isotropic distribution function f , KS is the isotropic diffu-
sion tensor, P is rigidity and Q is any particle source in-
side the heliosphere. This equation is solved numerically
in terms of t and P in two-dimensional space (r, θ) with r
radial distance and θ polar angle.
The recent theoretical advances in transport parameters
by [4], [10], [11] and [12] are incorporated into our
time-dependent transport model to simulate the time-
dependence for the transport parameters. The magnetic
field magnitude B, magnetic field variance δB2 and tilt
angle are transported from Earth into the outer helio-
sphere resulting in a time-dependence for the diffusion pa-
rameters. The magnetic field variance δB2, was calcu-
lated using the OMNI magnetic field observations (from
http://cohoweb.gsfc.nasa.gov). The observed hourly aver-
ages of the total field magnitude were binned in 1 year in-
tervals, and then the statistical variance in each interval was
calculated.
The time dependence for K||, the diffusion coefficient par-
allel to the HMF, is attained from an expression for parallel
free mean path λ|| for protons given by [12] and since we
consider only the influence of time varying quantities B
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Figure 1: Proton observations (symbols) are shown as a function of time for Voyager 1, Voyager 2, IMP 8 and Ulysses.
Also shown are the model results at Earth and along the Voyager 1 and 2 trajectories.

and δB2 on λ||, we approximate the complicated equation
by assuming that (see also [2])
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(

1

δB

)2

, (2)

The time dependence (f2(t) ) of K|| is then given by

f2(t) = C4
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)2

(3)

where C4 is a constant in units of (nT)2

And for f3(t) the time dependence of perpendicular diffu-
sion coefficients we approximate the expression for λ⊥ as
given by [10] by assuming
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and so,
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where C5 a constant in units of (nT)2/3.
To compute realistic charge-sign dependent modulation
over a solar cycle, a time dependence for the drift co-
efficient KA is constructed from the recent theoretical
work done by [4], where KA is scaled with respect to
δB. We scale KA with respect to tilt angle α (from

http://wso.stanford.edu) instead of δB. Note that both δB
and α are a measure of solar activity.
Also we use the proton local interstellar spectra (LIS) by
[1] at the HP, assuming that no modulation occurs beyond
the HP.
Figure 1 shows the model results of 2.5 GV proton at
Earth and along Voyager 1 & 2 trajectory compared to
IMP 8 (from http://astro.nmsu.edu), Ulysses (Heber pri-
vate communication), Voyager 1 and Voyager 2 (from
http://voyager.gsfc.nasa.gov) observations for compatibil-
ity. The CR proton observations with kinetic energy E >
70 MeV are contaminated in the outer heliosphere by
anomalous CRs so we show only model results in the in-
ner heliosphere for this energy but for the outer heliosphere
we use 133–242 MeV observations to compare with model
results (see [3]). The figure shows that using the recent the-
ories the model successfully simulated long-term CR mod-
ulation in the heliosphere at Earth and along both Voyager
trajectories on a global scale.
For the period ∼1986–1989 during A<0 polarity cycle,
protons drift in along the heliospheric current sheet. In this
period Voyager 2 stayed close to the heliospheric equato-
rial region and a higher intensity is measured compared to
Voyager 1 which were at higher latitudes. From the period
∼1992–2001 Voyager 1 measured higher intensities com-
pared to Voyager 2. The model results in Figure 1 show
that observations for these periods can successfully be re-
produced by the model on a global scale.
In order to predict CR intensity along the Voyager trajecto-
ries we extrapolate the magnetic field magnitude, variance
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Figure 2: Proton observations (symbols) are shown as a function of time for spacecraft Voyager 1 in comparison with
model results along the Voyager 1 trajectory for different scenarios.

and tilt angle from 2010 onwards up to the time to reach
the HP. Scenario 1 (solid line) given in Figure 2 is assumed
to be the best fit result along Voyager 1 trajectory with HP
at 122 AU (7 AU to HP from the last observation). The
predicted intensities from ∼2010.8 indicate that Voyager 1
should measure on average a steady increase in intensity
implying a constant radial gradient based on a significant
increase in intensities from current values up to the HP.
For scenario 2, shown by dashed line, the assumed LIS is
decreased by 30% but with the same modulation boundary
assumed as for scenario 1. When compared to the obser-
vations the calculated intensities are now below observa-
tions. This indicate that the LIS may indeed be higher, or
the assumed parameters in our model need adjustment. To
increase the intensities in the inner heliosheath, one can ei-
ther increase the magnitude of the diffusion coefficients in
this region or decrease the assumed modulation boundary.
The latter is shown as scenario 3 (dotted line). Here the HP
was decreased to ∼118 AU and again realistic modulation
is computed in this region. Note the distance from the last
available observation in ∼2010.8 to the boundary for this
scenario is ∼3 AU, not ∼7 AU as for scenario 1. Scenario
3 is almost similar to scenario 1, except that the modulation
amplitude over a solar cycle is slightly smaller due to the
smaller modulation volume that the CRs experience.
Scenario 4, shown by dash-dotted line, corresponds to the
assumed LIS decreased by 30% compared to scenario 1. To

