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Cosmic-ray flux

• Almost a perfect power-law 
over 12 energy decades.


• Observed at energy higher than 
terrestrial laboratories!


• Direct measurements versus 
air-cascade reconstructions.


• Anti-matter component.


• Transition from galactic to 
extra-galactic?


• Energy density in equipartition 
with starlight, turbulent gas 
motions and magnetic fields.   



Cosmic-ray composition as a probe of Galactic origin
ISM Cosmic Rays

>> Galaxy size!

PrimarySecondary

c⌧esc =
X(E)

n̄ISMµ
⇠ 103 kpc



The Master equation
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Minimal “5-parameters model”
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… far from reality even in QLT



CR diffusion for the “poor physicist”

Assumptions: 

• GCR diffuse in the ISM turbulent magnetic field


• The turbulent field can be modeled with a 
Kolmogorov isotropic power-spectrum


• The turbulent field amplitude is a small fluctuation 
with respect to the regular component


• Resonant interaction wave-particle 


It follows:

D = D0⇢
�

� = 5/3

� = 2� � = 1/3where



Diffusion in not-linear theory (NLT)

• particle’s pitch angle follows the variation of the turbulent magnetic field due 
to conservation of the adiabatic invariant: 
 
 

• resonance function has a Gaussian broadening:


• damping mechanisms make diffusion environment-dependent:

H. Yan & A. Lazarian, ApJ, 2008
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Table 1
References for the experimental data used in this work.

Name of the experiment Type Data Years of data taking Reference
ATIC balloon proton flux 2002-2003 Panov et al. 2009

CREAM-II balloon proton flux 2005-2006 Ahn et al. 2010
PAMELA satellite proton flux 2006-2008 Adriani et al. 2011
AMS-02 satellite proton flux 2013 ICRC 2013 contribution: 1265
HEAO-3 satellite B/C 1979-1980 Engelmann et al. 1990
CREAM-I balloon B/C 2004-2005 Ahn et al. 2008

CRN satellite B/C 1985 Swordy et al. 1990
PAMELA satellite B/C 2006-2008 ICRC 2013 contribution: 0538
AMS-02 satellite B/C 2013 ICRC 2013 contribution: 1266

ory (Malkov & O’C Drury 2001; Caprioli et al. 2008). It
is straightforward to see from equation 1 (neglecting en-
ergy losses and nuclear interactions) that the nuclei spec-
tra observed at Earth after propagation have to be a
single power-law, in particular ∝ E−γ−δ, for energies
≫ 1 GeV/nucleon. This result is at the odds with re-
cent measurements by PAMELA experiment that shown
for the proton and helium spectra a change of slope at
∼ 230 GV, e.g., for protons, from ∝ E−2.85 for E <
230 GeV to ∼ E−2.67 for E > 230 GeV (Adriani et al.
2011). A change in the proton slope at high-energy
is consistent also with high-accuracy ballon measure-
ments (ATIC-2 and CREAM) at energies from ∼ 10 to
∼ 105 GeV.
More recently, AMS-02 collaboration reported accu-

rate measurements of the proton flux up to 1.8 TeV. In
the high energy region above 100 GeV probed by this ex-
periment the spectrum is consistent with a single power
law spectrum and shows no fine structure nor break, lead-
ing to the conclusion that the hardening required to rec-
oncile ATIC and CREAM data must be at higher ener-
gies (see Fig. 1).
Among the proposed explanations, a high-energy break

in primary CR fluxes can be easily reproduced with a
change in the diffusion coefficient single power-law be-
havior. A more natural observable that can be used to
confirm such scenario is any secondary over primary ra-
tio, as for example anti-proton over proton ratio or B/C.
As shown in Evoli et al. (2012), those ratios are indepen-
dent of source properties and at high-energies depends
almost only on diffusion properties.
However, before AMS-02 data it was not possible to

perform this analysis, since the data available at that
time lay in a range of lower energies.
In order to investigate the presence of a break in diffu-

sion from the B/C data, we first assume that the diffusion
coefficient can be approximated as a single power-law
D ∝ Eδ for energies > 5 GeV/n. A second possibility is
that diffusion coefficient changes its slope above a specific
rigidity (230 GV) where becomes D ∝ EδH .
In Fig. 2 we show the best-fit obtained for the two dif-

ferent cases by solving the diffusion equation in 1 for a
minimum energy of >∼ 5 GeV (a motivation for this min-
imum energy can be found in Evoli et al. 2008). When
a single power-law for the diffusion equation is assumed
a value of δ = 0.44 is obtained, while in presence of the
break, the slope changes from δ = 0.46 to δH = 0.17.
The second case is fitted with a slightly better reduced
chi-square, however not statistically relevant to confirm

the presence of a break in the diffusion coefficient.
In the following we show how our model can easily

account for a high-energy break in diffusion, even if more
data are required to clarify the emerging picture.

