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Introduction: non-thermal particles from 
outer space

CRs: A flux of high-energy particles 
from outer space

Huge energy range, 12 decades in 
energy!

discovery: Domenico Pacini (1910), 
Theodor Wulf (1910), Victor Hess (1912)

  

CR discoveryCR discovery
Domenico Pacini (1910)

Victor Hess (1912)



Why are CRs interesting?
A research field at the interface between particle physics, plasma physics, 
astrophysics

Origin, mechanism of acceleration, mechanism of transport still unclear

Complicated theory of interaction betweens CRs and plasma 
turbulence: requires deep knowledge of plasma physics, 
MHD turbulence…

Particle physics community has been interested in CRs since 
the 1930s: positron discovery (1932), 
muon discovery (1936), 
pion discovery (1947)

Interplay with the dark matter community. 
WIMP annihilation into CR positrons 
or antiprotons? almost 30 years of debate on this topic
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at several GeV ~5 are in terpreted as due to secondary 
product ion by nuclear  intract ions of  cosmic ray pri- 
maries with interstellar gas. This enhancement  in path 
length may be ascr ibed to halo conf inement  in a 
closed box model  for the galactic cosmic rays that  leak 
out  of  the spiral  arms where they are produced  and 
spend ~ 107 yr. The resulting old  component  has a 
lifetime ~ 7 × 109 (0.01 c m -  3/nH ) yr, where nH is the 
neutral  hydrogen densi ty in a toms cm -3, which is 
close to the m a x i m u m  conf inement  t ime ~ 1.5 × 101° 
yr given by the age of  the galaxy ~6. 

We shall not  restrict  our a t tent ion to a par t icular  
conf inement  model,  but  ins tead consider  a range for 
z that  embraces the three models  considered above. 
These vary through 0.02 ~< ~p ~< 200 for ~ p -  Zp/2 × 10 ~ 5 
s. Probably  0.15 < fo < 5, but  the conf inement  t ime zo 
remains  as the most  uncer ta in  o f  the ingredients  in 
eq. (1) .  

~5 It is desirable to repeat these observations with better particle 
identification. 

~6 A possible test of this model could be the observation of a halo 
component in the 7 data, with an energy spectrum consistent 
with that for the decay of~°'s from nuclear interactions. 

We present  in fig. 2 numerical  est imates of  the I~/P 
rat io der ived ~7 from the ~ flux in a sampling o f  su- 
persymmetr ic  models,  based on the default  opt ions  
p h = 0 . 3  GeV cm -3 and z p = 2×1 0  ~5 s. We see that  
because of  the large reduct ion factors ment ioned  ear- 
lier, due mainly  to the assumed values o f  (axzV~)A 
and p~, the improved  upper  l imit  

f 6 4 0  MeV 
205M~V dEp~p(Ep) < 4 . 6×  10 -5 (85%CL),  

f 6 4 0  MeV 2o5 M~v dEpCp (E  o) 

recently repor ted  [ 12,13 ] does not  impose  any sig- 
nif icant  constraint  on supersymmetr ic  part icle  
models.  Indeed,  they might  even give fluxes consid-  
erably below the curves in fig. 2, since some o f  the 
halo dark  mat ter  could be baryonic,  and Zp could be 
shorter  than 2 × 10 t 5 s, as discussed above. For  this 
reason, we prefer to use the da ta  of  refs. [ 12,13 ] to 

~h quote upper  l imits  on the quant i ty  pxv/~p, where 
fih =ph /0 .3  GeV cm-3 .  Fig. 3 shows upper  l imits  on 
/ ~ h x ~  0 for ~(=~ and h, as functions o f m  z. These re- 
suits were der ived assuming an energy- independent  

~7 We use the p flux from ref. [23 ] with AE=495 MeV [ 12,13]. 
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AMS-02 collaboration, 2015



Why are CRs interesting?

Extremely accurate data on GeV-TeV charged CRs and 
gamma rays are coming and will will come in the near future!

  

 
 
Figure 3. The positron, proton, and antiproton spectra have identical momentum dependence from 

60 to 500 GeV.  The electron spectrum exhibits a totally different behavior, it decreases much more rapidly 
with increasing momentum. 

 
There has been much interest over the last few decades in understanding the origin 

and nature of dark matter.  When particles of dark matter collide, they produce energy that 
transforms into ordinary particles, such as positrons and antiprotons.  The characteristic 
signature of dark matter is an increase with energy followed by a sharp drop off at the mass 
of dark matter as well as an isotropic distribution of the arrival directions of the excess 
positrons and antiprotons.   
 
  Figure 4 shows the latest results from AMS on the positron flux.  As seen from 
the figure, after rising from 8 GeV above the rate expected from cosmic ray collisions, the 
spectrum exhibits a sharp drop off at high energies in excellent agreement with the dark 
matter model predictions with a mass of ~1 TeV.  There is great interest in the physics 
community on the AMS measurements of elementary particles.  For example, an alternative 
speculation for positron spectrum is that this rise and drop off may come from new 
astrophysical phenomena such as pulsars.   
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Where do they come from? the SNR paradigm 
in two slides

Tycho SNR CasA SNRCrab plerion

Supernova explosions (~3/century) have enough 
power to sustain the CR flux in the Galaxy (energy 
density: ~1 eV/cm3)   
[W. Baade and F. Zwicky, “Cosmic Rays from 
Supernovae”, 1934]

Theory of first-order shock acceleration  (first-order 
Fermi mechanism) proposed in the 70s  
[e.g. Bell, MNRAS 182, 1978]
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Fig. 6.— The results of modeling of of nonthermal radiation of RX J1713.7-3946 within the hadronic scenario
of gamma-ray production. The following basic parameters are used: t = 1620 yr, D = 1.2 kpc, nH =0.09
cm−3, ESN = 2.7 · 1051 erg, Mej = 1.5M⊙, Mf

A = M b
A = 23, ξ0 = 0.05, the electron to proton ratios at the

forward and reverse shocks Kf
ep = 10−4 and Kb

ep = 1.4 ·10−3. The calculations lead to the following values of
the magnetic fields and the shock speeds at the present epoch: the magnetic field downstream of the forward
and reverse shocks Bf = 127 µG and Bb = 21 µG respectively, the speed of the forward shock Vf = 2760
km s−1, the speed of the reverse shock Vb = −1470 km s−1. The following radiation processes are taken
into account: synchrotron radiation of accelerated electrons (solid curve on the left), IC emission (dashed
line), gamma-ray emission from pion decay (solid line on the right), thermal bremsstrahlung (dotted line).
The input of the reverse shock is shown by the corresponding thin lines. Experimental data in gamma-ray
(HESS; Aharonian et al. 2007a) and X-ray bands (Suzaku; Tanaka et al. 2008), as well as the radio flux
22 ± 2 Jy at 1.4GHz (ATCA; Acero al. 2009) from the whole remnant are also shown.

energy gamma-rays are shown in Fig.6. The prin-
cipal model parameters used in calculations are
described in the figure caption. Note that at the
present epoch already 70 % of the explosion energy
of 2.7 × 1051 erg has been transferred to acceler-
ated protons (see Fig.1), most of them still con-
fined in the shell of the remnant (see Fig.5). The
maximum energies are 140 TeV and 23 TeV for
protons and electrons respectively. Although the
reverse shock contributes significantly to the high-
est energy particles, especially around 100 TeV
(see Fig.3), the gamma-ray production related to
this population of protons is suppressed because
of the low density of the ejecta plasma. The
contribution of electrons directly accelerated by
the reverse shock to synchrotron radiation and IC
gamma-rays is more significant. In particular, the
reverse shock produces 16% of X-rays. Moreover,
the bump at the end of IC spectrum is contributed

mostly by these electrons. The injection efficiency
of electrons is adjusted in order to reproduce the
total intensity of synchrotron X-rays. The electron
injection efficiency at the reverse shock was ad-
justed to reproduce the observable radio-intensity
of the inner ring. The gray scale radio images
of Ellison et al. 2001 and Lazendic et al. 2004
were used in order to obtain a rough estimate
of radio-flux 4 Jy at 1.4 GHz from this region.
The modelled total radio flux is slightly below
the observed flux. Note however that the space-
integrated faint radio flux contains uncertainties,
in particular the contribution of the background
thermal radio emission can be quite significant.

In Fig.6 we show also the energy flux of the
thermal bremsstrahlung. It has a maximum at 0.4
keV and approximately equals to the energy flux
of gamma-rays produced in proton-proton interac-
tions . Note that the ratio of the energy flux of the
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Where do they come from? the SNR paradigm 
in two slides

Tycho SNR CasA SNRCrab plerion

To accelerate particles up to high energies (CR knee 
at ~4 PeV) a large field amplification is needed

It’s still unclear how to get such a field 
amplification! 
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Fig. 6.— The results of modeling of of nonthermal radiation of RX J1713.7-3946 within the hadronic scenario
of gamma-ray production. The following basic parameters are used: t = 1620 yr, D = 1.2 kpc, nH =0.09
cm−3, ESN = 2.7 · 1051 erg, Mej = 1.5M⊙, Mf

A = M b
A = 23, ξ0 = 0.05, the electron to proton ratios at the

forward and reverse shocks Kf
ep = 10−4 and Kb

ep = 1.4 ·10−3. The calculations lead to the following values of
the magnetic fields and the shock speeds at the present epoch: the magnetic field downstream of the forward
and reverse shocks Bf = 127 µG and Bb = 21 µG respectively, the speed of the forward shock Vf = 2760
km s−1, the speed of the reverse shock Vb = −1470 km s−1. The following radiation processes are taken
into account: synchrotron radiation of accelerated electrons (solid curve on the left), IC emission (dashed
line), gamma-ray emission from pion decay (solid line on the right), thermal bremsstrahlung (dotted line).
The input of the reverse shock is shown by the corresponding thin lines. Experimental data in gamma-ray
(HESS; Aharonian et al. 2007a) and X-ray bands (Suzaku; Tanaka et al. 2008), as well as the radio flux
22 ± 2 Jy at 1.4GHz (ATCA; Acero al. 2009) from the whole remnant are also shown.

energy gamma-rays are shown in Fig.6. The prin-
cipal model parameters used in calculations are
described in the figure caption. Note that at the
present epoch already 70 % of the explosion energy
of 2.7 × 1051 erg has been transferred to acceler-
ated protons (see Fig.1), most of them still con-
fined in the shell of the remnant (see Fig.5). The
maximum energies are 140 TeV and 23 TeV for
protons and electrons respectively. Although the
reverse shock contributes significantly to the high-
est energy particles, especially around 100 TeV
(see Fig.3), the gamma-ray production related to
this population of protons is suppressed because
of the low density of the ejecta plasma. The
contribution of electrons directly accelerated by
the reverse shock to synchrotron radiation and IC
gamma-rays is more significant. In particular, the
reverse shock produces 16% of X-rays. Moreover,
the bump at the end of IC spectrum is contributed

mostly by these electrons. The injection efficiency
of electrons is adjusted in order to reproduce the
total intensity of synchrotron X-rays. The electron
injection efficiency at the reverse shock was ad-
justed to reproduce the observable radio-intensity
of the inner ring. The gray scale radio images
of Ellison et al. 2001 and Lazendic et al. 2004
were used in order to obtain a rough estimate
of radio-flux 4 Jy at 1.4 GHz from this region.
The modelled total radio flux is slightly below
the observed flux. Note however that the space-
integrated faint radio flux contains uncertainties,
in particular the contribution of the background
thermal radio emission can be quite significant.

In Fig.6 we show also the energy flux of the
thermal bremsstrahlung. It has a maximum at 0.4
keV and approximately equals to the energy flux
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Can supernova remnants accelerate protons up to PeV energies?

S. GABICI1, D. GAGGERO2, F. ZANDANEL2

1APC, Univ. Paris Diderot, CNRS/IN2P3, CEA/Irfu, Obs. de Paris, Sorbonne Paris Cité,
75013 Paris, France

2GRAPPA Institute, University of Amsterdam, 1098 XH Amsterdam, The Netherlands

Supernova remnants are believed to be the sources of galactic cosmic rays. Within this frame-
work, diffusive shock acceleration must operate in these objects and accelerate protons all the
way up to PeV energies. To do so, significant amplification of the magnetic field at the shock
is required. The goal of this paper is to investigate the capability of supernova remnants to
accelerate PeV protons. We present analytic estimates of the maximum energy of accelerated
protons under various assumptions about the field amplification at supernova remnant shocks.
We show that acceleration up to PeV energies is problematic in all the scenarios considered.
This implies that either a different (more efficient) mechanism of field amplification operates
at supernova remnant shocks, or that the sources of galactic cosmic rays in the PeV energy
range should be searched somewhere else.

1 Introduction

The Hillas criterium is very often invoked in order to estimate the maximum energy Emax of
Cosmic Rays (CRs) that can be accelerated within a given astrophysical object. For a SuperNova
Remnant (SNR) shock of radius Rs, shock velocity us and downstream magnetic field Bs, the

Hillas criterium reads 1:

Emax = ϵ

!

Rs

pc

"!

us
1000 km/s

"!

Bs

µG

"

TeV (1)

where ϵ is a parameter of order unity. A possible way to estimate the numerical value of ϵ has
been presented, among many others, by Ptuskin and Zirakashvili2, and is based on the fact that
the diffusion length ahead of a shock of a particle of energy E is of the order of D/us, where
D = Ec/3qBup is the Bohm diffusion coefficient upstream of the shock (q is the elementary
charge). When the diffusion length becomes comparable to some fraction (typically 5 to 10%)
of the shock radius, particles are assumed to escape. From these considerations one can then
derive Emax and by comparison with Equation 1 obtain ϵ ∼ 1/3. Other approaches give similar

values 1,3.
The dynamical evolution of a young SNR shock in the ejecta dominated phase can be de-

scribed by the self-similar expressions derived by Chevalier4. For a type Ia supernova, exploding
in a uniform insterstellar medium of density n, the shock radius and velocity depend on time
tkyr = t/(1000 yr) as:

Rs = 5.3

!

E2
51

Mej,⊙n

"1/7

t4/7kyr pc (2)

us = 3.0× 103
!

E2
51

Mej,⊙n

"1/7

t−3/7
kyr km/s (3)

Bell 2004: the magnetic field upstream of the shock 
might be largely amplified by a non-resonant instability 
driven by the stream of CRs escaping the shock. 
Drury 2012: the upstream field is amplified as the result 
of turbulence induced by the CR gradient upstream of 
the shock acting on an inhomogeneous ambient 
medium.

These mechanisms are inefficient for spectra 
steeper than E-2: 

[Gabici, DG, Zandanel, arXiv:1610.07638]



Where do they come from? the SNR paradigm 
in two slides

Tycho SNR CasA SNRCrab plerion

To accelerate particles up to high energies (CR knee 
at ~4 PeV) a large field amplification is needed

Even with the field amplification, a Pevatron does 
not last long

log F (E)E2, erg cm−2s−1

log E, eV

HESS

EGRET

Suzaku

ATCA

Suzaku

synch.

TB

π0

IC

π0

−5 0 5 10 15
−14

−13

−12

−11

−10

◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦
◦◦◦◦
◦

◦
◦

◦

◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦
◦

Fig. 6.— The results of modeling of of nonthermal radiation of RX J1713.7-3946 within the hadronic scenario
of gamma-ray production. The following basic parameters are used: t = 1620 yr, D = 1.2 kpc, nH =0.09
cm−3, ESN = 2.7 · 1051 erg, Mej = 1.5M⊙, Mf

A = M b
A = 23, ξ0 = 0.05, the electron to proton ratios at the

forward and reverse shocks Kf
ep = 10−4 and Kb

ep = 1.4 ·10−3. The calculations lead to the following values of
the magnetic fields and the shock speeds at the present epoch: the magnetic field downstream of the forward
and reverse shocks Bf = 127 µG and Bb = 21 µG respectively, the speed of the forward shock Vf = 2760
km s−1, the speed of the reverse shock Vb = −1470 km s−1. The following radiation processes are taken
into account: synchrotron radiation of accelerated electrons (solid curve on the left), IC emission (dashed
line), gamma-ray emission from pion decay (solid line on the right), thermal bremsstrahlung (dotted line).
The input of the reverse shock is shown by the corresponding thin lines. Experimental data in gamma-ray
(HESS; Aharonian et al. 2007a) and X-ray bands (Suzaku; Tanaka et al. 2008), as well as the radio flux
22 ± 2 Jy at 1.4GHz (ATCA; Acero al. 2009) from the whole remnant are also shown.

energy gamma-rays are shown in Fig.6. The prin-
cipal model parameters used in calculations are
described in the figure caption. Note that at the
present epoch already 70 % of the explosion energy
of 2.7 × 1051 erg has been transferred to acceler-
ated protons (see Fig.1), most of them still con-
fined in the shell of the remnant (see Fig.5). The
maximum energies are 140 TeV and 23 TeV for
protons and electrons respectively. Although the
reverse shock contributes significantly to the high-
est energy particles, especially around 100 TeV
(see Fig.3), the gamma-ray production related to
this population of protons is suppressed because
of the low density of the ejecta plasma. The
contribution of electrons directly accelerated by
the reverse shock to synchrotron radiation and IC
gamma-rays is more significant. In particular, the
reverse shock produces 16% of X-rays. Moreover,
the bump at the end of IC spectrum is contributed

mostly by these electrons. The injection efficiency
of electrons is adjusted in order to reproduce the
total intensity of synchrotron X-rays. The electron
injection efficiency at the reverse shock was ad-
justed to reproduce the observable radio-intensity
of the inner ring. The gray scale radio images
of Ellison et al. 2001 and Lazendic et al. 2004
were used in order to obtain a rough estimate
of radio-flux 4 Jy at 1.4 GHz from this region.
The modelled total radio flux is slightly below
the observed flux. Note however that the space-
integrated faint radio flux contains uncertainties,
in particular the contribution of the background
thermal radio emission can be quite significant.

In Fig.6 we show also the energy flux of the
thermal bremsstrahlung. It has a maximum at 0.4
keV and approximately equals to the energy flux
of gamma-rays produced in proton-proton interac-
tions . Note that the ratio of the energy flux of the
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Supernova remnants are believed to be the sources of galactic cosmic rays. Within this frame-
work, diffusive shock acceleration must operate in these objects and accelerate protons all the
way up to PeV energies. To do so, significant amplification of the magnetic field at the shock
is required. The goal of this paper is to investigate the capability of supernova remnants to
accelerate PeV protons. We present analytic estimates of the maximum energy of accelerated
protons under various assumptions about the field amplification at supernova remnant shocks.
We show that acceleration up to PeV energies is problematic in all the scenarios considered.
This implies that either a different (more efficient) mechanism of field amplification operates
at supernova remnant shocks, or that the sources of galactic cosmic rays in the PeV energy
range should be searched somewhere else.

1 Introduction

The Hillas criterium is very often invoked in order to estimate the maximum energy Emax of
Cosmic Rays (CRs) that can be accelerated within a given astrophysical object. For a SuperNova
Remnant (SNR) shock of radius Rs, shock velocity us and downstream magnetic field Bs, the

Hillas criterium reads 1:

Emax = ϵ

!
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µG

"

TeV (1)

where ϵ is a parameter of order unity. A possible way to estimate the numerical value of ϵ has
been presented, among many others, by Ptuskin and Zirakashvili2, and is based on the fact that
the diffusion length ahead of a shock of a particle of energy E is of the order of D/us, where
D = Ec/3qBup is the Bohm diffusion coefficient upstream of the shock (q is the elementary
charge). When the diffusion length becomes comparable to some fraction (typically 5 to 10%)
of the shock radius, particles are assumed to escape. From these considerations one can then
derive Emax and by comparison with Equation 1 obtain ϵ ∼ 1/3. Other approaches give similar

values 1,3.
The dynamical evolution of a young SNR shock in the ejecta dominated phase can be de-

scribed by the self-similar expressions derived by Chevalier4. For a type Ia supernova, exploding
in a uniform insterstellar medium of density n, the shock radius and velocity depend on time
tkyr = t/(1000 yr) as:
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Some basic theory of CR propagation
CRs are confined in the Galaxy for > 106 years
Which is the mechanism of confinement?

The ISM is turbulent and magnetized

The physics of the interaction between a relativistic charged 
particle and a turbulent magnetic field has been studied since 
the ‘60s 
[see e.g. R. Jokipii, “charged particles in a random magnetic field”, 1966]

Pitch angle scattering: a resonant interaction between Alfvén waves and charged CRs

• whenever a CR interacts with an Alfvén wavepacket, if the resonance condition is satisfied, changes 
randomly the pitch angle

• this stochastic process eventually
results in a parallel spatial diffusion
with respect to the regular field

Whenever a CR interacts with an Alfvén wavepacket, if the resonance condition is 
satisfied, it changes randomly the pitch angle

This stochastic process eventually results in a spatial diffusion 
in the parallel direction with respect to the regular magnetic field

2. CR propagation
Interaction between charged CRs and Alfvén waves —> pitch angle scattering

Quasi linear theory of pitch-angle scattering
We consider a regular magnetic field and small perturbations (small-amplitude Alfvén 
waves)
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FOR  A KOLMOGOROV SPECTRUM s=5/3 AND L0=50 pc. THE DIFFUSION COEFFICIENT 
READS THEN (see Lecture 1): 

2

becomes as small as the particle Larmor radius. Diffusion
models routinely used in calculations of CR propagation
are inspired (implicitly or explicitly) by the assumption
that something like this happens.

In this Letter we present our calculations of the com-
bined effect on CR scattering on turbulence cascading
from some large scale (L0 = 50pc) through NLLD and
self-generated waves induced by CR streaming in the
Galaxy. We find that a change in the scattering prop-
erties of the ISM must occur at ∼ 200 − 300 GeV/n re-
flecting in a change of shape of the CR spectrum at the
same rigidity. While the transition energy can be esti-
mated analytically, we solve the full system of equations
describing CR transport and wave evolution so as to ob-
tain a self-consistent spectrum of CRs. In this way, we
also find that at energies below ∼ 10 GeV/n the advec-
tion of CRs with waves moving with the Alfvén velocity
leads to a spectral hardening. Both spectral features are
observed [1, 3], and this work was actually stimulated by
these observations.

The calculation—We solve the CR diffusion equation
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coupled with the equation for the waves:
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Here f(p, z) is normalized so that the number of particles
in the range dp around momentum p at the location z
above or below the disc is 4πp2f(p, z)dp. The diffusion
coefficient is related to the wave spectrum through the
well known expression:

D(p) =
1

3
rL(p)v(p)
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k W (k)
, (3)

where the power in the form of waves, W (k), satisfies:
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dk W (k) = ηB =
δB2

B2
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, (4)

with δB2/4π the power in turbulent fields and B0 the
regular magnetic field strength. In Eq. (3) the momen-
tum and wavenumber are related through the resonance
condition k = 1/rL(p) = qB0/(pc), with rL the Lar-
mor radius of particles with momentum p moving in the
magnetic field B0. The underlying assumption is that
δB << B0. In Eq. (1) we use a simple injection model
in which all CRs are produced by SNRs in an infinitely
thin disc of radius Rd:

qcr(p, z) =
ξCRESNRSN

πR2
dI(α)c(mc)4
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mc

%−α
δ(z) ≡ Q0(p)δ(z).

(5)
Here ξCR is the fraction of the total kinetic energy
of a SN, ESN , assumed to be channelled into CRs,
and the SN rate is RSN . The quantity I(α) =

4π
& ∞
0 dx x2−α

'√
x2 + 1 − 1

(

comes from the normaliza-
tion of the kinetic energy of the SN that goes into CRs.
Notice that the particle spectrum is assumed to be a
power law in momentum, as expected for diffusive shock
acceleration in the test particle regime.

