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The spatial diffusion of energetic particles in a magnetic field composed of a large-scale back-
ground and a small-scale turbulent component should be expected to be anisotropic. While such
anisotropic diffusion has been known for quite a while in first-principle plasma physics and while
it is required for an understanding of the transport of cosmic rays in the heliosphere or close to
supernova remnants, only in recent years it has also become of particular interest for the modeling
of Galactic cosmic ray (GCR) transport in the Milky Way in the context of their residence time
and their (local) energy spectra. Also, the large-scale spatial distribution of GCRs is shaped by an
anisotropic diffusion in the Galactic magnetic field, which should directly affect both the diffuse
gamma-ray and the neutrino emission.
We solve the anisotropic diffusive transport of GCRs in the Milky Way using the publicly available
transport code CRPropa. The anisotropy of the diffusion is characterized by the ratio between the
diffusion coefficient perpendicular and parallel to the local magnetic field 𝜖 = 𝐷⊥/𝐷 ∥ , where we
test different values reaching from nearly parallel transport (𝜖 = 10−3) to more isotropic diffusion
(𝜖 = 10−1).
From the three dimensional distribution of GCRs in the Milky Way we calculate the all-sky gamma-
ray emission, using the line-of-sight integration framework HERMES. Finally, we demonstrate
the impact of the anisotropy in the diffusion on the spatial distribution of the gamma-ray flux and
its spectral energy distribution. It shows strong influences by the anisotropy of the diffusion and
the magnetic field geometry.
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1. Introduction

Galactic Cosmic Rays (GCRs) are accelerated at local sources in the Galaxy, travel through
interstellar space, and interact with the ambient matter and photon fields, leading to non-thermal
emission (see [1] for a review). The interactions with the ambient matter are the dominant source for
the diffuse all-sky gamma-ray emission. For a precise description of these gamma rays, a detailed
knowledge of the underlying GCR transport processes and the interaction is needed.

It has been shown that the modeling of the interaction itself leads to systematic uncertainty of
a factor ∼ 2 in the total brightness while the spectral slope is nearly unaffected [2]. In the presence
of a large-scale background magnetic field in addition to the turbulent component, the transport of
GCRs is expected to become anisotropic with respect to the background field direction [3]. This
aspect has become of particular interest in the past decade for modeling Galactic transport and its
non-thermal emission [4, 5, 7? ].

The first idea to constrain the anisotropy of the diffusion tensor with gamma ray observations in
a compact source region is presented in [8]. Here, the Central Molecular Zone (CMZ) of the Milky
Way has been modeled and compared to the gamma-ray observation by the H.E.S.S. telescope.
The anisotropy of the diffusion tensor was introduced by the ratio between the diffusion coefficient
perpendicular and parallel to the background magnetic field 𝜖 = 𝐷⊥/𝐷 ∥ . In the CMZ, the best
agreement to the observational data is achieved for nearly isotropic diffusion (𝜖 ≈ 1). In this work,
we extend this work to cover the full Milky Way and predict differences in the all-sky gamma ray
emission from the anisotropy in the diffusion tensor and the geometry of the Galactic Magnetic
Field (GMF).

2. Galactic Magnetic Field

Several attempts have been made to develop a model for the GMF. One of the first realistic
models was developed by Jansson & Farrar [9], which has been widely used in cosmic-ray physics.
The poloidal X-shape and the spiral disc component of this field model contain regions in which
the divergence constraint is violated. For this purpose, the authors of [10] proposed a smoothing to
address this problem. In the following, we refer to the solenoidal improved version as JF12.

Any GMF model is based on several assumptions, like the geometry, the distribution of thermal
and non-thermal electrons. Unger & Farrar [11] derive a set of different GMF models relying on
different assumptions, leading to a similar agreement with observation data. In Fig. 1 a set of field
lines in the edge-on and face-on view for the JF12 and the baseline model of UF23 are shown. These
GMF models show significant differences in the shape, which are expected to lead to differences
in the CR distribution considering anisotropic diffusion. In the following, we test the anisotropy of
the diffusion tensor in the UF23 baseline model. In the future, we will extend this work to include
the other GMF models as well.