3. NLT DIFFUSION IN TESTED MODEL OF TURBULENCE

Self-consistent picture of galactic CRs propagation can
be achieved on the basis of a theory with solid theoretical
foundations and numerically tested. Interstellar turbu-
lence is usually considered injected at spatial scales of the
order of ∼ 1020 − 1021 cm, as a result of supernova ex-
plosions. The following turbulence cascade transfers the
turbulent energy to smaller spatial scales through cas-
cade. On small scales, the compressible MHD turbulence
can be decomposed into Alfvénic, slow and fast mag-
netosonic modes (Cho & Lazarian 2002). Among them,
the GS95 scaling applies to the Alfvénic and slow mag-
netosonic modes (Lithwick & Goldreich 2001; Cho et al.
2002). In that case, the turbulent energy is preferentially
cascaded in the direction perpendicularly to the magnetic
field, and this leads to strong suppression of relativis-
tic particle scattering. Conversely, the cascade of fast
magnetosonic modes is isotropic with the Iroshniokov-
Kraichnan (IK, IF ∝ k−7/2) scaling (Cho et al. 2002;
Cho & Lazarian 2003), and fast modes were shown to
have the dominant contribution to the scattering of CRs
in the ISM (Yan & Lazarian 2002, 2004, 2008).
To calculate NLT diffusion in the different environ-

ments of the ISM and to address the problem of per-
pendicular transport we refer to the results obtained
in Yan & Lazarian (2008). We recap here the main as-
sumptions and their results.
In contrast to QLT in which unperturbed orbit of the

scattered particles are assumed, NLT accounts for the
gradual variation of the particle pitch angle (µ) with the
magnetic field (B) in compressible turbulence due to the
first adiabatic invariant, leading to a Gaussian broaden-
ing of the resonance function:

RNLT
n (k∥v∥−ω±nΩ) =

√
π

k∥∆v∥
exp

[

−
(k∥vµ− ω ± nΩ)2

k2∥∆v2∥

]

(3)
where Ω and ω are the Larmor frequency and the wave
frequency of the CRs, respectively, ∆v∥ is the average
uncertainty of the particle parallel speed caused by the
magnetic perturbations δB∥ and can be approximated as
∆v∥/v⊥ ∼ ⟨δB2

∥⟩/B
2
0 .

The corresponding pitch angle diffusion can then be
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Figure 3. Diffusion coefficient as function of rigidity in different phases of the ISM: disk (left) and halo (right) for different values of MA.

calculated from:

Dµµ =
Ω2(1 − µ2)

B2
0

∫

d3k RNLT
n (k)

[

k2∥
k2

J ′2
n (w)IF (k)

]

(4)
where w ≡ k⊥v⊥/Ω and Jn represents the Bessel func-

tion and we neglect the contribution from Alfvénic modes
because of their anisotropy as discussed above.
Unlike Alfvénic turbulence, magnetosonic modes are

subjected to various damping processes that could halt
the cascade. Scattering by fast modes is, therefore, influ-
enced by the medium properties, which determines the
damping. We consider here two different regions in the
Galaxy: the halo in which collisionless damping is domi-
nant and the disk in which viscous damping is in addition
taken into account. The cutoff scale kc due to damping
can be obtained by equating the cascading rate of fast
modes with the relevant damping rate. In case of colli-
sionless damping:

kcL =
4M4

Aγξ
2

πβ(1− ξ2)2
exp

(

2

βγξ2

)

(5)

where MA ∼ δB/B is the Alfvénic Mach number, γ ≡
mp/me is the ratio between proton and electron mass,
β ≡ Pgas/Pmag is the ratio between thermal and mag-
netic pressure in the ISM. Note that the scale kc depends
on the wave pitch angle ξ, which makes the damping
anisotropic. In the disk the Coulomb collisional mean
free path is lmfp ∼ 6 × 1012 cm and β ∼ 0.1, and the
viscous damping cut-off scale can be evaluated as:

kcL = xc(1− ξ2)−2/3 (6)

where xc ≡ (6ρRm/vA)
2/3 is a combination of the fol-

lowing parameters: the Alfvén velocity vA, the magnetic
Reynold’s number Rm, the medium density ρ. For values

of these parameters typical of the warm ionized compo-
nent (WIM) of the ISM, e.g. in Ferriere (2001), xc is of
the order of 106.
Equation 4 can be specified for gyro-resonance (DG

µµ,
corresponding to n ̸= 0) and TTD (DT

µµ for n = 0).
Transit-time damping (TTD) arises from Landau type
interactions of particles with the compressive component
of magnetic fluctuations (i.e., the component parallel to
the mean magnetic field B0).
Finally, we can compute the spatial diffusion coefficient

by means of the following expression:

D ∼
1

3
λ||v =

1

8

∫ 1

−1
dµ

v(1 − µ2)2

DG
µµ +DT

µµ
(7)

