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Abstract: With the Voyager 1 (V1) crossing of the heliopause (HP) believed to happen soon, this paper tries
to answer the question: Are galactic cosmic rays (GCRs) modulated beyond the HP? Using a newly developed
hybrid GCR modulation model, where the resulting heliospheric geometry and plasma flow fields from a 3D
MHD model are coupled to a stochastic differential equation(SDE) based transport model, the modulation of
GCRs beyond the HP is studied. We find that a considerable amount of modulation may occur beyond the HP and
that, based on the assumed transport parameters, V1 may not measure the pristine LIS for GCRs soon. Moreover,
we show that modulation beyond the HP is dependent on the modulation conditions inside the HP because of the
GCRs ability to cross the HP multiple times. Due to the draping of the interstellar magnetic field lines along the
HP, modulation beyond the HP is determined by the ratio of parallel to perpendicular diffusion.
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1 Introduction
The Voyager 1 (V1) spacecraft will cross the heliopause
(HP) in the near future and sample, for the first time, the in-
terstellar medium (ISM)in situ. Some evidence from parti-
cle observations suggest that V1 may have already crossed
the HP [1], although some authors, e.g. [2], dispute this
claim. Plasma observations suggest that V1 is currently in
a HP transition region, called theheliocliff [3]. Although
the HP separates the solar wind and interstellar plasmas,
the Sun’s influence extends beyond the HP by disturbing
the interstellar medium (ISM) upstream of the HP, forming
the outer heliosheath. Recently, [4] have shown that galac-
tic cosmic ray (CR) modulation could also extend well be-
yond the HP (see also [5]). The consequence is that V1
may not measure the pristine local interstellar spectrum
(LIS) of galactic CRs at the HP, but would rather continue
to measure a small positive CR gradient well beyond the
HP. We further investigate this topic by introducing and ap-
plying a newly developed hybrid CR transport model. In
this approach, the relevant CR transport equation (TPE) is
solved using a magneto-hydrodynamic (MHD) simulated
heliosphere and a disturbed local ISM. Results from this
work is presented by [6].

2 A hybrid cosmic ray modulation model
The 3D MHD model of [7] is used to generate the local
heliospheric plasma environment on a cubical grid with
volume of(800 AU)3. The interstellar magnetic field is as-
sumed to be inclined 45◦ with respect to interstellar inflow
direction (in both the meridional and ecliptic planes) and
have an undisturbed magnitude of|~B| = 3 µG. This as-
sumption is in line with the inferred orientation of the in-
terstellar magnetic field (ISMF) as inferred through IBEX
results [8, 9]. It should be noted that the focus of the
present work is on CR transport and that, for this first ap-
proach, thebasicMHD model used here is not meant to
rival the more complex models of e.g. [10]. The main mag-

Fig. 1: The modelled|~B| in a meridional plane of the helio-
sphere as a contour plot. The ISM moves towards the right
in the rest frame of the Sun, located at the origin. The tra-
jectories of the Voyager 1 and 2 spacecraft are projected
onto the same plane.
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Fig. 2: The left panel shows different assumptions ofλ|| at an energy of 100 MeV along the V1 trajectory. The TS and HP
positions are indicated by the vertical grey lines. The right panel shows the resulting CR proton differential intensity.

Fig. 3: The shaded surface shows the HP, coloured accord-
ing to the magnetic pressure (on a logarithmic and inverted
colour scale with red indicating lower values). The green
and red lines shows the ISMF and interstellar plasma flow
respectively.

netic field features of these more complex MHD models
are, however, still reflected in the results from the simpler
approach adopted here.

Fig. 1 shows the modelled heliospheric environment
in terms of |~B| in a meridional plane of the heliosphere.
The resulting modelled geometry is similar to that of [11]
and [12], with the ISMF compressing the heliosphere’s
southern hemisphere. Fig. 3 shows the modelled HP as a
surface, coloured according to the magnetic pressure, with
the green and red lines showing the ISMF and interstellar
plasma flow respectively. It is clear that the magnetic pres-
sure is highest in the southern heliospheric regions, lead-
ing to the north-south heliospheric asymmetry. Note that,
close to the HP, the ISMF lines are draped along the HP.

The output from the MHD model serves as input to
the stochastic differential equation (SDE) based numerical
modulation model of [13]. See also [14, 15, 16]. This leads
to a more realistic magnetic field topology used to simulate
CR transport, especially in the heliosheath (and beyond)
where the solar wind becomes increasingly non-radial. De-
tails of the hybrid CR model can be found in [6]. For this
work we assume the parallel mean free path to be given by

λ|| = λ0
B0

|~B|

[

P
P0

]δ
, (1)

with P0 = 1 GV. The parameterδ determines the rigidity
dependence of the diffusion process, withδ = 1 if P> P0,
or else δ = 1/3 [17]. Similarly, B0 is a constant with
B0 = 5 nT inside the HP, whereas, in the outer heliosheath,
B0 = |~B|, so that the diffusion coefficients have no spatial
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Fig. 4: Computed CR proton energy spectra at the HP (top
two coloured curves) and at Earth (two bottom curves)
with respect to the unmodulated LIS. The red and blue
lines correspond to two different assumptions ofλ|| inside
of the HP (see Fig. 2) representing solar minimum and
maximum modulation conditions.

dependence in this region. For the perpendicular mean free
path it is assumed thatλ⊥1,2 = ηλ|| (see also [18]). The
mean free paths are related to the diffusion coefficients
throughκx = λxv/3 with v the particle speed andx refer-
ring to the different diffusion coefficients. Throughout this
work, the proton LIS of [19] is specified as an outer bound-
ary condition.