Eq. (2) describes the stationary wave spectrum W (k)
under the effect of wave-wave coupling and amplification
of waves due to streaming instability at a rate Γcr(k).
The cascade is due to NLLD and is described as a diffu-
sion process in k-space with a diffusion coefficient [18]:

Dkk = CKvAk7/2W (k)1/2 (6)

for a Kolmogorov phenomenology (CK ≈ 5.2×10−2 [16]).
One can easily check that, in the absence of a CR-induced
contribution, this diffusive process in k-space leads to
the standard Kolmogorov spectrum W (k) ∝ k−5/3 (for
k ≫ k0), if the injection of power occurs at a single k0 =
1/L0. The effect of CRs is to amplify the waves through
streaming instability, with the growth rate:
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16π2

3

vA

F(k)B2
0

!

p4v(p)
∂f

∂z

"

p=qB0/kc

(7)

where the spatial gradient of CRs can be found by solving
the transport equation, Eq. (1).

Eq. (1) is solved in the simplifying assumptions that
D depends weakly on the the z-coordinate, and that the
Alfvén speed is also independent of z, except for the fact
that Alfvén waves move upward (downward) above (be-
low) the disk. This implies that dvA/dz = 2vAδ(z). With
these assumptions the solution of Eq. (1) can readily be
found to be in the form:

f(z, p) = f0(p)
1 − e−ζ(1−|z|/H)

1 − e−ζ
, ζ(p) ≡

vAH

D(p)
, (8)

and f0(p) has to satisfy the following equation, obtained
by integrating Eq. (1) in the range z = (0− − 0+):
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The space derivative can be easily derived from Eq. (8):
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Solving for f0, the CR spectrum in the disc of the Galaxy
is readily found to be:
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In the high energy limit, where diffusion prevails upon
convection at speed vA, Eq. (11) reduces to the well
known solution of the diffusion equation in one dimen-
sion, fdiff

0 (p) = Q0(p)H/(2D(p)).
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becomes as small as the particle Larmor radius. Diffusion
models routinely used in calculations of CR propagation
are inspired (implicitly or explicitly) by the assumption
that something like this happens.

In this Letter we present our calculations of the com-
bined effect on CR scattering on turbulence cascading
from some large scale (L0 = 50pc) through NLLD and
self-generated waves induced by CR streaming in the
Galaxy. We find that a change in the scattering prop-
erties of the ISM must occur at ∼ 200 − 300 GeV/n re-
flecting in a change of shape of the CR spectrum at the
same rigidity. While the transition energy can be esti-
mated analytically, we solve the full system of equations
describing CR transport and wave evolution so as to ob-
tain a self-consistent spectrum of CRs. In this way, we
also find that at energies below ∼ 10 GeV/n the advec-
tion of CRs with waves moving with the Alfvén velocity
leads to a spectral hardening. Both spectral features are
observed [1, 3], and this work was actually stimulated by
these observations.

The calculation—We solve the CR diffusion equation
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Here f(p, z) is normalized so that the number of particles
in the range dp around momentum p at the location z
above or below the disc is 4πp2f(p, z)dp. The diffusion
coefficient is related to the wave spectrum through the
well known expression:

D(p) =
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k W (k)
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where the power in the form of waves, W (k), satisfies:
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with δB2/4π the power in turbulent fields and B0 the
regular magnetic field strength. In Eq. (3) the momen-
tum and wavenumber are related through the resonance
condition k = 1/rL(p) = qB0/(pc), with rL the Lar-
mor radius of particles with momentum p moving in the
magnetic field B0. The underlying assumption is that
δB << B0. In Eq. (1) we use a simple injection model
in which all CRs are produced by SNRs in an infinitely
thin disc of radius Rd:

qcr(p, z) =
ξCRESNRSN

πR2
dI(α)c(mc)4
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Here ξCR is the fraction of the total kinetic energy
of a SN, ESN , assumed to be channelled into CRs,
and the SN rate is RSN . The quantity I(α) =

4π
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0 dx x2−α
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x2 + 1 − 1
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comes from the normaliza-
tion of the kinetic energy of the SN that goes into CRs.
Notice that the particle spectrum is assumed to be a
power law in momentum, as expected for diffusive shock
acceleration in the test particle regime.

Eq. (2) describes the stationary wave spectrum W (k)
under the effect of wave-wave coupling and amplification
of waves due to streaming instability at a rate Γcr(k).
The cascade is due to NLLD and is described as a diffu-
sion process in k-space with a diffusion coefficient [18]:

Dkk = CKvAk7/2W (k)1/2 (6)

for a Kolmogorov phenomenology (CK ≈ 5.2×10−2 [16]).
One can easily check that, in the absence of a CR-induced
contribution, this diffusive process in k-space leads to
the standard Kolmogorov spectrum W (k) ∝ k−5/3 (for
k ≫ k0), if the injection of power occurs at a single k0 =
1/L0. The effect of CRs is to amplify the waves through
streaming instability, with the growth rate:
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16π2

3

vA

F(k)B2
0

!

p4v(p)
∂f

∂z

"

p=qB0/kc

(7)

where the spatial gradient of CRs can be found by solving
the transport equation, Eq. (1).

Eq. (1) is solved in the simplifying assumptions that
D depends weakly on the the z-coordinate, and that the
Alfvén speed is also independent of z, except for the fact
that Alfvén waves move upward (downward) above (be-
low) the disk. This implies that dvA/dz = 2vAδ(z). With
these assumptions the solution of Eq. (1) can readily be
found to be in the form:

f(z, p) = f0(p)
1 − e−ζ(1−|z|/H)

1 − e−ζ
, ζ(p) ≡

vAH

D(p)
, (8)

and f0(p) has to satisfy the following equation, obtained
by integrating Eq. (1) in the range z = (0− − 0+):
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Solving for f0, the CR spectrum in the disc of the Galaxy
is readily found to be:
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In the high energy limit, where diffusion prevails upon
convection at speed vA, Eq. (11) reduces to the well
known solution of the diffusion equation in one dimen-
sion, fdiff

0 (p) = Q0(p)H/(2D(p)).
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Some basic theory of CR propagation
CRs are confined in the Galaxy for > 106 years
Which is the mechanism of confinement?

The ISM is turbulent and magnetized

The physics of the interaction between a relativistic charged 
particle and a turbulent magnetic field has been studied since 
the ‘60s 
[see e.g. R. Jokipii, “charged particles in a random magnetic field”, 1966]

Perpendicular diffusion
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e.g. Drury 1983

Many complications to this picture:

—> role of CR self-confinement? [see e.g. 
Kulsrud&Cesarski ApL 8, 1971]

—> anisotropic turbulence cascade: 
[Goldreich&Sridhar 1995 (GS95)] lead to 
inefficient scattering [Chandran 2000]

—> role of scattering on magnetosonic 
waves? 
[e.g. Yan&Lazarian ApJ 614, 2004]

Whenever a CR interacts with an Alfvén wavepacket, if the resonance condition is 
satisfied, it changes randomly the pitch angle

This stochastic process eventually results in a spatial diffusion 
in the parallel direction with respect to the regular magnetic field

2. CR propagation
Interaction between charged CRs and Alfvén waves —> pitch angle scattering

Quasi linear theory of pitch-angle scattering
We consider a regular magnetic field and small perturbations (small-amplitude Alfvén 
waves)

 

2. Physics of CR propagation

PHYSICS QUESTION: WHY ARE THERE 
WAVES THAT CR CAN SCATTER UPON? 

POSSIBILITY N. 1: WAVES HAVE BEEN INJECTED BY SNR EXPLOSIONS THROUGHOUT 
THE GALAXY. THEIR SPECTRUM IS W(k)~k-s 
 
 
 
 
 
 
 

FOR  A KOLMOGOROV SPECTRUM s=5/3 AND L0=50 pc. THE DIFFUSION COEFFICIENT 
READS THEN (see Lecture 1): 

2

becomes as small as the particle Larmor radius. Diffusion
models routinely used in calculations of CR propagation
are inspired (implicitly or explicitly) by the assumption
that something like this happens.

In this Letter we present our calculations of the com-
bined effect on CR scattering on turbulence cascading
from some large scale (L0 = 50pc) through NLLD and
self-generated waves induced by CR streaming in the
Galaxy. We find that a change in the scattering prop-
erties of the ISM must occur at ∼ 200 − 300 GeV/n re-
flecting in a change of shape of the CR spectrum at the
same rigidity. While the transition energy can be esti-
mated analytically, we solve the full system of equations
describing CR transport and wave evolution so as to ob-
tain a self-consistent spectrum of CRs. In this way, we
also find that at energies below ∼ 10 GeV/n the advec-
tion of CRs with waves moving with the Alfvén velocity
leads to a spectral hardening. Both spectral features are
observed [1, 3], and this work was actually stimulated by
these observations.

The calculation—We solve the CR diffusion equation
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Here f(p, z) is normalized so that the number of particles
in the range dp around momentum p at the location z
above or below the disc is 4πp2f(p, z)dp. The diffusion
coefficient is related to the wave spectrum through the
well known expression:
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where the power in the form of waves, W (k), satisfies:
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with δB2/4π the power in turbulent fields and B0 the
regular magnetic field strength. In Eq. (3) the momen-
tum and wavenumber are related through the resonance
condition k = 1/rL(p) = qB0/(pc), with rL the Lar-
mor radius of particles with momentum p moving in the
magnetic field B0. The underlying assumption is that
δB << B0. In Eq. (1) we use a simple injection model
in which all CRs are produced by SNRs in an infinitely
thin disc of radius Rd:

qcr(p, z) =
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Here ξCR is the fraction of the total kinetic energy
of a SN, ESN , assumed to be channelled into CRs,
and the SN rate is RSN . The quantity I(α) =
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0 dx x2−α
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comes from the normaliza-
tion of the kinetic energy of the SN that goes into CRs.
Notice that the particle spectrum is assumed to be a
power law in momentum, as expected for diffusive shock
acceleration in the test particle regime.

Eq. (2) describes the stationary wave spectrum W (k)
under the effect of wave-wave coupling and amplification
of waves due to streaming instability at a rate Γcr(k).
The cascade is due to NLLD and is described as a diffu-
sion process in k-space with a diffusion coefficient [18]:

Dkk = CKvAk7/2W (k)1/2 (6)

for a Kolmogorov phenomenology (CK ≈ 5.2×10−2 [16]).
One can easily check that, in the absence of a CR-induced
contribution, this diffusive process in k-space leads to
the standard Kolmogorov spectrum W (k) ∝ k−5/3 (for
k ≫ k0), if the injection of power occurs at a single k0 =
1/L0. The effect of CRs is to amplify the waves through
streaming instability, with the growth rate:
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where the spatial gradient of CRs can be found by solving
the transport equation, Eq. (1).

Eq. (1) is solved in the simplifying assumptions that
D depends weakly on the the z-coordinate, and that the
Alfvén speed is also independent of z, except for the fact
that Alfvén waves move upward (downward) above (be-
low) the disk. This implies that dvA/dz = 2vAδ(z). With
these assumptions the solution of Eq. (1) can readily be
found to be in the form:

f(z, p) = f0(p)
1 − e−ζ(1−|z|/H)

1 − e−ζ
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In the high energy limit, where diffusion prevails upon
convection at speed vA, Eq. (11) reduces to the well
known solution of the diffusion equation in one dimen-
sion, fdiff
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becomes as small as the particle Larmor radius. Diffusion
models routinely used in calculations of CR propagation
are inspired (implicitly or explicitly) by the assumption
that something like this happens.

In this Letter we present our calculations of the com-
bined effect on CR scattering on turbulence cascading
from some large scale (L0 = 50pc) through NLLD and
self-generated waves induced by CR streaming in the
Galaxy. We find that a change in the scattering prop-
erties of the ISM must occur at ∼ 200 − 300 GeV/n re-
flecting in a change of shape of the CR spectrum at the
same rigidity. While the transition energy can be esti-
mated analytically, we solve the full system of equations
describing CR transport and wave evolution so as to ob-
tain a self-consistent spectrum of CRs. In this way, we
also find that at energies below ∼ 10 GeV/n the advec-
tion of CRs with waves moving with the Alfvén velocity
leads to a spectral hardening. Both spectral features are
observed [1, 3], and this work was actually stimulated by
these observations.

The calculation—We solve the CR diffusion equation
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in the range dp around momentum p at the location z
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coefficient is related to the wave spectrum through the
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with δB2/4π the power in turbulent fields and B0 the
regular magnetic field strength. In Eq. (3) the momen-
tum and wavenumber are related through the resonance
condition k = 1/rL(p) = qB0/(pc), with rL the Lar-
mor radius of particles with momentum p moving in the
magnetic field B0. The underlying assumption is that
δB << B0. In Eq. (1) we use a simple injection model
in which all CRs are produced by SNRs in an infinitely
thin disc of radius Rd:

qcr(p, z) =
ξCRESNRSN

πR2
dI(α)c(mc)4

$ p

mc

%−α
δ(z) ≡ Q0(p)δ(z).

(5)
Here ξCR is the fraction of the total kinetic energy
of a SN, ESN , assumed to be channelled into CRs,
and the SN rate is RSN . The quantity I(α) =

4π
& ∞
0 dx x2−α

'√
x2 + 1 − 1

(

comes from the normaliza-
tion of the kinetic energy of the SN that goes into CRs.
Notice that the particle spectrum is assumed to be a
power law in momentum, as expected for diffusive shock
acceleration in the test particle regime.

Eq. (2) describes the stationary wave spectrum W (k)
under the effect of wave-wave coupling and amplification
of waves due to streaming instability at a rate Γcr(k).
The cascade is due to NLLD and is described as a diffu-
sion process in k-space with a diffusion coefficient [18]:

Dkk = CKvAk7/2W (k)1/2 (6)

for a Kolmogorov phenomenology (CK ≈ 5.2×10−2 [16]).
One can easily check that, in the absence of a CR-induced
contribution, this diffusive process in k-space leads to
the standard Kolmogorov spectrum W (k) ∝ k−5/3 (for
k ≫ k0), if the injection of power occurs at a single k0 =
1/L0. The effect of CRs is to amplify the waves through
streaming instability, with the growth rate:

Γcr(k) =
16π2

3

vA

F(k)B2
0

!

p4v(p)
∂f

∂z

"

p=qB0/kc

(7)

where the spatial gradient of CRs can be found by solving
the transport equation, Eq. (1).

Eq. (1) is solved in the simplifying assumptions that
D depends weakly on the the z-coordinate, and that the
Alfvén speed is also independent of z, except for the fact
that Alfvén waves move upward (downward) above (be-
low) the disk. This implies that dvA/dz = 2vAδ(z). With
these assumptions the solution of Eq. (1) can readily be
found to be in the form:

f(z, p) = f0(p)
1 − e−ζ(1−|z|/H)

1 − e−ζ
, ζ(p) ≡

vAH

D(p)
, (8)

and f0(p) has to satisfy the following equation, obtained
by integrating Eq. (1) in the range z = (0− − 0+):

−2D(p)

!

∂f

∂z

"

z=0+

−
2

3
vAp

df0

dp
= q0(p). (9)

The space derivative can be easily derived from Eq. (8):

!

∂f

∂z

"

z=0+

=
vAf0

D(p)

1

λ(p)
, λ(p) = 1 − exp [ζ(p)] . (10)

Solving for f0, the CR spectrum in the disc of the Galaxy
is readily found to be:

f0(p) =
3

2vA

# ∞

p

dp′

p′
q0(p) exp

)

# p′

p

dp′′

p′′
3

λ(p′′)

*

. (11)

In the high energy limit, where diffusion prevails upon
convection at speed vA, Eq. (11) reduces to the well
known solution of the diffusion equation in one dimen-
sion, fdiff

0 (p) = Q0(p)H/(2D(p)).

W (k) = �B(s� 1)L0

�
k

k0

⇥�s

L0 = 1/k0

D(p) =
1
3
rL(p)v(p)

1
kresW (kres)

kres =
1

rL(p)



Some basic theory of CR propagation

• No easy way to determine the diffusion coefficient from first principles.

• A phenomenological, data-driven approach is needed, based on the results of theory 
and numerical simulations

Numerical simulations:
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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

Perpendicular diffusion

Dk =
1

3
c2⌧s ⇡

1

3

c2

⌦g
F(k)�1 =

1

3
RLc F(k)�1

[I(kres) kres]/B2 Bohm diffusion coefficient DB

e.g. Drury 1983

[De Marco, Blasi, Stanev 2007]

parallel diffusion coefficient

perpendicular diffusion coeff.



The phenomenology of CR propagation

• The CR transport equation

• The role of B/C and other secondary/primary ratios

• How to parametrize the problem

• Some relevant scans of the parameter space: The importance of different 
parametrizations. 

• Anomalies: spectral breaks. (PAMELA, then AMS)

• Anomalies: positron fraction. (PAMELA, then AMS)

• Anomalies: antiprotons. (AMS)



The phenomenology of CR propagation

The geometry 
of the problem

H'

2h'
Rd'

disc 

Halo 
Particle escape 

All sources are assumed to be in the disc and are assumed to be SNRs  

which explode in the Galaxy at a rate R  per unit time 

A summary picture
courtesy of A. Strong

courtesy of P. Blasi



and variable time step). The main new features for galactic propagation are demonstrated
in Section 5 in a few example applications.

The first large project of this kind, GALPROP2, is a widely used code in the commu-
nity [33–35]. GALPROP is designed to make predictions of direct CR measurements
as well as gamma rays and synchrotron radiation self-consistently. It includes
realistic models for nuclear spallation processes [36–40] and energy losses, but
basic assumptions for the CR transport3. Semi-analytical solutions of the prop-
agation equation are implemented in the USINE code developed since 2010 [41].
Taking advantage of much faster computation methods than numerical models,
the semianalytical approach allowed for a faster scan of the transport parameter
space by using statistical tools [42–44].

Recently, the PICARD numerical code have been developed [45, 46]. PICARD is fully 3D
in concept and implements modern numerical techniques for the numerical solver, handling
high resolutions with reasonable computer resources.

DRAGON2 is part of a complete suite of numerical tools designed to cover most of the
relevant processes involving Galactic CRs and their secondary products over a very wide
energy range. With the help of these tools – in particular the HeSky4 package – it is possible
to compute spectra and sky-maps of radiation emitted by CRs interactions in a huge energy
range, from the synchrotron radio waves up to the PeV neutrinos. On the low-energy side,
the solar modulation can be treated either with auxiliary analytical routines implementing
the force-field approximation [47, 48], or with the HelioProp numerical code featuring a
detailed model of CR charge-dependent interaction with the Heliosphere, including di↵usion,
advection and energy losses due to the solar wind [49].

This paper does not contain a description of spallation processes and of o↵-diagonal
anisotropic di↵usion, which will be covered in forthcoming publications and in the evolving
DRAGON manual (see www.dragonproject.org).

2 Transport of CRs in the Galaxy

DRAGON2 features all relevant processes for CR transport from Galactic acceleration sites
to Earth: in particular, spatial and momentum di↵usion, energy losses, advection, nuclear
spallations and decays.

The combination of all these processes can be described by the following equation [50,
51]:
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(2.1)

where Ni(~r, p) is the density per total momentum p of the CR species i, Dpp(~r, p) is
the momentum di↵usion coe�cient, Q(~r, p) describes the distribution and the energy spectra
of sources, ~vw(~r) is the Galactic wind velocity responsible for CR advection, ṗ(~r, p) accounts
for the momentum losses. The timescale for radioactive decay at rest is given by

2
See http://galprop.stanford.edu and http://sourceforge.net/projects/galprop.

3
For a detailed comparison between the two codes we refer to the DRAGON2 wiki-page: XXX

4
A technical documentation will be released during 2017.
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The phenomenology of CR propagation
The transport equation

Spatial diffusion term
The Dij term is usually taken as a constant 
scalar coefficient.
- In general, it is a position-dependent 
tensor! 

⌧i, while �i is the spallation cross-section with the interstellar gas. In this paper
we do not consider these latter nuclear processes, and we postpone a detailed
description to a forthcoming publication. The CR macroscopic current ~J(~r, p) is de-
termined by the spatial di↵usion tensor Dij , as Ji = �DijrjN .

These quantities can be either inferred from independent observations (e.g. the gas
distribution, the magnetic field entering the loss term) or fitted to the data (e.g. the di↵usion
coe�cient, the Galactic wind velocity). For all of them, di↵erent parameterizations are
provided in literature and can be used to estimate the systematic uncertainty a↵ecting the
corresponding process. We therefore implement in DRAGON2 several options for the relevant
transport quantities, as extensively described in Appendix C; in most cases, the quantities
are position-dependent.

As discussed in the Introduction, one of the main novelty of our code with
respect to other existing codes is the possibility to implement inhomogeneous
transport5 (e.g., advection, momentum and spatial di↵usion).

In particular, assuming di↵usion as inhomogeneous and anisotropic has a very natural
motivation. In fact, the presence of a large scale Galactic magnetic field (GMF) clearly
breaks isotropy and introduces a preferred direction, so that charged-particle di↵usion should
be expressed in terms of a di↵usion tensor with components given by:

Dij =
�
Dk � D?

�
bibj +D?�ij + ✏ijk DAbk , (2.2)

where ~b is a unit vector along the mean (large scale) GMF. With this choice of versors,
Dk and D? are the components of the di↵usion tensor parallel and perpendicular to the
mean magnetic field and describe di↵usion due to small-scale turbulent fluctuations. The
coe�cient DA gauges the anti-symmetric component of the di↵usion tensor: It is usually
identified as the drift coe�cient since it describes a macroscopic drift orthogonal to both ~b
and the gradient of the CR density, ~rN [52, 53]. In this paper we always assume DA = 0
since the associated drifts are negligible up to ⇠PeV energies as shown, e.g., in [54].

Although the physics behind CR di↵usion is far from being understood (see e.g. [55]
for a comprehensive review), some basic aspects may however be clarified starting from
the weak-turbulence approximation where GMF random fluctuations are treated as a small
perturbation over the regular one. Under this assumption it is possible to treat analytically
the problem of resonant CR interactions with the random-phase Alfvén wavemodes. This
framework is known as quasi-linear theory (QLT) [56, 57]. The classical result for QLT gives
that di↵usion coe�cients are described by a power-law in rigidity with di↵erent slopes for
the parallel and perpendicular components (see also [58]). Moreover, these coe�cients are
spatially inhomogeneous since they are determined by local properties of the turbulent and
regular fields. In this perspective, for the di↵usion coe�cients Dk and D? we adopt several
phenomenological parameterizations as proposed in recent works based on local fluxes and
gamma-ray data (see Appendix C.8).

DRAGON2 can work either in a (2+ 1)-dimensional (2D) or in a (3+ 1)-dimensional (3D)
configuration. In the 2D case we use cylindrical coordinates defined by the radial distance r
and the height form the Galactic disk z and we assume azimuthally symmetry. For the 3D case
we consider Cartesian coordinates x, y, z. The quantities defined as function of cylindrical
coordinates are consistently mapped in Cartesian coordinates by the relation r =

p
x2 + y2.

In the next Sections, we will specify the transport equation in these two configurations.

5
Not necessarily separable in a spatial and an energy term.
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2D in cylindrical coordinates and azimuthal symmetry

In 2D mode, Dk plays no role and the derivative of the particle density along the azimuthal
coordinate vanishes (@�N = 0), then Eq. 2.1 can be written by substituting:

~r · ~J ! Drr(r, z, p)
@2N

@r2
+ Dzz(r, z, p)

@2N

@z2
+ �(r, z, p)

@N

@r
+  (r, z, p)

@N

@z
(2.3)

where:

�(r, z, p) =
Drr(r, z, p)

r
+
@Drr(r, z)

@r

 (r, z, p) =
@Dzz(r, z, p)

@z

At Galactic scale, it is common to assume an azimuthal mean field, ~B = B�̂, such that,
as it follows from Eq. 2.2, Drr = Dzz = D?. In this configuration, the problem reduces to
that of isotropic di↵usion.

In presence of a vertical component of the mean field, as the case of the GC, with
~B = Bẑ, we obtain Drr = D? and Dzz = Dk and, in general, D? 6= Dk.

