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Arrival Directions of Cosmic Neutrinos
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No significant correlation of di↵use flux with known Galactic or extragalactic sources.
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Non-thermal emission from CRs

Padova 22/06/2017 

IceCube (2013- ongoing): 
TeV - PeV neutrino sky

Non-thermal emission from CRs is crucial to 
understand their properties.

Observations cover > 20 orders of magnitude in energy, 
from ~100 MHz radio waves to PeV neutrinos

Future data will come from experiments such as
• SKA (radio domain, 50 MHz -> 14 GHz)
• e-ASTROGAM? AMEGO? (MeV γ-ray domain)
• CTA, HAWC (TeV γ-ray domain)
• LHAASO, HERD (TeV to PeV CRs and γ-rays)
• Icecube, Km3NET (neutrinos)
• Dampe, CALET, ISS-CREAM (TeV charged CRs)

Fermi-LAT (2008 - ongoing): 
~0.3 - ~300 GeV γ-ray sky

Planck (2009-2013): GHz - THz radio sky
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The key questions

Padova 22/06/2017 

1) Where do CRs come from? 
2) How do they propagate in (different region of) the Galaxy? 

What is the mechanism of confinement?
3) Can they reveal hints of new physics?
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Phenomenology of CR transport 

Padova 22/06/2017 

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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⌧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.

– 4 –
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Physical processes that affect CR 
transport in the Galaxy:
[Ginzburg&Syrovatskii 1964; 
Berezinskii et al. 1990]

- Primary CR production
- Secondary CR production via 

spallation
- Rigidity-dependent diffusion
- Rigidity-independent advection
- Possibly, stochastic II order Fermi 

acceleration (reacceleration)
- Energy losses
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The numerical (phenomenological) approach

Padova 22/06/2017 Berlin 29/11/2017

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]:

r · ( ~Ji � ~vwNi) +
@

@p


p2Dpp

@

@p

✓
Ni

p2

◆�
� @

@p

h
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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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• Solve the CR transport equation for all the relevant species (heavy and 
light nuclei, leptons, antiparticles…)

• Compute the non-thermal emission over 20 orders of magnitude, from 
~100 MHz radio waves (synchrotron emission) to GeV-TeV γ-rays and 
neutrinos    [see R. Kissmann's, T. Porter’s talks] 

Berlin 31/08/2018



The theory behind CR diffusion

Padova 22/06/2017 Berlin 29/11/2017

Guideline: resonant pitch-angle scattering on Alfvénic turbulence 
[Morrison 1957; Jokipii ApJ 146 1966; Jokipii&Parker PRL  21 1968]

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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coupled with the equation for the waves:

∂
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]

+ ΓcrW = qW (k). (2)

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:

∫ ∞

k0

dk W (k) = ηB =
δB2

B2
0

, (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

( 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
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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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, λ(p) = 1 − exp [ζ(p)] . (10)

Solving for f0, the CR spectrum in the disc of the Galaxy
is readily found to be:
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3
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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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FOR  A KOLMOGOROV SPECTRUM s=5/3 AND L0=50 pc. THE DIFFUSION COEFFICIENT 
READS THEN (see Lecture 1): 
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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:
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, (3)

where the power in the form of waves, W (k), satisfies:
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δB2
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0

, (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

( p
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)−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
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0

[

p4v(p)
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]

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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=
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, λ(p) = 1 − exp [ζ(p)] . (10)

Solving for f0, the CR spectrum in the disc of the Galaxy
is readily found to be:
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q0(p) exp

[
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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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Perpendicular diffusion
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1

3
RLc F(k)�1

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

e.g. Drury 1983

• The ISM is magnetized and turbulent over a wide inertial 
range; energy injection at large scales (~100 pc), e.g. by 
supernova explosions or other mechanisms

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

• Whenever a CR interacts with an Alfvén wave, if the 
resonance condition is satisfied, changes randomly the 
pitch angle: This stochastic process eventually results in a 
mostly parallel spatial diffusion w.r.t. the regular field

~ pc ~ AU
~ PeV ~ GeV
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The theory behind CR diffusion
Guideline: resonant pitch-angle scattering on Alfvénic turbulence 
[Morrison 1957; Jokipii ApJ 146 1966; Jokipii&Parker PRL  21 1968]

The real picture is much more complicated:

• Non-linear effects at small scales. If CRs 
stream faster than the Alfvén speed, they can 
amplify waves (naturally of the correct shape for 
scattering) through the resonant streaming 
instability [Wentzel 1974; Skilling 1975; Cesarsky 
1980; Farmer&Goldreich 2003]

• Pitch-angle scattering is not an efficient 
confinement mechanism if Alfvénic 
turbulence is anisotropic.  [Chandran 2000, 
Yan&Lazarian 2002]

Princeton 29/02/2017Princeton 02/29/2017
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(see Equations (176)–(178)). Using Equations (176), (177), and
(183), we can show that

G0 = − 1
κ

[(
σ − 2

βi

)
Λ+G++

Z

τ

(
σ − 1 − τ

Z

)
Λ−G−

]
,

(208)

G1 = 1
κ

[
σΛ+G+ −

(
1 +

Z

τ

)
Λ−G−

]
, (209)

where G± satisfy Equation (181). As follows from
Equation (157) (neglecting the collision integral), all higher-
order expansion coefficients satisfy a simple homogeneous
equation:

dGl

dt
+ v∥b̂ · ∇Gl = 0, l > 1. (210)

Thus, the distribution function can be explicitly written in terms
of G±:

g =
[
G0(v∥) +

(
1 − v2

⊥
v2

thi

)
G1(v∥)

]
n0i

πv2
thi

e−v2
⊥/v2

thi + g̃,

(211)
where G0 and G1 are given by Equations (208)–(209) and g̃
comprises the rest of the Laguerre expansion (all Gl with l > 1),
i.e., it is the homogeneous solution of Equation (157) that does
not contribute to either density or magnetic-field strength:

dg̃

dt
+ v∥b̂ · ∇g̃ = 0,

∫
d3v g̃ = 0,

∫
d3v

v2
⊥

v2
thi

g̃= 0.

(212)
Now substituting Equations (208) and (209) into Equa-

tion (206) and then substituting the result and Equations (202)–
(203) into Equation (201), we find after some straightforward
manipulations

Wcompr =
∫

d3r
∫

d3v
T0i g̃

2

2F0i

+ 4
[

1 +
1
κ

(
1 +

τ

Z

)]
(Λ+)2W +

compr

+ 2
Z2

τ 2

(
1 +

1
κ

1
βi

)
(Λ−)2W−

compr, (213)

where κ is defined by Equation (204) and W±
compr are the two

independent invariants that we derived in Section 6.2.3. Thus,
the generalized energy for compressive fluctuations splits into
three independently cascading parts: W±

compr associated with the
density and magnetic-field-strength fluctuations and a purely
kinetic part given by the first term in Equation (213) (see Figure
5). The dynamical evolution of this purely kinetic component is
described by Equation (212)—it is a passively mixed, undamped
ballistic-type mode.

All three cascade channels lead to small perpendicular spatial
scales via passive mixing by the Alfvénic turbulence and also to
small scales in v∥ via the parallel phase mixing process discussed
in Section 6.2.4 (note that g̃ is subject to this process as well).

6.3. Parallel and Perpendicular Cascades

Let us return to the kinetic Equation (157) and transform
it to the Lagrangian frame associated with the velocity field
u⊥ = ẑ × ∇⊥Φ of the Alfvén waves: (t, r) → (t, r0), where

r(t, r0) = r0 +
∫ t

0
dt ′u⊥(t ′, r(t ′, r0)). (214)

Figure 7. Lagrangian mixing of passive fields: fluctuations develop small scales
across, but not along the exact field lines.

In this frame, the convective derivative d/dt defined in Equa-
tion (160) turns into ∂/∂t , while the parallel spatial gradient
b̂ · ∇ can be calculated by employing the Cauchy solution for
the perturbed magnetic field δB⊥ = ẑ × ∇⊥Ψ:

b̂(t, r) = ẑ +
δB⊥(t, r)

B0
= b̂(0, r0) · ∇0r, (215)

where r is given by Equation (214) and ∇0 = ∂/∂r0. Then

b̂ · ∇ = b̂(0, r0) ·
(
∇0r

)
· ∇ = b̂(0, r0) · ∇0 = ∂

∂s0
,

(216)

where s0 is the arc length along the perturbed magnetic field
taken at t = 0 (if δB⊥(0, r0) = 0, s0 = z0). Thus, in the
Lagrangian frame associated with the Alfvénic component of the
turbulence, Equation (157) is linear. This means that, if the effect
of finite ion gyroradius is neglected, the KRMHD system does
not give rise to a cascade of density and magnetic-field-strength
fluctuations to smaller scales along the moving (perturbed) field
lines, i.e., b̂·∇δne and b̂·∇δB∥ do not increase. In contrast, there
is a perpendicular cascade (cascade in k⊥): the perpendicular
wandering of field lines due to the Alfvénic turbulence causes
passive mixing of δne and δB∥ in the direction transverse to the
magnetic field (see Section 2.6 for a quick recapitulation of the
standard scaling argument on the passive cascade that leads to
a k

−5/3
⊥ in the perpendicular direction). Figure 7 illustrates this

situation.26

We emphasize that this lack of nonlinear refinement of the
scale of δne and δB∥ along the moving field lines is a particular
property of the compressive component of the turbulence, not
shared by the Alfvén waves. Indeed, unlike Equation (157), the
RMHD Equations (155)–(156), do not reduce to a linear form
under the Lagrangian transformation (214), so the Alfvén waves
should develop small scales both across and along the perturbed
magnetic field.

Whether the density and magnetic-field-strength fluctuations
develop small scales along the magnetic field has direct physical
and observational consequences. Damping of these fluctuations,
both in the collisional and collisionless regimes, discussed in
Sections 6.1.2 and 6.2.2, respectively, depends precisely on their
scale along the perturbed field: indeed, the linear results derived
there are exact in the Lagrangian frame (214). To summarize
these results, the damping rate of δne and δB∥ at βi ∼ 1 is

γ ∼ vthiλmfpik
2
∥0, k∥0λmfpi ≪ 1, (217)

γ ∼ vthik∥0, k∥0λmfpi ≫ 1, (218)

where k∥0 ∼ b̂ · ∇ is the wavenumber along the perturbed field
(i.e., if there is no parallel cascade, the wavenumber of the
large-scale stirring).