In Fig. 3 we show the diffusion coefficient as func-
tion of the particle rigidity (rL is the particle Larmor
radius) for different values of the level of turbulence ex-
pressed by MA. In the disk-like environment, for very
turbulent medium MA > 1, diffusion coefficient exhibits
different behaviors above and below the critical rigidity
rL/L ∼ 10−6 (which corresponds to a kinetic energy per
nucleon of ∼ 1 GeV assuming B ∼ 1µG and L = 10 pc)
and a dependence D ∼ E0.5 above the break, as required
to explain the observed high-energy B/C ratio. The ob-
served energy dependence is mainly due to the different
behavior with energy of the damping scales as first pro-
posed in Yan & Lazarian (2002). Diffusion in the halo
is a monotonic increasing function of the energy, given
by the fact that collisionless damping is always domi-
nant. Depending on the turbulence level the diffusion
coefficient can be approximated as ∼ E0.3−0.4 at higher
energies.
In general, larger magnetic turbulence corresponds to

more efficient diffusion through the collisionless damping
scale. In Evoli et al. (2012), a similar trend has been
proposed to account for the mismatching between the
inferred CR source distribution from the galaxy diffuse

path for CRs. With the resonance broadening, however, we ex-
pect that a wider range of pitch angles can be scattered through
TTD, including 90!.

The basic assumption of the QLT is that particles follow unper-
turbed orbits. In reality, the particle’s pitch angle varies gradually
with the variation of themagnetic field due to conservation of the
adiabatic invariant v2?/B, where B is the total strength of the
magnetic field (see Landau & Lifshitz 1975). SinceB is varying
in the turbulent field, so is the projection of the particle speed v?
and vk. This results in broadening of the resonance. Indeed, the
average uncertainty of the parallel speed !vk is given by (see
Völk 1975)

!vk
v?

¼
(B# B0)
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The variation of the velocity is mainly caused by the magnetic
perturbation !Bk in the parallel direction. This is true even for the
incompressible turbulence we discuss in this section. For the in-
compressible turbulence, the parallel perturbation arises from the
pseudo-Alfvén modes. The perpendicular perturbation !B? is a
higher order effect, which we neglect in this paper.

The propagation of a CR can be described as a combination of
amotion of its guiding center and the CR’smotion about its guid-
ing center. Because of the dispersion of the pitch angle !" and
therefore of the parallel speed !vk, the guiding center is per-
turbed about the mean position zh i ¼ v" t as they move along
the field lines. As a result, the perturbation !B(x; t) that the CRs
view when moving along the field gets a different time depen-
dence. The characteristic phase function eikkz(t) of the perturba-
tion !B(x; t) deviates from that for plane waves. Assuming the
guiding center has a Gaussian distribution along the field line,
one obtains

f (z) ¼ 1ffiffiffiffiffiffi
2#

p
$z

e#(z# zh i) 2=2$ 2
z : ð2Þ

Integrating over z, one gets
Z 1

#1
dz e ikkzf (z) ¼ e ikk zh ie

#k 2
k $

2
z =2: ð3Þ

From equation (1), we obtain

$2
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D E
t 2 ¼ v 2?

!B2
k

D E

B2
0

0

@

1

A
1=2

t 2: ð4Þ

Perturbation !Bk exists owing to the pseudo-Alfvén modes in
the incompressible turbulence. Inserting equation (3) into the ex-
pression for D"" (see Völk 1975; Paper I ), we obtain

D"" ¼ "2 1# "2ð Þ
B2
0

Z
d 3k

X1

n¼0

Rn kkvk # !' n"
$ %

; IA(k)
n2J 2

n (w)

w2
þ

k 2
k

k 2
J 02
n (w) IM (k)

" #
; ð5Þ

where " and " are the Larmor frequency and pitch-angle cosine
of the CRs, respectively, Jn represents the Bessel function, w ¼
k?v? /" ¼ k?LR(1# "2)1=2, whereR ¼ v/("l ) is the dimension-
less rigidity of the CRs and L is the injection scale of the tur-
bulence, k? and kk are the components of the wavevector k
perpendicular and parallel to the mean magnetic field, respec-
tively, ! is the wave frequency, IA(k) is the energy spectrum of
the Alfvén modes, and IM (k) represents the energy spectrum of
magnetosonic modes, which in our case at hand are the pseudo-
Alfvén modes. In QLT, the resonance function Rn ¼ #!(kkvk#
!' n"). Now due to the perturbation of the orbit, it should
be

Rn kkvk # !' n"
$ %

¼ Re

Z 1

0

dt e
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2
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0 Þ
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A

exp #
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$ % 2

k 2
k v

2 1# "2ð ÞMA
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; ð6Þ

where MA ¼ !V /vA ¼ !B/B0 is the Alfvénic Mach number and
vA is the Alfvén speed. We stress that equations (5) and (6) are
generic and applicable to both the incompressible and compres-
sible mediums.
For gyroresonance (n ¼ '1; 2; : : :), apparently the result is

similar to that from QLT for "3!" ¼ !vk /v. In this limit,
equation (6) represents a sharp resonance and becomes equiva-
lent to a !-function when put into equation (5). In general, the
result is different from that of QLT, especially at % ! 90!, the
resonance peak happens at kk; res ( "/!v in contrast to the QLT
result kk; res ( "/vk ! 1.5

On the other hand, the dispersion of vk means that CRs with a
much wider range of pitch angles can be scattered by the pseudo-
Alfvén modes through TTD (n ¼ 0), which is marginally affected
by the anisotropy and much more efficient than the gyroresonance.
Below we consider both the cases for scattering in strong and
weak turbulence.
The nonlinear approach we use here is based on particle trap-

ping by large-scale magnetic perturbations (Völk 1973, 1975).
The difference is that we have a Gaussian profile (eq. [6]) reso-
nance and he adopted a Heaviside step function. Formally, our
approach also has a similarity to the second-order QLT that Shalchi
(2005a) proposed for slab modes, although his approach is based
on a different set of approximations.

