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all relevant processes are taken into account:
— spatial diffusion
— energy losses 
— reacceleration
— advection
— spallation

the equation is solved for all species in a time-dependent way, until convergence is 
reached

each process is associated to a position-dependent operator

state-of-the art, updated models for the astrophysical distributions of sources, 
interstellar gas, radiation field, magnetic field

The DRAGON project
aim: modeling CR transport in 
the Galaxy in the most general 
way



DRAGON2
new features, a complete documentation

the new code will be released soon as a fully open-source package

 — a light version of the code with the new solver will be available online in a very short time —  

the solver was entirely rewritten and new technical solutions 
have been considered for each operator

all the aspects of the code, all the details on the numerical schemes, boundary 
conditions, convergence, accuracy are fully documented in detail

Main features
• Position-dependent (non-separable) and anisotropic spatial diffusion (fully 

tested); all operators are general and position-dependent 
• New numerical approach for reacceleration, advection and energy losses 
(new discretization schemes, new boundary conditions), careful testing 
• New physical ingredients (e.g. pion production energy losses) 
• Possibility to use a non-equidistant spatial grid and of propagating transient 

sources 



Source distribution
• Case1998
• Yusifov2004
• Lorimer2006
• Ferriere2001

Interstellar gas distribution
• Atomic: Gordon1976, Nakanishi2003, Ferriere2007
• Molecular: Bronfman1988, Nakanishi2006, Ferriere2007, Pohl2008
• Ionized: Corders1991, NE2001

Magnetic field model
• Sun2007
• Pshirkov2011
• Jansson&Farrar2012

Interstellar radiation field model
• Porter2006
• Delahaye2010
• looking forward for new models!

DRAGON2
state-of-the-art models for the astrophysical ingredients
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The user can implement a general, non-separable expression of the parallel and 
perpendicular diffusion coefficients. A variable normalization and rigidity scaling 
of the diffusion coefficient can be considered.

This approach is required by both theory and observations.
 
Theory: the presence of a large-scale Galactic magnetic field breaks isotropy 
and introduces a preferred direction 

Observations: data are in tension with conventional propagation models: 

• Gradient problem: the radial profile of the gamma-ray emissivity along the 
galactic plane is flatter than predicted 

• Slope problem: gamma-ray spectra in the inner Galactic plane point 
towards an hardening of CR spectra towards the center of the Galaxy

new ingredients in DRAGON2
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The signature of the anisotropic 
diffusion is clearly visible!

Point-like source active for 0.05 Myr. Diffusion across the galactic plane dominates over the 
vertical one  

new ingredients in DRAGON2
DRAGON2 can simulate anisotropic propagation from a transient source
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Different timescales 
associated to the diffusion at 
different rigidities can be 
seen clearly

High-energy particles 
diffuse faster than low-
energy ones



In many situations, NEB decreases the runtime in a significant way!

new ingredients in DRAGON2
DRAGON2 exploits a fully tested non-equidistant binning for better performance
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A non-equidistant binning (NEB) is useful to model CRs that are confined in a very compact 
region. This might occur if a CR source is within or close to a region where the diffusion 

coefficient drops (local bubble)



an application of DRAGON2
The slope problem in gamma-ray data

The gamma-ray data are a very important tracer of the CR distribution across the Galaxy
Fermi-LAT data are crucial to test and constrain CR propagation models!

showed also that Fermi data 
requires a radial dependence of the 
CR spectral index, hence of the    
!-ray emission spectrum	

This was independently reported 
by the Fermi collaboration and 
confirmed recently (see below)	

This is clearly incompatible with 
conventional models 
implemented with GALPROP 

Casandajian [Fermi coll.], 5th Fermi symp. 2014

Galprop

Beyond conventional models: !
Radial dependency of CR transport

Gaggero, Urbano, Valli & Ullio 2014 proton spect. index

Fermi results:  an independent analysis

Yang, Aharonian & Evoli arXiV:1602.04710  
!
!
also found a similar dependence of the !-ray 
spectral index on the longitude/distance to  
GC 

|b|< 5o

A progressively harder slope of the proton 
spectrum towards the inner Galaxy has been 
recently inferred from Fermi-LAT gamma-ray 
data [Fermi collab. 2016; Yang et al. 2016]: 

see also Carmelo Evoli’s talk!