26 Note that effectively, there is also a cascade in k∥ if the latter is measured
along the unperturbed field—more precisely, a cascade in kz. This is due to the
perpendicular deformation of the perturbed magnetic field by the Alfvén-wave
turbulence: since ∇⊥ grows while b̂ · ∇ remains the same, we have from
Equation (123) ∂/∂z ≃ −(δB⊥/B0) · ∇⊥.
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A new precision era in CR and gamma-ray physics
1990s -> 2010s

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.

Rigidity [GV]
10 210 310

∆

0.6−

0.4−

0.2−

0

0.2

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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FIG. 3. The boron to carbon ratio as a function of kinetic energy
per nucleon EK compared with measurements since the year 1980
[12–21]. The dashed line is the B=C ratio required for the model
of Ref. [7].
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FIG. 1. The AMS boron to carbon ratio (B=C) as a function of
rigidity in the interval from 1.9 GV to 2.6 TV based on 2.3 million
boron and 8.3 million carbon nuclei. The dashed line shows
the single power law fit starting from 65 GV with index Δ ¼
−0.333% 0.014ðfitÞ % 0.005ðsystÞ.

PRL 117, 231102 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

2 DECEMBER 2016

231102-4

[Strong et al., 2004]

[AMS-02 collaboration, PRL 2016]
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FIG. 7: Same as Fig. 2 but for the DRC scenario (adding two more parameters, vA and dVc/dz).

ergy (! 50 MeV/n) B/C spectrum measured by Voyager-1 is
difficult to be modelled in various models. Further tuning of
the modelling and/or better understanding about the measure-
ments may be necessary. The Voyager-1 data will be included
in future studies.

D. Reacceleration models and antiprotons

The reacceleration models would generally under-estimate
the low energy antiproton fluxes. Several kinds of scenarios
were proposed to explain this. In Ref. [84] it was proposed
that a local and fresh source, probably associated with the Lo-
cal Bubble, might produce additional low energy primaries
and hence decrease the measured secondary-to-primary nu-
clei ratio. The annihilation of several tens of GeV dark matter
particles may also be responsible for the low energy excess of
antiprotons [85–87]. Alternatively, an empirical adjustement
of the velocity-dependence of the diffusion coefficient with a

βη term, i.e., the DR2 model in this work, was suggested to
be able to explain the B/C and antiproton data [18]. In this
treatment a larger δ value and a weaker reacceleration effect is
required, which enables more production of low energy sec-
ondary particles (both Boron and antiprotons). As shown in
Fig. 12, the DR2 model does improve the fitting. However,
the physical motivation for such a term is not well justified.
Finally, the uncertainties of the production cross section of
antiprotons make this problem still inconclusive [88–90].

VI. CONCLUSION

In this work we adopt the precise measurements of the B/C
ratio and the time-dependent proton fluxes by AMS-02 and
PAMELA to constrain the injection and propagation parame-
ters of Galactic CRs. We employ a self-consistent treatment
of the solar modulation by means of a linear correlation of the
modulation potentials with solar activities. We have carried

Achievements in the CR field
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The power of multi-channel phenomenological analyses:
The “conventional scenarios” seem to work for many channels

Berlin 29/11/2017Princeton 29/02/2017

Bayesian analysis of cosmic-ray propagation 11
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FIG. 6.— Secondary-to-primary ratio 68% and 95% posterior bands from our light element (Be–Si) scan, shown in magenta in Fig. 3. The p̄/p ratio is shown
to indicate that using the same propagation parameters for hydrogen yields a very bad fit to the data. Data shown are HEAO (blue), CREAM (green), ACE (light
blue), ISOMAX (black) and PAMELA (red). The best fit is shown as a black line, and the dashed lines correspond to the LIS (umodulated) ratios. In the left-hand
panel we use the HEAO modulation posterior, and the solid line uses the HEAO best fit modulation potential. The dash-dotted line is the modulated spectrum
using the best fit to the ACE-CRIS modulation potential; for clarity we do not show the posterior intervals for this case. Correspondingly, the central plot uses
the ACE modulation (BF in black), and we show the best fit using the ISOMAX best fit modulation potential with a dash-dotted line.
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The best fit halo size derived from the 10Be/9Be ratio is z
h

⇡
5 kpc in the case of the light elements, and z

h

⇡ 10 kpc from
p, p̄, He scan (Table 3), i.e., larger than the effective distances
given by Eqs. (15)-(16). Their posterior means are even larger,
z
h

⇡ 10.35 kpc with 1� error bars of 4.2 kpc and 4.9 kpc
correspondingly.

Our results are, therefore, the first to definitively show that
by separating the two data sets, one can fit them with two dif-
ferent reacceleration parameter sets. The significantly lower
Alfvèn speed v

Alf

/ B/
p
⇢
ISM

, 8.9 ± 1.2 km s�1 (p, p̄,
He) vs. 30.0 ± 2.5 km s�1 (Be–Si), may hint at a smaller
B/

p
⇢
ISM

, possibly owing to a denser ISM plasma as one

approaches the inner Galaxy.
Variations of the propagation parameters throughout the

Galaxy is not the only possible reason of the discussed dif-
ferences. Source (SNe) stochasticity (Strong & Moskalenko
2001) may contribute to the local fluctuations in fluxes of in-
dividual CR species. Freshly accelerated CR particles from
relatively recent SN explosions may or may not lead to the in-
creased local production of secondary species. As was already
mentioned, the presence of local sources of low-energy pri-
mary nuclei could lead to effects that mimic the propagation
parameters variations (Moskalenko et al. 2003). In particular,
the value of the effective diffusion coefficient DA

0 could be

11

FIG. 8: 2σ bands of the B/C ratios for different PD propagation models. The observational data are from: ACE [58] and AMS-02 [50].

out a comprehensive study of a series of CR propagation mod-
els, including the PD, DR, DC, DRC, and two variants of the
DR and DC models. The predictions of secondary positrons
and antiprotons based on the fitting parameters are calculated
and compared with the data.

We summarize the comparison of various models with dif-
ferent data sets in Table III. It is shown that no model can
match all these data simultaneously, which suggests that the
actual case for the origin, propagation, and interaction of CRs
is more complicated than our current understanding. For the

[Johanneson+, 2016]

[Yuan+, 2017]

Princeton 02/29/2017Princeton 03/02/2018MIAPP 16/03/2018Berlin 31/08/2018



However, we have anomalies!
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… however, there are also relevant anomalies to be 
explained

Berlin 29/11/2017

New information: The proton flux cannot be described by a single power law = CRγ  
Precision measurement of the proton flux 
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M. Aguilar et al., Phys. Rev. Lett. 114, 171103 (2015) 

300	million	protons	

28 

– 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.

AMS collaboration

Fermi-LAT collaboration
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Anomalies with respect to what?

TeVPa 09/08/2017

• Basic theories are used as guidelines for standard parametrizations 
• Set of “conventional models” —> anomalies “w.r.t. orthodoxy”

• The bulk of the CR energy is released by SN explosions in the 
Galactic disk

• CRs are accelerated via diffusive shock acceleration at work at 
SNR shocks — Universal, featureless spectrum

• CRs diffuse within an extended, turbulent and magnetized halo in 
a homogeneous and isotropic way. Confinement time ~ few 
million years

TeVPa 06/08/2017Princeton 02/29/2017Princeton 03/02/2018MIAPP 16/03/2018Berlin 31/08/2018

The three pillars



• Spectral hardening in primary and 
secondary species at ~200 GV

• Positron excess

• Low- and high-energy electrons?
• Low- and high-energy antiprotons?

A population of leptonic accelerators (e.g. pulsars?) 
[Aharonian&Atoyan 1995; Hooper+ 2009, Grasso+ 2009; Yuan+ 2018]
DM interpretation challenged by many constraints (e.g. CMB) 
[1502.01589]
Anomalous transport properties? Change of paradigm in CR 
propagation? [P. Lipari arXiv:1707.02504]
[review arXiv:1802.00636]

List of anomalies: Charged CRs

Padova 22/06/2017 Berlin 29/11/2017Princeton 29/02/2017Princeton 02/29/2017Princeton 03/03/2018Princeton 03/02/2018Berlin 31/08/2018

Most importantly, several independent analyses were
performed on the same data sample by different study groups.
The results of those analyses are consistent with this Letter.
Results.— The measured lithium, beryllium, and boron

fluxes including statistical and systematic errors are reported
in Tables I, II, and III of the Supplemental Material [21] as a
function of the rigidity at the top of the AMS detector.
Figure 1 shows the lithium, beryllium, and boron fluxes

as a function of rigidity with the total errors, the sum in
quadrature of statistical and systematic errors. In this and
the subsequent figures, the points are placed along the
abscissa at ~R calculated for a flux ∝ R−2.7 [29]. As seen, the
Li and B fluxes have an identical rigidity dependence above
∼7 GV and all three secondary fluxes have an identical
rigidity dependence above ∼30 GV. The different rigidity
dependence of the Be flux is most likely due to the
significant presence of the radioactive 10Be isotope [27],
which has a half life of 1.4 MY.
Figure 8 of the Supplemental Material [21] shows the

lithium, beryllium, and boron fluxes as a function of kinetic
energy per nucleon EK together with earlier measurements
[2–11]. Data from other experiments have been extracted

using Ref. [30]. For the AMS measurement EK ¼
ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2 ~R2 þM2

p
−MÞ=A where Z, M, and A are the Li,

Be, and B charge, mass and atomic mass number,

respectively. The atomic mass numbers, averaged by iso-
topic composition obtained from AMS low energy mea-
surements [27], are 6.5% 0.1 for Li, 8.0% 0.2 for Be, and
10.7% 0.1 for B. The systematic errors on the fluxes due to
these uncertainties were added in quadrature to the total
errors.
To examine the rigidity dependence of the fluxes,

detailed variations of the flux spectral indices with rigidity
were obtained in a model-independent way. The flux
spectral indices γ were calculated from