3. CR transport in the Milky Way

From the observation of the GCR proton spectrum, several breaks in the power-law slope are
known [1]. Observations of the B/C ratio indicate that the break at around hundred GeV is caused by
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Figure 1: Fieldlines in the solenoidal version of the JF12 field (left panel) [10] and the baseline model of
UF23 (right pannel) [11] in a face-on and edge-on view.

the diffusion of GCRs, which can be explained by the streaming instability, where GCRs scatter on
waves excited by themselves [12]. In a one-dimensional approximation, the coupled wave-spectrum
and GCR distribution can be derived, and the effective diffusion coefficient can be extracted, where
its energy dependence is described by a broken power-law

𝐷 ∥ (𝐸) = 𝐷0

(
𝐸

𝐸𝑏𝑟

)𝛾1 (
1 +

(
𝐸

𝐸𝑏𝑟

)𝛾2−𝛾1 )−1

. (1)

In [13] this non-linear model was fitted to available GCR data, resulting in a break at 𝐸𝑏𝑟 =

(64.38 ± 0.11) GeV, assuming a Kolmogorov-like energy dependence above the break (𝛾1 = 0.335
and 𝛾2 = −0.321). In the following, we apply this fit to all simulations. We note that this
approximation is only valid for GCR energies ≳ 10 GeV and restrict our model to this energy range.

The one-dimensional model of the streaming instability gives access to the diffusion coefficient
parallel to the magnetic field line. To include the effect of diffusion perpendicular to the field line,
we define the anisotropy of the diffusion 𝜖 by the ratio between the perpendicular and the parallel
diffusion coefficient 𝜖 = 𝐷⊥/𝐷 ∥ . The expected value for this anisotropy depends, among others,
on the ratio between the background magnetic field 𝐵 and the turbulent component 𝑏, which is not
known for the Milky Way. Therefore, we test different scenarios 𝜖 = 10−1, 10−2, 10−3, to investigate
the impact of the anisotropic diffusion on the three-dimensional CR distribution and subsequently
on the gamma ray emission.

3.1 Modeling the CR distribution with CRPropa

To model the 3+1-dimensional distribution of GCR protons in space and energy, we use the
publicly available simulation framework CRPropa [14]. The method of Stochastic Differential
Equations (SDEs) [15] is applied to model the diffusive behavior of the GCRs. Following the idea
of [15], we calculate the steady-state solution by summing up snapshots of a burst injection. As the
escape time of GCRs varies with energy, the simulation is split into three different sets, each with
a different time resolution for the snapshots. The details about the energy range and the temporal
resolution are given in Tab. 1. The halo height is fixed to 𝐻 = 4 kpc and the extent of the disk to
𝑅 = 20 kpc. The spatial source distribution follows the pulsar distribution [16].

The simulated energy distribution is flat in log(𝐸) to achieve equal statistical uncertainties
in all logarithmic energy bins. After the simulation, the results can be reweighted to any energy
dependence of the source spectrum. From the full simulation set, all CRs within 100 pc around the
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Parameter 𝐸min [GeV] 𝐸max [GeV] time step Δ𝑇 [kpc/𝑐] maximal time 𝑇max [Gpc/𝑐]
low 10−1 102 2000 50

medium 102 105 10 1
high 105 107 1 1

Table 1: Time resolution and energy ranges for the different simulation regimes.

position of the Earth are selected to calculate the local interstellar spectrum as it would arrive at
Earth. The parameters of a smooth broken power-law in momentum

