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The Picard code for the numerical solution of the cosmic ray propagation problem is optimised to
incorporate the complexity of the 3D structure of our Galaxy down to decaparsec scales. Picard
was used to investigate the impact of anisotropic cosmic-ray diffusion on the Galactic cosmic-ray
flux distribution. We discuss different magnetic-field models for our Galaxy in the context of
a cosmic-ray source distribution aligned with the Galactic spiral arms. With the resulting sets
of transport parameters, that can reproduce cosmic-ray observations at Earth for the different
magnetic field models, we find restrictions for the spatial diffusion tensor. We show that related
variations in the diffusive coupling to the Galactic halo can lead to changes in the cosmic-ray
gradients. The most severe changes are found in the Galactic centre where a modification in the
magnetic-field topology can change the cosmic-ray proton flux by more than a factor of two.
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1. Introduction

The discovery of cosmic rays dates back more than 100 years, with current research being
principally devided into three major fields: heliospheric, Galactic, and extragalactic cosmic rays.
Of these only heliospheric cosmic rays offer the possibility to obtain simultaneous observations at
different locations within the heliosphere, leading to tight constraints for the related propagation
models. In the case of Galactic cosmic rays, direct observations are only possible at a single point
in space and also in time. Some information about the spatial distribution of cosmic rays in the
Galaxy, can only be inferred indirectly from observation of photons generated by interactions of
cosmic rays with the Galactic environment, i.e. synchrotron and gamma-ray emission (see [24; 1]).
This is part of the reason why numerical modelling of cosmic-ray transport is more advanced for
the heliosphere than for Galactic cosmic rays.

For Galactic cosmic-ray transport modelling the transition from simplified axisymmetric mod-
els to those that allow a fully three-dimensional variation of all transport parameters has just begun
recently (see [12; 15; 22; 31; 21]). This reflects the important impact of the three-dimensional
structure of our Galaxy, becoming relevant because of the interaction between the cosmic rays and
the interstellar medium. Here, the most obvious is the source distribution of the cosmic-rays (see,
e.g. [12; 8; 22; 31]) and the distribution of interstellar matter relevant for energy losses, spallation
processes and different gamma-ray production channels (see [28; 1]).

One aspect that is still often neglected in models of Galactic cosmic ray transport is the in-
fluence of the magnetic field. While it is certainly acknowledged in the production of synchrotron
emission [24] and corresponding energy losses it is also the magnetic field that is essential in pro-
ducing the effect of diffusive transport. Basic theory states that diffusion should be anisotropic with
regard to the direction of the magnetic field [19; 26]. For the heliosphere it was found that parallel
and perpendicular diffusion indeed need to vary independently to allow a reproduction of observa-
tions – especially at different heliographic latitudes [25]. For Galactic cosmic rays spatial diffusion
has largely been assumed to be isotropic and position independent [28]. The few notable exceptions
discussed the impact of spatially variable diffusion [13; 17] and also of spatially anisotropic diffu-
sion [12]. The latter study found a strong impact of anisotropic diffusion on the spatial variation of
the Galactic cosmic-ray flux. Here, we will also investigate the case of anisotropic diffusion, but
with a focus on different structures for the Galactic magnetic field.

2. Model Description

In our numerical modelling efforts, we solve the Galactic cosmic-ray transport equation

∂ ji
∂ t

=q(~r, p)+∇ · (D∇ ji−~u ji)+
∂

∂ p
p2Dpp

∂

∂ p
1
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ji−
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ji

for each cosmic-ray species i using the propagation code PICARD [20]. Here, ji is the cosmic-ray
flux for species i, q is the source distribution, D is the energy-dependent tensor of spatial diffusion,
~u is the advection velocity, Dpp is the momentum diffusion coefficient, ṗ represents all energy
losses, and τ f and τr are the timescales for fragmentation and radioactive decay, respectively.
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To model the cosmic-ray sources we use a distribution function peaking at the presumed po-
sition of the Galactic spiral arms within a model of a four-arm galaxy taken from [27] (for details
on our implementation see [21]). Here, we start from a set a propagation parameters that was
adapted to reproduce cosmic-ray observations at Earth for spatially constant, isotropic diffusion in
the context of such a spiral-arm source distribution model. The diffusion tensor in that model is:

D = D01̂ with D0 = D̃0β

(
ρ

ρ0

)δ

(2.2)

with 1̂ the unit matrix, D̃0 = 6.5 · 1024 m2s−1, δ = 0.33 and the reference rigidity ρ0 = 4 GV. In
this study we use~u = 0. All other relevant parameters can be found in [21]. In all models discussed
here the transport equation was solved for all nuclei up to Silicon, with a focus on low mass nuclei
up to Nitrogen. The solution was computed on a Cartesian mesh with extent x,y = −20 . . .20 kpc
and z = −4 . . .4 kpc using 257 grid points in x and y and 65 in z. We consider energies from 0.01
up to 106 GeV, where we cover the range with 127 logarithmically distributed grid points.