This result is in tension with conventional 
GALPROP-based predictions

A serious challenge for CR propagation models 
based on homogeneous diffusion!



an application of DRAGON2
The slope problem in gamma-ray data
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Fig. 8.— Radial distributions across the Galaxy of (a) the �-ray emissivity per H atom measured at

2 GeV; (b) the proton flux integrated above 10 GV, with the prediction from the GALPROP model
SY Z6R30T 150C2 (solid curve, Ackermann et al. 2012d); (c) the proton spectral index, P2, with

statistical error bars and the prediction for proton rigidities above 1 TV from the same GALPROP

model (solid line) and from Gaggero et al. (2015) (dashed line). In all plots, the horizontal bars

span the radial widths of the gas annuli used for the measurements. The two data points with

smallest Galactocentric radii have large systematic uncertainties (see text). Panel (d) shows the

proton flux integrated above 10 GV, normalized to its value at the Sun Galactocentric radius, with

the star formation rate traced by supernova remnants, H ii regions, and pulsars (Stahler & Palla

2005).

Fermi results

FERMI coll. arXiV:1602.07246; APJ supp.     

Gaggero et al.  model
proton spect. index

proton density 
above 10 GeV

GALPROP

This effect may be the hint of a 
harder scaling of the diffusion 

coefficient with rigidity

[D.Gaggero et al., PRD 91, 
2015]

The gamma-ray data are a very important tracer of the CR distribution across the Galaxy
Fermi-LAT data are crucial to test and constrain CR propagation models!



an application of DRAGON2
The slope problem in gamma-ray data
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Fig. 8.— Radial distributions across the Galaxy of (a) the �-ray emissivity per H atom measured at

2 GeV; (b) the proton flux integrated above 10 GV, with the prediction from the GALPROP model
SY Z6R30T 150C2 (solid curve, Ackermann et al. 2012d); (c) the proton spectral index, P2, with

statistical error bars and the prediction for proton rigidities above 1 TV from the same GALPROP

model (solid line) and from Gaggero et al. (2015) (dashed line). In all plots, the horizontal bars

span the radial widths of the gas annuli used for the measurements. The two data points with

smallest Galactocentric radii have large systematic uncertainties (see text). Panel (d) shows the

proton flux integrated above 10 GV, normalized to its value at the Sun Galactocentric radius, with

the star formation rate traced by supernova remnants, H ii regions, and pulsars (Stahler & Palla

2005).

Fermi results

FERMI coll. arXiV:1602.07246; APJ supp.     

Gaggero et al.  model
proton spect. index

proton density 
above 10 GeV

GALPROP

This effect may be the hint of a harder 
scaling of the diffusion coefficient with 

rigidity
[D.Gaggero et al., PRD 91, 2015]

Gamma-ray sky points to radial gradients in cosmic-ray transport

Daniele Gaggero,1, 2, ⇤ Alfredo Urbano,1, † Mauro Valli,1, 2, ‡ and Piero Ullio1, 2, §

1SISSA, via Bonomea 265, I-34136, Trieste, Italy
2INFN, sezione di Trieste, via Valerio 2, I-34127, Trieste, Italy

The standard approach to cosmic-ray (CR) propagation in the Galaxy is based on the assumption
that local transport properties can be extrapolated to the whole CR confining volume. Such models
tend to underestimate the �-ray flux above few GeV measured by the Fermi Large Area Telescope
towards the inner Galactic plane. We consider here for the first time a phenomenological scenario
allowing for both the rigidity scaling of the di↵usion coe�cient and convective e↵ects to be position-
dependent. We show that within this approach we can reproduce the observed �-ray spectra at
both low and mid Galactic latitudes – including the Galactic center – without spoiling any local CR
observable.

I. INTRODUCTION

Since 2008 the Fermi Large Area Telescope
(Fermi-LAT) has been surveying the �-ray sky be-
tween about few hundred MeV and few hundred GeV
with unprecedented sensitivity and resolution. The bulk
of the photons detected by the Fermi-LAT is believed to
be associated with di↵use emission from the Milky Way,
originated by Galactic cosmic rays (CRs) interacting
with the gas and the interstellar radiation field (ISRF)
via production and decay of ⇡0s, inverse Compton (IC),
and bremsstrahlung.