2.2. Strong MHD Turbulence

In strongMHD turbulence, we assume that the Alfvén and the
pseudo-Alfvén modes follow the scaling obtained in Cho et al.
(2002), which is consistent with the GS95 model,

IA(k) ¼ IS(k) ¼ L#1=3M
4=3
A

6#
exp #

L1=3 kk
(( ((

M
4=3
A k

2=3
?

 !
: ð7Þ

5 We show below that, due to the anisotropy, the scattering coefficient D"" is
still very small if the Alfvén and the pseudo-Alfvén modes are concerned.

YAN & LAZARIAN944 Vol. 673



Diffusion in NLT is environment dependent
CE & H. Yan, ApJ, 2014
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Figure 3. Diffusion coefficient as function of rigidity in different phases of the ISM: disk (left) and halo (right) for different values of MA.

calculated from:

Dµµ =
Ω2(1 − µ2)

B2
0

∫

d3k RNLT
n (k)

[

k2∥
k2

J ′2
n (w)IF (k)

]

(4)
where w ≡ k⊥v⊥/Ω and Jn represents the Bessel func-

tion and we neglect the contribution from Alfvénic modes
because of their anisotropy as discussed above.
Unlike Alfvénic turbulence, magnetosonic modes are

subjected to various damping processes that could halt
the cascade. Scattering by fast modes is, therefore, influ-
enced by the medium properties, which determines the
damping. We consider here two different regions in the
Galaxy: the halo in which collisionless damping is domi-
nant and the disk in which viscous damping is in addition
taken into account. The cutoff scale kc due to damping
can be obtained by equating the cascading rate of fast
modes with the relevant damping rate. In case of colli-
sionless damping:

kcL =
4M4

Aγξ
2

πβ(1− ξ2)2
exp

(

2

βγξ2

)

(5)

where MA ∼ δB/B is the Alfvénic Mach number, γ ≡
mp/me is the ratio between proton and electron mass,
β ≡ Pgas/Pmag is the ratio between thermal and mag-
netic pressure in the ISM. Note that the scale kc depends
on the wave pitch angle ξ, which makes the damping
anisotropic. In the disk the Coulomb collisional mean
free path is lmfp ∼ 6 × 1012 cm and β ∼ 0.1, and the
viscous damping cut-off scale can be evaluated as:

kcL = xc(1− ξ2)−2/3 (6)

where xc ≡ (6ρRm/vA)
2/3 is a combination of the fol-

lowing parameters: the Alfvén velocity vA, the magnetic
Reynold’s number Rm, the medium density ρ. For values

of these parameters typical of the warm ionized compo-
nent (WIM) of the ISM, e.g. in Ferriere (2001), xc is of
the order of 106.
Equation 4 can be specified for gyro-resonance (DG

µµ,
corresponding to n ̸= 0) and TTD (DT

µµ for n = 0).
Transit-time damping (TTD) arises from Landau type
interactions of particles with the compressive component
of magnetic fluctuations (i.e., the component parallel to
the mean magnetic field B0).
Finally, we can compute the spatial diffusion coefficient

by means of the following expression:

D ∼
1

3
λ||v =

1

8

∫ 1

−1
dµ

v(1 − µ2)2

DG
µµ +DT

µµ
(7)

In Fig. 3 we show the diffusion coefficient as func-
tion of the particle rigidity (rL is the particle Larmor
radius) for different values of the level of turbulence ex-
pressed by MA. In the disk-like environment, for very
turbulent medium MA > 1, diffusion coefficient exhibits
different behaviors above and below the critical rigidity
rL/L ∼ 10−6 (which corresponds to a kinetic energy per
nucleon of ∼ 1 GeV assuming B ∼ 1µG and L = 10 pc)
and a dependence D ∼ E0.5 above the break, as required
to explain the observed high-energy B/C ratio. The ob-
served energy dependence is mainly due to the different
behavior with energy of the damping scales as first pro-
posed in Yan & Lazarian (2002). Diffusion in the halo
is a monotonic increasing function of the energy, given
by the fact that collisionless damping is always domi-
nant. Depending on the turbulence level the diffusion
coefficient can be approximated as ∼ E0.3−0.4 at higher
energies.
In general, larger magnetic turbulence corresponds to

more efficient diffusion through the collisionless damping
scale. In Evoli et al. (2012), a similar trend has been
proposed to account for the mismatching between the
inferred CR source distribution from the galaxy diffuse

halo  >  collisionless damping  
disk  >  collisionless + viscous damping 



Fitting local observables

vA

D0

The best constraints on the halo scale height (zt > 2 kpc) 
are obtained from the galactic diffuse synchrotron emission  
(G.Di Bernardo, CE, et al., JCAP, 2013)



