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Abstract: We present here a major upgrade ofDRAGON, a numerical package that computes the propagation of
a wide set of CR species from both astrophysical and exotic origin in the Galaxy in a wide energy range from
tens of MeV to tens TeV.DRAGON takes into account all relevant processes in particular diffusion, convection,
reacceleration, fragmentation and energy losses. For the first time, we present a full 3D version ofDRAGON with
anisotropic position-dependent diffusion. In this version, the propagation is calculated within a 3D cartesian grid
and the user is able to implement realistic and structured three dimensional source, gas and regular magnetic field
distributions. Moreover, it is possible to specify an arbitrary function of position and rigidity for the diffusion
coefficients in the parallel and perpendicular direction tothe regular magnetic field of the Galaxy. The code opens
many new possibilities in the study of CR physics. In particular, we can study for the first time the impact of
the spiral arm structure on the leptonic spectra: taking into account the fact that we live in an interarm region,
far from most sources, we obtain – due to increased energy losses – a steeper electron spectrum compared to
the assumption of a smooth source term. We discuss the implications of these results on our understanding on
leptonic spectra and we briefly mention future studies that can be performed with our new 3D code.
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1 Introduction
In the latest years the measurements of the CR leptonic
fluxes have reached an unprecedented accuracy. Thanks
to experiments such as Fermi-LAT, PAMELA, AMS-02
we have now high-statistic data on the electron+positron
(CRE) flux up to≃ 1 TeV and on the positron fraction (PF)
up to≃ 350 GeV. With increasing energy, the leptonic mo-
mentum losses (due to the well-known phenomena of In-
verse Compton scattering off diffuse light and synchrotron
emission) become more and more effective, so in the TeV
region the horizon is limited to less than 1 kpc. For this
reason, as the energy increases, the accurate datasets re-
cently collected probe smaller and smaller regions, and the
details of large, medium and small scale structures in the
Galactic environment may play a major role in their inter-
pretation. Therefore, it is important to implement models
of CR production and propagation where inhomogeneities
in the source and gas distributions and a more detailed de-
scription of diffusion are present. On the modeling side,
most simulations performed so far include a very simple
description of the Galaxy, in which azimuthal symmetry is
assumed, CR sources follow a very smooth spatial distri-
bution Q(R,z) and the diffusion coefficient is a scalar. In
this way, no difference between transport along the paral-
lel and perpendicular directions with respect to the regular
magnetic field is taken into account.

This description is not satisfactory because it is well
known thatD‖ andD⊥ have opposite behaviors with the
turbulence level [1]. Moreover, the Galaxy has a spiral arm

structure with the Solar System lying in a local overdensity
within a wide interarm region. On even more local scale,
the interstellar medium shows local overdensities and large
voids, and structures as the Local Bubble may play a role
in the transport of high energy leptons.

Here we present a new version of our CR propagation
codeDRAGON [2, 3, 4] in which full 3D CR propagation is
implemented in cartesian coordinates. In this new version
of the code the user is allowed to use an arbitrary 3D
distribution for the gas and source distributions, a realistic
model for the regular magnetic field and arbitrary functions
of position and rigidity for the parallel and perpendicular
diffusion coefficients. These features allow one to explore
a wide class of phenomena largely neglected so far. After
a brief technical description of the code and some details
about its testing phase, we describe a relevant result that
we have obtained with a 3D propagation model and point
out possible future developments.

2 The 3D anisotropic version of DRAGON
2.1 The equation
The most general three dimensional equation for CR diffu-
sion in cartesian coordinates may be written in this form:

∂ f
∂ t

= Q + αxx∂ 2
x f +αyy∂ 2

y f +αzz∂ 2
z f

+ 2δxy∂x∂y f +2δxz∂x∂z f +2δyz∂y∂z f
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+ ux∂x f +uy∂y f +uz∂z f (1)

In this equation the following position-dependent coef-
ficients appear next to the spatial derivatives:

αxx(x,y,z) = (D‖−D⊥)b
2
x + D⊥

αyy(x,y,z) = (D‖−D⊥)b
2
y + D⊥

αzz(x,y,z) = (D‖−D⊥)b
2
z + D⊥

δxy(x,y,z) = (D‖−D⊥)bxby + D⊥
δxz(x,y,z) = (D‖−D⊥)bxbz + D⊥
δyz(x,y,z) = (D‖−D⊥)bybz + D⊥
ux(x,y,z) = ∂xαxx + ∂yδxy + ∂zδxz

uy(x,y,z) = ∂xδxy + ∂yαyy + ∂zδyz

uz(x,y,z) = ∂xδxz + ∂yδyz + ∂zαzz

where:

• bx(x,y,z), by(x,y,z) andbz(x,y,z) are the versors of
the regular magnetic field

• D‖(x,y,z,E) andD⊥(x,y,z,E) are the diffusion co-
efficients in the parallel and perpendicular direction-
s with respect to the regular magnetic field

The user is allowed to choose his own preferred expres-
sion forD‖(~x,E) andD⊥(~x,E); the only limitation is sepa-
rability in space and energy dependence.