3 Model results
Results from the hybrid model are shown in Fig. 2. The left
panel shows the assumedλ|| as a function of radial distance
along the V1 trajectory, while the right panel shows the re-
sulting CR differential intensity at 100 MeV. The approx-
imate positions of the solar wind termination shock (TS)
and HP are indicated by the vertical grey lines. Results are
shown for four scenarios ofλ0 as indicated on the figure,
with η = 0.02. For scenario 1,λ0 = 0.075 AU inside the
heliosphere andλ0 = 105 AU in the outer heliosheath (for
the purposes of this work, inner heliosheath refers to the
region between the TS and the HP and outer heliosheath
to he region beyond the HP). Note thatλ0 = 105 AU gives
κ|| ≈ 1.5×1028 cm2.s−1, an oftenly used value in galactic
CR propagation models [20]. The computed CR differen-
tial flux, corresponding to scenario 1 (black circles) shows
three different modulation regions, characterized through
the radial CR intensity gradientgr : (i) Upstream of the TS

Fig. 5: The CR intensity at 100 MeV, directly at the HP,
normalized to LIS levels. The black squares are results
when λ0 in the outer heliosheath is changed, whileη =
0.02 is kept constant. The red circles show the resulting
intensity whenη is changed, whileλ0 = 105 AU is held
constant in the outer heliosphere. The grey lines show a 1%
uncertainty in the results due to the stochastic nature of the
numerical scheme, where 10 000 sample trajectories were
solved.

gr is relatively small, (ii) increasing significantly in the in-
ner heliosheath, (iii) becoming again small in the outer he-
liosheath to eventually approach zero. Note thatgr is al-
ways positive. We thus confirm the results of [4], with a
∼ 25% decrease in CR intensity in the outer heliosheath,
while contradicting the earlier suggestion made by [21]
that very little or no CR modulation should occur beyond
the HP. It is however well known that galactic CR propaga-
tion models, producing as output the different LIS, do not
take local ISM effects into account [22]. It is thus unlike-
ly that V1 will encounter the LIS just beyond the HP. Sce-
nario 2 is similar to scenario 1, except thatλ0 = 104 AU
in the outer heliosheath. A striking result is that there is no
change in the CR flux; CR modulation beyond the HP is
therefore not determined by the value of the individual d-
iffusion coefficients in this region. This effect is discussed
further below. Scenarios 3 and 4 are similar to those pre-
viously described, with the value ofλ0 inside of the HP
decreased by a factor of 2, producing a large increase in
modulation in all regions considered. This concurs with the
conclusions made by [4]: CRs are modulated in the outer
heliosheath because of their mobility across the HP, enter-
ing and exiting the regions separated by the HP multiple
times and cooled adiabatically while propagating in the su-
personic solar wind regions. If increased modulation is ex-
perienced in the inner heliosheath, more modulation will
also occur in the outer heliosheath.

In Fig. 4 energy spectra are shown at Earth and at the
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HP for two choices ofλ0 inside the HP. The blue dashed
lines correspond to the case whenλ0 is reduced by a factor
of 2 relative to those for the red curves. For this case, the
CR intensity is lower at Earth and at the HP. We consider
these two choices ofλ0 to correspond to solar minimum
(red curves) and maximum (blue curves) modulation con-
ditions. The intensity of CRs beyond the HP thus exhibits a
solar cycle dependence, with∼ 15% reduction at 100 MeV
at the HP from solar minimum to maximum conditions.

We present in Fig. 5 the curious feature that CR modula-
tion in the outer heliosheath is independent on the magni-
tude ofκ|| in this region. The results are expressed in terms
of the modulation fractionM, which is the CR intensity at
the HP (at V1’s position) normalized to the LIS value at
100 MeV. Note thatM ≤ 1, whereM = 1 corresponds to a
no-modulationscenario. Moreover, the value of 1/M gives
an indication of the level of modulation, i.e. a larger value
of 1/M indicates more modulation (lower CR intensities).
The black squares show the results whenλ0 is changed in
the hybrid model, whileη = 0.02 is kept constant. It is
clear thatM is independent of these changes. The red cir-
cles show the results whenη is changed, whileλ0 = 105

AU is kept constant. For this scenario a strong dependence
of M is found. From the MHD computations shown in the
previous section it is clear that the ISMF lines close to the
HP are draped across the HP surface, so that they are essen-
tially parallel to the HP. For CRs to enter the heliosphere
and be modulated, they thus have to diffuse perpendicular
to the ISMF lines. If they are unable to do this, no mod-
ulation will be observed in this region irrespective of the
value ofκ||. The dependence onη can be summarized as

1
M

∝ κ⊥τ. (2)

The amount of modulation should be proportional to
bothτ (the time CRs spend close to the HP) andκ⊥ (noting
again that CRs can only enter the HP by cross-field diffu-
sion). Furthermore, withτ ∝ 1/κ|| if κ⊥ ≪ κ|| [23], and
κ⊥ = ηκ||, it is found that

M ∝
1
η

(3)

which is approximately the behaviour evident in Fig. 5.

4 Summary and conclusions
A new hybrid CR modulation model is introduced, where
the TPE is solved using a MHD simulated heliospheric en-
vironment instead of assuming a pre-described simplistic
heliospheric geometry. The model is applied to CR modu-
lation beyond the HP and selected results are presented for
this short paper. The modelling results suggest that galac-
tic CR modulation continues beyond the HP, so that V1
will continue to measure a small but positive CR gradi-
ent well into the outer heliosheath. Moreover, it is shown
that CR modulation in this region may exhibit measurable
solar-cycle related changes, due to variations in CR trans-
port conditions within the HP. Due to the draping of IMF
lines across the HP, we show that CR transport beyond the
HP is described mainly by the ratio of parallel to perpen-
dicular transport.
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