𝑄(𝑝) = 𝑄𝑜

(
𝑝

𝑝𝑏𝑟

)𝛼1
[
1 +

(
𝑝

𝑝𝑏𝑟

)𝑤−1 ] (𝛼2−𝛼1 )𝑤

(2)

are fitted for the best agreement to the observed GCR data from AMS [17], PAMELA [18],
CALET [19], [21], ISS-CREAM [20], IceCube/IceTop [22], Grapes-3 [23], and LHASSO [24].
The resulting GCR spectra for all simulated anisotropies in the diffusion are shown in Fig. 2. All
simulated anisotropies show a good agreement to the local GCR spectrum and reproduce the break
in the energy spectrum at ∼ 10 TeV as reported by [19, 21]. The fit of the local GCR data does not
constrain the anisotropy of the diffusion. The best-fit source parameters are afterwards applied to
the full dataset to calculate the GCR distribution in the Milky Way.

4. Gamma ray emission

The gamma ray emission from the hadronic interactions of the GCRs within the Milky Way is
calculated with the HERMES package [25]. It applies the line-of-sight (LOS) integration

𝐼𝛾 (𝐸𝛾 , 𝑙, 𝑏) =
∞∫

0

d𝑠 𝑛𝐻 (®𝑟)
∫

d𝐸𝑝 Φ𝑝 (𝐸𝑝, ®𝑟)
d𝜎𝑝𝑝

d𝐸𝛾

(𝐸𝑝, 𝐸𝛾) (3)

for a given direction (𝑙, 𝑏) on the sky. The spatially dependent GCR proton flux Φ𝑝 (𝐸𝑝, ®𝑟) is taken
from the CRPropa simulation discussed before. As gas distribution 𝑛𝐻 (®𝑟) the ring models provided
in the HERMES package for the atomic 𝐻𝐼 and molecular 𝐻2 hydrogen are used. The differential
production cross section d𝜎𝑝𝑝/d𝐸𝛾 from AAfrag [26] is applied.

In Fig. 3, the resulting all-sky flux at 𝐸𝛾 = 1 TeV is shown for the different anisotropies of the
CR diffusion. The general structure of the emission stays the same for all anisotropies as the gas
distribution shapes it. To illustrate the differences between these maps, the relative difference is
shown in Fig. 4.

In the more isotropic case (𝜖 = 0.1 vs 𝜖 = 0.01, left panel of Fig. 4), one can see that the
inner Galaxy the predicted flux is higher in the more isotropic diffusion scenario (red color) while
it is lower in the outer Galaxy (blue color). The geometry of the magnetic field determines this
behavior (compare Fig. 1). In the outer Galaxy, the field lines are mainly oriented within the
Galactic disc. Therefore, a strongly anisotropic diffusion will increase the confinement of CRs, and
the gamma-ray production is increased. In the inner Galaxy, more field lines are pointing away
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Figure 2: Cosmic Ray proton spectrum arriving at Earth for the optimized injection parameters. The black
lines show the different anisotropies in the diffusion. The colored data points show the observations from
[17–24]. The gray regions are excluded from the fit to avoid contamination from the knee at high energies
and due to the energy range of the diffusion approximation applied here.
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Figure 3: All-sky gamma ray emission for different anisotropies of the CR transport
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Figure 4: Ratio between the gamma ray emission shown in Fig. 3. Here, the maps are compared to the next
stronger anisotropy. Red colors indicate more gamma-ray production in the isotropic diffusion, while blue
colors show more gamma rays from the anisotropic simulation.

from the disc, leading to faster CR escape in the parallel-dominated diffusion. Therefore, the more
anisotropic diffusion (𝜖 = 10−2) leads to a deficit in produced gamma rays.

In the case of extremely anisotropic transport (𝜖 = 10−3, right panel of Fig. 4), the overall
gamma-ray emission at 1 TeV is suppressed. The GCRs are strongly confined to the magnetic field
lines and as the GCR sources are only located within the spiral arms the particles can not propagate
into the region in between. Therefore, the production of gamma-rays, which is integrated over the
full line-of-sight, is reduced. Besides the overall offset in the ratio, the spatial structure stays the
same when comparing the ratios in Fig. 4, as this is shaped by the magnetic field geometry.