There is a striking consistency between general fea-
tures in the di↵use �-ray maps and the di↵use �-ray flux
models: the predictions mainly rely, on the side concern-
ing emitting targets, on (indirectly) measured gas column
densities and ISRF models, while, on the side of incident
particles, on propagation models tuned to reproduce lo-
cally measured fluxes. When addressing at a quantitive
level the quality of such match between predictions and
data, most analyses have mainly developed optimized
models looping over uncertainties on the emitting targets.
In particular, in ref. [1] the authors – besides allowing for
a radially-dependent rescaling of the ISRF and di↵erent
values of the spin temperature of the 21 cm transition
– adopt a tuning of the poorly known conversion factor
between the observed CO emissivities and the molecu-
lar hydrogen column densities, usually dubbed XCO. In
ref. [1] it is shown that such approach is su�cient to gen-
erate models in agreement with the data within about
15% in most regions of the sky; a remarkable exception
is the fact that this procedure tends to systematically
underestimate the measured flux above few GeV in the
Galactic plane region, most notably towards the inner
Galaxy.

Fig. 1 shows the spectrum for the �-ray flux measured
by the Fermi-LAT in the energy range between 300 MeV

⇤
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FIG. 1. Upper panel. Comparison between the �-ray flux
computed with the CR propagation model proposed in this Let-
ter (KRA� total flux: solid black line; individual components
shown) and the Fermi-LAT data (purple dots, including both
statistic and systematic errors) in the Galactic disk. For com-
parison, we also show the total flux for the FB model defined
in ref. [1] (double dot-dashed gray line). Lower panel. Resid-
uals computed for the KRA� and FB models.

and 100 GeV and a large angular window encompassing
the inner Galactic plane (5 years of data, within the event
class ULTRACLEAN according to Fermi tools v9r32p5, as
described in [2]). The yellow band corresponds to the
point sources (PS) modelled using the 2-years Fermi-LAT
Point Source Catalogue via a dedicated Monte Carlo
(MC) code. The brown line is the contribution of the
extragalactic background (EGB) obtained by a full-sky
fit of the data for |b| > 20�. The double dot-dashed
line and gray triangles are, respectively, the prediction
and residuals for the Fermi benchmark model, labelled
SSZ4R20T150C5 (FB hereafter), selected for fig. 17 in
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The last step of our method consists in verifying a pos-

teriori that the corrections described above do not spoil
the local observables: we find that just a small tuning in
the value of the normalization of the di↵usion coe�cient
D0 and in the source spectral index � are needed.

In particular, we checked protons (see Fig. 3), B/C
(see Fig. 4), antiprotons (see Fig. 5), leptons, and
10Be/9Be.

FIG. 3. Comparison between the local proton flux in the
KRA� model and the corresponding experimental data. We
use a fixed modulation potential of 500 MV, and, in addition
to the PAMELA data [9], we also show preliminary AMS-02
results [26].

Concerning the Beryllium ratio, the compatibility be-
tween the observational evidence of strong winds in the
inner Galaxy and the constraints from the radioactive
isotopes may be a problem (see e.g. [17]). Neverthe-
less, in our case the Galactic wind is not present locally
and therefore we have an acceptable agreement with the
data.

All in all, we report the following best-fit values for the
parameters described above: A = 0.035 kpc�1, Rw =
6.5 kpc, dV/dz = 100 km s�1kpc�1, D0 = 2.24 ⇥ 1028

cm2s�1, � = 2.35. We label this model KRA� .

IV. RESULTS.

We show in fig. 1, 6, and 7, the �-ray spectra for our
KRA� model in three relevant sky windows: the Galactic
disk, a small window focused on the Galactic center, and
the mid-latitude strip with |l| < 180�, 10� < |b| < 20�.

In fig. 8 we show the longitudinal profile. We re-
mark that the model is not optimized for high longitudes
(|l| > 100�): this is the well-known gradient problem, and
this discrepancy can be reabsorbed by a rescaling of the
⇡0 component – motivated by the possible presence of

FIG. 4. Comparison between the local B/C ratio in the KRA�

model and the corresponding experimental data. We show two
di↵erent values for the modulation potential, 500 MV (dashed
line) and 200 MV (solid line). Data points refer to di↵erent
experiments: ACE [27], HEAO-3 [28], ATIC [29], CRN [30],
CREAM [31], PAMELA [32] and AMS [33].

FIG. 5. Comparison between the local antiproton flux in the
KRA� model and the corresponding PAMELA data [34]. We
use a fixed modulation potential of 750 MV.

neutral gas not traced by HI and CO emission lines –
a position-dependent normalization of the di↵usion coef-
ficient [22], or an altered source term [35] with respect
to the one we adopt [36]. A full-sky analysis based on
a combined scenario with both a variable slope and nor-
malization of the di↵usion coe�cient is far beyond the
scope of this paper, and will be addressed in a future
work.