3D in Cartesian coordinates

In this configuration Eq. 2.1 can be written by substituting:
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where ui = rj Dij .
In the present work, we consider only the case in which o↵-diagonal components of the

di↵usion tensor, Di 6=j , are null. Under this condition, the previous equation can be simplified
as this:
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3 Numerical solution of the transport equation

3.1 Discretization over grid

In order to solve the transport equation numerically it is necessary to discretise the equation,
i.e. to write it on a discrete grid and transform derivative operators into finite di↵erences.
In cylindrical coordinates (2D) we consider a grid with two spatial coordinates (ri, zj) and
one momentum coordinate (pq); the grid spacing is arbitrary and it may be irregular. In
Cartesian coordinates (3D) the spatial grid is instead obtained with three coordinates: xi,
yj , zk.

– 5 –



and variable time step). The main new features for galactic propagation are demonstrated
in Section 5 in a few example applications.

The first large project of this kind, GALPROP2, is a widely used code in the commu-
nity [33–35]. GALPROP is designed to make predictions of direct CR measurements
as well as gamma rays and synchrotron radiation self-consistently. It includes
realistic models for nuclear spallation processes [36–40] and energy losses, but
basic assumptions for the CR transport3. Semi-analytical solutions of the prop-
agation equation are implemented in the USINE code developed since 2010 [41].
Taking advantage of much faster computation methods than numerical models,
the semianalytical approach allowed for a faster scan of the transport parameter
space by using statistical tools [42–44].

Recently, the PICARD numerical code have been developed [45, 46]. PICARD is fully 3D
in concept and implements modern numerical techniques for the numerical solver, handling
high resolutions with reasonable computer resources.

DRAGON2 is part of a complete suite of numerical tools designed to cover most of the
relevant processes involving Galactic CRs and their secondary products over a very wide
energy range. With the help of these tools – in particular the HeSky4 package – it is possible
to compute spectra and sky-maps of radiation emitted by CRs interactions in a huge energy
range, from the synchrotron radio waves up to the PeV neutrinos. On the low-energy side,
the solar modulation can be treated either with auxiliary analytical routines implementing
the force-field approximation [47, 48], or with the HelioProp numerical code featuring a
detailed model of CR charge-dependent interaction with the Heliosphere, including di↵usion,
advection and energy losses due to the solar wind [49].

This paper does not contain a description of spallation processes and of o↵-diagonal
anisotropic di↵usion, which will be covered in forthcoming publications and in the evolving
DRAGON manual (see www.dragonproject.org).

2 Transport of CRs in the Galaxy

DRAGON2 features all relevant processes for CR transport from Galactic acceleration sites
to Earth: in particular, spatial and momentum di↵usion, energy losses, advection, nuclear
spallations and decays.

The combination of all these processes can be described by the following equation [50,
51]:
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where Ni(~r, p) is the density per total momentum p of the CR species i, Dpp(~r, p) is
the momentum di↵usion coe�cient, Q(~r, p) describes the distribution and the energy spectra
of sources, ~vw(~r) is the Galactic wind velocity responsible for CR advection, ṗ(~r, p) accounts
for the momentum losses. The timescale for radioactive decay at rest is given by

2
See http://galprop.stanford.edu and http://sourceforge.net/projects/galprop.

3
For a detailed comparison between the two codes we refer to the DRAGON2 wiki-page: XXX

4
A technical documentation will be released during 2017.
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The phenomenology of CR propagation
The transport equation

Energy loss term
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Figure 27. The energy loss timescales for electrons or positrons (left panels) and protons
(right panels) are shown for the mechanisms reported in Section C.10. For the local gas
density we assume nH = 0.9 cm�3 (upper panels) and nH = 10 cm�3 for the GC (lower
panels). To compute the leptonic losses we assume the constant ISRF from Delahaye2010

and the magnetic field model Sun2007ASS. The total energy loss timescale (black solid
line) is compared with the di↵usion timescale (black dashed line) in a halo with H = 4 kpc
and di↵usion coe�cient with D0 = 1028 cm2/s and � = 0.4.
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Here, Te is the electron temperature, and the functional form of We is given by:

We(x) = erf(x) � 2p
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the energy losses are due to the 
interactions with the gas, magnetic 
field, and diffuse radiation field

hadrons -> mainly ionizations, 
coulomb interaction, pion 
production

leptons —> mainly synchrotron and 
Inverse Compton scattering, 
especially at high energy Evoli, DG, Vittino, Di Bernardo, Di Mauro, Ligorini, Ullio, Grasso, 2016, submitted to JCAP



and variable time step). The main new features for galactic propagation are demonstrated
in Section 5 in a few example applications.

The first large project of this kind, GALPROP2, is a widely used code in the commu-
nity [33–35]. GALPROP is designed to make predictions of direct CR measurements
as well as gamma rays and synchrotron radiation self-consistently. It includes
realistic models for nuclear spallation processes [36–40] and energy losses, but
basic assumptions for the CR transport3. Semi-analytical solutions of the prop-
agation equation are implemented in the USINE code developed since 2010 [41].
Taking advantage of much faster computation methods than numerical models,
the semianalytical approach allowed for a faster scan of the transport parameter
space by using statistical tools [42–44].

Recently, the PICARD numerical code have been developed [45, 46]. PICARD is fully 3D
in concept and implements modern numerical techniques for the numerical solver, handling
high resolutions with reasonable computer resources.

DRAGON2 is part of a complete suite of numerical tools designed to cover most of the
relevant processes involving Galactic CRs and their secondary products over a very wide
energy range. With the help of these tools – in particular the HeSky4 package – it is possible
to compute spectra and sky-maps of radiation emitted by CRs interactions in a huge energy
range, from the synchrotron radio waves up to the PeV neutrinos. On the low-energy side,
the solar modulation can be treated either with auxiliary analytical routines implementing
the force-field approximation [47, 48], or with the HelioProp numerical code featuring a
detailed model of CR charge-dependent interaction with the Heliosphere, including di↵usion,
advection and energy losses due to the solar wind [49].

This paper does not contain a description of spallation processes and of o↵-diagonal
anisotropic di↵usion, which will be covered in forthcoming publications and in the evolving
DRAGON manual (see www.dragonproject.org).

2 Transport of CRs in the Galaxy

DRAGON2 features all relevant processes for CR transport from Galactic acceleration sites
to Earth: in particular, spatial and momentum di↵usion, energy losses, advection, nuclear
spallations and decays.

The combination of all these processes can be described by the following equation [50,
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where Ni(~r, p) is the density per total momentum p of the CR species i, Dpp(~r, p) is
the momentum di↵usion coe�cient, Q(~r, p) describes the distribution and the energy spectra
of sources, ~vw(~r) is the Galactic wind velocity responsible for CR advection, ṗ(~r, p) accounts
for the momentum losses. The timescale for radioactive decay at rest is given by

2
See http://galprop.stanford.edu and http://sourceforge.net/projects/galprop.

3
For a detailed comparison between the two codes we refer to the DRAGON2 wiki-page: XXX

4
A technical documentation will be released during 2017.
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The phenomenology of CR propagation
The transport equation

Source term
The standard paradigm: CRs are 
accelerated in SNRs

Other possible sources: pulsar 
wind nebulae (mainly electron
+positron pairs)

A contribution from dark matter 
annihilation into standard model 
particles? ?



and variable time step). The main new features for galactic propagation are demonstrated
in Section 5 in a few example applications.

The first large project of this kind, GALPROP2, is a widely used code in the commu-
nity [33–35]. GALPROP is designed to make predictions of direct CR measurements
as well as gamma rays and synchrotron radiation self-consistently. It includes
realistic models for nuclear spallation processes [36–40] and energy losses, but
basic assumptions for the CR transport3. Semi-analytical solutions of the prop-
agation equation are implemented in the USINE code developed since 2010 [41].
Taking advantage of much faster computation methods than numerical models,
the semianalytical approach allowed for a faster scan of the transport parameter
space by using statistical tools [42–44].

Recently, the PICARD numerical code have been developed [45, 46]. PICARD is fully 3D
in concept and implements modern numerical techniques for the numerical solver, handling
high resolutions with reasonable computer resources.

DRAGON2 is part of a complete suite of numerical tools designed to cover most of the
relevant processes involving Galactic CRs and their secondary products over a very wide
energy range. With the help of these tools – in particular the HeSky4 package – it is possible
to compute spectra and sky-maps of radiation emitted by CRs interactions in a huge energy
range, from the synchrotron radio waves up to the PeV neutrinos. On the low-energy side,
the solar modulation can be treated either with auxiliary analytical routines implementing
the force-field approximation [47, 48], or with the HelioProp numerical code featuring a
detailed model of CR charge-dependent interaction with the Heliosphere, including di↵usion,
advection and energy losses due to the solar wind [49].

This paper does not contain a description of spallation processes and of o↵-diagonal
anisotropic di↵usion, which will be covered in forthcoming publications and in the evolving
DRAGON manual (see www.dragonproject.org).

2 Transport of CRs in the Galaxy

DRAGON2 features all relevant processes for CR transport from Galactic acceleration sites
to Earth: in particular, spatial and momentum di↵usion, energy losses, advection, nuclear
spallations and decays.

The combination of all these processes can be described by the following equation [50,
51]:
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where Ni(~r, p) is the density per total momentum p of the CR species i, Dpp(~r, p) is
the momentum di↵usion coe�cient, Q(~r, p) describes the distribution and the energy spectra
of sources, ~vw(~r) is the Galactic wind velocity responsible for CR advection, ṗ(~r, p) accounts
for the momentum losses. The timescale for radioactive decay at rest is given by
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See http://galprop.stanford.edu and http://sourceforge.net/projects/galprop.
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For a detailed comparison between the two codes we refer to the DRAGON2 wiki-page: XXX
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The phenomenology of CR propagation
The transport equation

Spallation

CR nuclei interact with 
interstellar gas and 
produce lighter particles
(secondaries)

For Li, Be, B this is the 
dominant source term!

A spallation cross-
section database is 
needed!
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The phenomenology of CR propagation
How many free parameters do we have to deal with?

there is no general consensus on the parametrization

1) Height of the diffusion halo: L (highly uncertain: values from 2 to more than 16 kpc
are allowed; values lower than 500 pc are considered e.g. in Benyamin et al. 2014)

2)  Injection slope(s): for each species we can assume an unbroken power law, or allow for one or 
more breaks —> 1 to 3 or more parameters, depending on the choice

3)  Diffusion term: 

—> scalar, constant diffusion: 2-3 parameters
 
—> anisotropic diffusion: parallel and perpendicular normalization and scaling, 4-5 parameters

sometimes, a low-energy departure from a power law is considered, due to Alfvén wave damping 
[see Ptuskin et al. 2006]

4) Alfvén velocity vA

5) Advection velocity vc

(moreover, we need accurate models for the spatial distribution of sources, interstellar gas, 
magnetic fields, diffuse radiation field, and a spallation cross-section database…)

Model name K1 R1 ✓1 K2 R2 ✓2 K3 R3 ✓3 K4 R4 ✓4
Wainscoat1992 4.25 3.48 0 4.25 3.48 3.14 4.89 4.90 2.52 4.89 4.90 -0.62
Steiman2010 4.17 0.38 0 4.13 0.25 0 4.02 0.45 0 3.58 0.61 0

Table 5. Parameters for the spiral pattern models in Fig. 25. Both models depict four-arms struc-
tures. The spiral width is assumed to be 0.2 kpc.

In particular, the spiral structure may be derived:

• From the catalogues of point sources: They reveal the presence of the pattern and
permit to fit the arm parameters. For example, the IRAS catalogue of sources in the
the 8-25 micron band (mainly red giant stars) was used in [122] to derive a physically
realistic representations of the Galactic disk, bulge, stellar halo, spiral arms. The arm
parameters derived in this work are adopted in several more recent works [116, 124].

• From the study of the far-infrared cooling lines of the interstellar gas. Since the spiral
arms, compared to inter-arm regions, show higher gas column densities and star forma-
tion rates, they have enhanced line radiation whose observations can be used to trace
the arms. For example in [123] the [CII] 158 µm and [NII] 205 µm lines observed by the
FIRAS instrument mounted on COBE satellite are used to determine the parameters
of a four-arm logarithmic spiral pattern.

In DRAGON2 we implement the spiral structure with the following formalism. Each arm
is modelled as a logarithmic spiral with arm width �a. The locus corresponding to this curve
– in polar coordinates – is defined by:

✓(R) = K log

✓
r

R0

◆
+ ✓0 (C.22)

The parameter K is related to the pitch angle p though the following equation: p =
arctan(1/K).

The user is allowed to implement an arbitrary number of spiral arms, characterised by
the values of K, R0, ✓0, and �a. In Fig. 25 we provide two examples of spiral patterns, with
�a = 200 pc and arm parameters reported in Tab. 5.

C.8 Spatial di↵usion coe�cient

As mentioned in Section 2, the interaction between charged CRs and the Alfvén waves
travelling through the turbulent Galactic plasma is responsible for the CR random walk,
which is well described in terms of a position-dependent di↵usion tensor.

We remark that accounting for a spatially inhomogeneous di↵usion coe�cient is a in-
novative feature of DRAGON since its first release. Moreover, as detailed below, this feature is
essential to interpret recent measurements of CR fluxes and gamma-ray di↵use emissions.

OneZoneModel A constant di↵usion coe�cient can be adopted to reproduce local observ-
ables. It can be parametrised as:

Dcst(⇢) = D0�
⌘

✓
⇢

⇢0

◆�

(C.23)
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The phenomenology of CR propagation

The role of secondary/primary ratios: fitting B/C for > 20 years to understand CR transport

solving the diffusion equation under simple assumptions, one finds that 
the slope of primary cosmic rays depend on both the injection slope 
and the scaling of the diffusion coefficient with rigidity

Let us consider the simple case in which we are sitting in the center of  the disc 
and we limit ourselves with protons, namely there are no nuclei and no spallation. 
In this case the density of  particles at Earth is:  
 
 
 
 
 
 
 
 
 
 
If  H<<Rd then one can easily see that the sum over n tends to H/Rd therefore: 

so how do we constrain the diffusion coefficient?



The phenomenology of CR propagation

The role of secondary/primary ratios: fitting B/C for > 20 years to understand CR transport

The secondary/primary ratios (e.g. B/C, antiproton/proton) are helpful!

in fact, the slope of these observables only depend on the
scaling of the diffusion coefficient with rigidity!

and L3–L8. This residual background is < 3% for the
boron sample and < 0.5% for carbon.
The background from carbon, nitrogen, and oxygen

interactions on materials above L1 (thin support structures
made by carbon fiber and aluminum honeycomb) has been
estimated from simulation, using MC samples generated
according to AMS flux measurements [32]. The simulation
of nuclear interactions has been validated using data as
shown in Fig. 3 of the Supplemental Material [31]. The
background from interactions above L1 in the boron
sample is 2% at 2 GV and increases up to 8% at 2.6
TV, while for the carbon sample it is< 0.5% over the entire
rigidity range. The total correction to the B=C ratio from
background subtraction is −2% at 2 GV, −3% at 20 GV,
−7% at 200 GV, and −10% at 2 TV.
After background subtraction the sample contains

2.3 × 106 boron and 8.3 × 106 carbon nuclei.
Data analysis.—The isotropic flux ΦZ

i for nuclei of
charge Z in the ith rigidity bin ðRi; Ri þ ΔRiÞ is given by

ΦZ
i ¼ NZ

i

AZ
i ϵ

Z
i TiΔRi

; ð1Þ

where NZ
i is the number of events of charge Z corrected

for bin-to-bin migrations, AZ
i is the effective acceptance, ϵZi

is the trigger efficiency, and Ti is the collection time.
The B=C ratio in each rigidity bin is then given by

!
B
C

"

i
¼ ΦB

i

ΦC
i
¼ NB

i

NC
i

!
AB
i

AC
i

ϵBi
ϵCi

"−1
: ð2Þ

In this Letter the B=C ratio was measured in 67 bins from
1.9 GV to 2.6 TV with bin widths chosen according to the
rigidity resolution.
The bin-to-bin migration of events was corrected

using the unfolding procedure described in Ref. [4]

independently for the boron and the carbon samples.
This results in a correction on the B=C ratio of −2.4%
at 2 GV, −0.5% at 20 GV, −5% at 200 GV, and −13%
at 2 TV.
Extensive studies were made of the systematic errors.

These errors include the uncertainties in the two back-
ground estimations discussed above, in the trigger effi-
ciency, in the acceptance calculation, in the rigidity
resolution function, and in the absolute rigidity scale.
The systematic error on the B=C ratio associated with

background subtraction is dominated by the uncertainty of
∼10% in the boron sample background estimation for
interactions above L1, see, for example, Fig. 3 of the
Supplemental Material [31]. The total background sub-
traction error on the B=C ratio is < 1% over the entire
rigidity range.
The systematic error on the B=C ratio associated with the

trigger efficiency is < 0.5% over the entire rigidity range.
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FIG. 2. The B=C spectral index Δ as a function of rigidity.
The dashed red line shows the single power law fit result to the
B=C ratio above 65 GV; see Fig. 1.
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The phenomenology of CR propagation

Some relevant parameter scans
Given a set of observables, it is possible to perform a global scan on 
the parameter space with a numerical code (e.g. GALPROP, DRAGON) 
or a semi-analyitical one (e.g. USINE)8 The GalBayes Project
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FIG. 3.— One-dimensional marginalized posterior distributions, showing 1 and 2-sigma credible intervals, for the propagation parameters that were varied in
the propagation scan. Light blue: the constraints from p, p̄, He scan, using PAMELA and CREAM data only; Purple: light-element scan, fitting Be, B, C, N and
O data. (Given in Table 2). While most of the propagation parameters overlap between runs, there is a clear (> 2�) separation seen in the Alfvén speed and in the
low-energy injection break rigidity ⇢br . Differences in the D0 � zh plane can be clearly seen in Figure 4. The injection index for p and He is also consistently
lower below the 220 GV break, suggesting a harder source injection spectrum.

[Johanneson et al 2016, GALPROP based, pre-AMS data]

purple lines — > light nuclei analysis
blue lines — > hydrogen, helium analysis



The phenomenology of CR propagation

Some relevant parameter scans
Importance of the parametrization!

It is possible to allow for more free parameters either in the injection or in the propagation term 
—> the results of the scan change a lot!!! 11
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TABLE II: Posterior mean and 68% credible uncertainties of the model parameters

Unit PD DC DC2 DR DR2 DRC
D0 (1028cm2s−1) 5.29 ± 0.51 4.20 ± 0.30 4.95 ± 0.35 7.24 ± 0.97 4.16 ± 0.57 6.14 ± 0.45
δ 0.471 ± 0.006 0.588 ± 0.013 0.591 ± 0.011 0.380 ± 0.007 0.500 ± 0.012 0.478 ± 0.013
zh (kpc) 6.61 ± 0.98 10.90 ± 1.60 10.80 ± 1.30 5.93 ± 1.13 5.02 ± 0.86 12.70 ± 1.40
vA (km s−1) — — — 38.5 ± 1.3 18.4 ± 2.0 43.2 ± 1.2

dVc/dz (km s−1 kpc−1) — 5.36 ± 0.64 5.02 ± 0.55 — — 11.99 ± 1.26
R0 (GV) — — 5.29 ± 0.23 — — —
η — — — — −1.28 ± 0.22 —

log(Ap)a −8.334 ± 0.003 −8.334 ± 0.003 −8.336 ± 0.003 −8.347 ± 0.002 −8.334 ± 0.002 −8.345 ± 0.002
ν1 2.44 ± 0.01 2.45 ± 0.01 2.43 ± 0.01 1.69 ± 0.02 2.04 ± 0.03 1.82 ± 0.02
ν2 2.34 ± 0.03 2.30 ± 0.01 2.30 ± 0.01 2.37 ± 0.01 2.33 ± 0.01 2.37 ± 0.01

log(Rbr)b 5.06 ± 0.13 4.82 ± 0.05 4.78 ± 0.06 4.11 ± 0.02 4.03 ± 0.03 4.22 ± 0.03
Φ0 (MV) 0.595 ± 0.005 0.537 ± 0.006 0.419 ± 0.005 0.180 ± 0.008 0.290 ± 0.014 0.220 ± 0.008
Φ1 (MV) 0.495 ± 0.011 0.485 ± 0.011 0.472 ± 0.012 0.487 ± 0.011 0.485 ± 0.011 0.482 ± 0.013

χ2/dof 748.6/463 591.0/462 494.6/461 438.8/462 341.0/461 380.5/461
aPropagated flux normalization at 100 GeV in unit of cm−2s−1sr−1MeV−1
bBreak rigidity of proton injection spectrum in unit of MV

FIG. 2: Fitting 1-d probability distributions and 2-d credible regions (68% and 95% credible levels from inside to outside) of the model
parameters in the PD scenario.

about 18 (43) km s−1 for the DR2 (DRC) model. The ma- jor effect of reacceleration is to produce a “GeV bump” of

[Yuan et al. et al 2016, GALPROP based, AMS data]



Anomalies

Proton and Helium spectral break

R. Aloisio, P. Blasi and P. D. Serpico : Non-linear cosmic ray Galactic transport in the light of AMS-02 and Voyager data (RN)

injected on a scale lc ∼ 50 − 100 pc, for instance by super-
nova explosions. This means that qW(k) ∝ δ(k − 1/lc). The
level of pre-existing turbulence is normalized to the total power
ηB = δB2/B20 =

∫

dkW(k). Strictly speaking the wave number
that appears in this formalism is the one in the direction parallel
to that of the ordered magnetic field. In a more realistic situation
in which most power is on large spatial scales, the role of the
ordered field is probably played by the local magnetic field on
the largest scale.

The term ΓCRW in Eq. (6) describes the generation of wave
power through CR induced streaming instability, with a growth
rate (Skilling 1975):

Γcr(k) =
16π2

3
vA

kW(k)B20

∑

α

[

p4v(p)
∂ fα
∂z

]

p=ZαeB0/kc
, (7)

where α is the index labeling nuclei of different types. All nu-
clei, including all stable isotopes for a given value of charge,
are included in the calculations. As discussed in much previous
literature, this is very important to compute properly the diffu-
sion coefficient and thus for a meaningful comparison with the
flux spectra and secondary to primary ratios, notably B/C. The
growth rate, written as in Eq. (7), refers to waves with wave num-
ber k along the ordered magnetic field. It is basically impossible
to generalize the growth rate to a more realistic field geometry
by operating in the context of quasi-linear theory, therefore we
will use here this expression but keeping in mind its limitations.

The solution of Eq. (6) can be written in an implicit form

W(k) =
⎡

⎢

⎢

⎢

⎢

⎢

⎣

W1+α2
0

(

k
k0

)1−α1
+

+
1 + α2
CKvA

∫ ∞

k

dk′

k′α2

∫ k′

k0
dk̃ΓCR(k̃)W(k̃)

]

1
1+α2

, (8)

being k0 = 1/lc. In the present paper we assume a Kolmogorov
phenomenology for the cascading turbulence, so that α1 = 7/2
and α2 = 1/2, and an unperturbed magnetic field B0 = 1µG.
The two terms in Eq. (8) refer respectively to the pre-existing
magnetic turbulence and the CR induced turbulence. In the limit
in which there are no CRs (or CRs do not play an appreciable
role) one finds the standard Kolmogorov wave spectrum

W(k) = W0

(

k
k0

)−s

s =
α1 − 1
α2 + 1

=
5
3

(9)

normalized, as discussed above, to the total power W0 = (s −
1)lcηB.

