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Spatial diffusion under the influence of the Galactic magnetic field (GMF) plays a crucial role in
the transport of cosmic-ray protons. The standard assumption is that the GMF is purely azimuthal
and the diffusion process can be considered to be uniform and isotropic all across the Galaxy.
However, this picture might be inaccurate, since both theoretical arguments and numerical sim-
ulations predict that diffusion might exhibit different features, depending on its being parallel or
perpendicular to the direction of the magnetic field. This might have a large impact in the Galac-
tic Center region, where the GMF presents a strong out-of-plane component. In particular, an
anisotropic diffusion could contribute in determining the non-uniform density and energy distri-
bution of cosmic-ray protons that is inferred from the measurements of the gamma-ray emissivity
along the Galactic plane. Here we discuss how anisotropic cosmic-ray diffusion can be imple-
mented within a realistic model of cosmic-rays transport. In particular, we investigate how the
various features in the modelling of the GMF can impact the spatial and energetic distribution
of cosmic-ray protons and we illustrate how this can be related to the most recent gamma-ray
observations.
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1. Introduction

In the standard picture of Galactic cosmic-ray (CR) transport, the process of spatial diffusion
is usually assumed to be uniform and isotropic. It is typically described in terms of a diffusion
coefficient whose dependence on the CR rigidity is in the form of a spatially independent power-
law scaling: D ∝ (p/Z)δ [1]. For decades, models of CR propagation based on this assumption
have been successfully adopted to reproduce a vast plethora of experimental data [2]. However,
both theoretical arguments and anomalies reported in recent observations may have started to cast
some doubts over this simple scenario and might be calling for a more complex modelling of CR
diffusion.

On the experimental side, important information comes from non-local observables, especially
in the gamma-ray channel. In particular, the gamma-ray flux measured by Fermi-LAT seems to hint
at a CR proton slope that hardens in the inner Galaxy, as shown in [3, 4]. A possible interpretation
of such a hardening is in terms of an evolution of the spatial diffusion rigidity scaling with the
Galactocentric radius R, D ∝ (p/Z)δ (R) [5]. Models featuring a spatial diffusion of this kind have
been shown in [6, 7] to reproduce not only Fermi-LAT data, but also measurements reported by
H.E.S.S. and Milagro.

On the theoretical side, a highly anisotropic transport regime is predicted by the Quasi-Linear
Theory (QLT) of pitch-angle scattering [8, 9, 10], which is expected to hold when dealing with the
Galactic transport of CRs with energy in the GeV-TeV range [11]. If one denotes with D‖ and D⊥
the diffusion coefficients along and perpendicular to the direction of the regular component of the
Galactic Magnetic Field (GMF), the QLT predicts:

D⊥
D‖
∼ F (k) ∼ δB2

k

B2
0
� 1 . (1.1)

Moreover, numerical simulations involving high-energy CRs predict a different rigidity scaling for
D‖ and D⊥ [12, 11, 13]. Lastly, recent investigations on the topic of Galaxy formation show that
a magnetic field amplification compatible with current observations requires CR transport to be
anisotropic [14].

Given these premises, we present here a numerical implementation of anisotropic diffusion in
the framework of the DRAGON code1 [15]. This proceeding, which is based on [16], is organized as
follows: In Section 2 we describe the setup of our model, while in Section 3 we present our results,
first in the framework of a toy model and then in connection with gamma-ray observations. We
then report our conclusions in Section 4.

2. Our setup

We adopt a numerical solver specifically built to deal with a fully anisotropic CR transport
equation. This solver is implemented in the framework of the DRAGON code and will be adopted
also in its new version, DRAGON2 [17]. We address the reader to the Appendix of [16] for a more
detailed discussion. Here we describe its main features2.

1www.dragonproject.org
2An alternative approach to model anisotropic diffusion, based on a stochastic differential equation technique, can

be found in [18].
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Figure 1: Three-dimensional representation of the realistic GMF model used in our simulations and defined
by Eqs. (2.7)–(2.13). The values of Bz is shown with colors on top of the magnetic field lines and as a
contour plot on the z = 0 Galactic plane.

For the purposes of this work, we consider a simplified scenario where only the ingredients
that are relevant to describe the transport of high energy protons are taken into account. This
means that processes such as advection, energy losses and reacceleration are neglected. Under
such assumption, the CR transport equation can be written as:

∂ N
∂ t

= ∇ · (D ·∇N) + S =
∂

∂xi

(
Di j

∂ N
∂x j

)
+ S , (2.1)

where N denotes the CR density, while S represents the source term and D is the diffusion
tensor.

