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A >100 years old discovery!

I Raggi Cosmici nel passato

1900/1925: Studi pionieristici (Hess)
•Radiazione altamente penetrante
•Provenienza terrestre?
•Radiazione J��ultra J�?
•Radioattivita’ naturale?

1925/1930: Primi studi sistematici
•Radiazione carica
•Effetti geomagnetici: Polo/Equatore

Effetto Est/Ovest

Victor Hess

W. Kolhorster

W. Bothe

                 Hess Data                                                Kolhöster Data                                                         

5 



A >100 years old discovery!

“Le osservazioni eseguite sul mare nel 1910 

mi conducevano a concludere che una parte 

non trascurabile della radiazione penetrante 

che si riscontra nell’aria, avesse origine 

indipendente dall’azione diretta delle 

sostanze attive contenute negli strati 

superiori della crosta terrestre.” 

“[...] indicavano esistere, sulla superficie del 

mare, dove non è più sensibile l'azione del 

terreno, una causa ionizzante di tale intensità 

da non potersi spiegare esaurientemente 

considerando la nota distribuzione delle 

sostanze radioattive nell'acqua e nell'aria.” 

Tratto da La radiazione penetrante dalla superficie 
ed in seno alle acque, Il Nuovo Cimento Serie 
VI, Tomo 3: 93-100 (1912).

Domenico L. Pacini in Livorno



High-energy photons or charged particles?

Bruno Rossi in his laboratory in Florence

Uber die Eigenschaften der durchdringenden Korpuskularstrahlung usw. 16"i 

Mit zunehmender Dicke der Streuschicht mmmt zun~chst die H~ufigkeit 
der Koinzidenzen zu, wegen der Zunahme der erzeugten Sekund~irteilchen. 
Bald aber macht sich die Wiederabsorption der Sekund~rtefichen in der 
Streuschicht bemerkbar; die Intensit~t der austretenden Sekund~rstrahlung 
(und damit die H~ufigkeit der dreifachen Koinzidenzen) s~eigt daher immer 
langsamer an, geht dutch ein Maximum und setzt sich endlich (bei geniigend 
dicken Bleischichten) ins Gleichgewicht mit der Prim~rs~rahlung. Die 
Stelle des Maximums wird im wesentlichen dutch die Hs der Sekund~r- 
strahlung bestimmt. Nun erreichen unsere Kurven das Maximum zwischen 
10 und 20 g/era2; wir schlie~en daraus, dal~ das mittlere Durchdringungs- 
vermSgen der in Blei erzeugten Sekund~rstrahlen "con der GrSl3enordnung 
10 g/era 2 ist. 
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Fig.  8. 

Was die Absolutzahl der drei~achen Koinzidenzen betrifft, so betr~gt 
ihr Maximalwert bei den Messungen mit der Bleischicht in 14,6 cm Ent- 
fernung etwa 4%, bei den Messungen mit der Bleischicht in 1,2 cm Ent- 
fernung etwa 8% der Anzahl der zweifachen Koinzidenzen zwischen C 1 
und C 2 (oder C 1 und C3). Sieht man yon der Absolutzahl der Koinzidenzen 
ab (deren Abh~ngigkeit yon der Lage der Streuschicbt A l~l~t sich leich~ 
durch geometrische Uberlegungen deuten), so zeigen die Kurven I und II  
keinen wesentlich verschiedenen Verlauf, obwohl nach der Auffassung von 
H e i s e n b e r g  die scheinbare H~rte der Sekund~rstrahlung vom Winkel 
zwischen den beiden Bahnzweigen (und somit vom Abstand des Verzweigungs- 
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O~ber die Eigenschaften der durchdringenden 
Korpuskularstrahlung im Meeresniveau. 

Von Bruno Rossi in Florenz, .~reetri. 

Mit 16 Abbildungen. (Eingegangen am 24. Februar 1933.) 