Primary spectra pre-PAMELA

BACK TO BASICS

2 27. Cosmic rays

The intensity of primary nucleons in the energy range from several GeV to somewhat
beyond 100 TeV is given approximately by

IN (E) ≈ 1.8 × 104 (E/1 GeV)−α nucleons

m2 s sr GeV
, (27.2)

where E is the energy-per-nucleon (including rest mass energy) and α (≡ γ + 1) = 2.7
is the differential spectral index of the cosmic-ray flux and γ is the integral spectral
index. About 79% of the primary nucleons are free protons and about 70% of the rest are
nucleons bound in helium nuclei. The fractions of the primary nuclei are nearly constant
over this energy range (possibly with small but interesting variations). Fractions of both
primary and secondary incident nuclei are listed in Table 27.1. Figure 27.1 shows the
major components for energies greater than 2 GeV/nucleon. A useful compendium of
experimental data for cosmic-ray nuclei and electrons is described in [1].

Figure 27.1: Fluxes of nuclei of the primary cosmic radiation in particles per
energy-per-nucleus are plotted vs energy-per-nucleus using data from Refs. [2–13].
The figure was created by P. Boyle and D. Muller.

The composition and energy spectra of nuclei are typically interpreted in the context
of propagation models, in which the sources of the primary cosmic radiation are located

December 18, 2013 11:57

From PDB,  created by 
P. Boyle and D. Muller

Probably the most obvious expectation about cosmic rays (0th order picture we teach in CR 101) is 
that, above a few GeV, they have a  “featureless & universal power-law energy spectra”

Lots of work rely on/predict e.g. self-similarity (e.g. Fermi Theory, Kolmogorov spectrum...)

Important to test for departures from basic features: may provide clues on specific scales & 
phenomena shedding light on non-universal features of injection, acceleration, escape, propagation

featureless and universal 
power-law energy spectra 
prediction relying on many self-
similarity assumptions: Fermi 
acceleration theory, Kolmogorov 
diffusion… 



Today CR measurements reach remarkable precision
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Diffusion in the halo different than in the disk
N. Tomassetti, ApJ, 2012



Non-linear CR propagation
Blasi et al., PRL, 2012; S. Recchia et al., arXiv:1604.07682

On the radial distribution of Galactic CR 5
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Figure 2. Radial dependence of the power-law index of the pro-
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the results for the exponentially suppressed magnetic field.
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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.

lar to the one that in numerical approaches to CR transport
is imposed by hand in order to fit observations.

Contrary to a naive expectation, in the case in which
B0(R) drops exponentially, the diffusion coefficient becomes
smaller in the external Galaxy than in the inner part,
in spite of the smaller number of sources in the outer
Galaxy. This counterintuitive result is due to the fact that
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
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.

ACKNOWLEDGMENTS

The authors acknowledge useful conversations with R.
Aloisio and C. Evoli.

REFERENCES

Acero F., et al., 2016, preprint, (arXiv:1602.07246)
Ackermann M., et al., 2011, ApJ, 726, 81
Ackermann M., et al., 2012, A&A, 538, A71
Adriani O., et al., 2011, Science, 332, 69
Aguilar M., et al., 2015, Physical Review Letters, 114, 171103
Aloisio R., Blasi P., 2013, J. Cosmology Astropart. Phys., 7, 001
Aloisio R., Blasi P., Serpico P. D., 2015, A&A, 583, A95
Berezinskii V. S., Bulanov S. V., Dogiel V. A., Ptuskin V. S.,

1990, Astrophysics of cosmic rays
Bhat C. L., Mayer C. J., Rogers M., Wolfendale A. W., Zan M.,

1986, Journal of Physics G Nuclear Physics, 12, 1087
Blasi P., Amato E., Serpico P. D., 2012, Physical Review Letters,

109, 061101
Bloemen J. B. G. M., et al., 1986, A&A, 154, 25
Bloemen J. B. G. M., Dogiel V. A., Dorman V. L., Ptuskin V. S.,

1993, A&A, 267, 372
Case G. L., Bhattacharya D., 1998, ApJ, 504, 761
Erlykin A. D., Wolfendale A. W., Dogiel V. A., 2016,

Advances in Space Research, 57, 519
Evoli C., Gaggero D., Grasso D., Maccione L., 2012,

Physical Review Letters, 108, 211102
Faucher-Giguère C.-A., Kaspi V. M., 2006, ApJ, 643, 332

MNRAS 000, 1–6 (2015)

“we showed that both the gradient and the spectral shape can be explained in a simple model 
of non-linear CR transport: CRs excite waves through streaming instability 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 phenomenon enhances the CR density in 
the inner Galaxy.”





Diffuse emissions: from radio to gamma maps
PLANCK all-sky foreground map Two year all sky Fermi-LAT map

E� ⇠ 10�13 GeV E� > 1GeV



~ 70% of all observed photons coming from the diffuse Galactic emission

Fermi-LAT  E>100 MeV by 3FGL  
[LAT collaboration 2015] 

~ 70% of all observed photons coming from the diffuse Galactic emission 

The gamma-ray sky in 2016

The extremely accurate gamma ray maps that FERMI is providing 
are useful to trace the CR distribution throughout all the Galaxy!