γ ¼ d½logðΦÞ'=d½logðRÞ'; ð2Þ

over rigidity intervals bounded by 7.09, 12.0, 16.6, 22.8,
41.9, 60.3, 192, and 3300 GV. The results are presented in
Fig. 2 together with the spectral indices of helium, carbon,
and oxygen [14]. As seen, the magnitude and the rigidity
dependence of the lithium, beryllium, and boron spectral
indices are nearly identical, but distinctly different from the
rigidity dependence of helium, carbon, and oxygen. In
addition, above ∼200 GV, Li, Be, and B all harden more
than He, C, and O.
To examine the difference between the rigidity depend-

ence of primary and secondary cosmic rays in detail, the
ratios of the lithium, beryllium, and boron fluxes to the
carbon and oxygen fluxes were computed using the data in
Tables I, II, and III of the Supplemental Material [21]
and Tables II and III of Ref. [14], and are reported in
Tables IV–IX of the Supplemental Material [21] with their
statistical and systematic errors. The detailed variations
with rigidity of the spectral indices Δ of each flux ratio
were obtained in a model independent way using
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FIG. 1. The AMS (a) Li and B and (b) Be and B fluxes [21]
multiplied by ~R2.7 with their total errors as a function of rigidity.
As seen, the Li and B fluxes have identical rigidity dependence
above ∼7 GV and all three secondary fluxes have identical
rigidity dependence above ∼30 GV.
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FIG. 2. The dependence of the Li, Be, and B spectral indices on
rigidity together with the rigidity dependence of the He, C, and O
spectral indices [14]. For clarity, the Li, B, He, and O data points
are displaced horizontally. The shaded regions are to guide the
eye. As seen, the magnitude and the rigidity dependence of the Li,
Be, and B spectral indices are nearly identical, but distinctly
different from the rigidity dependence of the He, C, and O
spectral indices. Above ∼200 GV the Li, Be, and B fluxes all
harden more than the He, C, and O fluxes. See also Fig. 3.

PHYSICAL REVIEW LETTERS 120, 021101 (2018)

021101-5

Probably a transport effect. 
Different transport properties in the disk and in the halo? 
[Tomassetti 2015] 
Transition from self-generated to pre-existing turbulence?  

[Blasi, Amato, Serpico, PRL 2012; Aloisio, Blasi, Serpico 2015] 



List of anomalies: Gamma rays
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• “GeV extended emission from the 
inner Galaxy”
millisecond pulsars? [Lee+ 2016, Bartels+ 2016] 
molecular clouds? [De Boer+ 2017]
dark matter? [Hooper&Goodenough 2011, Daylan+ 
PDU 2016, many others…]

[see D. Hooper, E. Storm’s, T. Edwards talks]

•  Fermi Bubbles
[see K. Yang’s, L. Yang’s, D. Malyshev’s talks]

• Progressive hardening in the proton 
spectrum towards the inner Galaxy

• Gradient problem
[Strong+ 2004, Evoli+ 2012]
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• A progressive CR 
hardening in the inner 
Galaxy inferred from 
gamma-ray data can be 
interpreted as a 
progressively harder 
scaling of the diffusion 
coefficient as first noticed in 
[Gaggero et al., PRD 2015, 
arXiv:1411.7623]

• Confirmed by the Fermi-
LAT collaboration via a 
template-fitting 
procedure based on:
Ring decomposition for the 
gas distribution
Model for the IC emission, 
Catalogs of point and 
extended sources

– 13 –

Fig. 3.— Galactocentric annuli of NH i in 1020 cm�2 (left) and W (CO) in K km s�1 (right),

displayed in Galactic plate carrée projection with bin size of 0.�125 ⇥ 0.�125. The square root color

scaling saturates at 100⇥1020 cm�2 for NH i and at 50 K km s�1 for W (CO). The Galactocentric

boundaries for each annulus are written in each panel.
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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).
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Is this a potential signature of anisotropic CR transport?

In this work, we extend the DRAGON2 code to solve the two-dimensional CR trans-
port equation including a fully-anisotropic di↵usion tensor (i.e., keeping the assumption of
azimuthal symmetry but with orientation of the local magnetic field).

The simplified scenario presented here only focuses on proton propagation: It captures
the main aspects of the idea we are considering, and allows to make quantitative predictions
on the spatial variation of the protons slope.

We summarize below the main ingredients:

• Geometry: We assume azimuthal symmetry, so CR particles di↵use in a (R , z) plane
defined by the following boundaries: R 2 [0, R

max

] and z 2 [�H,+H]. In all the
following simulations, R

max

= 20 kpc and a resolution dR = dz = 0.1 kpc has been
adopted, while two values of the halo size, H = 2 and 4 kpc, have been investigated.

• Transport equation: We consider the following generic anisotropic transport equation:

@N

@t
= r · (D · rN) + S =

@

@xi

✓
Dij

@N

@xj

◆
+ S , (2.1)

where N is the CR density, S is the source term, D is the di↵usion tensor defined
in eq. (2.3). We refer to the Appendix A for all the details, including the numerical
implementation.

• Source term: Regarding the source spatial distribution, we consider the usual parametriza-
tion taken from [29], based on pulsar catalogs:

S(R, z) =

✓
R

R�

◆a

exp

✓
� b

R � R�
R�

� |z|
z
0

◆
, (2.2)

with a = 1.9, b = 5, R� = 8.3 kpc and z
0

= 0.2 kpc.

• Di↵usion tensor: Given a topology of the regular magnetic field, the di↵usion tensor is
naturally decomposed in the following way:

Dij ⌘ D?�ij +
�
Dk � D?

�
bibj , bi ⌘ Bi

|B| , (2.3)

where B is the ordered magnetic field and b = B/|B| is its unit vector. Note that in a
complex magnetic configuration, the field orientation may vary in space, thus introduc-
ing a spatial dependence of the di↵usion tensor elements Dij = Dij(R, z) through the
magnetic unit vectors, bi = bi(R, z), without the necessity to assume spatially depen-
dent di↵usion coe�cients, Dk and D?. In fact, the parallel and perpendicular di↵usion
coe�cients may reasonably depend only on the microphysics of the (axisymmetric)
di↵usion in a locally field-aligned coordinate system, which is encoded in their scaling
with respect to the rigidity, and not necessarily on the spatial position itself. In this
work we indeed consider spatially uniform and homogeneous Dk and D?, but with
di↵erent scalings with respect to the rigidity:

Dk = D
0k

⇣p
GeV

Z

⌘�k
and D? = D

0?

⇣p
GeV

Z

⌘�? ⌘ ✏D D
0k
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Z
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, (2.4)
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ing a spatial dependence of the di↵usion tensor elements Dij = Dij(R, z) through the
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Alternative explanation for the progressive hardening based on CR self 
confinement

Princeton 03/02/2018

On the radial distribution of Galactic CR 5
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Figure 1. CR density at E > 20 GeV (Acero et al. 2016) and
emissivity per H atom (Yang et al. 2016) as a function of the
Galactocentric distance, as labelled. Our predicted CR density at
E > 20 GeV is shown as a dashed line. The case of exponentially
suppressed magnetic field is shown as a solid line. The dotten line
shows the distribution of sources (Green 2015).
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ton spectrum as inferred by (Acero et al. 2016, filled circle) and
(Yang et al. 2016, filled triangle). Our predicted slope for the ba-
sic model is shown as a dashed line, while the solid line illustrates
the results for the exponentially suppressed magnetic field.

DH(p) ∝ B4
0/Q

2
0 (see equation 13) and that both B0 and

Q0 are assumed to drop exponentially at large R. Clearly,
this result loses validity when δB/B0 approaches unity and
the amplification enters the non linear regime. Using equa-
tion (10), such condition in the disk can be written as
F(z = 0, k) ≈ DB/(2vAH) ! 1 which, for 1 GeV particles
occurs for R ! 28 kpc (red-dashed line in Figures (1) and
(2)). In any case, the density of CRs at large galactocentric
distances drops down, as visible in Figure (1).

4 CONCLUSIONS

The CR density recently inferred from Fermi-LAT obser-
vations of the diffuse Galactic γ-ray emission, as carried
out during the last seven years, appears to be all but
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Figure 3. Diffusion coefficient D(z = 0, p) as a function of mo-
mentum in GeV/c for different Galactocentric distances as la-
belled.

constant with galactocentric distance R (Acero et al. 2016;
Yang et al. 2016). In the inner ∼ 5 kpc from the Galactic
center, such density shows a pronounced peak around 3− 4
kpc, while it drops with R for R ! 5 kpc, but much slower
than what one would expect based on the distribution of
SNRs, as possible sources of Galactic CRs. Moreover, the
inferred slope of the CR spectrum shows a gradual steep-
ening in the outer regions of the Galaxy. This puzzling CR
gradient is hard to accommodate in the standard picture of
CR transport.

Here we showed that both the gradient and the spec-
tral shape can be explained in a simple model of non-linear
CR transport: CRs excite waves through streaming insta-
bility in the ionized Galactic halo and are advected with
such Alfvén waves. In this model, the diffusion coefficient
is smaller where the source density is larger and this phe-
nomenon enhances the CR density in the inner Galaxy. In
the outer Galaxy, the data can be well explained only by
assuming that the background magnetic field drops expo-
nentially at R ! 10 kpc, with a suppression scale of ∼ 3
kpc. This scenario also fits well the spectral slope of the CR
spectrum as a function of R, as a result of the fact that
at different R the spectrum at a given energy (∼ 20 GeV)
may dominated by advection (harder spectrum) or diffusion
(softer spectrum). A simple prediction of our calculations is
that the spectral hardening should disappear at higher en-
ergies, where transport is diffusion dominated at all galac-
tocentric distances.
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Stronger CR gradients
—> more effective self-
confinement
—> low diffusion coefficient
—> advection takes over at 
larger energies
—> propagated spectrum 
closer to the inj. one Recchia, Blasi, Morlino 2016

this effect only holds for E < ~50 GeV!