Die Absorbierbarkeit der durchdringenden Korpuskularstrahlung wurde bis zu 
einer Absorberdicke von 101 em Blei untersueht ; die Versuehsresultate werden 
im Zusammenhang mit der Frage nach dem Wesen der Ult.rastrahlung und naeh 
ihrer Energie diskutiert. - -  Das Entstehen einer Sekund~rstrahlung in der von 
den Ultrakorpuskularstrahlen durchsetzten Materie wurde naehgewiesen. Die 
wiehtigsten Eigent0anliehkeiten dieser Erseheinung und der Einflul3 der Se- 

kund~rstrahlung auf die Ultrastrahlungsph~nomene wurden untersueht. 

I. Zweek und allgemeine Methode der Untersuchung. 
1. I~ach den Versuchen yon B o t h e  und K o l h S r s t e r  1) und vom Ver- 

fasser 2) well3 man, dal~ im Meeresniveau die Ultrastrahlungserscheinungen 
yon einer durchdringenden Korpuskularstrahlung hervorgerufen werden. 
Um die Eigenschaften dieser Korpuskularstrahlung eingehend zu unter- 
suchen, babe ich Ende vorigen Jahres eine Versuchsreihe unternommen, 
die insbesondere eine genauere Messung ihres mittleren Durchdringungs- 
vermSgens 'und Aufkl~rung tlber dio in der Materie hervorgerufenen Se- 
kund~rerscheinungen bezweckte. 

Einige der gewonnenen Resultate sind schon kurz in deutschen Zeit- 
schriften verSffentlicht worden~). Vollst~ndigere Berichte tiber die Einzel- 
versuehe sind in itMienischen Zeitschriften erschienen~). Die vorliegende 
Arbeit ist einer zusammenfassenden Darstellung und Diskussion aller Er- 
gebnisse gewidmet. 

2. S~mtliche Versuehe wurden mit der Koinzidenzmethode durch- 
gefi~hrt, die sieh bereits bei den friiheren Versuchen yon B o t h e  und Kol -  
h 5 r s t e r  und vom Yerfasser f~r die Untersuehung der durchdringenden 
Korpusknlarstr~hlung bew~hrt hatte. 

Wie bekannt werden bei dieser Methode die gleichzeitigen Aussehl~ge 
yon zwei oder mehreren Geiger-Mi] l lerschen Z~hlrohren beobachtet, die 
entweder den Durchgang einer und derselben Korpuskel dutch alle be- 
nutzten Z~hlrohre, oder auch den gleichzeitigen Durchgang einer Korpuskel 

1) W. Bothe  u. W. Ko lh5r s t e r ,  ZS. f. Phys. 56, 751, ]929. 
3) B. Rossi.  ebenda 68, 64, 1931. 
3) ]3. Rossi,  Naturwissenseh. 20, 65, 1932; Phys. ZS. 33, 304, 1932. 
4) B. Rossi,  Rend. Lineei 15, 734, 1932; B. Rossi  u. B, CrinS, ebenda 15, 

741, 1932; B. Rossi,  Rieerca Seientif. 3, I, Nr. 7--8, 1932; 3, II, Nr. 7--8, 1932. 

The CR telescope used 
by Bruno Rossi during 
the expedition in Eritrea



A unique particle physics laboratory

Carl D. Anderson
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 absorption layer

@ London’s Westminster Abbey,  
adjacent to Newton’s grave.

The first anti-matter evidence was 
found in the cosmic radiation in 1933.

63 MeV

23 MeV

B=15 kG



Today



Cosmic-ray experiments in Pisa in 2017

MAGIC

AMS-02

FERMI

ANTARES/KM3NET



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.

1/cm2/s

1/km2/century
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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.   



The SN paradigm

LSN ⇠ RSNEkin ⇠ 3⇥ 1041 erg/s

hadronic:

or leptonic:

Fritz Zwicky

TeV emission

X-ray contours

Aharonian et al., Nature, 2007



The pion-bump as hadronic signature

low-energy break in IC 443 and 21s for that in
W44, when assuming a nested model with two
additional degrees of freedom.