We restrict ourselves to the two-dimensional case, which means that we work under the as-
sumption of azimuthal symmetry and CRs are assumed to diffuse in a cylinder in which we define
a coordinate system (R,z), with radius R ∈ [0,Rmax] and z ∈ [−H,+H]. The spatial grid on which
Eq. (2.1) is discretised has a resolution of 0.1 kpc in both the R and z directions.

The source term S is modelled according to the parametrization based on pulsar catalogs in-
troduced in [19], while the components of the diffusion tensor Di j are defined as:

Di j ≡ D⊥δi j +
(
D‖−D⊥

)
bib j , bi ≡

Bi

|B| , (2.2)

with B being the ordered magnetic field, while b = B/|B| is its unit vector. The quantities
D‖ and D⊥ represent the diffusion coefficients for the CR transport in a direction parallel and
perpendicular to the direction of the GMF, respectively. Both these coefficients are assumed to be
spatially homogeneous, but their rigidity scaling and their normalizations are different:

D‖ = D0‖
( p

Z

)δ‖
and D⊥ = D0⊥

( p
Z

)δ⊥ ≡ εD D0‖
( p

Z

)δ⊥
, (2.3)

In this work we cosider the cases δ‖ = 0.3 and δ‖ = 0.1 (the latter only for toy models, as it will be
discussed in the following), while εD ∈ [0.01,1] and δ⊥ ∈ [0.5,0.7] in agreement with a low-energy
extrapolation of the numerical simulations conducted in [12, 11, 13]. It is important to remark that,
as one can easily see from eqs. (2.2) and (2.3), even if D‖ and D⊥ are assumed to be uniform, the
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global diffusion coefficient D exhibits a spatial dependence, that is related to the geometry of the
GMF. As for the GMF, we consider two models:

• A simplified toy model characterised by:

Br = 0 , (2.4)

Bφ = B0,φ

(
1− e−r/R0

)
(2.5)

Bz = B0,z e−r/R0 ≡ εB B0,φ e−r/R0 . (2.6)

• A more realistic model, shown in Fig. 1, based on the parametrisations defined in [20, 21],
where the GMF is the sum of three components: a disk, a halo and a poloidal field, labelled
as Bdisk

φ
, Bhalo

φ
and Bpol

z,R, respectively. The disk and halo components are taken to be purely
azimuthal:

Bdisk
φ (R,z) =


BD0 e−|z|/z0 (R < RcD)

BD0 e−|z|/z0 e−(R−R◦)/R0 (R > RcD)

, (2.7)

Bhalo
φ (R,z) = BH0

[
1+
( |z|−zH

0

zH
1

)]−1 R
RH

O
e

(
1− R

RH
0

)
(2.8)

while the poloidal field, which follows the model presented in [21] is confined in the (R,z)
plane and it is characterised by an X-shape parametrised as:

Bpol
z (R,z) = BX(R,z) cos

[
ΘX(R,z)

]
, (2.9)

Bpol
R (R,z) = BX(R,z) sin

[
ΘX(R,z)

]
, (2.10)

where BX and ΘX are defined as

BX(R,z) =


B0

X

(
Rp
R

)2
e−Rp/RX (R≤ Rc

X)

B0
X

(
Rp
R

)
e−Rp/RX (R > Rc

X)

, (2.11)

ΘX(R,z) =


tan−1

(
|z|

R−Rp

)
(R≤ Rc

X)

Θ0
X (R > Rc

X)

, (2.12)

and

Rp =


RRc

X
Rc

X+|z|/ tanΘ0
X

(R≤ Rc
X)

R− |z|
tanΘ0

X
(R > Rc

X)

, (2.13)

where, according to Ref. [21], B0
X = 4.6 µG, Θ0

X = 49◦, Rc
X = 4.8 kpc, and RX = 2.9 kpc.
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Figure 2: The evolution of the proton spectral index α , obtained in the framework of the GMF toy-model
defined in Eqs. (2.4)–(2.6), is here shown as a function of the Galactocentric radius R. The values of the
parameters characterizing the different simulations are reported in the boxed insets and in the title labels.

3. Results

We illustrate here the main features of the proton distribution across the Galaxy obtained
within the anisotropic propagation setup described in the previous Section. In particular, we start
in Section 3.1 with a GMF modelled as in Eqs (2.4)–(2.6) and then, in Section 3.2, we move to the
discussion of the realistic case, for which we adopt the GMF described by Eqs. (2.7)–(2.13).

3.1 Parametric study of the toy model

The parameters that determine the properties of the GMF toy model are εB and R0, while the
ones that rule the behaviour of parallel and perpendicular diffusion are εD, δ‖ and δ⊥. We perform
a series of simulations with several different sets of values assigned to these parameters in order to
better understand their role. The results that we obtain are show in Fig. 2 in terms of the evolution
of the proton spectral index α with respect to the Galactocentric radius R across the Galactic plane
(i.e. at z = 0). As expected, in all the cases that we consider, α decreases for small values of R.
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Figure 3: The red lines represent the evolution of the proton spectral index as a function of the Galactocentric
radius R for the different setups under consideration. Data points derived from the analysis conducted in [3]
are also shown, together with the results obtained by adopting the model proposed in [5] (green dashed line).
The left (right) panel refers to the εD = 0.01 (εD = 0.1) case.