The gamma-ray data are a very important tracer of the CR distribution across the Galaxy
Fermi-LAT data are crucial to test and constrain CR propagation models!



an application of DRAGON2
The slope problem in gamma-ray data

Why a harder diffusion in the inner Galaxy?

parallel diffusion: δ ~ 0.3
perpendicular diffusion: δ ~ 0.5

[De Marco, Blasi, Stanev, 2007]

out-of-plane Galactic magnetic field component in 
the inner Galaxy

[Jansson and Farrar, 2012]

—> are we seeing parallel escape of CRs in the 
inner Galaxy? <—

[Cerri, Vittino et al., in preparation]
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varying elevation. In the constant elevation region, the
field strength is b
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In the region with varying elevation angle the field
strength is instead b

X

(r
p

)(r
p

/r)2, and the elevation angle
and r

p

are given by

r

p

=
rr

c

X

r

c

X

+ |z|/ tan(⇥0

X

)
, (9)

⇥
X

(r, z)= tan�1

✓
|z|

r � r

p

◆
. (10)

Altogether, the out-of-plane component has 4 free pa-
rameters: B

X

, ⇥0

X

, r

c

X

and r

X

.

5.2. Striated random fields

We include the possibility of striated magnetic fields
by adding a multiplicative factor to the calculation of
PI, such that when this factor is equal to unity the model
describes a purely regular field. We parametrize striated
and purely random fields as B

2

stri

= �B

2

reg

. We let the
factor be a free parameter in the large-scale GMF model.
We originally performed the analysis allowing the disk,
toroidal halo, and X-field each to have a separate amount
of striation (see appendix A). We did not find a signifi-
cant improvement in �

2 using this added freedom, so for
the final parameter optimization used a single � value
for all components. This means the striated field is ev-
erywhere aligned with the local large-scale field and has
the same relative magnitude everywhere in the Galaxy.
When the striated field is aligned with the regular field,

there is an obvious degeneracy between the strength of
the striated magnetic field component and the relativis-
tic electron density: if we write the multiplicative fac-
tor as � = ↵(1 + �), we can interpret ↵ as being a
rescaling factor for the relativistic electron density, with
B

2

stri

= �B

2

reg

. The distribution of relativistic electrons
in the Galaxy is not well enough known to permit this de-
generacy to be disentangled at present. Of course, since
� � 0 it follows if � is found to be less than unity we can
conclude that ↵ < 1, and that n

cre

has been underesti-
mated.

5.3. Parameter Estimation

As noted in JFWE09, avoiding false �

2 minima when
optimizing a model is very di�cult, and we have devoted
considerable e↵ort to exploring the very large parame-
ter space available for the model outlined in the previ-
ous section. The model optimization is done using the
PyMC package by Patil et al. (2010), and uses an adap-
tive Metropolis MCMC algorithm. To achieve good mix-
ing and convergence of the Markov chain, we continue
to sample the parameter space until the Gelman-Rubin
convergence and mixing statistic, R̂ (Gelman & Rubin
1992), satisfies the condition R̂ < 1.03 for all parame-
ters. The final Markov chain has 100k steps, and the
Monte Carlo standard error for any given optimized pa-
rameter is at least an order of magnitude less than the
estimated confidence range of the same parameter.

6. RESULTS

Figure 5. Top view of slices in the x-y-plane of the GMF model.
Top row, from left, slices at z = 10 pc and z = �10 pc. Bot-
tom row, slices at z = 1 kpc and z = �1 kpc, respectively. The
color scheme shows the magnitude of the total regular field, with
negative values if the azimuthal component is oriented clockwise.
The location of the Sun at x = �8.5 kpc is marked with a circle.
From the top panels it is clear that the magnetic field just above
and below the mid-plane are very similar, but not identical, due
to the superposition of the z-symmetric disk field component with
the z-asymmetric toroidal halo component. At |z| = 1 kpc the field
is dominated by the halo component, but still exhibits signs of the
superposition with the X-field, and even the disk field.

Figure 6. An x � z slice of the galaxy showing only the out-of-
plane “X” component. The black lines crossing the mid-plane at
±4.8 kpc traces the boundary between the outer region with con-
stant elevation angle, and the inner region with varying elevation
angle. The black arrows show the direction of the field.