2.2 Testing the code: Green’s functions
In this Section we briefly describe, for illustrative purposes,
some relevant Green’s function tests.

Fig. 1: Comparison with analytical solution after 10
timesteps; profile alongx axis,y= z= 0; parallel diffusion
is dominant.

We considered a toy model for the regular magnetic
field (~B∝ x̂ ante constant) and the following extreme cases:

• D‖ >> D⊥, with both coefficients constant in space

• D‖ << D⊥, with both coefficients constant in space

We initialized the CR distribution to a Dirac delta cen-
tered in the origin of the coordinate system and we com-
pared the numerical solution calculated withDRAGON 3D

to the analytical solution.

Fig. 2: Comparison with analytical solution after 10
timesteps; profile alongy axis,x= z= 0. Perpendicular d-
iffusion is dominant.

• In the first case the analytical solution if the 1D
Green’s function for pure diffusion alongx reads:

G(x, t) =
1√

4πDt
exp

[−x2

4Dt

]

(2)

We set the following parameters:∆t = 0.1Myr, D‖ =

1030cm2s−1 (
√

D∆t ≃ 500pc);∆x = 800pc; diffu-
sion box inx direction:−40< x< 40kpc. The read-
er can see in Fig. 1 the comparison between numeri-
cal and analytical solution after 10 time-steps.

• In the second case the analytical solution if the 2D
Green function for pure diffusion alongy, z is:

G(y,z, t) =
1

√

(4πDt)2
exp

[−(y2+ z2)

4Dt

]

(3)

Notice the different scaling with time of the normal-
ization of the Gaussian. We set the following param-
eters:∆t = 0.1Myr, D⊥ = 1030cm2s−1 (

√
D∆t ≃

500pc);∆x= 800pc; diffusion box iny, z direction:
−40< x< 40kpc. We plotted in Fig. 2 the compar-
ison between numerical and analytical solution. We
have a good match in this case too.

3 Impact of a realistic 3D source function
on the CR leptonic spectra

It is well known that, in order to reproduce the CRe− and
e+ spectra, it is necessary to consider – beyond a conven-
tional component of primary electrons and secondary elec-
trons and positrons – some extra contribution of unclear o-
rigin.

In this class of models a very steep injection for the pri-
mary component is required to match the data: the injec-
tion slope is−2.65÷−2.70 depending on the diffusion set-
up and appears to be in strong tension with:

• that inferred from radio observations of SNRs,〈γ〉=
2.0±0.3 [5].

• the values 2.2÷ 2.4 required to reproduce the CR
nuclei spectra.
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• the shock acceleration theory which generally pre-
dicts the same spectral index, close to 2÷ 2.3, for
electrons and nuclei [6]

Fig. 3: CR electron distribution on the Galactic plane at 1
GeV.

Fig. 4: CR electron distribution on the Galactic plane at
100 GeV.

Here instead we present, as an important application
of our 3D code, a realistic model in which this serious
problem is naturally solved. The idea is to consider the
fact that we live in an interarm region and the bulk of the
CR sources are expected to lay in the arms: the energy
losses suffered by thee± are highly enhanced with respect
to the simple model in which CR sources are smoothly
distributed in the Galaxy, because of the greater average
distance thate± have to cross to arrive at Earth. This effect
allows us to fit the observed CRE spectra and PF, including
the new data recently provided by AMS-02, by adopting a
CRE injection index very close to the one needed for CR
protons and other nuclear species.

In our model both the conventional CR sources and
the extra electron+positron source term are located in
the arms. For all nuclear species we use an unbroken
power-law source spectrum with the same spectral in-
dex γ0,p = 2.28. For thee− conventional source spec-
trum we assume a broken power-law as required to con-
sistently reproduce the spectrum of the diffuse radio e-
mission of the Galaxy and high energy CR data [7]: be-
low 4 GeV we adopt a spectral index 1.2 while above

Fig. 5: The e− + e+ (blue solid),e− (purple dot-dashed)
and e+ (red solid) propagated spectra computed under
the hypothesis that the background and extra-component
sources are distributed in the spiral arm as shown Fig. 4.
Dashed lines represent the background contributions to the
e− (purple) ande+ red spectra. The dotted lines represent
the spectra obtained for a continuos (no spiral arms) source
distribution. PAMELAe+ data have been derived (without
errors) starting from the PF ande− spectrum released by
the same collaboration.