Growth-damping balance of self-
generated magnetic turbulence

2

turbulence is probably injected by SN explosions on such
scales and then cascades towards smaller scales. It only
becomes effective for CR scattering when the wavelength
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 of turbulence cascading
from some large scale (L0 = 50 pc) 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 GV 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 GV the advection
of CRs with waves moving with the Alfvén velocity leads
to a spectral hardening. Both spectral features are ob-
served [1, 3, 4], and this work was actually stimulated by
these observations.
The calculation—We solve the CR diffusion equation

−
∂

∂z

[

D
∂f

∂z

]

+ vA
∂f

∂z
−

dvA
dz

p

3

∂f

∂p
= qCR(z, p) (1)

coupled with the equation for the waves:

∂

∂k

[

Dkk
∂W

∂k

]

+ ΓCRW = qW (k). (2)

Here f(p, z) is normalized so that the number of particles
in the range dp around momentum p at the location z is
4πp2f(p, z)dp. The diffusion coefficient is related to the
wave spectrum through the well known expression [10]:

D(p) =
1

3
rL(p)v(p)

1

k W (k)
, (3)

where the power in the form of waves, W (k), satisfies:

∫ ∞

k0

dk W (k) = ηB =
δB2

B2
0

, (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

( 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 [20]:

Dkk = CKvAk
7/2W (k)1/2 (6)

for a Kolmogorov phenomenology (CK ≈ 5.2×10−2 [18]).
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 [10]:

Γcr(k) =
16π2

3

vA
kW (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
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In the high energy limit, where diffusion prevails upon
convection at speed vA, Eq. (11) reduces to the well

2

turbulence is probably injected by SN explosions on such
scales and then cascades towards smaller scales. It only
becomes effective for CR scattering when the wavelength
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 of turbulence cascading
from some large scale (L0 = 50 pc) 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 GV 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 GV the advection
of CRs with waves moving with the Alfvén velocity leads
to a spectral hardening. Both spectral features are ob-
served [1, 3, 4], and this work was actually stimulated by
these observations.
The calculation—We solve the CR diffusion equation

−
∂

∂z

[

D
∂f

∂z

]

+ vA
∂f

∂z
−

dvA
dz

p

3

∂f

∂p
= qCR(z, p) (1)

coupled with the equation for the waves:

∂

∂k

[

Dkk
∂W

∂k

]

+ ΓCRW = qW (k). (2)

Here f(p, z) is normalized so that the number of particles
in the range dp around momentum p at the location z is
4πp2f(p, z)dp. The diffusion coefficient is related to the
wave spectrum through the well known expression [10]:
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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:
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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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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 [20]:
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for a Kolmogorov phenomenology (CK ≈ 5.2×10−2 [18]).
One can easily check that, in the absence of a CR-induced
contribution, this diffusive process in k-space leads to
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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
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• Adaptive template-fitting analysis

• Spectral trend confirmed 
outside the Galactic bulge 

• Unclear behavior at very low 
radii!

• High-energy fits show same 
trend!

[M. Pothast, DG, E. Storm, C. Weniger, arXiv:1807.04554]

The spatial regularization is set so that variations are within ⇠ 32% of the initial template.
The best-fit gas templates are shown in Figure 1.

Note that we do not implement any correction to take into account dark gas, i.e. gas
that is not resolved by the 21cm or CO line emission, because it was shown that this can be
recovered through the use of the modulation parameters [11].

The ICS model we used was created with DRAGON and GammaSky [16–18]. We use the
ISRF as documented in [19] with the Ferrière source model [20] and the ‘KRA4’ cosmic-ray
propagation model from [21]. The initial ICS spectrum is again taken from [15] and allowed
to vary by 25%. The ICS spatial template is constrained to within a factor two.

A notable di↵erence between this work and [11] is that we do not add a template for
the GeV excess in the Galactic center and use a more conservative template for the Fermi
bubbles, following the region as defined in [22], and allow no spatial variation for this bubble
template. The spectrum of the bubbles is taken from [23] and is constrained to within 1%.
We explore the e↵ects of these choices on the final results in section 4. Furthermore, we add
the necessary point sources and extended sources within our ROI from the 3FGL catalog [24]
and treat them as described in [11].

Components Notes
h
� �0 �00

⌘ ⌘0 ·

i

IGRB Fixed isotropic template, 25% spectral
freedom.

[ 1 16 1
0 0 · ]

3FGL PSC Fixed positions, 5% spectral freedom, 30%
freedom on normalizations.

[ · 25 10
· 0 · ]

Extended Sources Free spectra and templates, mild spatial
smoothing.

[ 0 1 1
4 0 · ]

Fermi bubbles Fixed template, 1% spectral freedom [ 1 10000 1
0 0 · ]

ICS Factor of 3 spatial freedom, 25% spectral
freedom, strong spatial smoothing.

[ 1 16 0
100 0 · ]

Gas rings 30% spatial freedom, 25% spectral freeom,
mild spatial smoothing.

9⇥ [ 10 16 0
25 0 · ]

Table 1. An overview of the model components and the regularization hyper-parameters as used
in the gamma-ray sky fit with SkyFACT . The second column contains a description of the modeling
uncertainties that we allow in the fit. The matrix contains the corresponding regularizing hyper-
parameters, where �, �0 and �00 are spatial, spectral and overall modulation parameters respectively
and ⌘ and ⌘0 the spatial and spectral smoothing.

3 Hadronic gamma-ray slope analysis: Results

3.1 Hardening of the proton spectrum in the full energy range

In Figure 2, the best-fit spectra for each Galactocentric annulus from SkyFACT are shown
with black points. In order to identify any trends in the spectra across di↵erent rings, we
then fit the black points with a single power law in the 2 � 228.65 GeV energy range. We
are ultimately interested, however, in trends present in the CR proton spectrum. Above a
gamma-ray energy E� ⇠ 2 GeV (the location of the ⇡0 bump), the spectrum of the gamma-
ray emission from ⇡0 decay scales with the underlying CR proton spectrum, with an overall

– 6 –
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Figure 3. Radial distribution of the gamma-ray emissivity per H atom. The emissivity is
integrated over the 1–100 GeV range: This quantity is a proxy to the total CR flux. Previous studies
mentioned in the text are shown for comparison: We notice that Ref. [3] provide the emissivity per
H atom at 2 GeV. The result associated to the first radial bin, corresponding to the inner Galactic
bulge, is less reliable for several reasons discussed in the text, and is therefore grayed out in the plot.

Figure 4. Spectral index of the hadronic emission for di↵erent Galactocentric rings. We
show the spectral index fitted as explained in the text from 2–220 GeV compared to the trend found in
[3, 4]. Horizontal error bars indicate bin width in R and vertical error bars are 68% credible intervals.

[e.g., 26, 27].
The best-fit photon index from Figure 2 is plotted versus radial distance from the

Galactic center in Figure 4 and compared with previous analyses [3, 4]. We also show the
hadronic gamma-ray emissivity integrated over energies above 1 GeV (for straightforward
comparison with [4]; [3] shows the emissivity at 2 GeV), which is a proxy of the hadronic CR
flux, in Figure 3. Overall, we find a reasonable agreement with both studies.
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• Adaptive template-fitting analysis

• Spectral trend confirmed outside 
the Galactic bulge 

• Unclear behavior at very low 
radii!

• High-energy fits show same 
trend!

Spectral index Normalization

Harder 

[E. Storm, C. Weniger, F. Calore, arXiv:1705.04065]
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• Adaptive template-fitting analysis

• Spectral trend confirmed outside 
the Galactic bulge 

• Unclear behavior at very low 
radii!

• High-energy power-law fits 
show same trend!

Spectral index

Harder 

[E. Storm, C. Weniger, F. Calore, arXiv:1705.04065]
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• Unresolved point sources could in principle mimic the spectra trend

• We set up a MC simulation based on the spectra and luminosity function of 
resolved sources. Strong uncertainties on the low-luminosity cutoff!

• Unresolved sources do not play a major role outside the Galactic bulge

[M. Pothast, DG, E. Storm, C. Weniger, arXiv:1807.04554]
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Unresolved sources do not play a major role outside the Galactic bulge

Padova 22/06/2017 Berlin 29/11/2017Princeton 29/02/2017Princeton 02/29/2017Princeton 03/03/2018Princeton 03/02/2018Berlin 31/08/2018
[M. Pothast, DG, E. Storm, C. Weniger, arXiv:1807.04554]



Future prospects: The TeV sky

Padova 22/06/2017 Berlin 29/11/2017Princeton 29/02/2017Princeton 02/29/2017Princeton 03/03/2018Princeton 03/02/2018Berlin 31/08/2018

• “Hard CR sea” in the inner Galaxy explains 
TeV emission from the Galactic ridge?

H.E.S.S.  +  Fermi-LAT 
Gaggero, D.G., A. Marinelli, Taoso & Urbano, PRL 2017
+ S. Ventura 
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PASS8 Fermi-LAT  470 weeks of 
data extracted with the v10r0p5 
Fermi tool. Point sources from the 
3FGL catalogue subtracted.    

| l | < 1° , | b | < 0.3° 

• Looking forward to the 
diffuse TeV emission map 
from future experiments 
(HAWC, CTA)

• The presence of a spectral 
trend in the very high 
energy can reveal a lot of 
information about the 
physics

[D.Gaggero+ PRL 2017]



• We are still far from fully understanding the physics of cosmic rays and their 
mechanisms of confinement

• We have great data, and a lot of anomalies to explain, both in the charged CR 
spectra and in the non-thermal emission 

• Gamma-ray data can reveal CR spectral properties in different regions of the 
Galaxy. They can shed light on the physics of CR transport

• Looking forward to the TeV gamma-ray diffuse skymaps

Take-home message and outlook

Padova 22/06/2017 Berlin 29/11/2017Princeton 29/02/2017Princeton 02/29/2017Princeton 03/02/2018MIAPP 16/03/2018Berlin 31/08/2018
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Phenomenology of CR sources

Padova 22/06/2017 

1) based on DSA at non-relativistic shocks (e.g. SNRs, superbubbles)  
[Blandford & Ostriker 1978; Bell 1978; Axford et al. 1977; Krymskii 1977]     

2) based on (transient or steady-state) accretion-powered relativistic jet 
acceleration (XRBs on the Galactic scale, GRBs and AGNs on larger 
scales)

3) based on other (leptonic) processes (PWNs)

Berlin 29/11/2017

Shock waves are ubiquitous: They are powerful heating machines and 
particle accelerators

SNR XRB (artist impression) PWN

Princeton 29/02/2017Princeton 02/29/2017Princeton 03/03/2018Princeton 03/02/2018Berlin 31/08/2018



Phenomenology of CR transport 

Padova 22/06/2017 

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]:

r · ( ~Ji � ~vwNi) +
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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.