The equations for the waves and for CR transport are solved
together in an iterative way, so as to return the spectra of par-
ticles and the diffusion coefficient for each nuclear species and
the associated grammage. The procedure is started by choosing
guess injection factors for each type of nuclei, and a guess for
the diffusion coefficient, which is assumed to coincide with the
one predicted by quasi-linear theory in the presence of a back-
ground turbulence. The first iteration returns the spectra of each
nuclear specie and a spectrum of waves, that can be used now
to calculate the diffusion coefficient self-consistently. The pro-
cedure is repeated until convergence, which is typically reached
in a few steps, and the resulting fluxes and ratios are compared
with available data. This allows us to renormalize the injection
rates and restart the whole procedure, which is repeated until a
satisfactory fit is achieved. Since the fluxes of individual nuclei
affect the grammage through the rate of excitation of stream-
ing instability and viceversa the grammage affects the fluxes, the
procedure is all but trivial.
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Fig. 1. Spectrum of protons measured by Voyager (blue empty cir-
cles), AMS-02 (black filled circles) (Aguilar et al. 2015), PAMELA
(green empty squares) (Adriani 2011) and CREAM (blue filled squares)
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(lines). The solid line is the flux at the Earth after the correction due to
solar modulation, while the dashed line is the spectrum in the ISM.
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Fig. 2. Spectrum of He nuclei according to preliminary measurements
of AMS-02 (black filled circles), as measured by Voyager (blue empty
circles), PAMELA (green empty squares) and CREAM (blue filled
squares), compared with the prediction of our calculations (lines). The
solid line is the flux at the Earth after the correction due to solar modu-
lation, while the dashed line is the spectrum in the ISM.

3. Results

The main evidence for a transition from self-generated waves to
pre-existing turbulence can be searched for in the spectra of the
light elements, protons and helium nuclei. A spectral break was
in fact found by the PAMELA experiment (Adriani 2011) in both
spectra and later confirmed by AMS-02, although at the time
of writing this paper only the results of AMS on protons have
been published (Aguilar et al. 2015), while a preliminary version
of the spectrum of helium has been presented (AMS-02 2015).
The spectra of both elements were also measured by the Voyager
(Stone et al. 2013) outside the heliosphere, so as to make this
the first measurement in human history of the CR spectra in the
interstellar medium. This is a very important results in that it
also allows us to refine our understanding of the effects of solar
modulation (Potgieter 2013).

The spectrum of protons and helium nuclei as calculated
in this paper is shown in Figs. 1 and 2, respectively: the solid
lines indicate the spectra at the Earth, namely after solar mod-
ulation modelled using the force-free approximation (Gleeson
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injected on a scale lc ∼ 50 − 100 pc, for instance by super-
nova explosions. This means that qW(k) ∝ δ(k − 1/lc). The
level of pre-existing turbulence is normalized to the total power
ηB = δB2/B20 =

∫

dkW(k). Strictly speaking the wave number
that appears in this formalism is the one in the direction parallel
to that of the ordered magnetic field. In a more realistic situation
in which most power is on large spatial scales, the role of the
ordered field is probably played by the local magnetic field on
the largest scale.

The term ΓCRW in Eq. (6) describes the generation of wave
power through CR induced streaming instability, with a growth
rate (Skilling 1975):

Γcr(k) =
16π2

3
vA

kW(k)B20

∑

α

[

p4v(p)
∂ fα
∂z

]

p=ZαeB0/kc
, (7)

where α is the index labeling nuclei of different types. All nu-
clei, including all stable isotopes for a given value of charge,
are included in the calculations. As discussed in much previous
literature, this is very important to compute properly the diffu-
sion coefficient and thus for a meaningful comparison with the
flux spectra and secondary to primary ratios, notably B/C. The
growth rate, written as in Eq. (7), refers to waves with wave num-
ber k along the ordered magnetic field. It is basically impossible
to generalize the growth rate to a more realistic field geometry
by operating in the context of quasi-linear theory, therefore we
will use here this expression but keeping in mind its limitations.

The solution of Eq. (6) can be written in an implicit form

W(k) =
⎡

⎢

⎢

⎢

⎢

⎢

⎣

W1+α2
0

(

k
k0

)1−α1
+

+
1 + α2
CKvA

∫ ∞

k

dk′

k′α2

∫ k′

k0
dk̃ΓCR(k̃)W(k̃)

]

1
1+α2

, (8)

being k0 = 1/lc. In the present paper we assume a Kolmogorov
phenomenology for the cascading turbulence, so that α1 = 7/2
and α2 = 1/2, and an unperturbed magnetic field B0 = 1µG.
The two terms in Eq. (8) refer respectively to the pre-existing
magnetic turbulence and the CR induced turbulence. In the limit
in which there are no CRs (or CRs do not play an appreciable
role) one finds the standard Kolmogorov wave spectrum

W(k) = W0

(

k
k0

)−s

s =
α1 − 1
α2 + 1

=
5
3

(9)

normalized, as discussed above, to the total power W0 = (s −
1)lcηB.

The equations for the waves and for CR transport are solved
together in an iterative way, so as to return the spectra of par-
ticles and the diffusion coefficient for each nuclear species and
the associated grammage. The procedure is started by choosing
guess injection factors for each type of nuclei, and a guess for
the diffusion coefficient, which is assumed to coincide with the
one predicted by quasi-linear theory in the presence of a back-
ground turbulence. The first iteration returns the spectra of each
nuclear specie and a spectrum of waves, that can be used now
to calculate the diffusion coefficient self-consistently. The pro-
cedure is repeated until convergence, which is typically reached
in a few steps, and the resulting fluxes and ratios are compared
with available data. This allows us to renormalize the injection
rates and restart the whole procedure, which is repeated until a
satisfactory fit is achieved. Since the fluxes of individual nuclei
affect the grammage through the rate of excitation of stream-
ing instability and viceversa the grammage affects the fluxes, the
procedure is all but trivial.

102

103

104

10-1 100 101 102 103 104 105

E k
2.

7 J(
E k

) (
G

eV
1.

7 /(m
2  s

 s
r))

Ek (GeV)

proton

Pamela
CREAM
Voyager
AMS-02
unmod.

mod.

Fig. 1. Spectrum of protons measured by Voyager (blue empty cir-
cles), AMS-02 (black filled circles) (Aguilar et al. 2015), PAMELA
(green empty squares) (Adriani 2011) and CREAM (blue filled squares)
(Yoon et al. 2011), compared with the prediction of our calculations
(lines). The solid line is the flux at the Earth after the correction due to
solar modulation, while the dashed line is the spectrum in the ISM.
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Fig. 2. Spectrum of He nuclei according to preliminary measurements
of AMS-02 (black filled circles), as measured by Voyager (blue empty
circles), PAMELA (green empty squares) and CREAM (blue filled
squares), compared with the prediction of our calculations (lines). The
solid line is the flux at the Earth after the correction due to solar modu-
lation, while the dashed line is the spectrum in the ISM.

3. Results

The main evidence for a transition from self-generated waves to
pre-existing turbulence can be searched for in the spectra of the
light elements, protons and helium nuclei. A spectral break was
in fact found by the PAMELA experiment (Adriani 2011) in both
spectra and later confirmed by AMS-02, although at the time
of writing this paper only the results of AMS on protons have
been published (Aguilar et al. 2015), while a preliminary version
of the spectrum of helium has been presented (AMS-02 2015).
The spectra of both elements were also measured by the Voyager
(Stone et al. 2013) outside the heliosphere, so as to make this
the first measurement in human history of the CR spectra in the
interstellar medium. This is a very important results in that it
also allows us to refine our understanding of the effects of solar
modulation (Potgieter 2013).

The spectrum of protons and helium nuclei as calculated
in this paper is shown in Figs. 1 and 2, respectively: the solid
lines indicate the spectra at the Earth, namely after solar mod-
ulation modelled using the force-free approximation (Gleeson
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[Blasi, Amato, Serpico 2012] 
[Aloisio, Blasi, Serpico 2015]

This spectral feature was pointed out by PAMELA for the 
first time, and confirmed by AMS. Compatible with CREAM 
data at larger energy. 

Possible interpretation: transition between self-generated 
tubulence via streaming instability and propagation in pre-
existing turbulence (e.g. the usual pitch-angle scattering 
on Alfvén waves, or scattering on magnetosonic waves)

(or maybe signature of a local source? see Kachelriess, 
Neronov, Semikoz 2015)
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Positron fraction excess
a clear evidence for a primary positron component! 
anomaly discovered by PAMELA in 2008 and 
confirmed by AMS with higher statistic

where do these positron come from?

Pulsar wind nebulae are natural candidates

P.D.Serpico arXiv:0810.4846,  
D. Hooper et al. ArXiv:0810.4846,  
S.Profumo arXiv:0812.4457, 
I. Buesching et al. ArXiv:0804.0220,  
D. Grasso et al. ArXiv:0905.0636,  
T.Delahaye et al. ArXiv:1002.1910, 
G. Di Bernardo et al. ArXiv:1010.0174, and many others.. 
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Results from the DRAGON team regarding the PULSAR scenario.
Using diffusion setups that consistently reproduce the protons, antiprotons, B/C and other 
nuclei ratio, we were able to fit the positron fraction rising as well as absolute leptonic 
fluxes with a conventional component + local sources (pulsars, SNRs)
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Positron fraction excess

a clear evidence for a primary positron component! 
anomaly discovered by PAMELA in 2008 and 
confirmed by AMS with higher statistic
where do these positron come from?

although less natural, the dark matter explanation has 
been discussed a lot, especially in 2008-2009
M.Pospelov and A.Ritz, 0810.1502: Secluded DM A. Nelson and C.Spitzer, 0810.5167: Slightly 
NonMinimal DM Y. Nomura and J.Thaler, 0810.5397: DM through the Axion Portal R. Harnik and 
G.Kribs, 0810.5557: Dirac DM D. Feldman, Z.Liu, P.Nath, 0810.5762: Hidden Sector T. Hambye, 
0811.0172: Hidden Vector – Yin, Yuan, Liu, Zhang, Bi, Zhu, 0811.0176: Leptonically decaying DM K. 
Ishiwata, S.Matsumoto, T.Moroi, 0811.0250: Superparticle DM Y. Bai and Z.Han, 0811.0387: sUED 
DM P. Fox, E.Poppitz, 0811.0399: Leptophilic DM C. Chen, F.Takahashi, T.T.Yanagida, 0811.0477: 
HiddenGaugeBoson DM – K.Hamaguchi, E.Nakamura, S.Shirai, T.T.Yanagida, 0811.0737: Decaying 
DM in Composite Messenger – E.Ponton, L.Randall, 0811.1029: Singlet DM A. Ibarra, D.Tran, 
0811.1555: Decaying DM S. Baek, P.Ko, 0811.1646: U(1) LmuLtau DM C. Chen, F.Takahashi, 
T.T.Yanagida, 0811.3357: Decaying HiddenGaugeBoson DM I. Cholis, G.Dobler, D.Finkbeiner, 
L.Goodenough, N.Weiner, 0811.3641: 700+ GeV WIMP E. Nardi, F.Sannino, A.Strumia, 0811.4153: 
Decaying DM in TechniColor K. Zurek, 0811.4429: Multicomponent DM – M.Ibe, H.Murayama, 
T.T.Yanagida, 0812.0072: BreitWigner enhancement of DM annihilation E. Chun, J.C. Park, 
0812.0308: subGeV hidden U(1) in GMSB M. Lattanzi, J.Silk, 0812.0360: Sommerfeld enhancement 
in cold substructures M. Pospelov, M.Trott, 0812.0432: superWIMPs decays DM Zhang, Bi, Liu, Liu, 
Yin, Yuan, Zhu, 0812.0522: Discrimination with SR and IC Liu, Yin, Zhu, 0812.0964: DMnu from GC 
– M.Pohl, 0812.1174: electrons from DM J. Hisano, M.Kawasaki, K.Kohri, K.Nakayama, 0812.0219: 
DMnu from GC A. Arvanitaki, S.Dimopoulos, S.Dubovsky, P.Graham, R.Harnik, S.Rajendran, 
0812.2075: Decaying DM in GUTs R. Allahverdi, B.Dutta, K.RichardsonMcDaniel, Y.Santoso, 
0812.2196: SuSy BL DMS. Hamaguchi, K.Shirai, T.T.Yanagida, 0812.2374: HiddenFermion DM 
decays D. Hooper, A.Stebbins, K.Zurek, 0812.3202: Nearby DM clump C. Delaunay, P.Fox, G.Perez, 
0812.3331: DMnu from Earth Park, Shu, 0901.0720: SplitUED DM. Gogoladze, R.Khalid, Q.Shafi, 
H.Yuksel, 0901.0923: cMSSM DM with additions Q. H.Cao, E.Ma, G.Shaughnessy, 0901.1334: Dark 
Matter: the leptonic connection E. Nezri, M.Tytgat, G.Vertongen, 0901.2556: Inert Doublet DM C. 
H.Chen, C.Q. Geng, D.Zhuridov, 0901.2681: Fermionic decaying DM J. Mardon, Y.Nomura, 
D.Stolarski, J.Thaler, 0901.2926: Cascade annihilations (light nonabelian new bosons) P. Meade, 
M.Papucci, T.Volansky, 0901.2925: DM sees the light D. Phalen, A.Pierce, N.Weiner, 0901.3165: 
New Heavy Lepton T. Banks, J.F. Fortin, 0901.3578: Pyrma baryons Goh, Hall, Kumar, 0902.0814: 
Leptonic Higgs K.Bae, J.H. Huh, J.Kim, B.Kyae, R.Viollier, 0812.3511: electrophilic axion from 
flippedSU(5) with extra spontaneously broken symmetries and a two component DM with Z2 parity – 
and others.

(taken from a slide by M. Cirelli)
 

 
Figure 4.  The current AMS positron flux measurement compared with theoretical models. 

 
AMS has also studied the antiproton to proton ratio.  The excess in antiprotons 

observed by AMS cannot easily be explained as coming from pulsars but can be explained 
by dark matter collisions or by other new astrophysics models.  Antiprotons are very rare in 
the cosmos.  There is only one antiproton in 10,000 protons therefore a precision experiment 
requires a background rejection close to 1 in a million.  It has taken AMS five years of 
operations to obtain a clean sample of 349,000 antiprotons.  Of these, AMS has identified 
2200 antiprotons with energies above 100 billion electron volts.  Experimental data on 
cosmic ray antiprotons are crucial for understanding the origin of antiprotons in the cosmos 
and for providing insight into new physics phenomena.    

 
Protons are the most abundant particles in cosmic rays.  AMS has measured the 

proton flux to an accuracy of 1% with 300 million protons and found that the proton flux 
cannot be described by a single power law, as had been assumed for decades, and that the 
proton spectral index changes with momentum.   

 
AMS contains seven instruments (shown in Appendix II) with which to 

independently identify different elementary particles as well as nuclei. Helium, lithium, 
carbon, oxygen and heavier nuclei up to iron have been studied by AMS.  It is believed that 
helium, carbon and oxygen were produced directly from primary sources in supernova 
remnants whereas lithium, beryllium and boron are believed to be produced from the 
collision of primary cosmic rays with the interstellar medium.  Primary cosmic rays carry 
information about their original spectra and propagation, and secondary cosmic rays carry 
information about the propagation of primary and secondary cosmic rays and the interstellar 
medium. 
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Antiproton anomaly? Just a hint

Figure 2: The combined total uncertainty on the predicted secondary p̄/p ratio, superim-

posed to the older Pamela data [53] and the new Ams-02 data. The curve labelled ‘fiducial’ assumes

the reference values for the di↵erent contributions to the uncertainties: best fit proton and helium

fluxes, central values for the cross sections, Med propagation and central value for the Fisk potential.

We stress however that the whole uncertainty band can be spanned within the errors.

than primary, p̄/p flux. Notice that the shaded yellow area does not coincide with the Min-
Med-Max envelope (see in particular between 50 and 100 GeV): this is not surprising, as it
just reflects the fact that the choices of the parameters which minimize and maximize the p̄/p
secondaries are slightly di↵erent from those of the primaries. However, the discrepancy is not
very large. We also notice for completeness that an additional source of uncertainty a↵ects the
energy loss processes. Among these, the most relevant ones are the energy distribution in the
outcome of inelastic but non-annihilating interactions or elastic scatterings to the extent they
do not fully peak in the forward direction, as commonly assumed [55]. Although no detailed
assessment of these uncertainties exists in the literature, they should a↵ect only the sub-GeV
energy range, where however experimental errors are significantly larger, and which lies outside
the main domain of interest of this article.

Finally, p̄’s have to penetrate into the heliosphere, where they are subject to the phenomenon
of Solar modulation (abbreviated with ‘SMod’ when needed in the following figures). We de-
scribe this process in the usual force field approximation [52], parameterized by the Fisk po-
tential �

F

, expressed in GV. As already mentioned in the introduction, the value taken by �
F

is uncertain, as it depends on several complex parameters of the Solar activity and therefore
ultimately on the epoch of observation. In order to be conservative, we let �

F

vary in a wide
interval roughly centered around the value of the fixed Fisk potential for protons �p

F

(analo-
gously to what done in [25], approach ‘B’). Namely, �

F

= [0.3, 1.0] GV ' �p

F

± 50% �p

F

. In
fig. 1, bottom right panel, we show the computation of the ratio with the uncertainties related
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Figure 10. Our reference model compared to AMS-02 preliminary p̄/p data. Blue solid line: the
p̄/p spectrum computed with the fiducial cross sections from [14], with the optimal hardening in the
proton and helium injection spectra. Dotted and dashed lines: the p̄/p spectrum computed with the
minimal and maximal hardening in the proton spectrum as in Fig. 8. The blue band reports the
uncertainty associated to the production cross sections.

energy measurements is in perfect agreement with the best-fit value obtained in our earlier
statistical analysis [6], based on the available high-energy measurements preceding PAMELA
and AMS-02 releases.

We also tune the proton and helium injection slopes to accomodate the AMS-02 data.
For the protons, we also consider the minimal and maximal injection slopes at high energy
compatible with the data. The reader can see the comparison with the new datasets in
figure 8.

Armed with a model fully consistent with all the preliminary nuclear observables, we
can finally compare our prediction for the p̄/p ratio with the data.

In figure 10 we show this comparison. The computation of the secondary flux is per-
formed using the fiducial value of the cross sections provided by [14], and the associated
uncertainty is shown as a blue band.

We conclude that, even without considering all the relevant uncertainties associated
with propagation or injection slopes, our predictions for the p̄/p are in good agreement with
the preliminary data in the entire energy range. Our findings are then in agreement with the
conclusions of [63], although our analysis relies on the B/C data from the same experiment
for the assessment of the propagation model.

6 Conclusions

We presented a revisited study of the dominant uncertainties in the determination of the CR
secondary antiproton spectrum.

– 16 –

2015 AMS antiproton Instant 
paper race: 

1.   G. Giesen et al., 2015 
2.   C. Evoli, DG, D. Grasso, 

2015

The AMS-02 collaboration reported an excess in 
the antiproton-to-proton ratio at large energies 
(> 100 GeV)

The significance of this anomaly is actually 
smaller than that claimed by the collaboration! 

Taking into account all the uncertainties, the 
excess is below the 2σ level
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FIG. 6: The boron-to-carbon ratio measured by AMS-02 (cir-
cles), CREAM (open squares), TRACER (open diamonds),
and predicted by the acceleration of secondaries model with
maximum rigidities of 1, 3 and 10 TV.
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FIG. 7: The antiproton-to-proton ratio measured by
PAMELA (circles), and predicted by the acceleration of sec-
ondaries model with maximum rigidities of 1, 3 and 10 TV.

Given their limited energy range and uncertainties, the
presently available electron and positron data (see Fig. 4)
cannot pin down Rmax. However Fig. 5 illustrates that
higher energy measurements of the positron fraction with
better statistics can distinguish between maximum rigidi-
ties of 1TV and tens of TV. This is an important point
as Rmax — if it is the same for all secondary species
as is assumed here — leads to qualitatively di↵erent be-
haviours for B/C: While for Rmax = 1TV, B/C shows
only a slight hardening just below the cut-o↵, it flattens
out for Rmax = 3TV, and even shows a characteristic
rise for Rmax = 10TV. The minimum in the latter case
is close to the highest energy bin for which AMS-02 have
presented data. Note that this minimum is at a di↵er-

ent energy for B/C and for the positron fraction. This
is due to the di↵erent kinematics (positrons are on av-
erage produced at ⇠ 1/20 of the parent primary energy,
whereas in spallation the energy per nucleon is roughly
conserved), and also due to the spectral softening in the
primary electron spectrum.
However as seen in Fig. 7, the p̄/p fraction shows

a flattening between tens and hundreds of GeV, unlike
the positron fraction or B/C. At these energies, the an-
tiproton flux is dominated by the secondary contribution
which has the same spectrum as the primary species (cf.
the term 4⇡p2V (3/4r⌧SNRq

0
i ) in eq. (4); the e↵ect of the

upper rigidity cuto↵ becomes apparent only at higher en-
ergies where the term 4⇡p2V f

0
i starts to dominate.

V. CONCLUSION

We have presented results for the (absolute) electron
and positron, proton and helium fluxes, as well as B/C
and p̄/p, in the framework of the acceleration of secon-
daries by SNR shock waves model. The only free pa-
rameter that cannot be fixed by fitting to available data
from AMS-02 is the maximum rigidity to which cosmic
rays are accelerated by the SNR shock wave. Depending
on whether it is high (e.g. 10TV) or low (e.g. 1TV),
the positron fraction will keep increasing beyond a TeV,
or cut o↵ shortly above the highest energy bin for which
results have been shown by AMS-02. This behaviour
should be reflected by a cut-o↵ or a rise after a shal-
low minimum in B/C. For p̄/p, we have found a plateau
between tens and hundreds of GeV.
Our results di↵er significantly from Ref.[28] since these

authors fixed � = 0.43 for the energy-dependence of the
ISM di↵usion co-e�cient, whereas we have considered
larger values in the range � = 0.65� 0.75 as is expected
in di↵usion-convection models of CR transport [29]. This
is essentially why we are able to consistently fit both the
positron fraction and the B/C ratio. We await the release
of AMS-02 data on the p̄/p and B/C ratio, which will
definitively test all models proposed to account for the
rising positron fraction.
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FIG. 2. The impact of stochastically accelerated secondaries
on the p̄/p spectrum. Accounting for all uncertainties, the
best-fit spectra with (without) accelerated secondaries are
shown by the solid (dotted) lines. Allowing for accelerated
secondaries improves the fit to the p̄/p spectrum significantly.
For the combined p̄/p spectrum, the best fit and 95% con-
fidence intervals are shown as dark and light purple bands,
respectively.

FIG. 3. The impact of stochastically accelerated secondaries
on the positron fraction, as measured by AMS-02, for the
same range of K

B

that is required to explain the rising p̄/p
ratio (as shown in Fig. 2). The measured p̄/p spectrum im-
plies that positrons produced and accelerated in supernova
remnants are likely to account for a significant fraction of the
observed positron excess.

sured by AMS-02, we predict that accelerated secondary
positrons will also account for a significant fraction of the
observed positron excess.

Although we have treated KB as a simple parame-
ter in this study, this quantity may be expected to vary
with rigidity. More specifically, cosmic-ray diffusion re-
sults from particles scattering with random magnetohy-
drodynamic waves and discontinuities, and thus depends
on the spectrum of underlying magnetic perturbations.
As such, scattering is only efficient for perturbations on
length scales comparable to the Larmor radius of a given
particle. The spectrum of magnetic perturbations found
in SNR environments will determine the rigidity depen-
dence of KB .

In this letter, we have used the cosmic-ray p̄/p spec-
trum, as recently presented by the AMS-02 Collabora-
tion, to test scenarios in which cosmic-ray secondaries
are produced and accelerated within individual super-
nova remnants. The p̄/p spectrum exhibits a clear rise
at energies above 100 GeV, and we show that this fea-
ture cannot be accounted for by conventional cosmic-ray
sources, even after accounting for the uncertainties per-
taining to the injection and propagation of cosmic rays
through the ISM, the antiproton production cross sec-
tion, and the effects of solar modulation. Instead, we
find that the observed rise is consistent with a contribu-
tion of antiprotons that are produced as secondaries and
then further accelerated within supernova remnants. We
quantify the range of parameters that can account for this
observation, and note that for our best fit models, the ac-
celeration of secondary positrons should be expected to
contribute substantially to the cosmic-ray positron flux,
potentially accounting for a significant fraction of the ob-
served positron excess.
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The role of the gamma rays

The gamma rays are a precious tool since they are able to track the CR distribution in 
different positions of the Galaxy

Main processes: pion decay, Inverse Compton scattering, bremsstrahlung

300 MeV - 500 GeV —> Fermi-LAT has been providing the most accurate maps ever 

TeV and beyond: many ongoing and planned experiments for charged CRs and gamma 
rays. H.E.S.S., MAGIC, VERITAS, HAWC, DAMPE, CTA…

H.E.S.S. reported significant diffuse emission from the GC region. No cutoff —> first 
evidence of a Pevatron!