Fig. 6: The PF computed assuming the extra-component
sources are located only in spiral arms. The solid and
dashed lines correspond to the AMS-02 and AMS-01 data
taking periods respectively. The dotted line is the interstel-
lar PF.

that energy we tune it against PAMELA data (see be-
low). For the extra-component source spectrum we assume
a simple power-law with exponential cutoff:JEC(e±) ∝
E−γ0,EC exp(−E/Ecut). The CR propagation is treated in
3D isotropic mode, without reacceleration and convec-
tion. The diffusion coefficient has the following depen-
dence on the rigidityρ : D(ρ) = β−0.4 D0 (ρ/ρ0)

δ , with
ρ0 = 3 GV The propagation parameters are chosen as fol-
lows: D0 = 3× 1028 cm2/s, δ = 0.6, half-halo height of
4 kpc and no reacceleration. These parameters are tuned
to fit the B/C ratio as well as other light nuclei ratios. The
proton source term and injection is tuned to reproduce the
PAMELA dataset. Concerning low energies, we consider
the effect of solar modulation using the recently develope-
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Fig. 7: Thee−+e+, ande− propagated spectra computed
assuming the extra-component sources are located only
in spiral arms and that one nearby electron accelerator is
present. The triple-dot-dashed curve show the contribution
of a local source at the position of the Vela SNR.

d HelioProp numerical code: this package [8] solves the
CR transport equation in the heliosphere accounting for
charge-dependent drifts.

The effect of energy losses in such a scenario is evident
in Fig. 3 and Fig. 4 where it is clear that high energy elec-
trons (100 GeV in our examples) can be found in the vicin-
ity of the sources only, and are strongly suppressed in the
interarm regions where the Solar System is located. The
spiral arm pattern used here is taken from [9]. The main re-
sult can be seen in Fig. 5 and Fig. 6: with an injection index
γ0,e = 2.38 above the break, the spiral arm pattern induces
a steepening that leaves room for an extra component and
permits to reproduce both PAMELA electrons and AMS-
02 PF. This injection index is closer to that used for nucle-
i and compatible with shock acceleration theory. For the
extra component we use an injection indexγ0,e(extra) = 1.7
and a 10 TeV cutoff.

Without the spiral pattern a value of 2.38 for the injec-
tion index of the conventional component would not be
compatible with the data since the propagated spectrum
would be too hard and a relevant contribution from an ex-
tra source (needed to fit AMS) would overshoot the elec-
tron data: this can be clearly seen in Fig. 5 (dotted lines).
We remark that low-energy data regarding the PF taken at
different times from different experiments are correctly re-
produced (see Fig. 6) adopting the correct heliospheric pa-
rameters (mainly tilt angle of the current sheet and polar-
ity, see [8]) that correspond to the data taking period and
tuning the heliosperic diffusion coefficient to the data.

We also point out that, at high energy (above∼
200 GeV), the CRE spectrum measured by Fermi-LAT is
not well reproduced (see Fig. 5). The model prediction is
lower than the measurement. This is not surprising since
at those energies the effect of local sources may be impor-
tant. Nevertheless, we do not expect many different con-
tributions since the propagation in the local ISM (with-
in 1 kpc) is expected to be highly anisotropic and should
take place along streams [10] with low probability of inter-
secting the Solar System. We checked, for illustrative pur-
poses, that a single electron accelerator with energy out-
put≃ 3.6 ·1047 erg located nearby (d = 290 pc, a position
compatible with the Vela SNR) yields a good combined fit

of Fermi-LAT and AMS-02 datasets in the whole energy
range, adopting a spectral injection indexγ = 2.1 and a
cutoff Ecut = 1 TeV (see Fig. 7).

4 Discussion and conclusions
We presented a major update ofDRAGON. This version of
the code allows one to compute CR propagation adopting
a realistic 3D model of the Galaxy in which the user is
free to choose three-dimensional arbitrary source function-
s, gas distributions, magnetic field models and different
position-dependent models for diffusion in the parallel and
perpendicular directions with respect to the Galactic mag-
netic field.

We have tested the code by reproducing the Green’s
function for parallel and perpendicular propagation. Then,
we have presented an important result we obtained in the
isotropic diffusion mode and taking into account for the
first time a realistic 3D structure of CR sources. If the
sources are located mainly in the spiral arms, and giv-
en that the Sun is located in an interarm region, the en-
hanced energy losses permit to reproduce the current elec-
tron and positron data with a primary injection spectrum
compatible with shock acceleration theory. Our model al-
lows us to reproduce the AMS-02 PF accounting for an
extra-component located in the Galactic arms with a high
energy cutoff (10 TeV) and an harder spectrum. We also
considered the possibility of different values of the cutoff,
and we found that values down to 1 TeV yield a good fit
the AMS-02 PF (see [4] for details).

The physical interpretation of the extra component, ac-
cording to the value of the cutoff, may be compatible ei-
ther with an enhanced secondary production near the accel-
erator [11] or with a pulsar population located in the arm-
s In the future we plan to exploit the anisotropic diffusion
to produce even more realistic models of CR propagation.
The role of anisotropic diffusion might be relevant in order
to get a comprehensive model compatible both with CR
electron and positron observations and with the observedγ-
ray gradient (see [12]). Also the diffusion in the local envi-
ronment is expected to be highly anisotropic and our code
is the ideal tool to study the impact of local structures on
CR propagation.
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