– 3 –

⌧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.

– 4 –
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Physical processes that affect CR 
transport in the Galaxy:
[Ginzburg&Syrovatskii 1964; 
Berezinskii et al. 1990]

- Primary CR production
- Secondary CR production via 

spallation
- Rigidity-dependent diffusion
- Rigidity-independent advection
- Possibly, stochastic II order Fermi 

acceleration (reacceleration)
- Energy losses

Princeton 29/02/2017Princeton 02/29/2017Princeton 03/03/2018Princeton 03/02/2018MIAPP 16/03/2018



The DRAGON project
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DRAGON implements fully-tested 
2D and 3D inhomogeneous isotropic 
diffusion, and 2D anisotropic diffusion

• Possibility to study transients, moving 
sources, 3D structures

• Possibility to study different transport 
regimes in different regions of the 
Galaxy 

• Possibility to account for both 
astrophysical and beyond-standard-
model processes

C. Evoli, DG, D. Grasso, L. Maccione, JCAP 
2008  (DRAGON 1)
DG, C. Evoli, et al., PRL 2013    (DRAGON3D)
C. Evoli, DG, et al., JCAP 2016  (DRAGON 2)
C. Evoli, DG, et al., 2017 (DRAGON 2 xsec)
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FIG. 1. The B/C ratio computed with DRAGON for the three
propagation setups considered in this paper and modulated
in the force-field approximation (Φ = 0.5 GV) are compared
with PAMELA [19] and AMS-02 [20] preliminary experimen-
tal data.
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FIG. 2. The proton and helium spectra computed with
DRAGON for the three propagation setups considered in this
paper and modulated in the force-field approximation are
compared with PAMELA and AMS-02 experimental data.
The local interstellar spectrum (LIS) is also shown. The
PAMELA data reported in this and the following figures
of this paper are extracted from the cosmic-ray database
(CRDB) (http://lpsc.in2p3.fr/cosmic-rays-db/) [23].

spectrum measured by PAMELA (see Refs. [18] and [24]).
As discussed in the introduction, the positron fraction
data above 10 GeV require the presence of an e− + e+

extra component with a hard spectrum. We assume
the extra component to be charge symmetric and tune
its source spectral index γ(e±) against the PAMELA
positron fraction data. We consider two reference values

FIG. 3. The face-on view of the primary electron density at
100 GeV on the Galactic plane as computed with DRAGON

is represented (arbitrary units).

of the extra component source spectrum cutoff energy:
Ecut = 1 and 10 TeV. The former is more suitable for
pair production in pulsar wind nebulae (mechanism A
mentioned in the introduction) while the latter is more
natural for secondary production in SNRs (mechanism
B).
Similarly to what was done in Refs. [17] and [24], in

this section we assume that the sources of this compo-
nent have the same spiral-arm spatial distribution as that
adopted for CR nuclei and for the electron background;
this is consistent with both production mechanisms A
and B mentioned above since both the pulsar and SNR
populations are expected to be highly correlated with
the spiral-arm structure. The spatial distribution of the
propagated high-energy electrons originated from a spi-
ral source term is shown for illustrative purposes in Fig.
3.
As first shown in Ref. [17], we notice the importance

of this structured source term to reproduce the data us-
ing a more realistic primary injection spectrum: the en-
hanced energy losses due to the Sun being located in an
interarm region, hence far from most sources, provide a
further steepening which helps accommodate the extra
component. We remark, however, that in order to match
consistently all PAMELA data sets we need an injec-
tion spectrum [γ(e−) = −2.5], which is still quite steeper
than that expected from Fermi acceleration theory and
inferred form radio observations of SNRs. A detailed
investigation of the escape mechanism of the electrons
from the sources should then be invoked to explain this
discrepancy.

Princeton 29/02/2017Princeton 02/29/2017

Galactic magnetic field
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Selected highlights

  

Hot topics regarding CR accelerationHot topics regarding CR acceleration
Not only Supernova Remnants: new classes of sources?Not only Supernova Remnants: new classes of sources?
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)

G. Di Bernardo, 

C.Evoli, D.Gaggero, 

D.Grasso, 

L.Maccione, 

M.N.Mazziotta,  

arXiv:1010.0174

Berlin 29/11/2017

D. Grasso, DG, et al., APP 2009
G. Di Bernardo, DG, et al., APP 2011
DG, L. Maccione et al., PRD 2013

Princeton 29/02/2017Princeton 02/29/2017

The mysterious high-energy positron excess and the pulsar hypothesis

— In conventional scenarios, positrons are 
secondary products of CR spallation on 
interstellar gas, and their spectrum is 
expected to be steeper than the electron one 
(in general, secondary-to-primary ratios are 
expected to decline with increasing rigidity)

— A large excess in high-energy positrons 
detected by PAMELA and later AMS
— A signature of a new class of sources at 
work?

Princeton 03/02/2018MIAPP 16/03/2018
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D. Grasso, DG, et al., APP 2009
G. Di Bernardo, DG, et al., APP 2011
DG, L. Maccione et al., PRD 2013
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The mysterious high-energy positron excess and the pulsar hypothesis

— A large excess in high-energy positrons 
detected by PAMELA and later AMS
— A signature of a new class of sources at 
work?

— We showed that pulsars are plausible 
candidates to explain this anomaly

1. Energy budget OK 
2. spectrum is fitted to the data (—> provides 

info on acceleration mechanism) 
3. Predictions for anisotropy 
4. Numerical frameworks allow to show that all 

channels work consistently taking into 
account a comprehensive catalogue of 
pulsars

Princeton 03/02/2018MIAPP 16/03/2018
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The mysterious high-energy positron excess and the pulsar hypothesis

Selected highlights

Berlin 29/11/2017

D. Grasso, DG, et al., APP 2009
G. Di Bernardo, DG, et al., APP 2011
DG, L. Maccione et al., PRD 2013

(a)

(b)

Figure 8: The analytically computed CRE flux from both nearby (within 2 kpc) SNRs and pulsars is added to the same
standard component used in Fig. 7(a). Again, all components are propagated using the KRA diffusion-reacceleration
setup. Panel a): electron+positron spectrum. Panel b): positron fraction. The assumed energy release for each SNR is
taken as 2 × 1047 erg . The pulsar efficiency is ≃ 30%. Solar modulation modulation potential is Φ = 500MV .

In Fig.s 8(a) and 8(b) we respectively represent the CRE spectrum and positron fraction
obtained for a reasonable combination of pulsar and SNR parameters, namely: spectral index
γe−SNR = 2.4; cutoff energy ESNRcut = 2 TeV; electron energy release per SN ESNR = 2 × 1047 erg;
ηe± ≃ 30% (which is slightly smaller than that needed without considering nearby SNR) for all
pulsars. We see from Fig. 8(a) that under those conditions, the dominant source in the TeV
region remains Monogem pulsars.

Clearly, other combinations of parameters are possible, and the relative contributions of the
several sources may vary. However, the requirement to reproduce the PAMELA positron frac-
tion imposes an important independent constraint which does not permit to lower significantly
the Monogem dominant contribution with respect to that of SNRs. Therefore the discrete con-
tribution of nearby SNRs should not introduce pronounced features (bumpiness) in the CRE
spectrum. Another relevant, and testable, prediction of this scenario is that, being the high en-
ergy CRE flux dominated by Monogem pulsar, a significant CRE dipole anisotropy should be

17
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— A large excess in high-energy positrons 
detected by PAMELA and later AMS
— A signature of a new class of sources at 
work?

— We showed that pulsars are plausible 
candidates to explain this anomaly

1. Energy budget OK 
2. spectrum is fitted to the data (—> provides 

info on acceleration mechanism) 
3. Predictions for anisotropy 
4. Numerical frameworks allow to show that all 

channels work consistently taking into 
account a comprehensive catalogue of 
pulsars
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Selected highlights

— A large excess in high-energy positrons 
detected by PAMELA and later AMS
— A signature of a new class of sources at 
work?

— We showed that pulsars are plausible 
candidates to explain this anomaly

1. Energy budget OK 
2. spectrum is fitted to the data (—> provides 

info on acceleration mechanism) 
3. Predictions for anisotropy 
4. Numerical frameworks allow to show that all 

channels work consistently taking into 
account a comprehensive catalogue of 
pulsars

Berlin 29/11/2017Figure 6: In this figure we compare the electron plus positron spectrum from multiple pulsars plus the
Galactic (GCRE) component with experimental data (dotted line). We consider the contribution of all
nearby pulsars in the ATNF catalogue with d < 3 kpc with age 5 × 104 < T < 107 yr by randomly
varying Ecut, ηe± ∆t and Γ in the range of parameters given in the text. Each gray line represents the
sum of all pulsars for a particular combination of those parameters. The blue dot-dashed (pulsars only)
and blue solid lines (pulsars + GCRE component) correspond to a representative choice among that set
of possible realizations. The purple dot-dashed line represents the contribution of Monogem pulsar in
that particular case. Note that for graphical reasons here Fermi-LAT statistical and systematic errors
are added in quadrature. Solar modulation is accounted as done in previous figures.

• Astrophysical sources (including pulsars and supernova remnants) can account for
the observed spectral features, as well as for the positron ratio measurements
(sec. 3.1): no additional exotic source is thus required to fit the data, although
the normalization of the fluxes from such astrophysical objects remains a matter
of discussion, as emphasized above.

• Generically, dark matter annihilation produces antiprotons and protons in addi-
tion to e±. If the bulk of the observed excess high-energy e± originates from dark
matter annihilation, the antiproton-to-proton ratio measured by PAMELA (Adri-
ani et al. 2009 [55]) sets very stringent constraints on the dominant dark matter
annihilation modes, as first pointed out by Donato et al. 2009 [18] (see also Cirelli
et al. 2009 [19]). In particular, for ordinary particle dark matter models, such as
neutralino dark matter (Jungman 1996 [51]) or the lightest Kaluza-Klein particle of
Universal Extra-Dimensions (Hooper & Profumo 2007 [52]), the antiproton bound
rules out most of the parameter space where one could explain the anomalous
high-energy CRE data.