6.1. Optimized large-scale magnetic field model

The large-scale Galactic magnetic field model has 21
free parameters. Table 1 lists the best-fit values and 1��

confidence intervals.

6.1.1. The disk field

The best-fit field in the disk is shown in the top panel
of Figure 5. The innermost arrow refers to the molecular
ring region; consecutive arrows are positioned in spiral
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Figure 3. Parallel and perpendicular diffusion coefficients as a function of energy for
three levels of turbulence. The upper three lines are the parallel diffusion coefficients,
while the bottom three represent the perpendicular one. The level of turbulence,
δB/B0 is given by the numbers attached to the lines.

The results of Ref. [12] show no dependence of the ratio D⊥/D∥ on energy and for
δB/B0 = 1 their result is smaller than ours by about a factor 2.

5. Toy models of the Galactic magnetic field

The large scale structure of the Galactic magnetic field is likely to be complex, as

made of spiral arms and various types of gradients along the radial direction in the

disk and along the ẑ axis, perpendicular to the disk. The same presence of the spiral
arms induces gradients on different spatial scales. On top of this large scale structure

a turbulent component is present which turns out to be responsible for the diffusive

motion of cosmic rays. In all cases presented below, the values of the quantity δB/B0 is

assumed to be spatially constant (in other words the turbulent field is a constant fraction

of the large scale field). It appears rather unrealistic that the naive expectations based

on quasi-linear theory may find an easy confirmation with this complex structure of the
magnetic field and indeed we confirm that this is in general not the case. In order to

understand the various reasons why the expectations of QLT may be not fulfilled, in

the following we discuss in detail four toy models of the magnetic field of the Galaxy

in both its regular (large scale) and turbulent components. The first model is that of

a magnetized homogeneous sphere with only turbulent field. In this case QLT cannot

even be applied because of the absence of a regular field which does not allow to develop
a perturbative approach to particle propagation. In this case however the confinement

The gamma-ray data are a very important tracer of the CR distribution across the Galaxy
Fermi-LAT data are crucial to test and constrain CR propagation models!



an application of DRAGON2
The slope problem in gamma-ray data

Why a harder diffusion in the inner Galaxy?

parallel diffusion: δ ~ 0.3
perpendicular diffusion: δ ~ 0.5

[De Marco, Blasi, Stanev, 2007]

out-of-plane Galactic magnetic field component in 
the inner Galaxy

[Jansson and Farrar, 2012]

—> are we seeing parallel escape of CRs in the 
inner Galaxy? <—

[Cerri, Vittino et al., in preparation]
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5.2. Striated random fields

We include the possibility of striated magnetic fields
by adding a multiplicative factor to the calculation of
PI, such that when this factor is equal to unity the model
describes a purely regular field. We parametrize striated
and purely random fields as B
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. We let the
factor be a free parameter in the large-scale GMF model.
We originally performed the analysis allowing the disk,
toroidal halo, and X-field each to have a separate amount
of striation (see appendix A). We did not find a signifi-
cant improvement in �

2 using this added freedom, so for
the final parameter optimization used a single � value
for all components. This means the striated field is ev-
erywhere aligned with the local large-scale field and has
the same relative magnitude everywhere in the Galaxy.
When the striated field is aligned with the regular field,

there is an obvious degeneracy between the strength of
the striated magnetic field component and the relativis-
tic electron density: if we write the multiplicative fac-
tor as � = ↵(1 + �), we can interpret ↵ as being a
rescaling factor for the relativistic electron density, with
B
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. The distribution of relativistic electrons
in the Galaxy is not well enough known to permit this de-
generacy to be disentangled at present. Of course, since
� � 0 it follows if � is found to be less than unity we can
conclude that ↵ < 1, and that n

cre

has been underesti-
mated.

5.3. Parameter Estimation

As noted in JFWE09, avoiding false �

2 minima when
optimizing a model is very di�cult, and we have devoted
considerable e↵ort to exploring the very large parame-
ter space available for the model outlined in the previ-
ous section. The model optimization is done using the
PyMC package by Patil et al. (2010), and uses an adap-
tive Metropolis MCMC algorithm. To achieve good mix-
ing and convergence of the Markov chain, we continue
to sample the parameter space until the Gelman-Rubin
convergence and mixing statistic, R̂ (Gelman & Rubin
1992), satisfies the condition R̂ < 1.03 for all parame-
ters. The final Markov chain has 100k steps, and the
Monte Carlo standard error for any given optimized pa-
rameter is at least an order of magnitude less than the
estimated confidence range of the same parameter.