The reason why this happens is clear once that one considers the definition of the spatial diffusion
tensor given in Eq. (2.2), together with the fact that the GMF is predominantly directed along z in
the inner Galaxy and increasingly azimuthal for larger values of R. In fact, for small values of R,
protons diffusion is parallel along z and perpendicular along R, while at large distances from the
Galactic Center it tends to become perpendicular along both directions. More precisely, one can
see that, as long as δ‖ < δ⊥, the largest range of variability of α is [αinj + δ‖,αinj + δ⊥], the two
extremes corresponding, respectively, to the values that α can have at the Galactic Center and at
the outer radius of the diffusive halo. It is important to point out that, as it is shown in Fig. 2, such
extreme values can be reached only if εD� 1. In fact, if εD ≈ 1, perpendicular transport tends to
dominate all across the Galactic plane and the profile of α flattens at αinj + δ⊥ with just a small
hardening at the Galactic Center. The scale of the transition between the extremes values of α is
set by the parameter R0 that here is fixed to 3.5 kpc. The role of the parameter εB is similar to the
one played by εD, in the sense that the larger εB is the more important parallel transport can be in
the inner Galaxy. This can be easily understood if one considers that within this model of the GMF,
parallel transport can occur only along the z direction and the magnitude of the diffusion coefficient
is proportional to Bz, which is set by εB. Another information that one can obtain from Fig. 2 is that
the impact of the halo size H on the evolution of α is rather limited and it is again related to the fact
that parallel diffusion in this model occurs only along z: a more extended halo can counter-balance
the effect of parallel diffusion and allow for a more pronounced effect of perpendicular transport.

3.2 Realistic model and comparison with Fermi-LAT data

We fix the values of the parameters ruling the behaviour of the realistic GMF to the values
reported in Section 2 and we act only on the parameters related to diffusion, i.e. εD and δ⊥. In
particular, in light of the parametric study conducted in the above paragraph, we consider those
values of εD for which the imprint of anisotropic diffusion is more pronounced, i.e. εD = 0.1 and
εD = 0.01. We assume δ‖ = 0.3 we consider values of δ⊥ in the interval [0.5,0.7].
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We show in Fig. 3 the evolution of the proton spectral index with respect to the Galactocentric
radius R for the different models under scrutiny, together with the results of the analysis conducted
by the Fermi-LAT Collaboration in [3]. Our results are obtained by using for each case under
study a different proton injection index in order to match the slope of the local (i.e. at 8.5 kpc)
proton flux as inferred by the Fermi-LAT analysis. As it can be seen, our model predicts a clear
hardening towards the Galactic Center. As in the case of the toy-model discussed above, the reason
why such feature is realised is that the GMF is predominantly directed along the z direction in the
inner region of the Galaxy, while for larger values of the Galactocentric radius R the azimuthal field
grows, and so does the impact of perpendicular transport on the spectrum. The transition from the
region dominated by parallel transport to the one dominated by perpendicular transport is realised
differently, depending on the value of εD, as it is clear by comparing the two panels of Fig. 3. In
addition, the extent of the hardening depends on the value of the δ⊥ parameter. More precisely,
the difference in slope between the local spectrum and the spectrum at the Galactic Center is [0.24,
0.36] if εD = 0.1 or [0.27,0.58] if εD = 0.01, the lower bound of the interval corresponding to
δ⊥ = 0.5, while the upper one refers to the case where δ⊥ = 0.7.

Fig. 3 shows also the results obtained by means of the phenomenological model featuring a
isotropic but radially-dependent δ proposed in [5]. Such model appears to be in a good agreement
with the results derived here, provided that the proton injection index is opportunely rescaled to
match the results of Fermi-LAT analysis.

4. Conclusions and outlook

In this work we have presented a two-dimensional numerical solver designed to model CR
anisotropic diffusion in the Galaxy. In particular, we have presented the main features of the nu-
merical implementation of the model, we have studied the impact of the modelling of the GMF
on the CR distribution at various distances from the Galactic Center, both in the framework of a
simplified toy model and within a more realistic scenario. In this last case we have shown how an
hardening of the energy distribution of CRs compatible with the hint given by Fermi-LAT data can
arise.

This work represents only a first step and further studies are on the way. In particular, a full
three-dimensional model of CR transport is needed in order to ascertain the features of the spatial
and energetical CR distribution in the Galaxy.
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