2.1 The Diffusion Tensor

In the following we focus on the impact of a non-isotropic spatial diffusion. In that case we
assume the diffusion tensor to have the shape:

D =

D‖ 0 0
0 D⊥ 0
0 0 D⊥

 (2.3)

in the local coordinate system of the magnetic field, with the field pointing in the x-direction. A
magnetic field pointing in the arbitrary direction ~n then implies a general diffusion tensor: with
components

Dxx = D‖ cos2
θ sin2

φ +D⊥
(
cos2

φ + sin2
θ sin2

φ
)

(2.4)

Dyy = D‖ cos2
θ cos2

φ +D⊥
(
sin2

φ + sin2
θ cos2

φ
)

Dzz = D‖ sin2
θ +D⊥ cos2

θ Dxy =
(
D⊥−D‖

)
cos2

θ sinφ cosφ

Dxz =
(
D⊥−D‖

)
sinθ cosθ sinφ Dyz =

(
D⊥−D‖

)
sinθ cosθ cosφ .

where θ is the angle between ~B and the Cartesian z-direction and φ is the angle between the
projection of −~B on the xy-plane and the Cartesian x-direction. In the following, we assume two
different models for the magnetic field. The first model uses a magnetic field with Bz = 0, and
correspondingly θ = 90◦, with field lines along spiral arms with a pitch-angle α = 14.17◦. The
second one uses a physically motivated magnetic field structure also featuring a magnetic field
component in the vertical direction.

Observations revealed that several external Galaxies show a prominent X-shape for the mag-
netic field perpendicular to the Galactic plane [18]. These are thought to be related to the galactic
wind outflows. [14] introduced a range of analytical magnetic field models that have the potential
to reproduce the corresponding observations in the radio regime. For this the authors combined
a spiral-arm magnetic-field model in the Galactic plane with an X-shape structure in the vertical
direction. Here, we use their model Dd presumably being the most realistic of the given models.
For an illustration of the field structure within the numerical domain used in this study see Fig. 1.
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Figure 1: Illustration of the Galactic magnetic field model taken from [14] and described in Sec. 2.1. Field
lines in the Galactic plane are shown in black. Additionally, magnetic field lines connecting to the upper or
lower boundary of the numerical domain are shown. These are conneted to the boundary of the domain at
1 kpc (cyan), 5 kpc (green), 10 kpc (blue), and 15 kpc (red). The vertical dimension is stretched by a factor
of 2 to aid visibility.

3. Results

In all our models with anisotropic diffusion we use a ratio of parallel to perpendicular diffusion
of 10. For spiral arm magnetic field models, we distinguish between a low-diffusion model with
D‖ = D0 and D⊥ = D0/10 and a high-diffusion model with D‖ = 10D0 and D⊥ = D0. Compared
to a model with isotropic diffusion, the low diffusion model shows more pronounced spiral arms
due to the decreased diffusion perpendicular to the spiral arms, i.e. gradients in the direction
perpendicular to the spiral arms have become distinctively steeper. This is the same behaviour as
was also observed and extensively investigated by [12]. In contrast to those authors we also took
re-acceleration, i.e. momentum diffusion, into account in order to find a good correspondence to
the relevant cosmic-ray observations. In our case the decrease in perpendicular diffusion leads to
significant changes to the proton spectrum as compared to the one with isotropic diffusion (see
Fig. 2 on the left). Corresponding secondary to primary ratios are also found to be in disagreement
with the data for the low diffusion model. Thus, by simply reducing the perpendicular diffusion the
simulation results do not agree with observations anymore.