GP



The radial distribution of the diffuse gamma-ray emissivity in the GP
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FIG. 5: The SED of galactic diffuse γ-ray emission associated with the gas in different rings around the GC.
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FIG. 6: The distribution of the photon index of the galactic diffuse gamma ray emission associated with the gas in
different rings.

opacity maps. The energy range of detected γ-rays from
100 MeV to 200 GeV allows derivation of detailed spec-
tral and spatial distributions of CRs over almost four en-
ergy decades, from mildly relativistic (sub-GeV) to ultra-
relativistic (multi-TeV) energies.

The results described in the previous sections demon-
strate strong variations of both the energy spectra and
the absolute fluxes of γ-rays throughout the entire galac-
tic plane (0◦ < l < 360◦ and |b| < 5◦). The energy spec-
tra of γ-rays arriving from the directions of inner Galaxy
appear significantly harder compared to the spectra of
radiation from outer parts of the Galaxy. The tendency

of the spectral change is clearly seen in Fig.1 and Fig.2.
This conclusion agrees with the recent analysis of the
Fermi LAT data reported in ref. Casandjian [5], and,
with some reservation, with the old results reported by
the EGRET team [18] 5. A hard diffuse γ-ray spectrum

5 Note that although the EGRET result later has been criticised,
and the very existence of the “GeV bump” has been discarded
by the community, one should point out that in general terms
the latter is in reasonable agreement with the recent Fermi-LAT
data.
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FIG. 8: The same as in Fig.7 but for the conversion factor XCO fixed at the local value 2.0± 0.2× 1020 .

has been recently reported also in Neronov and Maly-
shev [19] who claimed a universal photon index close to
2.45 throughout the entire Galactic Disk. However, this
conclusion based on a rather limited range of galactic lon-
gitudes (|l| ≤ 90◦), is misleading. The results shown in
Fig.1 and Fig.2 reveal a non-negligible spectral variation
throughout the galactic plane. In particular, while the
γ-ray spectrum in the inner parts of the Galaxy is sig-
nificantly harder than the spectrum of locally measured
CRs, the latter is quite close to the spectrum of γ-rays
(and, consequently, to the spectrum of parent protons)
from the anti-centre direction (where the Solar system is
located). Moreover, the comparison of Fig.2 with Fig.3
and Fig.4, makes it clear that the spectral hardening
takes place only in the galactic plane.

In general, the spectral hardening of γ-rays could be
caused by contamination of the truly diffuse flux of γ-

ray (i.e. the ones produced in interactions of CRs) by
discrete γ-ray sources concentrated in the inner Galaxy.
We believe that the discrete sources have been carefully
treated in our analysis. Nevertheless, we cannot exclude
the possibility that a new population of weak but numer-
ous hard-spectrum γ-ray sources, which have not been
resolved by Fermi-LAT, significantly contribute to the
truly diffuse γ-ray background.

Alternatively, the hardening could be caused, in prin-
ciple, by undervaluation of the contribution of the IC
component of γ-rays in the inner Galaxy. In this work,
a spatial IC template based on the calculations with the
GALPROP code [9], was used to model the IC emis-
sion. Although the interstellar radiation fields (ISRF)
are poorly constrained, their enhancement in the inner
Galaxy (compared to the values provided by GALPROP)
hardly can exceed a factor of two or three. Meanwhile,

R. Yang, F. Aharonian, CE, PRD, 2016
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FIG. 1: The spectral energy distribution (SED) of the galactic diffuse γ-ray emission associated with the dust
opacity in three different directions.
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FIG. 2: The distribution of the power-law photon index of the galactic diffuse γ-ray emission associated with the
dust opacity over the galactic longitudes integrated for the interval |b| < 5◦.
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FIG. 3: The same as in Fig.2 but for the latitude interval 5◦ < |b| < 10◦.

hardening to the GC

Templates based: 
• on CO galactic survey of with the CfA 1.2m millimetre-wave Telescope 
• the Leiden/Argentine/Bonn (LAB) Survey on HI gas  
• dust opacity maps from PLANCK for “dark gas”
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Comparison with a single zone model predictions
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why so low?

unaccounted sources?

no radial diffusion?
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prediction

see also Gaggero et al., PRD, 2015 (also known as KRAg) 
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The Master equation
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Sources/sinks

diffusion is tensorial, 
inhomogeneous, not-

separable in space and 
energy, not-linear …

function of the ionised gas 
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galactic winds powered by 
SN or CR themselves
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local spectra of the physical effects we averaged out?
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Figure 12. Left panel: profiles of the di↵usion coe�cients along r and z for particles with p = 1TeV
are shown. Right panel: energy spectrum computed at di↵erent radial distances from the Galactic
Centre.
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Figure 13. CR density in the x-z plane at di↵erent times; CRs are propagating anisotropically, with
slower di↵usion in the z direction.