HESS collaboration

Fermi-LAT collaboration



The role of the gamma rays

GeV: Galactic center excess

Does a NFW template improve 
the fit of the Fermi-LAT data?

yes, according to a long series of papers
D. Dixon et al. 1998 [arXiv:9803237]; 
V. Vitale et al. 2009 [arXiv:0912.3828];
L Goodenough and D. Hooper, 2009; D. Hooper and L. Goodenough, 2010
D. Hooper and T. Linden, 2011; K. N. Abazajian and M. Kaplinghat, 2012;
D. Hooper and T. R. Slatyer, 2013; C. Gordon and O. Macias, 2013;
T. Daylan, D. P. Finkbeiner, D. Hooper, T. Linden; S. Portillo, N. L. Rodd 
and T. R. Slatyer, 2014 [arXiv:1402.6703]; F. Calore, I. Cholis, C. Weniger, 
2014
[arXiv:1409.0042]; F. Calore et al. 2015 [arXiv;1411.4647]

?



The background 
models assume no 
sources in the 
center… is that 
reasonable?

The role of the gamma rays

The morphology of the signal is compatible 
with a generalized NFW profile

The spectrum is compatible with 40 GeV DM 
annihilating in b bbar

A “compelling case of dark matter 
detection”, a new class of sources, or 
maybe a mis-modeling of the background?
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Figure 3: Top: We show the ��2 contours, corresponding to 1,2 and 3�, obtained for the
hypotheses �� ! XX for X = {h, W±, Z, t, b}. Vertical dashed lines indicate the threshold
for each of these final states. The best fit point in each case is indicated. Bottom: We show
the spectra of photons obtained for the corresponding best fit values in the upper plot. The
central values and the error bars are extracted from [13]. Note that the errors are correlated,
and the plotted spectra indeed fit the data reasonably well, as indicated by the �2 at the
best fit.

which fits in the envelope between the 4 presented spectra, or one could fit each spectrum
separately to get a feel for the systematic uncertainty. Here, we take the latter approach.

Out of the 4 spectra Fermi (a,b,c,d) present, one (a) has a shape very di↵erent from that
of heavy DM annihilating to electroweak final states. Furthermore, fitting to (a) gives results

– 10 –

GeV: Galactic center “excess”

Bartels et al 2016

Calore et al 2015

Agrawal et al 2015



The role of the gamma rays

The background models assume no 
sources in the center… is that 
reasonable?

Probably it’s not realistic: A very 
efficient star formation is going on

According to [Figer et al. 2004
ApJ 581 2002] 1% of the total SFR takes 
place in the inner 2-300 pc
(2 order of magnitude more than the 
average); 

see also [Longmore et al. 1208.4256]

IR TRACING WARM DUST AND STELLAR ACTIVITY

X-RAY LIGHT FROM HIGH ENERGY 
PHENOMENA LIKE E.G. EMITTING GAS 

HEATED BY SNR SHOCK WAVES

Star formation rate about 1% of the total 
rate in the Galaxy  (2 orders of magnitude 
larger than the average Galactic one)

Large reservoir of molecular gas

Astron. Astrophys. 467(2007)61
Ferrier, Gillard, Jean

Figer et al., Astrophys. J. 581(2002)58

The GC region is a complex 
and energetic environment

90 cm OBSERVATION OF THE CMZ

A Proof Of Concept

Radio (90 cm): electrons spiraling 
in a higly magnetized environment 
are shining. Nonthermal filaments, 
SNRs… [La Rosa et al. ApJ 119 
2000]

16 K. Ferrière et al.: Spatial distribution of interstellar gas in the Galactic bulge

Fig. 4. Projection of the CMZ (bright area) and the holed
GB disk (fainter area) onto the plane of the sky: (a) molec-
ular gas (see Equations 18 and 23); (b) atomic gas (see
Equations 19 and 24). The apparent sizes are a little larger
than the sizes at half-maximum density, because of the log-
arithmic scale used in the projection. In contrast to the
CMZ, which is truly displaced to the left, the GB disk is
symmetric with respect to the GC, and the only reason
why it appears more extended on the left side is because
its positive-longitude portion lies closer to us.

with Xd = 1.2 kpc, Ld = 438 pc, Hd = 42 pc and H ′
d =

120 pc. On the plane of the sky, the GB disk extends out to
r⊥ = 1.14 kpc (radius at half-maximum density) on each
side of the GC (see Figure 4). Projected onto the Galactic
plane, it has the shape of a 2.94 kpc × 1.02 kpc (FWHM
size) ellipse inclined clockwise by 47.◦6 to the line of sight
(see Figure 5). This inclination angle is greater than that
typically found for the Galactic stellar bar (θbar ≃ 15◦−35◦;
see section 3), but it is in good agreement with the value
θbar = 44◦±10◦ recently obtained by Benjamin et al. (2005)
from the GLIMPSE Point Source Catalog.

4.3. The ionized component

The best available model for the spatial distribution of in-
terstellar free electrons in the GB is the NE2001 model of
Cordes & Lazio (2002) presented in section 2.4. According
to this model, the total mass of interstellar ionized hydro-
gen in the region r ≤ 3 kpc is (7.3×107 M⊙)/(1+0.2 fHIM),

Fig. 5. Projection of the CMZ (bright area) and the holed
GB disk (fainter area) onto the Galactic plane. Displayed
here is the H2 map (from Equations 18 and 23). The Hi

map (from Equations 19 and 24) looks identical, except for
this hardly noticeable difference that the GB-disk–to–CMZ
luminosity ratio is slightly greater. For the same reason as
in Figure 4, the apparent sizes are a little larger than the
sizes at half-maximum density.

where fHIM is the fraction of ionized gas belonging to the
hot medium (see Table 6). The mass of hot H+ in the same
region can be estimated from Almy et al.’s (2000) model
(neglecting the contribution from very hot H+) at 1.2 ×
107 M⊙ (see Table 6). It then follows that fHIM = 17% (or,
equivalently, fWIM = 83%) and that the total mass of H+

inside 3 kpc is 7.1×107 M⊙, divided between 5.9×107 M⊙

in the WIM and 1.2 × 107 M⊙ in the HIM. Furthermore,
from Equation 11 with fHIM = 17%, we gather that the
H+ space-averaged density is given by ⟨nH+⟩ = 0.97 ⟨ne⟩.
The partial contributions from the warm and hot ionized
media are globally given by ⟨nH+⟩

WIM
= fWIM ⟨nH+⟩ and

⟨nH+⟩
HIM

= fHIM ⟨nH+⟩, respectively. For the WIM, which
contributes a large 83% of the total H+ mass, we may rea-
sonably assume that the above global relation remains ap-
proximately valid locally. Owing to the large uncertainties
in the exact spatial dependence of the density distributions,
we feel that taking ⟨nH+⟩

WIM
= fWIM ⟨nH+⟩ at all r is

safer than subtracting ⟨nH+⟩
HIM

(which can be estimated
independently; see next paragraph) from ⟨nH+⟩. In that
case, the H+ space-averaged density of the WIM is simply
⟨nH+⟩

WIM
= 0.80 ⟨ne⟩ or, in view of Equations 7 – 10,

⟨nH+⟩
WIM

= (8.0 cm−3)
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IR TRACING WARM DUST AND STELLAR ACTIVITY

X-RAY LIGHT FROM HIGH ENERGY 
PHENOMENA LIKE E.G. EMITTING GAS 

HEATED BY SNR SHOCK WAVES

Star formation rate about 1% of the total 
rate in the Galaxy  (2 orders of magnitude 
larger than the average Galactic one)

Large reservoir of molecular gas

Astron. Astrophys. 467(2007)61
Ferrier, Gillard, Jean

Figer et al., Astrophys. J. 581(2002)58

The GC region is a complex 
and energetic environment

90 cm OBSERVATION OF THE CMZ

A Proof Of Concept

Infrared: dust is shining

A large reservoir of 
molecular gas: the  
Central Molecular Zone 
[K. Ferriere et al., A&A 2007]

GeV: Galactic center “excess”: astrophysical interpretations



The role of the gamma rays

A modified source term in the center, 
compatible with the astronomical 
observations, reabsorbs the excess!

[D. Gaggero et al. 2015]
[E. Carson and S. Profumo 2016]
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We re-examined the GC claim in terms of 
this simple correction to the source term

In our analysis the new steady-state source
 term mainly affects the IC template

Q(x, y, z) = N exp
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normalization compatibly 
with star formation 

rate estimate @ the GC

spike extension
roughly matching CMZ 

one, i.e. O(100) pc

We performed our template fitting analysis 
along the lines of Calore et al.’14 .

A Proof Of Concept
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FIG. 2. ��2 as a function of fH2 for several regions of the global
�-ray analysis.

sion factor using 9 Galactocentric rings [31]. In these prelimi-
nary fits the spectrum of the diffuse components in the Global
analysis is fixed in order to limit the number of degrees of
freedom. Each point source is adaptively masked and fixed to
its 3FGL flux and spectrum [32].

In Figure 2 we plot the log-likelihood of our model fit to
the diffuse �-ray emission as a function of fH2, compared to
a baseline model of fH2 = 0, i.e. with cosmic-ray sources
distributed according to the axisymmetric SNR model. In the
inner and local regions, turning on cosmic-ray sources in H2

regions dramatically improves the quality of the global fit to
the observed diffuse emission3. The ‘Total’ curve sums all
three regions, showing an optimal fraction fH2 ' 0.25 over-
all, with the local region preferring even higher values up to
fH2 ' 0.45. Examining the pixel-by-pixel ��2 of each re-
gion reveals that the ‘local’ improvements are most signifi-
cant near the disk and especially for �10� < l < 30� where
cosmic-rays from the bar and inner molecular arms illumi-
nate the interstellar medium. For the ‘inner’ region, |l| < 30�

shows the most significant improvement, indicating that the
new gas models are resolving important cosmic-ray emitting
structures toward the inner Galaxy. In relative terms, the new
source distribution represents a genuine quantitative improve-
ment, with a ��2 comparable to that of changing the diffusion
parameters, gas distributions, or source distributions over the
model space of Refs. [30, 31].

The addition of cosmic-ray sources in star-forming re-
gions strongly affects the prediction for the diffuse astrophys-
ical �-ray emission in the Galactic center region. It is thus

3 Although the value of ��2 in the outer galaxy becomes monotonically
worse, this region is metal-poor such that the H2 density is not well traced
by CO, as evidenced by unphysical preferred values of XCO when fitting
against �-ray data in the outer Galaxy [33]. Additionally, the total number
of CR sources is constrained here, with increasing fH2 resulting in fewer
sources outside the solar circle. Technical details are discussed in a forth-
coming publication [9].

FIG. 3. Top Spectrum of the Galactic center ‘excess’ as fH2 is in-
creased in increments of 0.05 (light-to-dark red). We also show the
spectrum and statistical error-bars of the benchmark Mod A from
Ref. [30] (blue). Bottom: Flux of the Galactic center excess as a
function of the angle from the Galactic center for the peak energy
bin. Also shown are projected power-law profiles for the three-
dimensional �-ray emission intensity, which are equivalent to the
square of the corresponding three-dimensional dark matter density
distribution.

paramount to ascertain how this affects the properties of the
claimed Galactic center excess [2]. We use the analysis frame-
work described above on a new region of interest, the Inner
Galaxy, defined by |l| < 20�, 2� < |b| < 20�, noting that
the bright Galactic plane is masked in order to probe the ex-
tended properties of the excess. To evaluate the spectrum and
intensity of the �-ray excess, we add an additional template
with a morphology calculated using a generalized NFW pro-
file [34] with an inner slope ↵ = 1.25. For each value of fH2 we
allow the normalization of the NFW profile, diffuse models,
isotropic models, and Fermi Bubbles to float independently
in each energy bin, fixing only point sources to their 3FGL
values.

In the upper panel of Figure 3 we show the spectral prop-
erties of the NFW template in the Galactic center vicinity for
increasing values of fH2, and compare with the baseline Mod
A of Ref. [30]. The effect on the central gamma-ray excess is
dramatic: an increasing fraction of cosmic rays injected in H2

regions yields a substantial suppression of the excess across
all energies. The effect is most dramatic at lower energies,
where the suppression of the excess emission is larger than
an order of magnitude, but it continues into the GeV energy
range and is consistently larger than a factor of 2 for the values
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the bright Galactic plane is masked in order to probe the ex-
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allow the normalization of the NFW profile, diffuse models,
isotropic models, and Fermi Bubbles to float independently
in each energy bin, fixing only point sources to their 3FGL
values.

In the upper panel of Figure 3 we show the spectral prop-
erties of the NFW template in the Galactic center vicinity for
increasing values of fH2, and compare with the baseline Mod
A of Ref. [30]. The effect on the central gamma-ray excess is
dramatic: an increasing fraction of cosmic rays injected in H2

regions yields a substantial suppression of the excess across
all energies. The effect is most dramatic at lower energies,
where the suppression of the excess emission is larger than
an order of magnitude, but it continues into the GeV energy
range and is consistently larger than a factor of 2 for the values
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analysis is fixed in order to limit the number of degrees of
freedom. Each point source is adaptively masked and fixed to
its 3FGL flux and spectrum [32].

In Figure 2 we plot the log-likelihood of our model fit to
the diffuse �-ray emission as a function of fH2, compared to
a baseline model of fH2 = 0, i.e. with cosmic-ray sources
distributed according to the axisymmetric SNR model. In the
inner and local regions, turning on cosmic-ray sources in H2

regions dramatically improves the quality of the global fit to
the observed diffuse emission3. The ‘Total’ curve sums all
three regions, showing an optimal fraction fH2 ' 0.25 over-
all, with the local region preferring even higher values up to
fH2 ' 0.45. Examining the pixel-by-pixel ��2 of each re-
gion reveals that the ‘local’ improvements are most signifi-
cant near the disk and especially for �10� < l < 30� where
cosmic-rays from the bar and inner molecular arms illumi-
nate the interstellar medium. For the ‘inner’ region, |l| < 30�

shows the most significant improvement, indicating that the
new gas models are resolving important cosmic-ray emitting
structures toward the inner Galaxy. In relative terms, the new
source distribution represents a genuine quantitative improve-
ment, with a ��2 comparable to that of changing the diffusion
parameters, gas distributions, or source distributions over the
model space of Refs. [30, 31].

The addition of cosmic-ray sources in star-forming re-
gions strongly affects the prediction for the diffuse astrophys-
ical �-ray emission in the Galactic center region. It is thus

3 Although the value of ��2 in the outer galaxy becomes monotonically
worse, this region is metal-poor such that the H2 density is not well traced
by CO, as evidenced by unphysical preferred values of XCO when fitting
against �-ray data in the outer Galaxy [33]. Additionally, the total number
of CR sources is constrained here, with increasing fH2 resulting in fewer
sources outside the solar circle. Technical details are discussed in a forth-
coming publication [9].

FIG. 3. Top Spectrum of the Galactic center ‘excess’ as fH2 is in-
creased in increments of 0.05 (light-to-dark red). We also show the
spectrum and statistical error-bars of the benchmark Mod A from
Ref. [30] (blue). Bottom: Flux of the Galactic center excess as a
function of the angle from the Galactic center for the peak energy
bin. Also shown are projected power-law profiles for the three-
dimensional �-ray emission intensity, which are equivalent to the
square of the corresponding three-dimensional dark matter density
distribution.

paramount to ascertain how this affects the properties of the
claimed Galactic center excess [2]. We use the analysis frame-
work described above on a new region of interest, the Inner
Galaxy, defined by |l| < 20�, 2� < |b| < 20�, noting that
the bright Galactic plane is masked in order to probe the ex-
tended properties of the excess. To evaluate the spectrum and
intensity of the �-ray excess, we add an additional template
with a morphology calculated using a generalized NFW pro-
file [34] with an inner slope ↵ = 1.25. For each value of fH2 we
allow the normalization of the NFW profile, diffuse models,
isotropic models, and Fermi Bubbles to float independently
in each energy bin, fixing only point sources to their 3FGL
values.

In the upper panel of Figure 3 we show the spectral prop-
erties of the NFW template in the Galactic center vicinity for
increasing values of fH2, and compare with the baseline Mod
A of Ref. [30]. The effect on the central gamma-ray excess is
dramatic: an increasing fraction of cosmic rays injected in H2

regions yields a substantial suppression of the excess across
all energies. The effect is most dramatic at lower energies,
where the suppression of the excess emission is larger than
an order of magnitude, but it continues into the GeV energy
range and is consistently larger than a factor of 2 for the values
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that a fraction fH2 of cosmic rays are injected with a spa-
tial distribution tracing the density of collapsed H2 molecu-
lar clouds, with the remaining fraction (1 � fH2), reflecting
“older” cosmic rays, distributed according to the traditional
axisymmetric distribution of SNR. This model is theoretically
well-motivated, because high-mass OB stars, the predecessors
to Type II supernovae, evolve on time scales 2-4 times shorter
than the 15-20 Myr lifetime of giant molecular clouds [19].
This implies that a significant fraction of Galactic cosmic rays
should be produced within observed star-forming regions. We
employ high-resolution (⇠100 pc) three-dimensional H2 den-
sity maps that utilize gas flow simulations to resolve non-
circular velocities in the inner Galaxy [20]2, and a simple
model for the star formation rate ⇢̇⇤ / ⇢1.5

gas [21]. We addition-
ally assume a critical gas density ⇢c = 0.1 cm�3 under which
star formation, and thus cosmic-ray acceleration, is shut off.
The cosmic-ray injection intensity tracing the H2 gas density
is calculated as:

QCR(~r) /
(

0 ⇢H2 < ⇢c;

⇢1.5
H2 ⇢H2 � ⇢c.

(1)

Of course, the gas density distribution measured at the
present time does not reflect the distribution of cosmic-ray
sources at past epochs, which is why we assume a (1 � fH2)
fraction of “older” cosmic rays to be distributed according
to the axisymmetric SNR prescription. Diffusion and the
rotation of the inner Galaxy largely wash out the structure
of cosmic-rays on timescales shorter than the typical resi-
dence time of Galactic cosmic-ray nuclei (⌧res ⇡ 107 � 108

Myr [22]), physically motivating values of fH2
>⇠ 0.1. We

also studied the effect of changing the Schmidt power-law in-
dex ns and the critical density ⇢c from the default values em-
ployed here. We find that, barring extreme scenarios, the im-
pact of these parameters is subdominant compared to fH2 [8]
and does not strongly affect the results we summarize below.

In the top panel of Figure 1, we compare the commonly-
employed choices for the azimuthally-averaged surface den-
sity of cosmic-ray sources with a model where a fraction
fH2 = 0.25 of cosmic-ray sources are embedded in H2 re-
gions according to the prescription outlined above. As we dis-
cuss below, fH2 = 0.2�0.25 corresponds to the best global fit
to the Fermi-LAT diffuse �-ray sky. The bottom panels show a
face-on view of the source density for the SNR model (corre-
sponding to fH2 = 0) and for the fH2 = 0.25 model. Figure 1
dramatically highlights the unphysical scarcity of cosmic-ray
sources in the innermost kiloparsec of the Galaxy. While
we note that the present rate of star formation in the CMZ
is observed to be suppressed compared with that predicted
via the Kennicutt-Schmidt law [23], significant multiwave-
length evidence points to episodic starburst on the O(Myr)

2 In this Letter, we use the new gas models only for generating secondary
species and distributing cosmic-ray sources. Their use for �-ray generation
does not significantly impact the conclusions here and is explored in detail
in a forthcoming publication [9].

FIG. 1. Top: The azimuthally averaged surface density of cosmic-
ray source distributions utilizing our new 3D model shown in thick
blue, compared to the traditional axisymmetric models based on
SNR, pulsars, and OB stars. Bottom: Face-on view of the cosmic-
ray source surface density for the traditional SNR distribution (left)
and for the best-fit star formation model, fH2 = .25, (right). The
solar position is indicated with the ‘+’ symbol.

timescales relevant here [24], with a significant event ocurring
⇠6 Myr ago, near the lifetime of massive OB stars. Through-
out this paper, we assume a constant injection until the present
day, although time-dependent effects may play a significant
role [25–27]. In addition to the CMZ, a gas-rich bar is present
along the Galactic center line-of-sight (see Figure 1), which
enhances cosmic-ray sources toward the Galactic center, a fea-
ture otherwise lost using a cylindrically-symmetric treatment.

As will be discussed in detail in forthcoming publications
[8, 9], the addition of a cosmic-ray injection source distribu-
tion tracing H2 gas has a net effect on the steady-state GC
cosmic-ray density (after propagation) of nearly one order
of magnitude. This enhancement is especially dramatic for
cosmic-ray electrons, where the density remains larger than a
factor of two out to nearly 5 kpc from the GC. Notably, the
local cosmic-ray density is essentially unaffected.

While our model is physically well motivated, it is
paramount to assess whether a non-zero value for fH2 yields
a better or worse fit to the diffuse �-ray sky overall. We per-
form a ‘Global’ binned likelihood analysis in three regions of
the Galaxy: inner (|l| < 80�, |b| < 8�), outer (|l| > 80�, |b| <
8�), and local (|b| > 8�). Our adopted statistical framework,
point source masking, photon binning (⇡ .23� pixels in 24
energy bins), and extra templates (isotropic [28] + Fermi Bub-
bles [29]) are identical to those used in Ref. [30]. As fH2 is
increased, cosmic rays are redistributed through the Galaxy,
and we allow for radial variations in the CO ! H2 conver-
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FIG. 2. ��2 as a function of fH2 for several regions of the global
�-ray analysis.

sion factor using 9 Galactocentric rings [31]. In these prelimi-
nary fits the spectrum of the diffuse components in the Global
analysis is fixed in order to limit the number of degrees of
freedom. Each point source is adaptively masked and fixed to
its 3FGL flux and spectrum [32].

In Figure 2 we plot the log-likelihood of our model fit to
the diffuse �-ray emission as a function of fH2, compared to
a baseline model of fH2 = 0, i.e. with cosmic-ray sources
distributed according to the axisymmetric SNR model. In the
inner and local regions, turning on cosmic-ray sources in H2

regions dramatically improves the quality of the global fit to
the observed diffuse emission3. The ‘Total’ curve sums all
three regions, showing an optimal fraction fH2 ' 0.25 over-
all, with the local region preferring even higher values up to
fH2 ' 0.45. Examining the pixel-by-pixel ��2 of each re-
gion reveals that the ‘local’ improvements are most signifi-
cant near the disk and especially for �10� < l < 30� where
cosmic-rays from the bar and inner molecular arms illumi-
nate the interstellar medium. For the ‘inner’ region, |l| < 30�

shows the most significant improvement, indicating that the
new gas models are resolving important cosmic-ray emitting
structures toward the inner Galaxy. In relative terms, the new
source distribution represents a genuine quantitative improve-
ment, with a ��2 comparable to that of changing the diffusion
parameters, gas distributions, or source distributions over the
model space of Refs. [30, 31].

The addition of cosmic-ray sources in star-forming re-
gions strongly affects the prediction for the diffuse astrophys-
ical �-ray emission in the Galactic center region. It is thus

3 Although the value of ��2 in the outer galaxy becomes monotonically
worse, this region is metal-poor such that the H2 density is not well traced
by CO, as evidenced by unphysical preferred values of XCO when fitting
against �-ray data in the outer Galaxy [33]. Additionally, the total number
of CR sources is constrained here, with increasing fH2 resulting in fewer
sources outside the solar circle. Technical details are discussed in a forth-
coming publication [9].