Results computed with the high-diffusion mode are in agreement with the data at a similar
level as the isotropic model, for which the propagation parameters were initially adapted. This
is to be expected because spatial diffusion perpendicular the spiral arms is the same as for the
isotropic diffusion model. Along the spiral arms the gradients in the source distribution are rather
small. Thus, an increased diffusion along this direction only leads to small changes in the resulting
cosmic-ray flux. This also shows that this is the only model with a simple spiral-arm magnetic field
geometry that is compatible with the data. In such a magnetic-field geometry anisotropic diffusion
does not lead to significant changes in the cosmic-ray flux anywhere in the Galaxy.
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Figure 2: Predicted cosmic-ray flux at the nominal position of Earth. On the left the total proton flux (using
a modulation potential of 450 MV) is shown for a model with a spiral-arm magnetic field. On the right the
B/C ratio is shown for our model with an X-shape magnetic field, where we used a modulation potential of
350 MV. Proton data are taken from [7] (AMS-01), [30] (BESS), [9] (CAPRICE), and [2] (Pamela). B/C
data are taken from [11] and [23] (ACE), [4] (AMS-1), [5] (AMS-2), [6] (CREAM), and [3] (Pamela).

This is different, when considering a magnetic-field model with Bz 6= 0. For the field Dd from
[14] (see Sec. 2.1) it is possible to find agreement with the data for rather different propagation
parameters than in the isotropic diffusion case as shown on the right in Fig. 2. In producing these
results for B/C, the following propagation parameters were adapted: D̃0 = 2.1 · 1024 m2 s−2 and
vA = 3 ·104 m s−1, where D‖ = 10D0 and D⊥ = D0 in this case.

This magnetic-field model has a distinct impact on the spatial distribution of the cosmic rays,
illustrated by the distribution of 12C for an energy of∼ 1G̃eV in Fig. 3. In this case the structure of
the spiral arms becomes more pronounced, also leading to larger gradients in secondary-to-primary
ratios as discussed in [21]. In the direction vertical to the Galactic plane the X-shape magnetic
field obviously introduces additional structure to the cosmic-ray distribution. Especially in the
Galactic center the cosmic-ray flux is considerably reduced, up to a factor of 2.5 for secondaries, as
compared to models with isotropic diffusion. This is caused by the structure of the magnetic field,
that bends away from the Galactic center. The effect is particularly strong here, since the sources
in the current model are restricted to the spiral arms and sources in the Galactic center, e.g. related
to a Galactic bar, are not taken into account.

4. Discussion

We investigated the impact of anisotropic diffusion on the transport of Galactic cosmic rays,
where diffusion was higher along the local magnetic-field direction. In our model the ratio of
parallel to perpendicular diffusion was set to 10 without any energy dependence. With this we
modelled transport for a galaxy with a spiral shaped magnetic field structure without a vertical
component of the magnetic field and for a galaxy with a spiral-shape magnetic field model together
with an X-shape halo magnetic field.

In the former model we found that the only setup compatible with observational data is an
increased diffusion along the magnetic field, when a cosmic-ray source distribution peaking at the
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Figure 3: Propagation results for the ∼1 GeV per nucleon 12C flux in the Galactic plane (top) and the x− z
plane (bottom). On the left results are shown for isotropic diffusion and on the right for anisotropic diffusion
along an X-shape magnetic-field model.

Galactic spiral arms is assumed. This, however, produces only negligible changes to the cosmic-
ray flux throughout the model galaxy. The impact of anisotropic diffusion, however, would become
more prominent, when using individual localised sources instead of a smooth source distribution.
This is a task that can be tackled with the PICARD code in the future, because of its capability to
solve the transport equation in a high-resolution 3D setup.

In contrast, the X-shape model shows distinct changes in the resulting cosmic-ray flux. Repro-
ducing the cosmic-ray flux observed at Earth requires a corresponding change in the propagation
parameters, where D⊥ < Diso

0 < D‖, with Diso
0 the strength of diffusion in the isotropic model,

because the diffusion in the vertical direction, that critically determines the cosmic-ray flux near
Earth, is determined by parallel and perpendicular diffusion in this model. This situation changes
near the Galactic center, where field lines are nearly vertical. This leads to a lower flux in the
Galactic center, underlining the special role of the Galactic-center transport also discussed in mod-
elling efforts of the Galactic-center gamma-ray excess (see. e.g. [10; 16]. The increased diffusion
vertical to the Galactic plane also might help to explain the origin of the Fermi bubbles, large-scale
structures of increased gamma-ray flux above and below the Galactic enter [29]. In conclusion, a
re-evaluation of this excess in the context of these anisotropic diffusion models becomes necessary.
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