• Assuming particle dark matter is weakly interacting, and that it was produced

15

D. Grasso, DG, et al., APP 2009
G. Di Bernardo, DG, et al., APP 2011
DG, L. Maccione et al., PRD 2013
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The mysterious high-energy positron excess and the pulsar hypothesis
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Alternative ideas?

Princeton 03/02/2018MIAPP 16/03/2018

CREAM p data

 angle averaged difuse Galactic gamma ray  fux  (Fermi) 

AMS02 

 Conventional  propagation scenario: 

A1.  Very long lifetime  for cosmic rays

A2.   Diference  between electron and proton spectra
         shaped by propagation efects

A3.   New  hard source of positrons  is required

A4.   Secondary nuclei generated in interstellar space

Alternative propagation scenario: 

B1.  Short  lifetime  for cosmic rays

B2.   Diference  between electron and proton spectra
         generated in the accelerators

B3.   antiprotons and positrons of secondary origin

B4.   Most secondary nuclei generated in/close to accelerators

P. Lipari, ICRC 2017
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The high-energy hardening in local CR data

An important discovery by PAMELA: 
proton and He spectral breaks at ~200 GV

Confirmed by AMS with higher accuracy. It’s a smooth feature
• present in Li, C, N, O as well [preliminary] 
• Compatible with higher energy data

New information: The proton flux cannot be described by a single power law = CRγ  
Precision measurement of the proton flux 

P
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m
 

unexpected	

M. Aguilar et al., Phys. Rev. Lett. 114, 171103 (2015) 

300	million	protons	

28 

The spectra of oxygen, carbon and nitrogen do not 
follow the traditional single power law.  	

Preliminary	Data.	Please	refer	to	the	AMS	
Forthcoming	publicaLons	in	PRL	
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Δ ¼ d½logðΦS=ΦPÞ%=d½logðRÞ%; ð3Þ

whereΦS=ΦP are the ratios of the secondary to primary flu-
xes over rigidity intervals [60.3–192] and ½192–3300% GV
and shown in Fig 3. Above ∼200 GV these spectral indices
exhibit an average hardening of 0.13& 0.03. Figures 9 and
10 of the Supplemental Material [21] show all secondary to
primary flux ratios together with the results of Eq. (3). This
additionally verifies that at high rigidities the secondary
cosmic rays harden more than the primary cosmic rays. This
additional hardening of secondary cosmic rays is consistent
with expectationswhen the hardening of cosmic ray fluxes is
due to the propagation properties in the Galaxy [16].
To examine the rigidity dependence of the secondary

cosmic rays in detail, the lithium to boron Li=B and
beryllium to boron Be=B flux ratios were computed using
the data in Tables I, II, and III of the Supplemental Material
[21] and reported in Tables X and XI of the Supplemental
Material [21] with their statistical and systematic errors.
Figure 11 of the Supplemental Material [21] shows the
(a) Li=B and (b) Be=B ratios as functions of rigidity with
their total errors together with the results of fits to a constant

value above 7 GV for Li=B and above 30 GV for Be=B.
The fits yield Li=B ¼ 0.72& 0.02 with χ2=d:o:f: ¼ 51=53
and Be=B ¼ 0.36& 0.01 with χ2=d:o:f: ¼ 27=35. From
these fits we note that the Li=Be ratio is 2.0& 0.1
above 30 GV; see also Fig. 12 of the Supplemental
Material [21]. The Li and B fluxes have an identical
rigidity dependence above ∼7 GV and all three secondary
fluxes have an identical rigidity dependence above
∼30 GV. In Figs. 13, 14, and 15 of the Supplemental
Material [21], we compare our flux ratios converted to EK
using the procedure described in Ref. [24] with earlier
measurements [2–11,31–33].
In conclusion, we have presented precise, high statistics

measurements of the lithium, beryllium, and boron fluxes
from 1.9 GV to 3.3 TV with detailed studies of the
systematic errors. The Li and B fluxes have identical
rigidity dependence above 7 GV and all three fluxes have
identical rigidity dependence above 30 GV with the Li=Be
flux ratio of 2.0& 0.1. The three fluxes deviate from a
single power law above 200 GV in an identical way. As
seen in Fig. 4, this behavior of secondary cosmic rays has
also been observed in primary cosmic rays He, C, and O
[14] but the rigidity dependences of primary cosmic rays
and of secondary cosmic rays are distinctly different. In
particular, above 200 GV, the spectral indices of secondary
cosmic rays harden by an average of 0.13& 0.03more than
the primaries. These are new properties of cosmic rays.

We thank former NASA Administrator Daniel S. Goldin
for his dedication to the legacy of the ISS as a scientific
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FIG. 3. The AMS secondary to primary flux ratio spectral
indices Δ from Eq. (3) as functions of rigidity for (a) Li=C,
Be=C, and B=C. The horizontal band indicates the fit to the B=C
ratio from our previous publication [24] which is consistent with
the results in this Letter. The results for (b) Li=O, Be=O, and B=O.
For (a) and (b) the vertical dashed line shows the interval boundary.
On average, the spectral indices of Li=C,Be=C,B=C,Li=O,Be=O,
and B=O above 200 GV exhibit a hardening of 0.13& 0.03.
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FIG. 4. Comparison of the secondary cosmic ray fluxes [21]
with the AMS primary cosmic ray fluxes [14] multiplied by ~R2.7

with their total error as a function of rigidity above 30 GV. For
display purposes only, the C, O, Li, Be, and B fluxes were
rescaled as indicated. For clarity, the He, O, Li, and B data points
above 400 GV are displaced horizontally. As seen, the three
secondary fluxes have an identical rigidity dependence above
30 GV, as do the three primary fluxes above 60 GV. The rigidity
dependences of primary cosmic rays fluxes and of secondary
cosmic rays fluxes are distinctly different.
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The high-energy hardening in local CR data

• A new population of sources kicking in? 
[Zatsepin&Sokolskaya 2008, pre-AMS] 

• Possible role of superbubbles? [Ohira et al., PRD 2016; 
Parizot et al., A&A 2004, pre-AMS]

• Non-linear DSA? [Ptuskin et al., ApJ 2013]
• The fingerprint of a local supernova event? [Kachelriess 

et al., PRL 2015; Tomassetti&Donato ApJ 2015; Tomassetti 
ApJL 2015]

A source effect?

A transport effect?
• Different transport properties in the disk w.r.t. the halo? 

[Tomassetti, PRD 2015] 

• A possible transition between different transport 
regimes? 

• low energies: propagation in self-generated (via 
streaming instability) turbulence 

• high energies: propagation in pre-exisiting turbulence 
[Farmer&Goldreich 2004; Blasi, Amato, Serpico, PRL 
2012; Aloisio, Blasi, Serpico 2015]
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FIG. 2. Top to bottom: Energy spectra of B and C, B/C
ratio, and Li spectrum. The spectra are multiplied by E2.7.
The model calculations are shown in comparison with the
data [15, 38–44]. The modulation potential is Φ = 350MV.

of flattening in the B/C data is noted in several stud-
ies [11, 19, 22, 23, 45]. The lithium flux, shown in Fig 2,
is particularly sensitive to CR propagation. Its produc-
tion depends not only on C-N-O collisions, but also on
tertiary interactions B→Li and Be→Li. In spite of the
scarcity of present data, the Li flux is one of the best
observables for AMS in terms of detection performance,
and it is currently being measured to a ∼ 1% precision
up to TeV/nucleon energies [24]. These data will be very
valuable for testing our scenario.

Antiprotons — In contrast to Li-Be-B nuclei, that are
ejected with the same kinetic energy per nucleon as their
progenitors, the antiprotons emitted in p-p or p-He colli-
sions have broad energy distributions and large inelastic-
ity factors. This type of kinematics reshapes significantly
the antiproton production spectrum Qsec

p̄ . Their subse-
quent propagation is similar to that of protons, except for
the presence of the so-called tertiary p̄–p processes. In
Fig. 3 the p̄/p ratio is shown for the two considered mod-
els. In the standard model, it decreases smoothly above
∼ 10GeV. In our two-halo model, the ratio has a sub-
stantial flattening at E ∼ 10GeV – a few 100GeV. With
the present data, it appears that no room is left for ex-
otic antiproton components. Recent AMS data have trig-
gered exciting speculations about a possible dark matter
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FIG. 3. The p̄/p ratio as function of kinetic energy. The
model calculations are shown in comparison with the data
[46–51]. The modulation potential is Φ = 350MV.

induced antiproton excess [25–27]. A flattening of the
p̄/p ratio is an unavoidable feature of our scenario and
it should be considered when setting upper limits to the
search for new-physics signals.
Anisotropy —The CR anisotropy has received renewed

attention in recent years [22, 52, 53]. From observations,
the dipole anisotropy in the TeV band remains nearly
constant to η ∼ 10−3. Standard model predictions ex-
ceed the observational limits by one order of magnitude.
To match the data, a diffusion coefficient with δ ≈ 0.15 is
required. This is indeed the case for the model considered
here, which gives η ! 2×10−3 at 1–100TeV. These esti-
mates depend on the standard formula for anisotropy,
η ≡ 3K

c
∇ψ
ψ , within the diffusion approximation. We

also stress that accounting for the discreteness of the CR
sources may induce large deviations from these estimates.