FIG. 3. Top Spectrum of the Galactic center ‘excess’ as fH2 is in-
creased in increments of 0.05 (light-to-dark red). We also show the
spectrum and statistical error-bars of the benchmark Mod A from
Ref. [30] (blue). Bottom: Flux of the Galactic center excess as a
function of the angle from the Galactic center for the peak energy
bin. Also shown are projected power-law profiles for the three-
dimensional �-ray emission intensity, which are equivalent to the
square of the corresponding three-dimensional dark matter density
distribution.

paramount to ascertain how this affects the properties of the
claimed Galactic center excess [2]. We use the analysis frame-
work described above on a new region of interest, the Inner
Galaxy, defined by |l| < 20�, 2� < |b| < 20�, noting that
the bright Galactic plane is masked in order to probe the ex-
tended properties of the excess. To evaluate the spectrum and
intensity of the �-ray excess, we add an additional template
with a morphology calculated using a generalized NFW pro-
file [34] with an inner slope ↵ = 1.25. For each value of fH2 we
allow the normalization of the NFW profile, diffuse models,
isotropic models, and Fermi Bubbles to float independently
in each energy bin, fixing only point sources to their 3FGL
values.

In the upper panel of Figure 3 we show the spectral prop-
erties of the NFW template in the Galactic center vicinity for
increasing values of fH2, and compare with the baseline Mod
A of Ref. [30]. The effect on the central gamma-ray excess is
dramatic: an increasing fraction of cosmic rays injected in H2

regions yields a substantial suppression of the excess across
all energies. The effect is most dramatic at lower energies,
where the suppression of the excess emission is larger than
an order of magnitude, but it continues into the GeV energy
range and is consistently larger than a factor of 2 for the values
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that a fraction fH2 of cosmic rays are injected with a spa-
tial distribution tracing the density of collapsed H2 molecu-
lar clouds, with the remaining fraction (1 � fH2), reflecting
“older” cosmic rays, distributed according to the traditional
axisymmetric distribution of SNR. This model is theoretically
well-motivated, because high-mass OB stars, the predecessors
to Type II supernovae, evolve on time scales 2-4 times shorter
than the 15-20 Myr lifetime of giant molecular clouds [19].
This implies that a significant fraction of Galactic cosmic rays
should be produced within observed star-forming regions. We
employ high-resolution (⇠100 pc) three-dimensional H2 den-
sity maps that utilize gas flow simulations to resolve non-
circular velocities in the inner Galaxy [20]2, and a simple
model for the star formation rate ⇢̇⇤ / ⇢1.5

gas [21]. We addition-
ally assume a critical gas density ⇢c = 0.1 cm�3 under which
star formation, and thus cosmic-ray acceleration, is shut off.
The cosmic-ray injection intensity tracing the H2 gas density
is calculated as:

QCR(~r) /
(

0 ⇢H2 < ⇢c;

⇢1.5
H2 ⇢H2 � ⇢c.

(1)

Of course, the gas density distribution measured at the
present time does not reflect the distribution of cosmic-ray
sources at past epochs, which is why we assume a (1 � fH2)
fraction of “older” cosmic rays to be distributed according
to the axisymmetric SNR prescription. Diffusion and the
rotation of the inner Galaxy largely wash out the structure
of cosmic-rays on timescales shorter than the typical resi-
dence time of Galactic cosmic-ray nuclei (⌧res ⇡ 107 � 108

Myr [22]), physically motivating values of fH2
>⇠ 0.1. We

also studied the effect of changing the Schmidt power-law in-
dex ns and the critical density ⇢c from the default values em-
ployed here. We find that, barring extreme scenarios, the im-
pact of these parameters is subdominant compared to fH2 [8]
and does not strongly affect the results we summarize below.

In the top panel of Figure 1, we compare the commonly-
employed choices for the azimuthally-averaged surface den-
sity of cosmic-ray sources with a model where a fraction
fH2 = 0.25 of cosmic-ray sources are embedded in H2 re-
gions according to the prescription outlined above. As we dis-
cuss below, fH2 = 0.2�0.25 corresponds to the best global fit
to the Fermi-LAT diffuse �-ray sky. The bottom panels show a
face-on view of the source density for the SNR model (corre-
sponding to fH2 = 0) and for the fH2 = 0.25 model. Figure 1
dramatically highlights the unphysical scarcity of cosmic-ray
sources in the innermost kiloparsec of the Galaxy. While
we note that the present rate of star formation in the CMZ
is observed to be suppressed compared with that predicted
via the Kennicutt-Schmidt law [23], significant multiwave-
length evidence points to episodic starburst on the O(Myr)

2 In this Letter, we use the new gas models only for generating secondary
species and distributing cosmic-ray sources. Their use for �-ray generation
does not significantly impact the conclusions here and is explored in detail
in a forthcoming publication [9].

FIG. 1. Top: The azimuthally averaged surface density of cosmic-
ray source distributions utilizing our new 3D model shown in thick
blue, compared to the traditional axisymmetric models based on
SNR, pulsars, and OB stars. Bottom: Face-on view of the cosmic-
ray source surface density for the traditional SNR distribution (left)
and for the best-fit star formation model, fH2 = .25, (right). The
solar position is indicated with the ‘+’ symbol.

timescales relevant here [24], with a significant event ocurring
⇠6 Myr ago, near the lifetime of massive OB stars. Through-
out this paper, we assume a constant injection until the present
day, although time-dependent effects may play a significant
role [25–27]. In addition to the CMZ, a gas-rich bar is present
along the Galactic center line-of-sight (see Figure 1), which
enhances cosmic-ray sources toward the Galactic center, a fea-
ture otherwise lost using a cylindrically-symmetric treatment.

As will be discussed in detail in forthcoming publications
[8, 9], the addition of a cosmic-ray injection source distribu-
tion tracing H2 gas has a net effect on the steady-state GC
cosmic-ray density (after propagation) of nearly one order
of magnitude. This enhancement is especially dramatic for
cosmic-ray electrons, where the density remains larger than a
factor of two out to nearly 5 kpc from the GC. Notably, the
local cosmic-ray density is essentially unaffected.

While our model is physically well motivated, it is
paramount to assess whether a non-zero value for fH2 yields
a better or worse fit to the diffuse �-ray sky overall. We per-
form a ‘Global’ binned likelihood analysis in three regions of
the Galaxy: inner (|l| < 80�, |b| < 8�), outer (|l| > 80�, |b| <
8�), and local (|b| > 8�). Our adopted statistical framework,
point source masking, photon binning (⇡ .23� pixels in 24
energy bins), and extra templates (isotropic [28] + Fermi Bub-
bles [29]) are identical to those used in Ref. [30]. As fH2 is
increased, cosmic rays are redistributed through the Galaxy,
and we allow for radial variations in the CO ! H2 conver-
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FIG. 2. ��2 as a function of fH2 for several regions of the global
�-ray analysis.

sion factor using 9 Galactocentric rings [31]. In these prelimi-
nary fits the spectrum of the diffuse components in the Global
analysis is fixed in order to limit the number of degrees of
freedom. Each point source is adaptively masked and fixed to
its 3FGL flux and spectrum [32].

In Figure 2 we plot the log-likelihood of our model fit to
the diffuse �-ray emission as a function of fH2, compared to
a baseline model of fH2 = 0, i.e. with cosmic-ray sources
distributed according to the axisymmetric SNR model. In the
inner and local regions, turning on cosmic-ray sources in H2

regions dramatically improves the quality of the global fit to
the observed diffuse emission3. The ‘Total’ curve sums all
three regions, showing an optimal fraction fH2 ' 0.25 over-
all, with the local region preferring even higher values up to
fH2 ' 0.45. Examining the pixel-by-pixel ��2 of each re-
gion reveals that the ‘local’ improvements are most signifi-
cant near the disk and especially for �10� < l < 30� where
cosmic-rays from the bar and inner molecular arms illumi-
nate the interstellar medium. For the ‘inner’ region, |l| < 30�

shows the most significant improvement, indicating that the
new gas models are resolving important cosmic-ray emitting
structures toward the inner Galaxy. In relative terms, the new
source distribution represents a genuine quantitative improve-
ment, with a ��2 comparable to that of changing the diffusion
parameters, gas distributions, or source distributions over the
model space of Refs. [30, 31].

The addition of cosmic-ray sources in star-forming re-
gions strongly affects the prediction for the diffuse astrophys-
ical �-ray emission in the Galactic center region. It is thus

3 Although the value of ��2 in the outer galaxy becomes monotonically
worse, this region is metal-poor such that the H2 density is not well traced
by CO, as evidenced by unphysical preferred values of XCO when fitting
against �-ray data in the outer Galaxy [33]. Additionally, the total number
of CR sources is constrained here, with increasing fH2 resulting in fewer
sources outside the solar circle. Technical details are discussed in a forth-
coming publication [9].

FIG. 3. Top Spectrum of the Galactic center ‘excess’ as fH2 is in-
creased in increments of 0.05 (light-to-dark red). We also show the
spectrum and statistical error-bars of the benchmark Mod A from
Ref. [30] (blue). Bottom: Flux of the Galactic center excess as a
function of the angle from the Galactic center for the peak energy
bin. Also shown are projected power-law profiles for the three-
dimensional �-ray emission intensity, which are equivalent to the
square of the corresponding three-dimensional dark matter density
distribution.

paramount to ascertain how this affects the properties of the
claimed Galactic center excess [2]. We use the analysis frame-
work described above on a new region of interest, the Inner
Galaxy, defined by |l| < 20�, 2� < |b| < 20�, noting that
the bright Galactic plane is masked in order to probe the ex-
tended properties of the excess. To evaluate the spectrum and
intensity of the �-ray excess, we add an additional template
with a morphology calculated using a generalized NFW pro-
file [34] with an inner slope ↵ = 1.25. For each value of fH2 we
allow the normalization of the NFW profile, diffuse models,
isotropic models, and Fermi Bubbles to float independently
in each energy bin, fixing only point sources to their 3FGL
values.

In the upper panel of Figure 3 we show the spectral prop-
erties of the NFW template in the Galactic center vicinity for
increasing values of fH2, and compare with the baseline Mod
A of Ref. [30]. The effect on the central gamma-ray excess is
dramatic: an increasing fraction of cosmic rays injected in H2

regions yields a substantial suppression of the excess across
all energies. The effect is most dramatic at lower energies,
where the suppression of the excess emission is larger than
an order of magnitude, but it continues into the GeV energy
range and is consistently larger than a factor of 2 for the values
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�-ray analysis.

sion factor using 9 Galactocentric rings [31]. In these prelimi-
nary fits the spectrum of the diffuse components in the Global
analysis is fixed in order to limit the number of degrees of
freedom. Each point source is adaptively masked and fixed to
its 3FGL flux and spectrum [32].

In Figure 2 we plot the log-likelihood of our model fit to
the diffuse �-ray emission as a function of fH2, compared to
a baseline model of fH2 = 0, i.e. with cosmic-ray sources
distributed according to the axisymmetric SNR model. In the
inner and local regions, turning on cosmic-ray sources in H2

regions dramatically improves the quality of the global fit to
the observed diffuse emission3. The ‘Total’ curve sums all
three regions, showing an optimal fraction fH2 ' 0.25 over-
all, with the local region preferring even higher values up to
fH2 ' 0.45. Examining the pixel-by-pixel ��2 of each re-
gion reveals that the ‘local’ improvements are most signifi-
cant near the disk and especially for �10� < l < 30� where
cosmic-rays from the bar and inner molecular arms illumi-
nate the interstellar medium. For the ‘inner’ region, |l| < 30�

shows the most significant improvement, indicating that the
new gas models are resolving important cosmic-ray emitting
structures toward the inner Galaxy. In relative terms, the new
source distribution represents a genuine quantitative improve-
ment, with a ��2 comparable to that of changing the diffusion
parameters, gas distributions, or source distributions over the
model space of Refs. [30, 31].

The addition of cosmic-ray sources in star-forming re-
gions strongly affects the prediction for the diffuse astrophys-
ical �-ray emission in the Galactic center region. It is thus

3 Although the value of ��2 in the outer galaxy becomes monotonically
worse, this region is metal-poor such that the H2 density is not well traced
by CO, as evidenced by unphysical preferred values of XCO when fitting
against �-ray data in the outer Galaxy [33]. Additionally, the total number
of CR sources is constrained here, with increasing fH2 resulting in fewer
sources outside the solar circle. Technical details are discussed in a forth-
coming publication [9].

FIG. 3. Top Spectrum of the Galactic center ‘excess’ as fH2 is in-
creased in increments of 0.05 (light-to-dark red). We also show the
spectrum and statistical error-bars of the benchmark Mod A from
Ref. [30] (blue). Bottom: Flux of the Galactic center excess as a
function of the angle from the Galactic center for the peak energy
bin. Also shown are projected power-law profiles for the three-
dimensional �-ray emission intensity, which are equivalent to the
square of the corresponding three-dimensional dark matter density
distribution.

paramount to ascertain how this affects the properties of the
claimed Galactic center excess [2]. We use the analysis frame-
work described above on a new region of interest, the Inner
Galaxy, defined by |l| < 20�, 2� < |b| < 20�, noting that
the bright Galactic plane is masked in order to probe the ex-
tended properties of the excess. To evaluate the spectrum and
intensity of the �-ray excess, we add an additional template
with a morphology calculated using a generalized NFW pro-
file [34] with an inner slope ↵ = 1.25. For each value of fH2 we
allow the normalization of the NFW profile, diffuse models,
isotropic models, and Fermi Bubbles to float independently
in each energy bin, fixing only point sources to their 3FGL
values.

In the upper panel of Figure 3 we show the spectral prop-
erties of the NFW template in the Galactic center vicinity for
increasing values of fH2, and compare with the baseline Mod
A of Ref. [30]. The effect on the central gamma-ray excess is
dramatic: an increasing fraction of cosmic rays injected in H2

regions yields a substantial suppression of the excess across
all energies. The effect is most dramatic at lower energies,
where the suppression of the excess emission is larger than
an order of magnitude, but it continues into the GeV energy
range and is consistently larger than a factor of 2 for the values
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sion factor using 9 Galactocentric rings [31]. In these prelimi-
nary fits the spectrum of the diffuse components in the Global
analysis is fixed in order to limit the number of degrees of
freedom. Each point source is adaptively masked and fixed to
its 3FGL flux and spectrum [32].

In Figure 2 we plot the log-likelihood of our model fit to
the diffuse �-ray emission as a function of fH2, compared to
a baseline model of fH2 = 0, i.e. with cosmic-ray sources
distributed according to the axisymmetric SNR model. In the
inner and local regions, turning on cosmic-ray sources in H2

regions dramatically improves the quality of the global fit to
the observed diffuse emission3. The ‘Total’ curve sums all
three regions, showing an optimal fraction fH2 ' 0.25 over-
all, with the local region preferring even higher values up to
fH2 ' 0.45. Examining the pixel-by-pixel ��2 of each re-
gion reveals that the ‘local’ improvements are most signifi-
cant near the disk and especially for �10� < l < 30� where
cosmic-rays from the bar and inner molecular arms illumi-
nate the interstellar medium. For the ‘inner’ region, |l| < 30�

shows the most significant improvement, indicating that the
new gas models are resolving important cosmic-ray emitting
structures toward the inner Galaxy. In relative terms, the new
source distribution represents a genuine quantitative improve-
ment, with a ��2 comparable to that of changing the diffusion
parameters, gas distributions, or source distributions over the
model space of Refs. [30, 31].

The addition of cosmic-ray sources in star-forming re-
gions strongly affects the prediction for the diffuse astrophys-
ical �-ray emission in the Galactic center region. It is thus

3 Although the value of ��2 in the outer galaxy becomes monotonically
worse, this region is metal-poor such that the H2 density is not well traced
by CO, as evidenced by unphysical preferred values of XCO when fitting
against �-ray data in the outer Galaxy [33]. Additionally, the total number
of CR sources is constrained here, with increasing fH2 resulting in fewer
sources outside the solar circle. Technical details are discussed in a forth-
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creased in increments of 0.05 (light-to-dark red). We also show the
spectrum and statistical error-bars of the benchmark Mod A from
Ref. [30] (blue). Bottom: Flux of the Galactic center excess as a
function of the angle from the Galactic center for the peak energy
bin. Also shown are projected power-law profiles for the three-
dimensional �-ray emission intensity, which are equivalent to the
square of the corresponding three-dimensional dark matter density
distribution.

paramount to ascertain how this affects the properties of the
claimed Galactic center excess [2]. We use the analysis frame-
work described above on a new region of interest, the Inner
Galaxy, defined by |l| < 20�, 2� < |b| < 20�, noting that
the bright Galactic plane is masked in order to probe the ex-
tended properties of the excess. To evaluate the spectrum and
intensity of the �-ray excess, we add an additional template
with a morphology calculated using a generalized NFW pro-
file [34] with an inner slope ↵ = 1.25. For each value of fH2 we
allow the normalization of the NFW profile, diffuse models,
isotropic models, and Fermi Bubbles to float independently
in each energy bin, fixing only point sources to their 3FGL
values.

In the upper panel of Figure 3 we show the spectral prop-
erties of the NFW template in the Galactic center vicinity for
increasing values of fH2, and compare with the baseline Mod
A of Ref. [30]. The effect on the central gamma-ray excess is
dramatic: an increasing fraction of cosmic rays injected in H2

regions yields a substantial suppression of the excess across
all energies. The effect is most dramatic at lower energies,
where the suppression of the excess emission is larger than
an order of magnitude, but it continues into the GeV energy
range and is consistently larger than a factor of 2 for the values
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nary fits the spectrum of the diffuse components in the Global
analysis is fixed in order to limit the number of degrees of
freedom. Each point source is adaptively masked and fixed to
its 3FGL flux and spectrum [32].

In Figure 2 we plot the log-likelihood of our model fit to
the diffuse �-ray emission as a function of fH2, compared to
a baseline model of fH2 = 0, i.e. with cosmic-ray sources
distributed according to the axisymmetric SNR model. In the
inner and local regions, turning on cosmic-ray sources in H2

regions dramatically improves the quality of the global fit to
the observed diffuse emission3. The ‘Total’ curve sums all
three regions, showing an optimal fraction fH2 ' 0.25 over-
all, with the local region preferring even higher values up to
fH2 ' 0.45. Examining the pixel-by-pixel ��2 of each re-
gion reveals that the ‘local’ improvements are most signifi-
cant near the disk and especially for �10� < l < 30� where
cosmic-rays from the bar and inner molecular arms illumi-
nate the interstellar medium. For the ‘inner’ region, |l| < 30�

shows the most significant improvement, indicating that the
new gas models are resolving important cosmic-ray emitting
structures toward the inner Galaxy. In relative terms, the new
source distribution represents a genuine quantitative improve-
ment, with a ��2 comparable to that of changing the diffusion
parameters, gas distributions, or source distributions over the
model space of Refs. [30, 31].

The addition of cosmic-ray sources in star-forming re-
gions strongly affects the prediction for the diffuse astrophys-
ical �-ray emission in the Galactic center region. It is thus

3 Although the value of ��2 in the outer galaxy becomes monotonically
worse, this region is metal-poor such that the H2 density is not well traced
by CO, as evidenced by unphysical preferred values of XCO when fitting
against �-ray data in the outer Galaxy [33]. Additionally, the total number
of CR sources is constrained here, with increasing fH2 resulting in fewer
sources outside the solar circle. Technical details are discussed in a forth-
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work described above on a new region of interest, the Inner
Galaxy, defined by |l| < 20�, 2� < |b| < 20�, noting that
the bright Galactic plane is masked in order to probe the ex-
tended properties of the excess. To evaluate the spectrum and
intensity of the �-ray excess, we add an additional template
with a morphology calculated using a generalized NFW pro-
file [34] with an inner slope ↵ = 1.25. For each value of fH2 we
allow the normalization of the NFW profile, diffuse models,
isotropic models, and Fermi Bubbles to float independently
in each energy bin, fixing only point sources to their 3FGL
values.

In the upper panel of Figure 3 we show the spectral prop-
erties of the NFW template in the Galactic center vicinity for
increasing values of fH2, and compare with the baseline Mod
A of Ref. [30]. The effect on the central gamma-ray excess is
dramatic: an increasing fraction of cosmic rays injected in H2

regions yields a substantial suppression of the excess across
all energies. The effect is most dramatic at lower energies,
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an order of magnitude, but it continues into the GeV energy
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new gas models are resolving important cosmic-ray emitting
structures toward the inner Galaxy. In relative terms, the new
source distribution represents a genuine quantitative improve-
ment, with a ��2 comparable to that of changing the diffusion
parameters, gas distributions, or source distributions over the
model space of Refs. [30, 31].

The addition of cosmic-ray sources in star-forming re-
gions strongly affects the prediction for the diffuse astrophys-
ical �-ray emission in the Galactic center region. It is thus
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the bright Galactic plane is masked in order to probe the ex-
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with a morphology calculated using a generalized NFW pro-
file [34] with an inner slope ↵ = 1.25. For each value of fH2 we
allow the normalization of the NFW profile, diffuse models,
isotropic models, and Fermi Bubbles to float independently
in each energy bin, fixing only point sources to their 3FGL
values.
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erties of the NFW template in the Galactic center vicinity for
increasing values of fH2, and compare with the baseline Mod
A of Ref. [30]. The effect on the central gamma-ray excess is
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ment, with a ��2 comparable to that of changing the diffusion
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Galaxy, defined by |l| < 20�, 2� < |b| < 20�, noting that
the bright Galactic plane is masked in order to probe the ex-
tended properties of the excess. To evaluate the spectrum and
intensity of the �-ray excess, we add an additional template
with a morphology calculated using a generalized NFW pro-
file [34] with an inner slope ↵ = 1.25. For each value of fH2 we
allow the normalization of the NFW profile, diffuse models,
isotropic models, and Fermi Bubbles to float independently
in each energy bin, fixing only point sources to their 3FGL
values.
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erties of the NFW template in the Galactic center vicinity for
increasing values of fH2, and compare with the baseline Mod
A of Ref. [30]. The effect on the central gamma-ray excess is
dramatic: an increasing fraction of cosmic rays injected in H2
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nary fits the spectrum of the diffuse components in the Global
analysis is fixed in order to limit the number of degrees of
freedom. Each point source is adaptively masked and fixed to
its 3FGL flux and spectrum [32].

In Figure 2 we plot the log-likelihood of our model fit to
the diffuse �-ray emission as a function of fH2, compared to
a baseline model of fH2 = 0, i.e. with cosmic-ray sources
distributed according to the axisymmetric SNR model. In the
inner and local regions, turning on cosmic-ray sources in H2

regions dramatically improves the quality of the global fit to
the observed diffuse emission3. The ‘Total’ curve sums all
three regions, showing an optimal fraction fH2 ' 0.25 over-
all, with the local region preferring even higher values up to
fH2 ' 0.45. Examining the pixel-by-pixel ��2 of each re-
gion reveals that the ‘local’ improvements are most signifi-
cant near the disk and especially for �10� < l < 30� where
cosmic-rays from the bar and inner molecular arms illumi-
nate the interstellar medium. For the ‘inner’ region, |l| < 30�

shows the most significant improvement, indicating that the
new gas models are resolving important cosmic-ray emitting
structures toward the inner Galaxy. In relative terms, the new
source distribution represents a genuine quantitative improve-
ment, with a ��2 comparable to that of changing the diffusion
parameters, gas distributions, or source distributions over the
model space of Refs. [30, 31].

The addition of cosmic-ray sources in star-forming re-
gions strongly affects the prediction for the diffuse astrophys-
ical �-ray emission in the Galactic center region. It is thus

3 Although the value of ��2 in the outer galaxy becomes monotonically
worse, this region is metal-poor such that the H2 density is not well traced
by CO, as evidenced by unphysical preferred values of XCO when fitting
against �-ray data in the outer Galaxy [33]. Additionally, the total number
of CR sources is constrained here, with increasing fH2 resulting in fewer
sources outside the solar circle. Technical details are discussed in a forth-
coming publication [9].