obtain a compatible result, the diffusion coefficients have
to be increased. Concluding from scenarios 3 and 4 is that
within the limitations of this model one cannot learn more
about the expected value of the LIS at this energy without
knowing the exact location of the HP and value of trans-
port parameters. However, calculations (scenarios 1 and 3)
suggest that the present radial gradient inferred from the
measured CR intensities by Voyager 1 should continue up
to the instance when Voyager 1 reaches the local interstel-
lar medium and the true LIS can be measured providing
that no modulation occurs in the outer heliosheath. This
steady increase in intensities may not be necessarily true
for Voyager 2 which is discussed next.
Figure 3 is similar to Figure 2 except that the model results
are compared to Voyager 2 observations. We start the dis-
cussion of Figure 3 with scenario 1, shown by the solid line,
for which all parameters were kept the same as for scenario
1 in Figure 2. Shown here is that for the Voyager 2 com-
parison, and assuming the exact same set of parameters, the
model results in intensities lower than what are observed.
From a thorough parameter study e.g. changing the magni-
tude, radial and latitudinal dependence of the different dif-
fusion coefficients, the magnitude of the drift coefficient,
increasing and decreasing the assumed LIS etc. we came
to the conclusion that it is not possible to fit both Voyager
1 and Voyager 2 observations with the same detail using
exactly the same set of parameters in both hemispheres.
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Recent theoretical work done by [6] and [8] suggests a
possible asymmetry between the two hemispheres of the
heliosphere due to an external pressure resulting from the
interstellar magnetic field. Note that asymmetries in in-
ternal pressure can also possibly be responsible for such
an asymmetry. Results are not shown here, but we men-
tion that Voyager 1 and 2 observations could be fitted si-
multaneously assuming the same modulation boundary in
both hemispheres but then different transport parameters
are needed in different hemispheres. However we rather
use the same set of transport parameters in both hemi-
spheres but assume an asymmetry in the modulation vol-
ume as suggested above. Therefore we decrease the modu-
lation boundary to ∼111 AU. Results along Voyager 2 tra-
jectory are shown by the dashed line in Figure 3, now with
the boundary ∼11 AU less compared to scenario 1. Sce-
nario 2 produces an improved compatibility with the ob-
servations, except for the extreme solar maximum periods
where the model needs some form of merging of the prop-
agated values from Earth ([2], [9]).
Important to note in Figure 3 is the difference in intensity
profiles predicted by the model up to the HP compared to
Voyager 1. Shown here is that while for Voyager 1 one
would expect intensities increasing by a constant rate up to
the boundary, as shown in Figure 2 (scenarios 1 and 3),
along the Voyager 2 trajectory one can expect a signifi-
cant difference up to ∼2013, because of the large distance
between this spacecraft and the HP. While we assume a
smaller modulation boundary (∼111 AU) for the Voyager
2 calculations shown in Figure 3 (scenario 2), this space-
craft is still∼17 AU away from the assumed HP, enough to
show modulation effects due to the solar cycle. The Voy-
ager 2 spacecraft should measure almost a constant (or de-
creasing) intensity for a few years (up to ∼2013), where
after a sharp increase is predicted when it is nearing the
boundary, similar to what Voyager 1 now observes.

3 Conclusions

Recent theoretical advances in transport parameters are in-
troduced into our time-dependent transport model which
successfully reproduced CR intensities at Earth and along
the Voyager 1 and Voyager 2 trajectories. The magnetic
field magnitude, variance and the tilt angle are transported
from Earth into the outer heliosphere to describe the time-
dependence in the transport parameters. This new approach
to compound modelling successfully computed CR intensi-
ties on a global scale when compared to the spacecraft ob-
servations. The model results showed that if the same set
of transport parameters is assumed in the north and south
heliospheric hemispheres then a north-south asymmetry is
required to fit the observations. Also the result showed that
Voyager 1 is close to the HP and a steady increase in CR in-
tensities are expected. However, along Voyager 2, solar cy-
cle related changes in CR intensity is still observed because
of the large modulation volume between the spacecraft and
the HP. From this we conclude that Voyager 2 should still

Figure 3: Two computed scenarios are compared to obser-
vations along the Voyager 2 trajectory.

measure some temporal effects (modulation) for the next
few years which should disappear and be replaced by spa-
tial effects (with the radial gradient along Voyager 2 gener-
ally similar to Voyager 1) when Voyager 2 is significantly
closer to the boundary.
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