Connections with γ-ray physics — Although we have
focused on local observables, our model predicts also a
CR spectral steepening with increasing distance from the
disk. Moreover, one may also argue for a smooth radial
dependence for the parameter δ. Some theoretical argu-
ments are found in [23, 34]. Observationally, a spectral
steepening toward high latitudes or longitudes has been
found in γ–rays by the Fermi-LAT observatory [54]. As
argued in [55] and very recently shown in [56], the Fermi-
LAT data are suggestive of a spatial change of CR dif-
fusion. These works are nicely complementary to the
present paper.
Leptons — In contrast to hadrons, light CR leptons are

subjected to synchrotron radiation and inverse Comp-
ton losses with a characteristic time-scale τ(E) ∝ E−1.
These processes limit the range that they can travel to
distance scales λi/o ∼

√

τki/o, in the two propagation
regions. Above a few GeV one has λo ! lo in the outer
halo so that, in contrast to hadrons, CR leptons de-
tected at Earth have spent a larger fraction of time in
the inner halo. At higher energies the distance scale de-
creases further. The resulting effect is that the e± spec-
tra above a few tens of GeV are essentially determined

Princeton 03/02/2018MIAPP 16/03/2018
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Proton/He break: A Transport effect?
• How can we tell the difference? secondary spectra and secondary/primary ratios 

such as B/C are crucial observables [Genolini et al., 2017] 

• source effects: secondaries inherit the primary feature:     B/C should be featureless 
(secondaries originate from spallation, which preserve E/A; E/A is proportional to the rigidity) 

• transport effect: secondaries inherit the primary feature and get a further hardening due to 
propagation. B/C should show a break; break in Li, Be, B is more pronounced

4

the ��2: the indication for the break remains “de-
cisive” (��2 � 10). Figure 2 displays the best fits
reported in Table I, using GALPROP spallation cross
sections and �

tot

. The residuals shed light upon the
important weight of the six high-energy data points
between 300 GV and 800 GV, and stress the impor-
tance of reducing the error bars in this range to tighten
the test.

FIG. 1: Evolution of ��2 (with and without the break) vs the
minimal rigidity R

min

above which the fit is performed. Several
cases are reported, using the GALPROP (GAL) or Webber 2003
(W03) cross-section datasets, and considering either statistical
(�

stat

) or total (�
tot

) uncertainties.

0.02

0.04

0.06

0.08

0.1

0.2

B
/C

[N
o

U
n
it
]

XS: GAL

�tot

AMS-02 (2016)

w/o break
w/ break

Fiducial
XS enhanced
Primary B (1%)

Fiducial
XS enhanced
Primary B (1%)

10 100 1000

Rigidity R [GV]

�20

0

20

R
es

id
u
al

[%
]

FIG. 2: Best fits and residuals with (blue) and without (red) the
break using GALPROP cross sections and �

tot

, for the di↵erent
models considered in the text.

Discussion & Conclusions — By analyzing
Ams-02 B/C data, we have found a decisive evidence

(in a Bayesian sense) in favor of a high-rigidity break
in the cosmic-ray di↵usion coe�cient, matching the
similar features found in p and He spectra. This sug-
gests that the three observables (p, He, B/C) may find
a simultaneous explanation for their spectral features
in a model where the break is due to di↵usion. We
have conducted our study in a rather minimal theo-
retical setup, although we have tested the robustness
of our conclusions with respect to a number of e↵ects,
such as the high-energy behavior of the cross sections
or the presence of a small primary B component.

It is unclear at the moment if—in a frequentist
approach—our results suggest that the underlying
models are inadequate to describe the data. Overall,
at least for GALPROP cross sections and for the anal-
ysis with �

tot

, our fits with the break are of acceptable
quality. The fit quality assuming �

stat

is instead quite
poor. Lacking Ams-02 information on the error cor-
relations, we may speculate that the actual situation
is in between. Even then, it might still be that the
simple models considered here provide an acceptable
description at high-R: for instance, theoretical predic-
tions are not error-free, but should be at the very least
subject (via the primary C) to the kind of space-time
source stochasticity e↵ects first assessed in [2], compa-
rable to Ams-02 statistical uncertainties.

None of the conventional parameters in more ex-
tended theoretical models (like Vc, Va, etc.) appears
degenerate with the kind of high-R feature discussed
here. While their introduction is certainly important
in attempts to explain the data over the whole range
of R, it appears unlikely that those e↵ects might sig-
nificantly alter our conclusions, as confirmed by some
preliminary tests. One may be tempted to achieve a
better fit by extending the model space with “non-
conventional” free parameters, such as leaving either
the di↵usion break parameters or the primary B frac-
tion free, as we have checked a posteriori. The price to
pay for a nominally better fit, however, would be enor-
mous: allowing for a break significantly larger than the
one found in p and He (or a primary B fraction as high
as 5% of the C) would spoil the emerging global un-
derstanding of the broken power-law phenomenon. It
may also raise additional theoretical problems: e.g. a
large primary B typically requires very steep di↵usion
index � ' 0.8, which would be at odds both with Fermi
acceleration expectations for the primary spectra, and
exacerbate the known problem of a too large expected
anisotropy in presence of too large �. Given the cur-
rent understanding, we deem unwise to unleash such
wild speculations. We believe that a global under-
standing of the key features presented by CR data is
preliminary to a detailed “channel-by-channel” model-
ing, if that is at all possible within current theoretical
capabilities. In this spirit, a test of the ideas discussed
here will probably benefit more of a first coherent un-
derstanding of an enlarged dataset, including absolute

Genolini et al. 2017
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Most importantly, several independent analyses were
performed on the same data sample by different study groups.
The results of those analyses are consistent with this Letter.
Results.— The measured lithium, beryllium, and boron

fluxes including statistical and systematic errors are reported
in Tables I, II, and III of the Supplemental Material [21] as a
function of the rigidity at the top of the AMS detector.
Figure 1 shows the lithium, beryllium, and boron fluxes

as a function of rigidity with the total errors, the sum in
quadrature of statistical and systematic errors. In this and
the subsequent figures, the points are placed along the
abscissa at ~R calculated for a flux ∝ R−2.7 [29]. As seen, the
Li and B fluxes have an identical rigidity dependence above
∼7 GV and all three secondary fluxes have an identical
rigidity dependence above ∼30 GV. The different rigidity
dependence of the Be flux is most likely due to the
significant presence of the radioactive 10Be isotope [27],
which has a half life of 1.4 MY.
Figure 8 of the Supplemental Material [21] shows the

lithium, beryllium, and boron fluxes as a function of kinetic
energy per nucleon EK together with earlier measurements
[2–11]. Data from other experiments have been extracted

using Ref. [30]. For the AMS measurement EK ¼
ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2 ~R2 þM2

p
−MÞ=A where Z, M, and A are the Li,

Be, and B charge, mass and atomic mass number,

respectively. The atomic mass numbers, averaged by iso-
topic composition obtained from AMS low energy mea-
surements [27], are 6.5% 0.1 for Li, 8.0% 0.2 for Be, and
10.7% 0.1 for B. The systematic errors on the fluxes due to
these uncertainties were added in quadrature to the total
errors.
To examine the rigidity dependence of the fluxes,

detailed variations of the flux spectral indices with rigidity
were obtained in a model-independent way. The flux
spectral indices γ were calculated from

γ ¼ d½logðΦÞ'=d½logðRÞ'; ð2Þ

over rigidity intervals bounded by 7.09, 12.0, 16.6, 22.8,
41.9, 60.3, 192, and 3300 GV. The results are presented in
Fig. 2 together with the spectral indices of helium, carbon,
and oxygen [14]. As seen, the magnitude and the rigidity
dependence of the lithium, beryllium, and boron spectral
indices are nearly identical, but distinctly different from the
rigidity dependence of helium, carbon, and oxygen. In
addition, above ∼200 GV, Li, Be, and B all harden more
than He, C, and O.
To examine the difference between the rigidity depend-

ence of primary and secondary cosmic rays in detail, the
ratios of the lithium, beryllium, and boron fluxes to the
carbon and oxygen fluxes were computed using the data in
Tables I, II, and III of the Supplemental Material [21]
and Tables II and III of Ref. [14], and are reported in
Tables IV–IX of the Supplemental Material [21] with their
statistical and systematic errors. The detailed variations
with rigidity of the spectral indices Δ of each flux ratio
were obtained in a model independent way using
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rigidity dependence above ∼30 GV.
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eye. As seen, the magnitude and the rigidity dependence of the Li,
Be, and B spectral indices are nearly identical, but distinctly
different from the rigidity dependence of the He, C, and O
spectral indices. Above ∼200 GV the Li, Be, and B fluxes all
harden more than the He, C, and O fluxes. See also Fig. 3.
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We present a nove
l interpretation of the γ-ray diffuse emission measured by Fermi-LAT and H.E.S.S. in

the Galactic center (GC) reg
ion and the Galactic ridge (GR). In the first part we perform a data-driven

analysis based on PASS8 Fermi-LAT data: We extend down to a few GeV the spectra measured by

H.E.S.S. and infer the primary cosmic-ray (CR) radial distr
ibution between 0.1 and 3 TeV. In the second

part we adopt a CR transport model based on a position-depend
ent diffusion coefficient. Such

behavior

reproduces the radial dependence of the CR spectral index recently inferred from the Fermi-LAT

observations. W
e find that the bu

lk of the GR emission can be na
turally explained by the

interaction of the

diffuse steady-state Galactic CR sea with the gas present in the central molecular zone. A
lthough we

confirm the presence of a
residual radial-d

ependent emission associated
with a central so

urce, the relevan
ce

of the large-scale diffuse component prevents
to claim a solid evidence of GC pevatrons.

DOI: 10.1103/P
hysRevLett.119

.031101

Introduction.—The High Energy Stereoscopic System

(H.E.S.S.)Colla
boration recently

reported the disc
overy of a

γ-ray diffuse emission from a small region surrounding

SgrA* [1]. The emission spectrum is compatible with a

single power law with index ΓHESS16
¼ 2.32" 0.05stat "

0.11syst and extends up to ∼50 TeV with no statistically

significant evide
nce of a cutoff. I

f hadronic, as ex
pected due

to the strong loss
es suffered by el

ectrons in that re
gion, that

emission may point to the presence of
a proton population

with energies up to the PeV in the Galactic cen
ter (GC).

On the basis of the angular profile of the emission, the

H.E.S.S. Collab
oration proposed the J1745-290 source as

its possible origin. This sou
rce is positionally compatible

with the SgrA* supermassive black hole and with the G

359.95-0.04 pulsar wind nebula. Althoug
h the observed

spectrum of HESS J1745-290 is suppressed above

∼10 TeV, this might be explained by the attenuation

due to the presence of a dense radiation field around that

source (see, e.g.
, Ref. [2]). Anni

hilating dark matter in the

halo central spike [3], or a peaked population of cosmic

rays (CRs) interactin
g with high concentrated gas in that

region, could als
o explain the dif

fuse emission measured by

H.E.S.S. The H.
E.S.S. results ha

ve raised wide in
terest as it

seems to provide the first evidence of pevatrons in our

Galaxy.