FIG. 3. Top Spectrum of the Galactic center ‘excess’ as fH2 is in-
creased in increments of 0.05 (light-to-dark red). We also show the
spectrum and statistical error-bars of the benchmark Mod A from
Ref. [30] (blue). Bottom: Flux of the Galactic center excess as a
function of the angle from the Galactic center for the peak energy
bin. Also shown are projected power-law profiles for the three-
dimensional �-ray emission intensity, which are equivalent to the
square of the corresponding three-dimensional dark matter density
distribution.

paramount to ascertain how this affects the properties of the
claimed Galactic center excess [2]. We use the analysis frame-
work described above on a new region of interest, the Inner
Galaxy, defined by |l| < 20�, 2� < |b| < 20�, noting that
the bright Galactic plane is masked in order to probe the ex-
tended properties of the excess. To evaluate the spectrum and
intensity of the �-ray excess, we add an additional template
with a morphology calculated using a generalized NFW pro-
file [34] with an inner slope ↵ = 1.25. For each value of fH2 we
allow the normalization of the NFW profile, diffuse models,
isotropic models, and Fermi Bubbles to float independently
in each energy bin, fixing only point sources to their 3FGL
values.

In the upper panel of Figure 3 we show the spectral prop-
erties of the NFW template in the Galactic center vicinity for
increasing values of fH2, and compare with the baseline Mod
A of Ref. [30]. The effect on the central gamma-ray excess is
dramatic: an increasing fraction of cosmic rays injected in H2

regions yields a substantial suppression of the excess across
all energies. The effect is most dramatic at lower energies,
where the suppression of the excess emission is larger than
an order of magnitude, but it continues into the GeV energy
range and is consistently larger than a factor of 2 for the values
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sion factor using 9 Galactocentric rings [31]. In these prelimi-
nary fits the spectrum of the diffuse components in the Global
analysis is fixed in order to limit the number of degrees of
freedom. Each point source is adaptively masked and fixed to
its 3FGL flux and spectrum [32].

In Figure 2 we plot the log-likelihood of our model fit to
the diffuse �-ray emission as a function of fH2, compared to
a baseline model of fH2 = 0, i.e. with cosmic-ray sources
distributed according to the axisymmetric SNR model. In the
inner and local regions, turning on cosmic-ray sources in H2

regions dramatically improves the quality of the global fit to
the observed diffuse emission3. The ‘Total’ curve sums all
three regions, showing an optimal fraction fH2 ' 0.25 over-
all, with the local region preferring even higher values up to
fH2 ' 0.45. Examining the pixel-by-pixel ��2 of each re-
gion reveals that the ‘local’ improvements are most signifi-
cant near the disk and especially for �10� < l < 30� where
cosmic-rays from the bar and inner molecular arms illumi-
nate the interstellar medium. For the ‘inner’ region, |l| < 30�

shows the most significant improvement, indicating that the
new gas models are resolving important cosmic-ray emitting
structures toward the inner Galaxy. In relative terms, the new
source distribution represents a genuine quantitative improve-
ment, with a ��2 comparable to that of changing the diffusion
parameters, gas distributions, or source distributions over the
model space of Refs. [30, 31].

The addition of cosmic-ray sources in star-forming re-
gions strongly affects the prediction for the diffuse astrophys-
ical �-ray emission in the Galactic center region. It is thus

3 Although the value of ��2 in the outer galaxy becomes monotonically
worse, this region is metal-poor such that the H2 density is not well traced
by CO, as evidenced by unphysical preferred values of XCO when fitting
against �-ray data in the outer Galaxy [33]. Additionally, the total number
of CR sources is constrained here, with increasing fH2 resulting in fewer
sources outside the solar circle. Technical details are discussed in a forth-
coming publication [9].

FIG. 3. Top Spectrum of the Galactic center ‘excess’ as fH2 is in-
creased in increments of 0.05 (light-to-dark red). We also show the
spectrum and statistical error-bars of the benchmark Mod A from
Ref. [30] (blue). Bottom: Flux of the Galactic center excess as a
function of the angle from the Galactic center for the peak energy
bin. Also shown are projected power-law profiles for the three-
dimensional �-ray emission intensity, which are equivalent to the
square of the corresponding three-dimensional dark matter density
distribution.

paramount to ascertain how this affects the properties of the
claimed Galactic center excess [2]. We use the analysis frame-
work described above on a new region of interest, the Inner
Galaxy, defined by |l| < 20�, 2� < |b| < 20�, noting that
the bright Galactic plane is masked in order to probe the ex-
tended properties of the excess. To evaluate the spectrum and
intensity of the �-ray excess, we add an additional template
with a morphology calculated using a generalized NFW pro-
file [34] with an inner slope ↵ = 1.25. For each value of fH2 we
allow the normalization of the NFW profile, diffuse models,
isotropic models, and Fermi Bubbles to float independently
in each energy bin, fixing only point sources to their 3FGL
values.

In the upper panel of Figure 3 we show the spectral prop-
erties of the NFW template in the Galactic center vicinity for
increasing values of fH2, and compare with the baseline Mod
A of Ref. [30]. The effect on the central gamma-ray excess is
dramatic: an increasing fraction of cosmic rays injected in H2

regions yields a substantial suppression of the excess across
all energies. The effect is most dramatic at lower energies,
where the suppression of the excess emission is larger than
an order of magnitude, but it continues into the GeV energy
range and is consistently larger than a factor of 2 for the values
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a baseline model of fH2 = 0, i.e. with cosmic-ray sources
distributed according to the axisymmetric SNR model. In the
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three regions, showing an optimal fraction fH2 ' 0.25 over-
all, with the local region preferring even higher values up to
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cant near the disk and especially for �10� < l < 30� where
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new gas models are resolving important cosmic-ray emitting
structures toward the inner Galaxy. In relative terms, the new
source distribution represents a genuine quantitative improve-
ment, with a ��2 comparable to that of changing the diffusion
parameters, gas distributions, or source distributions over the
model space of Refs. [30, 31].

The addition of cosmic-ray sources in star-forming re-
gions strongly affects the prediction for the diffuse astrophys-
ical �-ray emission in the Galactic center region. It is thus

3 Although the value of ��2 in the outer galaxy becomes monotonically
worse, this region is metal-poor such that the H2 density is not well traced
by CO, as evidenced by unphysical preferred values of XCO when fitting
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work described above on a new region of interest, the Inner
Galaxy, defined by |l| < 20�, 2� < |b| < 20�, noting that
the bright Galactic plane is masked in order to probe the ex-
tended properties of the excess. To evaluate the spectrum and
intensity of the �-ray excess, we add an additional template
with a morphology calculated using a generalized NFW pro-
file [34] with an inner slope ↵ = 1.25. For each value of fH2 we
allow the normalization of the NFW profile, diffuse models,
isotropic models, and Fermi Bubbles to float independently
in each energy bin, fixing only point sources to their 3FGL
values.

In the upper panel of Figure 3 we show the spectral prop-
erties of the NFW template in the Galactic center vicinity for
increasing values of fH2, and compare with the baseline Mod
A of Ref. [30]. The effect on the central gamma-ray excess is
dramatic: an increasing fraction of cosmic rays injected in H2
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an order of magnitude, but it continues into the GeV energy
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structures toward the inner Galaxy. In relative terms, the new
source distribution represents a genuine quantitative improve-
ment, with a ��2 comparable to that of changing the diffusion
parameters, gas distributions, or source distributions over the
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The addition of cosmic-ray sources in star-forming re-
gions strongly affects the prediction for the diffuse astrophys-
ical �-ray emission in the Galactic center region. It is thus

3 Although the value of ��2 in the outer galaxy becomes monotonically
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work described above on a new region of interest, the Inner
Galaxy, defined by |l| < 20�, 2� < |b| < 20�, noting that
the bright Galactic plane is masked in order to probe the ex-
tended properties of the excess. To evaluate the spectrum and
intensity of the �-ray excess, we add an additional template
with a morphology calculated using a generalized NFW pro-
file [34] with an inner slope ↵ = 1.25. For each value of fH2 we
allow the normalization of the NFW profile, diffuse models,
isotropic models, and Fermi Bubbles to float independently
in each energy bin, fixing only point sources to their 3FGL
values.
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erties of the NFW template in the Galactic center vicinity for
increasing values of fH2, and compare with the baseline Mod
A of Ref. [30]. The effect on the central gamma-ray excess is
dramatic: an increasing fraction of cosmic rays injected in H2

regions yields a substantial suppression of the excess across
all energies. The effect is most dramatic at lower energies,
where the suppression of the excess emission is larger than
an order of magnitude, but it continues into the GeV energy
range and is consistently larger than a factor of 2 for the values
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FIG. 2. ��2 as a function of fH2 for several regions of the global
�-ray analysis.

sion factor using 9 Galactocentric rings [31]. In these prelimi-
nary fits the spectrum of the diffuse components in the Global
analysis is fixed in order to limit the number of degrees of
freedom. Each point source is adaptively masked and fixed to
its 3FGL flux and spectrum [32].

In Figure 2 we plot the log-likelihood of our model fit to
the diffuse �-ray emission as a function of fH2, compared to
a baseline model of fH2 = 0, i.e. with cosmic-ray sources
distributed according to the axisymmetric SNR model. In the
inner and local regions, turning on cosmic-ray sources in H2

regions dramatically improves the quality of the global fit to
the observed diffuse emission3. The ‘Total’ curve sums all
three regions, showing an optimal fraction fH2 ' 0.25 over-
all, with the local region preferring even higher values up to
fH2 ' 0.45. Examining the pixel-by-pixel ��2 of each re-
gion reveals that the ‘local’ improvements are most signifi-
cant near the disk and especially for �10� < l < 30� where
cosmic-rays from the bar and inner molecular arms illumi-
nate the interstellar medium. For the ‘inner’ region, |l| < 30�

shows the most significant improvement, indicating that the
new gas models are resolving important cosmic-ray emitting
structures toward the inner Galaxy. In relative terms, the new
source distribution represents a genuine quantitative improve-
ment, with a ��2 comparable to that of changing the diffusion
parameters, gas distributions, or source distributions over the
model space of Refs. [30, 31].

The addition of cosmic-ray sources in star-forming re-
gions strongly affects the prediction for the diffuse astrophys-
ical �-ray emission in the Galactic center region. It is thus

3 Although the value of ��2 in the outer galaxy becomes monotonically
worse, this region is metal-poor such that the H2 density is not well traced
by CO, as evidenced by unphysical preferred values of XCO when fitting
against �-ray data in the outer Galaxy [33]. Additionally, the total number
of CR sources is constrained here, with increasing fH2 resulting in fewer
sources outside the solar circle. Technical details are discussed in a forth-
coming publication [9].

FIG. 3. Top Spectrum of the Galactic center ‘excess’ as fH2 is in-
creased in increments of 0.05 (light-to-dark red). We also show the
spectrum and statistical error-bars of the benchmark Mod A from
Ref. [30] (blue). Bottom: Flux of the Galactic center excess as a
function of the angle from the Galactic center for the peak energy
bin. Also shown are projected power-law profiles for the three-
dimensional �-ray emission intensity, which are equivalent to the
square of the corresponding three-dimensional dark matter density
distribution.

paramount to ascertain how this affects the properties of the
claimed Galactic center excess [2]. We use the analysis frame-
work described above on a new region of interest, the Inner
Galaxy, defined by |l| < 20�, 2� < |b| < 20�, noting that
the bright Galactic plane is masked in order to probe the ex-
tended properties of the excess. To evaluate the spectrum and
intensity of the �-ray excess, we add an additional template
with a morphology calculated using a generalized NFW pro-
file [34] with an inner slope ↵ = 1.25. For each value of fH2 we
allow the normalization of the NFW profile, diffuse models,
isotropic models, and Fermi Bubbles to float independently
in each energy bin, fixing only point sources to their 3FGL
values.

In the upper panel of Figure 3 we show the spectral prop-
erties of the NFW template in the Galactic center vicinity for
increasing values of fH2, and compare with the baseline Mod
A of Ref. [30]. The effect on the central gamma-ray excess is
dramatic: an increasing fraction of cosmic rays injected in H2

regions yields a substantial suppression of the excess across
all energies. The effect is most dramatic at lower energies,
where the suppression of the excess emission is larger than
an order of magnitude, but it continues into the GeV energy
range and is consistently larger than a factor of 2 for the values
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that a fraction fH2 of cosmic rays are injected with a spa-
tial distribution tracing the density of collapsed H2 molecu-
lar clouds, with the remaining fraction (1 � fH2), reflecting
“older” cosmic rays, distributed according to the traditional
axisymmetric distribution of SNR. This model is theoretically
well-motivated, because high-mass OB stars, the predecessors
to Type II supernovae, evolve on time scales 2-4 times shorter
than the 15-20 Myr lifetime of giant molecular clouds [19].
This implies that a significant fraction of Galactic cosmic rays
should be produced within observed star-forming regions. We
employ high-resolution (⇠100 pc) three-dimensional H2 den-
sity maps that utilize gas flow simulations to resolve non-
circular velocities in the inner Galaxy [20]2, and a simple
model for the star formation rate ⇢̇⇤ / ⇢1.5

gas [21]. We addition-
ally assume a critical gas density ⇢c = 0.1 cm�3 under which
star formation, and thus cosmic-ray acceleration, is shut off.
The cosmic-ray injection intensity tracing the H2 gas density
is calculated as:

QCR(~r) /
(

0 ⇢H2 < ⇢c;

⇢1.5
H2 ⇢H2 � ⇢c.

(1)

Of course, the gas density distribution measured at the
present time does not reflect the distribution of cosmic-ray
sources at past epochs, which is why we assume a (1 � fH2)
fraction of “older” cosmic rays to be distributed according
to the axisymmetric SNR prescription. Diffusion and the
rotation of the inner Galaxy largely wash out the structure
of cosmic-rays on timescales shorter than the typical resi-
dence time of Galactic cosmic-ray nuclei (⌧res ⇡ 107 � 108

Myr [22]), physically motivating values of fH2
>⇠ 0.1. We

also studied the effect of changing the Schmidt power-law in-
dex ns and the critical density ⇢c from the default values em-
ployed here. We find that, barring extreme scenarios, the im-
pact of these parameters is subdominant compared to fH2 [8]
and does not strongly affect the results we summarize below.

In the top panel of Figure 1, we compare the commonly-
employed choices for the azimuthally-averaged surface den-
sity of cosmic-ray sources with a model where a fraction
fH2 = 0.25 of cosmic-ray sources are embedded in H2 re-
gions according to the prescription outlined above. As we dis-
cuss below, fH2 = 0.2�0.25 corresponds to the best global fit
to the Fermi-LAT diffuse �-ray sky. The bottom panels show a
face-on view of the source density for the SNR model (corre-
sponding to fH2 = 0) and for the fH2 = 0.25 model. Figure 1
dramatically highlights the unphysical scarcity of cosmic-ray
sources in the innermost kiloparsec of the Galaxy. While
we note that the present rate of star formation in the CMZ
is observed to be suppressed compared with that predicted
via the Kennicutt-Schmidt law [23], significant multiwave-
length evidence points to episodic starburst on the O(Myr)

2 In this Letter, we use the new gas models only for generating secondary
species and distributing cosmic-ray sources. Their use for �-ray generation
does not significantly impact the conclusions here and is explored in detail
in a forthcoming publication [9].

FIG. 1. Top: The azimuthally averaged surface density of cosmic-
ray source distributions utilizing our new 3D model shown in thick
blue, compared to the traditional axisymmetric models based on
SNR, pulsars, and OB stars. Bottom: Face-on view of the cosmic-
ray source surface density for the traditional SNR distribution (left)
and for the best-fit star formation model, fH2 = .25, (right). The
solar position is indicated with the ‘+’ symbol.

timescales relevant here [24], with a significant event ocurring
⇠6 Myr ago, near the lifetime of massive OB stars. Through-
out this paper, we assume a constant injection until the present
day, although time-dependent effects may play a significant
role [25–27]. In addition to the CMZ, a gas-rich bar is present
along the Galactic center line-of-sight (see Figure 1), which
enhances cosmic-ray sources toward the Galactic center, a fea-
ture otherwise lost using a cylindrically-symmetric treatment.

As will be discussed in detail in forthcoming publications
[8, 9], the addition of a cosmic-ray injection source distribu-
tion tracing H2 gas has a net effect on the steady-state GC
cosmic-ray density (after propagation) of nearly one order
of magnitude. This enhancement is especially dramatic for
cosmic-ray electrons, where the density remains larger than a
factor of two out to nearly 5 kpc from the GC. Notably, the
local cosmic-ray density is essentially unaffected.

While our model is physically well motivated, it is
paramount to assess whether a non-zero value for fH2 yields
a better or worse fit to the diffuse �-ray sky overall. We per-
form a ‘Global’ binned likelihood analysis in three regions of
the Galaxy: inner (|l| < 80�, |b| < 8�), outer (|l| > 80�, |b| <
8�), and local (|b| > 8�). Our adopted statistical framework,
point source masking, photon binning (⇡ .23� pixels in 24
energy bins), and extra templates (isotropic [28] + Fermi Bub-
bles [29]) are identical to those used in Ref. [30]. As fH2 is
increased, cosmic rays are redistributed through the Galaxy,
and we allow for radial variations in the CO ! H2 conver-
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FIG. 2. ��2 as a function of fH2 for several regions of the global
�-ray analysis.

sion factor using 9 Galactocentric rings [31]. In these prelimi-
nary fits the spectrum of the diffuse components in the Global
analysis is fixed in order to limit the number of degrees of
freedom. Each point source is adaptively masked and fixed to
its 3FGL flux and spectrum [32].

In Figure 2 we plot the log-likelihood of our model fit to
the diffuse �-ray emission as a function of fH2, compared to
a baseline model of fH2 = 0, i.e. with cosmic-ray sources
distributed according to the axisymmetric SNR model. In the
inner and local regions, turning on cosmic-ray sources in H2

regions dramatically improves the quality of the global fit to
the observed diffuse emission3. The ‘Total’ curve sums all
three regions, showing an optimal fraction fH2 ' 0.25 over-
all, with the local region preferring even higher values up to
fH2 ' 0.45. Examining the pixel-by-pixel ��2 of each re-
gion reveals that the ‘local’ improvements are most signifi-
cant near the disk and especially for �10� < l < 30� where
cosmic-rays from the bar and inner molecular arms illumi-
nate the interstellar medium. For the ‘inner’ region, |l| < 30�

shows the most significant improvement, indicating that the
new gas models are resolving important cosmic-ray emitting
structures toward the inner Galaxy. In relative terms, the new
source distribution represents a genuine quantitative improve-
ment, with a ��2 comparable to that of changing the diffusion
parameters, gas distributions, or source distributions over the
model space of Refs. [30, 31].

The addition of cosmic-ray sources in star-forming re-
gions strongly affects the prediction for the diffuse astrophys-
ical �-ray emission in the Galactic center region. It is thus

3 Although the value of ��2 in the outer galaxy becomes monotonically
worse, this region is metal-poor such that the H2 density is not well traced
by CO, as evidenced by unphysical preferred values of XCO when fitting
against �-ray data in the outer Galaxy [33]. Additionally, the total number
of CR sources is constrained here, with increasing fH2 resulting in fewer
sources outside the solar circle. Technical details are discussed in a forth-
coming publication [9].
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FIG. 3. Top Spectrum of the Galactic center ‘excess’ as fH2 is in-
creased in increments of 0.05 (light-to-dark red). We also show the
spectrum and statistical error-bars of the benchmark Mod A from
Ref. [30] (blue). Bottom: Flux of the Galactic center excess as a
function of the angle from the Galactic center for the peak energy
bin. Also shown are projected power-law profiles for the three-
dimensional �-ray emission intensity, which are equivalent to the
square of the corresponding three-dimensional dark matter density
distribution.

paramount to ascertain how this affects the properties of the
claimed Galactic center excess [2]. We use the analysis frame-
work described above on a new region of interest, the Inner
Galaxy, defined by |l| < 20�, 2� < |b| < 20�, noting that
the bright Galactic plane is masked in order to probe the ex-
tended properties of the excess. To evaluate the spectrum and
intensity of the �-ray excess, we add an additional template
with a morphology calculated using a generalized NFW pro-
file [34] with an inner slope ↵ = 1.25. For each value of fH2 we
allow the normalization of the NFW profile, diffuse models,
isotropic models, and Fermi Bubbles to float independently
in each energy bin, fixing only point sources to their 3FGL
values.

In the upper panel of Figure 3 we show the spectral prop-
erties of the NFW template in the Galactic center vicinity for
increasing values of fH2, and compare with the baseline Mod
A of Ref. [30]. The effect on the central gamma-ray excess is
dramatic: an increasing fraction of cosmic rays injected in H2

regions yields a substantial suppression of the excess across
all energies. The effect is most dramatic at lower energies,
where the suppression of the excess emission is larger than
an order of magnitude, but it continues into the GeV energy
range and is consistently larger than a factor of 2 for the values
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that a fraction fH2 of cosmic rays are injected with a spa-
tial distribution tracing the density of collapsed H2 molecu-
lar clouds, with the remaining fraction (1 � fH2), reflecting
“older” cosmic rays, distributed according to the traditional
axisymmetric distribution of SNR. This model is theoretically
well-motivated, because high-mass OB stars, the predecessors
to Type II supernovae, evolve on time scales 2-4 times shorter
than the 15-20 Myr lifetime of giant molecular clouds [19].
This implies that a significant fraction of Galactic cosmic rays
should be produced within observed star-forming regions. We
employ high-resolution (⇠100 pc) three-dimensional H2 den-
sity maps that utilize gas flow simulations to resolve non-
circular velocities in the inner Galaxy [20]2, and a simple
model for the star formation rate ⇢̇⇤ / ⇢1.5

gas [21]. We addition-
ally assume a critical gas density ⇢c = 0.1 cm�3 under which
star formation, and thus cosmic-ray acceleration, is shut off.
The cosmic-ray injection intensity tracing the H2 gas density
is calculated as:

QCR(~r) /
(

0 ⇢H2 < ⇢c;

⇢1.5
H2 ⇢H2 � ⇢c.

(1)

Of course, the gas density distribution measured at the
present time does not reflect the distribution of cosmic-ray
sources at past epochs, which is why we assume a (1 � fH2)
fraction of “older” cosmic rays to be distributed according
to the axisymmetric SNR prescription. Diffusion and the
rotation of the inner Galaxy largely wash out the structure
of cosmic-rays on timescales shorter than the typical resi-
dence time of Galactic cosmic-ray nuclei (⌧res ⇡ 107 � 108

Myr [22]), physically motivating values of fH2
>⇠ 0.1. We

also studied the effect of changing the Schmidt power-law in-
dex ns and the critical density ⇢c from the default values em-
ployed here. We find that, barring extreme scenarios, the im-
pact of these parameters is subdominant compared to fH2 [8]
and does not strongly affect the results we summarize below.

In the top panel of Figure 1, we compare the commonly-
employed choices for the azimuthally-averaged surface den-
sity of cosmic-ray sources with a model where a fraction
fH2 = 0.25 of cosmic-ray sources are embedded in H2 re-
gions according to the prescription outlined above. As we dis-
cuss below, fH2 = 0.2�0.25 corresponds to the best global fit
to the Fermi-LAT diffuse �-ray sky. The bottom panels show a
face-on view of the source density for the SNR model (corre-
sponding to fH2 = 0) and for the fH2 = 0.25 model. Figure 1
dramatically highlights the unphysical scarcity of cosmic-ray
sources in the innermost kiloparsec of the Galaxy. While
we note that the present rate of star formation in the CMZ
is observed to be suppressed compared with that predicted
via the Kennicutt-Schmidt law [23], significant multiwave-
length evidence points to episodic starburst on the O(Myr)

2 In this Letter, we use the new gas models only for generating secondary
species and distributing cosmic-ray sources. Their use for �-ray generation
does not significantly impact the conclusions here and is explored in detail
in a forthcoming publication [9].
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FIG. 1. Top: The azimuthally averaged surface density of cosmic-
ray source distributions utilizing our new 3D model shown in thick
blue, compared to the traditional axisymmetric models based on
SNR, pulsars, and OB stars. Bottom: Face-on view of the cosmic-
ray source surface density for the traditional SNR distribution (left)
and for the best-fit star formation model, fH2 = .25, (right). The
solar position is indicated with the ‘+’ symbol.

timescales relevant here [24], with a significant event ocurring
⇠6 Myr ago, near the lifetime of massive OB stars. Through-
out this paper, we assume a constant injection until the present
day, although time-dependent effects may play a significant
role [25–27]. In addition to the CMZ, a gas-rich bar is present
along the Galactic center line-of-sight (see Figure 1), which
enhances cosmic-ray sources toward the Galactic center, a fea-
ture otherwise lost using a cylindrically-symmetric treatment.