6. RESULTS

Figure 5. Top view of slices in the x-y-plane of the GMF model.
Top row, from left, slices at z = 10 pc and z = �10 pc. Bot-
tom row, slices at z = 1 kpc and z = �1 kpc, respectively. The
color scheme shows the magnitude of the total regular field, with
negative values if the azimuthal component is oriented clockwise.
The location of the Sun at x = �8.5 kpc is marked with a circle.
From the top panels it is clear that the magnetic field just above
and below the mid-plane are very similar, but not identical, due
to the superposition of the z-symmetric disk field component with
the z-asymmetric toroidal halo component. At |z| = 1 kpc the field
is dominated by the halo component, but still exhibits signs of the
superposition with the X-field, and even the disk field.

Figure 6. An x � z slice of the galaxy showing only the out-of-
plane “X” component. The black lines crossing the mid-plane at
±4.8 kpc traces the boundary between the outer region with con-
stant elevation angle, and the inner region with varying elevation
angle. The black arrows show the direction of the field.

6.1. Optimized large-scale magnetic field model

The large-scale Galactic magnetic field model has 21
free parameters. Table 1 lists the best-fit values and 1��

confidence intervals.

6.1.1. The disk field

The best-fit field in the disk is shown in the top panel
of Figure 5. The innermost arrow refers to the molecular
ring region; consecutive arrows are positioned in spiral
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6.1. Optimized large-scale magnetic field model

The large-scale Galactic magnetic field model has 21
free parameters. Table 1 lists the best-fit values and 1��

confidence intervals.

6.1.1. The disk field
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ring region; consecutive arrows are positioned in spiral

The gamma-ray data are a very important tracer of the CR distribution across the Galaxy
Fermi-LAT data are crucial to test and constrain CR propagation models!



DRAGON2 is part of a suite of numerical packages that 
cover all the relevant processes in Astroparticle physics 
from MeV to PeV scale! 

1) HeSky 

• models gamma-ray diffuse emission from GeV to TeV due to: 

- Inverse Compton scattering 
- Bremsstrahlung 
- Pion decay 

• synchrotron radiation 

• diffuse neutrino emission due to pion decay up to PeV energy 

2) HelioProp

computes the diffusion-loss equation in the Heliosphere 
allows to model charge-dependent solar modulation affecting 
CRs below few GeV 

DRAGON2 in a broader context



The new features in DRAGON2 are very useful for the community 
interested in indirect DM detection!

Example:  the Galactic bulge emission

a careful assessment 
of the astrophysical 
background is needed 
to characterize the 
excess

[D.Gaggero et al., JCAP, 
2015, E.Carlson et al. 2015]

with a more realistic modeling of the source distribution in the GC region the excess is reabsorbed! 
To better investigate that, models including advection, anisotropic diffusion, and exploiting the 
non-equidistant binning are needed!

DRAGON2 and the dark matter community



We have presented DRAGON2,  
the new version of the DRAGON code.

The novel features of DRAGON2 make it suitable to be used to model a 
wide range of processes in CR physics over a wide range of 

energies.

The complete suite of tools (DRAGON2, HeSky and Helioprop)  
provide a comprehensive set of instruments to study both CR physics and 

dark matter indirect detection in a multi-messenger and consistent way

Next steps of the DRAGON project: 

• Public release of a light version of the code with the new solver (very soon!) 
• Dedicated papers on cross-sections network and anisotropic diffusion 
• Release of the full version of the code, followed by HeSky and Helioprop  

conclusions and future work



Thank you for your attention!

Daniele Gaggero

TeVPa 2016



DRAGON2
new features, a complete documentation



DRAGON2
numerical tests

for each operator:

— we derive an analytical solution

— we consider the relevant 
timescales

— we choose the timestep of the 
simulation

— we run the solver until 
convergence is reached (for the single 
operator, it is enough to look at the 
residual)

— we compare numerical and 
analytical solutions for different 
choices of the grid size
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slow di↵usion

⇡ + slow di↵usion

ion. + slow di↵usion

pion-production energy losses are 
relevant in the whole energy range 

They can affect the whole spectrum 
(especially if diffusion is slow)

DRAGON2 implements nuclear energy losses by pion production!

new ingredients in DRAGON2