with zs = 0.1 kpc.510

We show in right panel of Fig. 12 the steady-state energy spectrum on the Galactic511

plane at di↵erent distances from the GC. For low values of R (within the bulge), parallel512

di↵usion is dominating, and in fact a significant hardening can be noticed in the propagated513

slope; on the other hand, for larger values of R, the slope is steeper, and tends to 2.8, i.e.514

the expected one for the perpendicular case.515

5.4 Pion momentum losses516

A novelty introduced in DRAGON2 with respect to earlier versions is the implementation of517

nuclear energy loss by pion production, in addition to ionization and Coulomb losses.518

In our numerical tests we consider a homogeneous source term confined in a disk (with519

scale height ' 100 pc); the energy-loss due to pion production relies on the analytical520

parametrization reported in Section C.10.6, with the scale height zlosses = 500 pc.521

Concerning the di↵usion coe�cient we refer to the Eq. C.22, and we explore two purely522

di↵usive regimes. One corresponds to slow di↵usion with D0 = 1028 cm2 s�1 and � = 0.5; in523

the other one di↵usion is fast, with D0 = 1029 cm2 s�1, and same �. Di↵usive halo height is524

H = 4 kpc.525

In Fig. 14 we show the results of our numerical tests: we may notice that the protons are526

significantly a↵ected by pion production energy losses, which in turn change the propagated527

spectrum with respect to the injection spectrum. Unlike ionization losses, pion production528

losses are relevant in the entire energy range.529

The slope di↵erence in the propagated spectrum is however dependent on the relative530

ratio of losses and di↵usion timescales. In right panel of Fig. 14 we prove that a larger531

di↵usion coe�cient produces a much smaller di↵erence on the local proton spectrum.532

5.5 Anisotropic di↵usion from a transient source533

The study of a transient source is relevant in many di↵erent context (e.g., to describe the534

Galactic centre activity). For this reason, we show here how DRAGON2 is able to follow the535

evolution of CRs emitted by an energetic source in a short event. Since the source is point-536

like and, in general, far from the centre of the coordinate system, we exploit the 3D mode;537
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where zs = 100 pc. As before, we consider a purely di↵usive case, but this time we597

assume that the di↵usion coe�cient drops by up to three orders of magnitude in the source598

region:599

D(z) = D0


1 � 0.999

✓
z2

z2s

◆�
(5.7)

whereD0 = 1029 cm2 s�1. Under a physical point of view, one can motivate this decrease600

in the di↵usion coe�cient as a consequence of the stronger turbulence that characterizes the601

region of the source.602

We study the propagation of CRs in the -5 kpc  z  5 kpc region for three di↵erent603

setups of the binning along the z-axis:604

• An EB with nz = 501, corresponding to a constant resolution of 20 pc.605

• A NEB with nz = 31, where the bins width is 20 pc for |z|  100 pc and then grows to606

50 pc, 100 pc, 500 pc and 1 kpc as larger values of z are considered.607

• An EB with nz = 31, i.e. the same number of bins of the NEB setup described above.608

This number of bins corresponds to a spatial resolution of 333 pc.609

Left panel of Fig. 17 illustrates the binnings corresponding to the three setups described610

above in the region |z|  1 kpc.611
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extension of the HCS [41]. Besides !, another important
parameter is related to diffusion. As in [21], we assume that
diffusion occurs in the Bohm regime, and that its intensity
is described as Dð"Þ ¼ #ð"Þv=3, with # the momentum-
dependent mean-free path.

Results.—We first assume the extra-component sources
to be located in the spiral arms and have the same distri-
bution as standard SNRs and disregard, for the moment, the
possible role of local sources. For the extra-component
source spectrum we assume the form JECðe$Þ /
E%$0;EC expð%E=EcutÞ and tune the involved parameters
against the data. We normalize the primary electron com-
ponent to the PAMELA e% flux at 33 GeV. In these con-
ditions the AMS-02 PF and the PAMELA and Fermi LAT
e% spectra can consistently be reproduced if $0;EC ’ 1:75
and Ecut ’ 10 TeV (see Figs. 2 and 3). Remarkably, pass-
ing from a smooth source distribution to a more realistic
spiral arm pattern, a harder e% source spectral index is

required: $0;bkg ’ 2:38, to be contrasted with $0;bkg ’ 2:65
used, e.g., in [16]. As we already pointed out, this is a
consequence of the Solar System being placed between
two main arms (Perseus and Sagittarius-Carina), hence in a
source underdense region. This turns into a larger average
distance, hence stronger losses, between the bulk of
sources in the arms and the observer. The eþ spectrum
measured by AMS-01 and that computed on the basis of
PAMELA PF and e% spectrum (preliminary PAMELA eþ

results agree with this estimate) are nicely matched by our
model. The spectral steepening found by H.E.S.S. [42] is
also naturally reproduced with a very high energy cutoff as
that expected in the scenario envisaged in [12,13,43] where

FIG. 3 (color online). PF computed in our model. The blue
(green) curves correspond to the AMS-02 (AMS-01) data-taking
periods. The solid (dashed) curves are for a SNR-like
(pulsarlike) contribution at high energy. The dotted line is the
interstellar PF.