As will be discussed in detail in forthcoming publications
[8, 9], the addition of a cosmic-ray injection source distribu-
tion tracing H2 gas has a net effect on the steady-state GC
cosmic-ray density (after propagation) of nearly one order
of magnitude. This enhancement is especially dramatic for
cosmic-ray electrons, where the density remains larger than a
factor of two out to nearly 5 kpc from the GC. Notably, the
local cosmic-ray density is essentially unaffected.

While our model is physically well motivated, it is
paramount to assess whether a non-zero value for fH2 yields
a better or worse fit to the diffuse �-ray sky overall. We per-
form a ‘Global’ binned likelihood analysis in three regions of
the Galaxy: inner (|l| < 80�, |b| < 8�), outer (|l| > 80�, |b| <
8�), and local (|b| > 8�). Our adopted statistical framework,
point source masking, photon binning (⇡ .23� pixels in 24
energy bins), and extra templates (isotropic [28] + Fermi Bub-
bles [29]) are identical to those used in Ref. [30]. As fH2 is
increased, cosmic rays are redistributed through the Galaxy,
and we allow for radial variations in the CO ! H2 conver-
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FIG. 2. ��2 as a function of fH2 for several regions of the global
�-ray analysis.

sion factor using 9 Galactocentric rings [31]. In these prelimi-
nary fits the spectrum of the diffuse components in the Global
analysis is fixed in order to limit the number of degrees of
freedom. Each point source is adaptively masked and fixed to
its 3FGL flux and spectrum [32].

In Figure 2 we plot the log-likelihood of our model fit to
the diffuse �-ray emission as a function of fH2, compared to
a baseline model of fH2 = 0, i.e. with cosmic-ray sources
distributed according to the axisymmetric SNR model. In the
inner and local regions, turning on cosmic-ray sources in H2

regions dramatically improves the quality of the global fit to
the observed diffuse emission3. The ‘Total’ curve sums all
three regions, showing an optimal fraction fH2 ' 0.25 over-
all, with the local region preferring even higher values up to
fH2 ' 0.45. Examining the pixel-by-pixel ��2 of each re-
gion reveals that the ‘local’ improvements are most signifi-
cant near the disk and especially for �10� < l < 30� where
cosmic-rays from the bar and inner molecular arms illumi-
nate the interstellar medium. For the ‘inner’ region, |l| < 30�

shows the most significant improvement, indicating that the
new gas models are resolving important cosmic-ray emitting
structures toward the inner Galaxy. In relative terms, the new
source distribution represents a genuine quantitative improve-
ment, with a ��2 comparable to that of changing the diffusion
parameters, gas distributions, or source distributions over the
model space of Refs. [30, 31].

The addition of cosmic-ray sources in star-forming re-
gions strongly affects the prediction for the diffuse astrophys-
ical �-ray emission in the Galactic center region. It is thus

3 Although the value of ��2 in the outer galaxy becomes monotonically
worse, this region is metal-poor such that the H2 density is not well traced
by CO, as evidenced by unphysical preferred values of XCO when fitting
against �-ray data in the outer Galaxy [33]. Additionally, the total number
of CR sources is constrained here, with increasing fH2 resulting in fewer
sources outside the solar circle. Technical details are discussed in a forth-
coming publication [9].

FIG. 3. Top Spectrum of the Galactic center ‘excess’ as fH2 is in-
creased in increments of 0.05 (light-to-dark red). We also show the
spectrum and statistical error-bars of the benchmark Mod A from
Ref. [30] (blue). Bottom: Flux of the Galactic center excess as a
function of the angle from the Galactic center for the peak energy
bin. Also shown are projected power-law profiles for the three-
dimensional �-ray emission intensity, which are equivalent to the
square of the corresponding three-dimensional dark matter density
distribution.

paramount to ascertain how this affects the properties of the
claimed Galactic center excess [2]. We use the analysis frame-
work described above on a new region of interest, the Inner
Galaxy, defined by |l| < 20�, 2� < |b| < 20�, noting that
the bright Galactic plane is masked in order to probe the ex-
tended properties of the excess. To evaluate the spectrum and
intensity of the �-ray excess, we add an additional template
with a morphology calculated using a generalized NFW pro-
file [34] with an inner slope ↵ = 1.25. For each value of fH2 we
allow the normalization of the NFW profile, diffuse models,
isotropic models, and Fermi Bubbles to float independently
in each energy bin, fixing only point sources to their 3FGL
values.

In the upper panel of Figure 3 we show the spectral prop-
erties of the NFW template in the Galactic center vicinity for
increasing values of fH2, and compare with the baseline Mod
A of Ref. [30]. The effect on the central gamma-ray excess is
dramatic: an increasing fraction of cosmic rays injected in H2

regions yields a substantial suppression of the excess across
all energies. The effect is most dramatic at lower energies,
where the suppression of the excess emission is larger than
an order of magnitude, but it continues into the GeV energy
range and is consistently larger than a factor of 2 for the values
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“Slope problem”: a proton hardening in the inner Galaxy
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A problem with conventional diffuse models

• The conventional diffuse models 
under-predict the high-energy flux 
measured  by Fermi-LAT in the inner 
Galaxy region 

[see e.g. Fermi-LAT collaboration, ApJ, 
2012]

All those models rely on the 
assumption 
of homogeneous and isotropic cosmic-
ray (CR) transport

The role of the gamma rays
– 67 –

Fig. 17.— Spectra extracted from the inner Galaxy region for model SSZ4R20T150C5 using Pass

7 clean photons. The dip between 10 and 20 GeV is greatly reduced compared to Figure 15. See

Figure 12 for legend.



• The “Gamma model” 
[D. Gaggero et al, PRD 91, 2015]
(updating on recent PASS8 data in progress) 

features instead for the first time a 
harder δ (the scaling of the diffusion 
coefficient with rigidity) at lower 
Galactocentric radii. 

The role of the gamma rays

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 “Gamma model” based on a variable diffusion coefficient



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 
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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

[Acero et al.,Fermi Collab., ApJ suppl. 223, 2016]

Other analyses of the proton hardening in the inner Galaxy

The role of the gamma rays

—> Several independent data-driven 
analyses confirm this result! The hardening 
of the proton spectrum is clearly seen in 
the gamma-ray data

[Yang, Aharonian, Evoli, PRD 2016]



The role of the gamma rays
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The slope problem is solved!
(the model is currently being updated)

Based on D. Gaggero et al., PRD 91, 2015. 
Retuning in progress, preliminary plots!

The “Slope problem” solved with the “Gamma model”



The role of the gamma rays
Gradient problem in the outer plane
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A normalization problem!

3

is relevant to determine the CR density, we can account
for parallel diffusion along the spiral arms by using an ef-
fective DC: Deff(R) = max

!

D⊥(R), (H/Rarm)2 D∥(R)
"

.
We assume therefore the phenomenological dependence
D⊥(R) ∝ Q(R)τ , where τ >

∼ 0 is a free parameter to be
fixed against data (simulations do not allow to determine
τ with sufficient accuracy). According to QLT and nu-
merical simulations we assume D∥ to have an opposite
dependence on the turbulence strength, hence D∥(R) ∝
Q(R)−τ . We remark that parallel diffusion has almost no
effect on the γ-ray angular distribution and the local CR
anisotropy, as it becomes relevant only in the most exter-
nal regions of the Galaxy, where the source density (hence
turbulence injection) is very small. Its presence, however,
naturally prevents the escape time from taking unphys-
ical large values at large R. For the source radial dis-
tribution we adopt Q(R) ∝ (R/R⊙)1.9 exp(−5(R−R⊙

R⊙
)),

based on pulsar catalogues [26]. Using other, observa-
tionally determined, distributions would not change our
main results. Similarly to [3, 20] we assume a vertical
profile Deff(R, z) = Deff(R) exp (z/H). We also assume
D ∝ (v/c)−0.4 (v is the particle velocity) to reproduce the
low-energy B/C data as shown in those papers. This does
not affect the results discussed here. We fix H = 4 kpc
and for each value of τ we set the D normalization to
match the observed B/C and other light nuclei ratios.
We fix the D rigidity dependence δ = 0.6 in the rest of
our Letter. To better highlight the effects of inhomo-
geneous diffusion we consider here only PD propagation
setups. Adding moderate reacceleration and radially uni-
form convection does not change significantly any of our
results.
We find a good fit of the B/C for all values of τ ∈ [0, 1].

The best fit D normalization only mildly depends on
τ . Also the computed antiproton and mid-latitude γ-
ray spectra match observations within errors. We then
calculate the γ-ray emissivity from the CR spatial distri-
butions in our models. As clear from Fig. 1, the model
τ = 0 (uniform diffusion) does not reproduce the ob-
served emissivity profile. We obtain the simulated γ-ray
angular distribution by performing a line-of-sight inte-
gration of the product of the emissivity times the gas
density. For consistency we use the same gas distribution
[27] and the same catalogue sources [28] adopted by the
Fermi-LAT collaboration. We show in Fig. 2 the longi-
tude profiles of Galactic γ-ray emission and the residuals
of the models against data for τ = 0 and τ = 0.85. The
model τ = 0 is clearly too steep compared to data: it
overshoots the data in the Galactic center region while it
undershoots observations by several σ in the anti-center
region. Increasing τ yields a much smoother behavior of
the emissivity as function of R (see [16] for the possible
reasons why the emissivity in the II and III quadrants
do not agree entirely). A good match of Fermi-LAT data
is achieved for τ ≃ [0.7÷ 0.9], with τ = 0.85 providing
an optimal fit and improving the residual distribution.

FIG. 1. Integrated γ-ray emissivity (number of photons emit-
ted per gas atom per unit time) constrained by Fermi-LAT
(orange region [16], grey region [15]) compared with our pre-
dictions for τ = 0, 0.2, 0.5, 0.7, 0.8, 0.9 (from top to bottom).

FIG. 2. Predicted longitudinal profile of the γ-ray diffuse flux
along the Galactic plane compared to Fermi-LAT data [28],
and residuals. Data are integrated over the latitude interval
|b| < 5◦ and in energy between 1104 and 1442 MeV. Solid
(blue) line τ = 0.85, dashed (red) line τ = 0.

Effect on the CR anisotropy: The CR LSA component in
the radial direction is related to the CR gradient by

anisotropy =
3D⊥

c

#

#

#

#

∇rnCR

nCR

#

#

#

#

, (2)

which we use to compute the contribution of CR dif-
fusion to the LSA starting from the CR distribution
computed in the same PD models as in the previous
section. Remarkably, with increasing τ , hence with a
smoother CR distribution, the predicted LSA also de-
creases. Changing from τ = 0 to τ = 1 reduces the
anisotropy by almost a factor of 10. Intriguingly, we can
reproduce the CR anisotropy data [10] up to few TeV
with τ = 0.85. The discrepancy between our model and
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which we use to compute the contribution of CR dif-
fusion to the LSA starting from the CR distribution
computed in the same PD models as in the previous
section. Remarkably, with increasing τ , hence with a
smoother CR distribution, the predicted LSA also de-
creases. Changing from τ = 0 to τ = 1 reduces the
anisotropy by almost a factor of 10. Intriguingly, we can
reproduce the CR anisotropy data [10] up to few TeV
with τ = 0.85. The discrepancy between our model and

Faster CR escape in the 
perpendicular direction due to 
larger turbulence —> less CRs

Less efficient CR escape in the 
perpendicular direction due to 
lower turbulence —> more CRs
[C. Evoli, D. Gaggero et al., 
PRL 2012]
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Solving the gradient problem in the outer Galaxy

—> At large radii, the gradient problem can be solved if one takes into account a lower 
perpendicular diffusion coefficient. (Low turbulence levels imply less efficient vertical escape)

Katia Ferrière: Models of X-shape magnetic fields

Table 3. Brief description of our two models of three-dimensional, X-shape + spiral magnetic fields in galactic disks.

Model a Shape of Reference b Labels of c Reference d Br Bϕ Bz
poloidal field lines coordinate field lines field

Bd Eq. (87) r1 > 0 z1 (Eq. 88) , ϕ1 (Eq. 70) Eq. (77), with Eq. (91) Eq. (89) Eq. (68) Eq. (90)

Dd Eq. (31) z1 = |z1| sign z r1 (Eq. 32) , ϕ1 (Eq. 70) Eq. (84), with Eq. (35) Eq. (82) Eq. (68) Eq. (83)

a The free parameters and functions of models Bd and Dd are the same as those of models B and D, respectively (see Table 1 for the free
parameters of the poloidal field and Table 2 for the free parameters and functions describing the azimuthal structure). The only difference
concerns the power-law index of field lines asymptotic to the z-axis in model B (now restricted to n ≥ 2) or the r-axis in model D (now set to
n = 1

2 ).
b Prescribed radius or height at which field lines are labeled by their height or radius, respectively, and by their azimuthal angle.
c Height or radius of field lines and their azimuthal angle at the reference coordinate.
d Radial or vertical field at the reference coordinate as a function of field line labels.

3 kpc3 kpc

(a) Model Bd
3 kpc3 kpc

(b) Model Dd

Fig. 3. Small set of field lines for our two models of three-dimensional, X-shape + spiral magnetic fields in galactic disks, as seen
from an oblique angle: (a) model Bd (poloidal component described by Eq. 87) with r1 = 3 kpc and n = 2; and (b) model Dd
(Eq. 31) with |z1| = 1.5 kpc and n = 1

2 . The pitch angle is given by Eq. (65) with p0 = −10
◦, p∞ = −90◦ and Hp = 3 kpc. The

selected field lines lie on a given surface of constant ϕ1 or ϕ1 + π, and they are separated by a fixed magnetic flux per unit ϕ1; thus,
in model Bd, their vertical spacing at r1 is determined by Eq. (91) with H = 1.5 kpc, and in model Dd, their radial spacing at z1
is determined by Eq. (35) with L = 10 kpc. Each box is a (30 kpc)3 cube centered on the galactic center. The trace of the galactic
plane is indicated by the red, solid circle, and the z-axis by the vertical, black, dot-dashed line.

Model Bd. Model B is not immediately fit to represent disk
magnetic fields, for two reasons. First, low-|z| field lines outside
the reference radius, r1, rise up too steeply into the halo (see
Figure 1b). Second, the magnetic field strength peaks too high
above the midplane (the reference field Br(r1, z1) peaks at |z1| =
H; see Eqs. (16) and (21)). As we now show, both shortcomings
can easily be overcome.

First, to reduce the slope of low-|z| field lines outside r1, we
replace the linear term ∝ (r/r1) in Eq. (17) by a slower-rising
term ∝

√
r/r1. Under our previous requirement that each field

line reaches its minimum height at (r1, z1), the equation of field
lines becomes

z =
1

2n + 1
z1

!"

r
r1

#−n

+ 2n
$

r
r1

%

, (87)

and, after inversion, the vertical label of field lines reads

z1 = (2n + 1) z
!"

r
r1

#−n

+ 2n
$

r
r1

%−1

· (88)

In view of Eqs. (71) – (72), the poloidal field components are
then given by

Br =
r1
r
z1
z
Br(r1, ϕ1, z1) (89)

Bz = −
n

2n + 1
r1 z21
r2 z

!"

r
r1

#−n

−
$

r
r1

%

Br(r1, ϕ1, z1) · (90)

The value of the exponent n in Eq. (90) is a little more restricted
than for halo magnetic fields, not because of differences in the
expressions of Bz itself (Eq. (90) for disk fields vs. Eq (76)
for halo fields), but because of differences in the expressions
of Br(r1, z1) (Eq. (91) for disk fields vs. Eq. (16) or (21) for
halo fields). Here, the behavior Br ∝ rn−1 Br(r1, z1) ∝ rn−1 and
Bz ∝ rn−2 Br(r1, z1) ∝ rn−2 in the limit r → 0 imposes n ≥ 2.

Second, to bring the peak in magnetic field strength from
the halo down to the midplane, we keep the expression of
Br(r1, ϕ1, z1) provided by Eq. (77), but we change the vertical
profile of the function Br(r1, z1) entering Eq. (77) from a linear-

12

K. Ferriere 2013Regular magnetic field



Solving the gradient problem in the outer Galaxy

The role of the gamma rays
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—> At large radii, the gradient problem can be solved if one takes into account a lower 
perpendicular diffusion coefficient. (Low turbulence levels imply less efficient vertical escape)



All these models are compatible with local observables (retuning on AMS and 
CREAM data in progress)

The role of the gamma rays

101 102 103 104 105

E [GeV ]

103

104

E
2.

6
·F

lu
x

Protons

PAMELA

AMS

CREAM

Base model

Gamma model

Base model

Gamma model

101 102 103 104 105

E [GeV ]

102

103

104

E
2.

6
·F

lu
x

Helium

AMS

CREAM

Base model

Gamma model

Base model

Gamma model

AMS02



Gamma-ray and Neutrino Galactic emissions above the TeV Antonio Marinelli
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Figure 4: The expected neutrino spectra in the inner Galactic plane region computed for the conventional
KRA and our KRAg models are reported. We also show experimental constrains from IceCube (662 and 988
days of livetime) and ANTARES observations (upper limits obtained with 1500 days of livetime) as well as
the deduced sensitivity for the future Mediterranean KM3NeT[17] considering 4 years (⇠ 1500 days) of data
taking.

observe the inner GP emission with a good sensitivity and angular resolution below few hundreds
TeVs. This is mostly due to the possibility of reconstructing up-going nµ signal coming from this
region.
Here we present the capabilities of ANTARES and future KM3NeT to constrain the emission model
from the central region of the GP |l|< 30� and |b|< 4�.
In the last few months an unblinding analysis for this region was performed with the ANTARES
reconstructed nµ events collected between 2007 and 2013 [28] corresponding to a 1500 days of
experiment livetime. This analysis covered the energy range between 3 and 300 TeV and did not
find any significant signal excess with respect to the estimated expected background. This turned
in 90% confidence level upper limit reported in Fig. 4. We see from that figure that a naive extrapo-
lation of the flux measured by Fermi (accounting for a n/g ratio ⇠ 1.3 [29]) is already excluded by
ANTARES results if the homogeneity for the three neutrino flavors is assumed. Instead, our KRAg
model, which accounts also for the leptonic and extra-Galactic contributions to diffuse g-ray flux
measured by Fermi (see Fig. 1) is consistent with that limit.
Here we also present the extrapolated sensitivity of the future KM3NeT considering the inner
Galactic region. The orange line reported in Fig. 4 shows that in 4 years (⇠ 1500 days) of data
taking this experiment can give a comprensive picture of the galactic cosmic-ray transport discrim-
inating between the standard KRA and the proposed KRAg model.

6

The KRA! model nicely matches 
MILAGRO consistently with Fermi 
data (point sources cleaned)             
no further tuning is required !	

Beside inhomogeneous diffusion the 
CR hardening at ∼ 250 GeV/n must 
also be accounted for.  This result 
suggests that hardening is not a local 
feature but it is may also be related to 
unconventional diffusion  !      	

The impact on the Milagro anomaly at 15 TeV
Gaggero, DG, Marinelli, Urbano &Valli arXiV: 1504:00227  ApJ L 2015

KRA! model
KRA! model!
without hardening

Implications for the TeV gamma rays and PeV neutrinos

A relevant prediction of the Gamma model

Gamma models —>  the Galactic emission may account for 
~15% of the full-sky astrophysical neutrino flux measured by 
IceCube above 60 TeV.

—> The Galactic contribution is correlated to the Galactic plane. 

—> The predicted GP emission is expected to be close to the 
ANTARES upper limits 

—> Testable with IceCube and KM3NET 

The model reproduces both the MILAGRO data at ~10 TeV and the Fermi-
LAT data.

The role of the gamma rays

[D. Gaggero et al., ApJL 815, 2016]
[see also S. Gabici et al., APP 30 2008]



The role of the gamma rays
Implications for the interpretation of the H.E.S.S. Pevatron

Let’s consider again the inner Galaxy

—> The Galactic ridge is an extremely 
interesting region, observed at different 
wavelength, from radio to gamma

—> Rich in molecular gas (central 
molecular zone)

—> Very active region, significant SFR

—> Studied by H.E.S.S., future target of 
CTA

—> The H.E.S.S. collaboration reported 
the first evidence of a diffuse emission 
possibly associated to a PeVatron!

[H.E.S.S. collaboration, Nature, 2016]
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The role of the gamma rays
Implications for the interpretation of the H.E.S.S. Pevatron

The large-scale diffuse CR sea predicted by the Gamma model in the GC is very 
hard 
—> the Central molecular zone is higly illuminated at the TeV
—> most of the emission observed by H.E.S.S. could be due to the background!
—> is the evidence for a PeVatron so significant?
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Figure 1: VHE �-ray image of the Galactic Centre region. The colour scale indicates counts per 0.02�⇥0.02� pixel.
Left panel: The black lines outline the regions used to calculate the CR energy density throughout the central molecular
zone. A section of 66� is excluded from the annuli (see Methods). White contour lines indicate the density distribution
of molecular gas, as traced by its CS line emission30. The inset shows the simulation of a point-like source. Right

panel: Zoomed view of the inner ⇠ 70 pc and the contour of the region used to extract the spectrum of the diffuse
emission.
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CTA Sensitivity

[D. Gaggero et al. 2017, submitted to 
PRL]
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Implications for the interpretation of the H.E.S.S. Pevatron

The large-scale diffuse CR sea predicted by the Gamma model in the GC is very 
hard 
—> the Central molecular zone is higly illuminated at the TeV
—> most of the emission observed by H.E.S.S. could be due to the background!
—> is the evidence for a PeVatron so solid?
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panel: Zoomed view of the inner ⇠ 70 pc and the contour of the region used to extract the spectrum of the diffuse
emission.
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[D. Gaggero et al. 2017, submitted to 
PRL]

Some extra emission is still 
needed in the central 
“pacman” region, but the 
relevance of the background 
prevents from a solid 
PeVatron claim



The role of the gamma rays
Implications for the interpretation of the H.E.S.S. Pevatron

The large-scale diffuse CR sea predicted by the Gamma model in the GC is very 
hard 
—> the Central molecular zone is higly illuminated at the TeV
—> most of the emission observed by H.E.S.S. could be due to the background!
—> is the evidence for a PeVatron so solid?

[D. Gaggero et al. 2017, submitted to 
PRL]
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Some extra emission is still 
needed in the central 
“pacman” region, but the 
relevance of the background 
prevents from a solid 
PeVatron claim

Inferred CR density from Fermi-LAT 
and H.E.S.S. data
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Conclusions

Many aspects of CR acceleration and propagation are still unclear

AMS and Fermi-LAT data are extremely useful to constrain models in the GeV-
TeV range. Exciting data by H.E.S.S. in the GC region. CTA and other 
experiments will provide very useful data in the TeV domain in the near future.

Several anomalies need to be explained: proton break, positron excess, 
antiproton excess

Overall consistent picture is still missing

It’s time to go beyond over-simplified descriptions of CR transport!



Thank you for your attention!

Daniele Gaggero



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

a physical model for the proton hardening

Why do we get 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

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

It is interesting to develop models in which the progressive hardening of the proton 
spectrum with the Galacticentric radius is explained in a natural way



an application of DRAGON2

Why do we get 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? <—

[S.S. Cerri, DG, A. Vittino, in preparation]
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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.
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Top row, from left, slices at z = 10 pc and z = �10 pc. Bot-
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color scheme shows the magnitude of the total regular field, with
negative values if the azimuthal component is oriented clockwise.
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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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very preliminary!

It is interesting to develop models in which the progressive hardening of the proton 
spectrum with the Galacticentric radius is explained in a natural way

a physical model for the proton hardening



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



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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