A γ-ray diffuse em
issionwas alsom

easured by a prev
ious

H.E.S.S. observational campaign towards the so-called

Galactic ridge (G
R) [4]. That emission approximately traces

the gas distributi
on in the central

molecular zone (C
MZ)—a

massive structure rich in molecular gas tha
t extends up to

∼250 pc away from the GC along the Galactic plan
e (GP).

Its spectrum is compatible with a single power law with

index ΓHESS06
¼ 2.29" 0.07stat " 0.20syst, which,

although

observed only up to ∼10 TeV, is in agreement with that

found in the inner region
surrounding SgrA*.

The spectra of th
e CR population that o

ne can infer from

these data are significantly harder than the local CR

spectrum measured at the Earth position [ΓCRðr⊙Þ≃ 2.7

for ECR > 300 GeV=nucleon se
e, e.g., Refs. [5,6

]]. On the

other hand, at lo
wer energies, Fe

rmi-LAT observations of

the SgrB complex in the CMZ suggest a CR spectrum

similar to the local one [7].

The H.E.S.S. Collab
oration proposed that the discrep-

ancy could be the signature of a freshly accelerated CR

population, possibly originated by SgrA* or by other

sources in the central parsec of the Galaxy.

The aim of this Letter is to
estimate the contributi

on of the

CR large-scale popul
ation (hereafter th

eCR sea) to the diffuse

emission measured by H.E.S.S. and Fermi-LAT in the GC

region, and to pro
vide a consistent

interpretationof t
hose data.

Differently from previous compu
tations, we model the CR

sea by relaxing th
e simplified hypothesi

s of a uniform spectral

index in the Galaxy. This ap
proach is motivated by recent

analyses of Ferm
i-LAT data [8–10] showing that the γ-ray

diffuse emission of the Galaxy, and hence the CR primary

spectrum, gets harder app
roaching the GC along the GP.Published by the American Physical Society

under the terms of

the Creative Commons Attribution 4.0 International license.
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“Hard diffusion” in the inner Galaxy explains it all?

Selected highlights

Berlin 29/11/2017

Under the assumptions that:

1) the proton break at ~200 
GV is present all through 
the Galaxy 

2) the diffusion coefficient 
has a harder rigidity 
dependence, as 
suggested by Fermi-LAT 
data

H.E.S.S.  +  Fermi-LAT 
Gaggero, D.G., A. Marinelli, Taoso & Urbano, PRL 2017
+ S. Ventura 
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This implies a non-negligible Galactic component in IceCube data 
A testable prediction with KM3Net
Joint IceCube+ANTARES analysis is ongoing

Selected highlights

Berlin 29/11/2017

DG et al., ApjL, 2016

4

Figure 2. Solid and dashed red (blue) lines: expected neu-
trino spectra (all flavors, both neutrinos and antineutrinos) in the
inner Galactic plane region computed for the conventional KRA
(the novel KRAγ) models for two different cutoff values. We also
show the maximal flux, estimated considering three years of Ice-
Cube HESE events as described in (Spurio 2014), the constraint
from the ANTARES experiment (Fusco & ANTARES 2015) (1500
days of experiment livetime between 2007 and 2013) as well as
the deduced sensitivity of the future Mediterranean observatory
KM3NeT (Piattelli & KM3NeT 2015) with four years (∼ 1500
days) of livetime.

sults – we find that the flux corresponding to the KRA
model may require long times of observation even by the
KM3NeT observatory (Adrián-Mart́ınez et al. 2013), our
prediction for the KRAγ model is instead well above the
sensitivity reachable by that experiment in four years and
it is almost within the ANTARES observation capabili-
ties.
Interestingly, our result is in good agreement with the

maximal flux inferred from the fraction of IceCube HESE
events compatible with that region (see Fig. 3). We no-
tice that in that region the expected EG contribution, as
constrained from the muon neutrino flux in the northern
hemisphere (see below) gives a subdominant contribution
with respect to that computed with the KRAγ model.
Therefore the possible detection of a signal in that sky
window would be a smoking gun for the presence of such
Galactic emission.
IceCube should also have the potential to detect that

emission on a larger region. In this context, we also
note that an independent analysis (Neronov & Semikoz
2015a) already found a significant hint of an excess in
the 4-year HESE sample (Aartsen et al. 2015d) along the
Galactic plane.
We now turn our attention to the recently published

IceCube results, both concerning the full-sky and the
northern and southern hemispheres separately.
In Fig. 3 we represent the full-sky total neutrino spec-

trum (all flavors, including antiparticles) computed for
the KRAγ and KRA models, with global CR hardening,
and compare it to the IceCube results.
Our prediction for the conventional setup (KRA

model) is in good agreement with (Ahlers et al. 2015):

Figure 3. Full-sky neutrino spectrum (all flavors, both neutri-
nos and antineutrinos) predicted by the KRAγ and KRA mod-
els (with global CR hardening), adopting two different choices for
the CR high-energy cutoff. We also plot the combination of the
Galactic (KRAγ) and a benchmark EG spectrum. The EG flux
is consistent with that inferred from the IceCube collaboration in
the northern hemisphere (Aartsen et al. 2015b). The models are
compared with the 68% confidence region for the IceCube astro-
physical neutrino flux obtained with a maximum-likelihood (yellow
region) (Aartsen et al. 2015a) and the three years HESE (green
points) (Aartsen et al. 2014).

In that work, the benchmark Galactic model accounts
for 8% of the flux measured by IceCube above 60 TeV,
for a CR spectrum similar to the one used here above 50
PeV.
On the other hand, the KRAγ predicts a ∼ 2 times

larger full-sky flux above 10 TeV: the model prediction
is therefore only ≃ 4 times smaller than the best fit of
the astrophysical flux measured by IceCube on the whole
sky.
We remark that another analysis (Neronov & Semikoz

2015b), based on an extrapolation of Fermi-LAT data,
points toward a non-negligible Galactic contribution to
the full-sky neutrino flux due to a hard diffuse CR spec-
trum. In that scenario the (softer) locally observed CR
spectrum may get a major contribution from one or more
local sources: this interpretation still has to be validated
against Fermi-LAT data, while our model is based on
those measurements.
Setting a threshold energy at 60 TeV and convolving

the KRAγ spectrum (with Ecut = 50 PeV) with the Ice-
Cube HESE effective areas (Aartsen et al. 2013a), the
expected number of neutrino events in three years of
IceCube observation represents ∼ 15% of the published
sample (Aartsen et al. 2014). These rates are well above
those expected due to atmospheric muons and atmo-
spheric neutrinos and confirm the spectral comparison
between KRAγ and IceCube data.
Clearly, another component – most likely of extragalac-

tic (EG) origin – needs to be invoked in order to account
for all of the IceCube events.
Here we assume this EG component to be isotropic

IceCube collaboration
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— γ-rays —> proton flux across the 
Galaxy is much flatter than what predicted 
under conventional assumptions

— We solved this long-standing puzzle 
together with the well-known anisotropy 
problem by implementing enhanced 
perpendicular escape along the vertical 
direction in regions with more CR sources

— another evidence inferred from 
gamma-ray data of inhomogeneous 
diffusion across the Galaxy?
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Fig. 12.— The CR source distribution adopted in our baseline GALPROP model (solid line), compared
with the SNR distribution obtained by the Σ−D relation (Case & Bhattacharya 1998) and that traced by
the pulsar distribution (Lorimer 2004) shown by dotted lines. The thin solid line represents an example of
the modified distributions introduced to reproduce the emissivity gradient by the LAT.
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Fig. 13.— Comparison of the emissivity gradient obtained by the LAT and model expectations using
GALPROP. The left panel shows models with different halo sizes and diffusion lengths: (zh, D0) = (1 kpc,
1.7 × 1028 cm2 s−1), (2 kpc, 3.2× 1028 cm2 s−1), (4 kpc, 5.8 × 1028 cm2 s−1), (10 kpc, 12× 1028 cm2 s−1)
and (20 kpc, 18 × 1028 cm2 s−1). The solid line is for zh = 4 kpc. The right panel shows different choices
of the break distance beyond which a flat CR source distribution is assumed: Rbk = 10–14 kpc with 1 kpc
steps.
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FIG. 3. The CR anisotropy measured by several experiments
is compared with our predictions for τ = 0 (dashed red line)
and τ = 0.85 (solid blue line). Triangle/circle data were taken
from muon/EAS detectors as reported in [10] and [11].

the observed anisotropy above that energy is probably
due to source stochasticity which we did not account for
in this work. Indeed, while below 10 TeV the observed
anisotropy phase (see [10] and ref.s therein) keeps almost
constant to a value compatible with expectations from
the global CR leakage, above that energy it significantly
fluctuates, as expected if the contribution of stochastic
sources becomes dominant.
Conclusions: In this letter we presented a consistent so-
lution to the CR gradient and anisotropy problems. Our
approach is based on the physically motivated hypothesis
that the CR diffusion coefficient is spatially correlated to
the source density: regions in which star, hence SNR, for-
mation is stronger are expected to show a stronger turbu-
lence level and therefore a larger value of the perpendicu-
lar DC (oppositely to what happens for D∥). The escape
of CRs from most active regions is therefore faster, hence
smoothing out their density through the Galaxy. Corre-
spondingly, the predicted CR gradient and anisotropy
are reduced. We implemented a phenomenological real-
ization of this scenario and checked that – while CR data
are still correctly reproduced – our approach also gives a
remarkably good description of the spectrum and longi-
tude distribution of the diffuse γ-ray emission measured
by the Fermi-LAT collaboration. Our analysis provides
for the first time a unified propagation model which re-
produces local nuclear spectra and also explains non-local
observables, and in particular reconciles the preferred
low-reacceleration models with δ ≃ 0.5 hinted at by the
combined spectra of nuclei (B/C), antiprotons, electrons
and radio data (and phenomenologically preferred by ac-
celeration theory) with anisotropy and gradient obser-
vations. We take these results as an encouragement to
pursue a self-consistent theory/computation of non-linear
CR - MHD turbulence interaction in the Galaxy. We no-
tice that an alternative solution of the CR gradient prob-

lems in terms of a spatially varying convective velocity
was proposed in [21, 22]. A possible consistent solution
of CR isotropy problem also deserves to be investigated.
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