FIG. 1 (color online). Top view of the propagated distribution,
normalized to its maximum, on the Galactic plane of e% at
100 GeV for sources distributed in the spiral arms (top panel) or
smoothly (bottom panel). In the first case the contour of the
assumed source distribution is superimposed (black lines).

H.E.S.S.

FIG. 2 (color online). The e% þ eþ (blue curve), e% (purple
curve), and eþ (red curve) propagated spectra computed in our
model. Solid (dashed) lines are for the case of a SNR-like
(pulsarlike) contribution. Dotted lines are for the interstellar
spectra. PAMELA eþ data have been derived (without error
propagation) starting from the PF and e% spectrum released by
the same collaboration. We warn the reader that this derivation
might be subject to large systematics, especially below
'20 GeV, because the e% and the PF data sets were taken in
different periods.

PRL 111, 021102 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
12 JULY 2013

021102-3

Gaggero et al, PRL, 2013
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DRAGON2 solver in Operator Spitting



DRAGON2 numerical tests

each operator is 2nd order discretised 
 and tested against an analytical solution
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DRAGON2 numerical tests: b.c. in momentum
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DRAGON2 energy losses in the ISM

diffusion

diffusion



A new modular code

#include "TGalaxyGrid.h" 

namespace DRAGON { 

class THIDensityNakanishi03 : public TGalaxyGrid  
{ 
   double h0; 
   double n0; 
public: 
   THIDensityNakanishi03(); 
   double distribution(const TVector3d& pos); 
}; 

THIDensityNakanishi03::THIDensityNakanishi03() : TGalaxyGrid()  
{ 
   h0 = 1.06 * pc; 
   n0 = 0.94 * (1./cm3); 
} 

double THIDensityNakanishi03::distribution(const TVector3d& pos) 
{ 
   double rKpc = pos.getR() / kpc; 
   double exp1 = exp(-rKpc / 2.4); 
   double exp2 = exp(-pow((rKpc - 9.5) / 4.8, 2)); 
   double densityOnPlane = n0 * (0.6 * exp1 + 0.24 * exp2); 
   double scaleHeight = h0 * (116.3 + 19.3 * rKpc + 4.1 * rKpc * 
rKpc - 0.05 * rKpc * rKpc * rKpc); 

   return (densityOnPlane * exp(-M_LN2 * pow(pos.z / scaleHeight, 
2))); 
} 

} // namespace

GasMag. 
FieldSNR

Dxx

winds

ISRFXML

QDpp

DRAGON2 Libraries



Techniques/codes to solve the transport problem

  

  (Semi-)analytical                             Numerical                                  Monte Carlo

Simplify the problem:
● keep dominant effects only
● simplify the geometry

Follow each particle:
● N particles at t=0
● evolve each of them to t+1

Finite difference scheme:
● discretise the equation
● scheme (e.g., Crank-Nicholson)

Codes 
and/or

references

Pros

cons

Webber (1970+)
Ptuskin (1980+)
Schlickeiser (1990+)
USINE (2000+)

GALPROP (Strong et al. 1998)
DRAGON (Evoli et al. 2008)

PICARD (Kissmann et al., 2013)

● Statistical properties (along path)
● No grid but t step (for/back)-ward

● Even slower (+ statistical errors)
● Massively parallel problem

● Very simple algebra
● Any new input easily included

● Slower, memory for high res.
● “Less” insight in the physics

Webber & Rockstroh (1997)
Farahat et al. (2008)
Kopp, Büshing et al. (2012)

Approach

● Useful to understand the physics
● Fast (MCMC analyses “simple”) 

● Only solve approximate model
● New solution for new problem

Tools ● Green functions, 
● Fourier/Bessel expansion
● Differential equations

● Stochastic differential equations 
(Markov process) + MPI

● Numerical recipes/solvers 
(NAG, GSL libraries)

3. Techniques/codes to solve the transport equation

Credit: David Maurin (LPSC)



DRAGON2 goals and future work…

• DRAGON2 aims at solving the kinetic transport equation for CR 
in the Galaxy under very general assumptions 

• unavoidable to match local observables and diffuse emissions (or 
other not-local observables, e.g., anisotropy) in a consistent 
model 

• or to test non-uniform diffusion: what would be the profile for a D 
~ exp(-r / 100 pc) at the GC?



DRAGON2 goals and future work…

• The solution of the diffusion equation depends on a number of 
assumptions (gas, magnetic field, ISRF, diffusion coefficients, 
cross-sections,…). Our approach allows quantitative estimates of 
the uncertainties associated by assuming different models. 

• Next step will be to model the feedback by ISM (e.g., self-
generated diffusion, CR driven wind) and on ISM (e.g., heating by 
ionisation and waves damping) 



Conclusions

• quality of gamma and CR flux data are progressively 
exceeding the realism of current CR propagation models 

• simple recipes (scale invariant injection, diffusion, or 
unlimited breaks) do not work anymore to explain the 
global galactic picture 

• Theory (read: microphysics) driven improvements in the 
numerical modelling of CR propagation are desirable at this 
point  