To get a more quantitative comparison with the observed diffuse gamma-ray emission, we
select four different regions within the Galactic disc (|𝑏 | ≤ 5◦), two in the inner and two in the outer.
The regions are chosen to match the sky coverage of the observations by TibetAS𝛾 [28] (inner:
25◦ ≤ 𝑙 ≤ 100◦, outer: 50◦ ≤ 𝑙 ≤ 200◦), ARGO [29] and LHASSO [27] (inner: 15◦ ≤ 𝑙 ≤ 125◦,
outer: 125◦ ≤ 𝑙 ≤ 235◦). While the observations mask the point sources in their observational
window, no additional blinding is applied for the simulations. The full SED in these regions is
shown in Fig. 5. While the spectra for the outer Galaxy (right column) do not show large deviations
between the different anisotropies, the differences in the inner Galaxy are much stronger.

All predictions are slightly below the measured fluxes, which can be expected as the model
presented here, contains only protons. Additional contribution from heavier elements is expected
to be at the order of a factor at most ∼ 2 of the proton prediction [30], considering the LHASSO
proton and all-particle flux. At these energies contribution from leptonic processes, which have
not been included so far, can be neglected. Only at the highest energies 𝐸 ≳ 100 TeV the model
expectation becomes comparable with the observation. Here, we have to note that the well-known
CR knee at ∼ 3 PeV is not taken into account for the underlying CR distribution (see Fig. 2). If
we consider an average energy transfer of 10% into gamma-rays in hadronic interaction, one would
expect a spectral break at about 𝐸𝛾 ≈ 300 TeV, which could allow for the contribution by heavier
elements also in this energy range.
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Figure 5: Spectral energy distribution of the gamma-ray emission in different sky regions from the anisotropic
CR diffusion models compared to the data from [27–29].

5. Summary and discussion

The diffusion of cosmic rays in a magnetic field composed of a large-scale background magnetic
field and a turbulent component is expected to be anisotropic. This anisotropy can be characterized
by the ratio between the diffusion coefficient perpendicular and parallel to the background field
direction 𝜖 = 𝐷⊥/𝐷 ∥ . We solved the anisotropic CR transport in the Milky Way using the baseline
model from [11] as the large-scale GMF and testing different values for 𝜖 . The CR source spectrum
is fitted to the observed CR proton flux at Earth, including a break in the injection spectrum at ∼ 10
TeV. All anisotropy levels of the diffusion can reproduce the observed CR data.

From the results of the 3+1-dimensional solution of the CR transport we calculated the all-sky
gamma ray emission due to hadronic interaction of the CR protons with the ambient gas. While
the over-all shape of the emission is dominated by the gas distribution, small changes depending
on the anisotropy of the diffusion tensor can be observed. Specifically, the inner and the outer
Galactic disc show different gamma-ray intensities depending on the anisotropy as the magnetic
field configuration changes from pointing out of the disc in the inner plane to in-plane field lines
for the outer disc.

The observed gamma-ray spectra are in agreement with the prediction from the anisotropic
simulations, and additional contribution from heavier nuclei is expected. In the future, one has to
take the CR knee into account to include the spectral change in the observed gamma-ray spectrum at
several hundred TeV. A direct comparison of the predicted gamma ray maps with all-sky observations
from e.g., Fermi-LAT at the lower energies and LHASSO at the highest energies will help to
constrain the anisotropy of the diffusion even further.

Besides non-thermal gamma ray emission one would also expect a neutrino signal to arise
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from these hadronic interactions. Observations of the IceCube observatory show emission from
the Galactic Plane[31]. The calculations presented here, can be extended to include the neutrino
production and a comparison to the IceCube observations may help to give better constraints on the
anisotropic CR diffusion.
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