To determine whether the spectral shape could
indeed be modeled with accelerated protons, we
fit the LAT spectral points with a p0-decay spec-
tral model, which was numerically calculated from
a parameterized energy distribution of relativistic
protons. Following previous studies (15, 16), the
parent proton spectrum as a function of momen-

tum p was parameterized by a smoothly broken
power law in the form of

dNp

dp
º p−s1 1þ p

pbr

! "s2 − s1
b

2

4

3

5
−b

ð1Þ

Best-fit parameters were searched using c2-
fitting to the flux points. Themeasured gamma-ray
spectra, in particular the low-energy parts, matched

the p0-decay model (Fig. 2). Parameters for the
underlying proton spectrum are s1 = 2.36 T
0.02, s2 = 3.1 T 0.1, and pbr = 239 T74GeV c−1 for
IC 443, and s1 = 2.36 T 0.05, s2 = 3.5 T 0.3, and
pbr = 22 GeV c−1 for W44 (statistical errors
only). In Fig. 3 we show the energy distribu-
tions of the high-energy protons derived from
the gamma-ray fits. The break pbr is at higher
energies and is unrelated to the low-energy pion-
decay bump seen in the gamma-ray spectrum.
If the interaction between a cosmic-ray precursor
(i.e., cosmic rays distributed in the shock upstream
on scales smaller than ~0.1R, where R is the SNR
radius) and adjacent molecular clouds were re-
sponsible for the bulk of the observed GeV gamma
rays, one would expect a much harder energy
spectrum at low energies (i.e., a smaller value for
the index s1), contrary to the Fermi observations.
Presumably, cosmic rays in the shock downstream
produce the observed gamma rays; the first index
s1 represents the shock acceleration index with
possible effects due to energy-dependent prop-
agation, and pbr may indicate the momentum
above which protons cannot be effectively con-
fined within the SNR shell. Note that pbr results in
the high-energy break in the gamma-ray spectra
at ~20 GeV and ~2 GeV for IC 443 and W44,
respectively.

The p0-decay gamma rays are likely emitted
through interactions between “crushed cloud” gas
and relativistic protons, both of which are highly
compressed by radiative shocks driven into mo-
lecular clouds that are overtaken by the blast
wave of the SNR (25). Filamentary structures of
synchrotron radiation seen in a high-resolution
radio continuum map of W44 (26) support this
picture. High-energy particles in the “crushed
cloud” can be explained by reacceleration of the
preexisting galactic cosmic rays (25) and/or fresh-
ly accelerated particles that have entered the
dense region (20). The mass of the shocked gas

Fig. 1. Gamma-ray count maps of the 20° × 20° fields around IC 443 (left) and W44 (right) in
the energy range 60 MeV to 2 GeV. Nearby gamma-ray sources are marked as crosses and squares.
Diamonds denote previously undetected sources. For sources indicated by crosses and diamonds,
the fluxes were left as free parameters in the analysis. Events were spatially binned in regions of
side length 0.1°, the color scale units represent the square root of count density, and the colors
have been clipped at 20 counts per pixel to make the galactic diffuse emission less prominent.
Given the spectra of the sources and the effective area of the LAT instrument, the bulk of the
photons seen in this plot have energies between 300 and 500 MeV. IC 443 is located in the
galactic anti-center region, where the background gamma-ray emission produced by the pool of
galactic cosmic rays interacting with interstellar gas is rather weak relative to the region around
W44. The two dominant sources in the IC 443 field are the Geminga pulsar (2FGL J0633.9+1746)
and the Crab (2FGL J0534.5+2201). For the W44 count map, W44 is the dominant source
(subdominant, however, to the galactic diffuse emission).
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Fig. 2. (A and B) Gamma-ray spectra of IC 443 (A) and W44 (B) as measured
with the Fermi LAT. Color-shaded areas bound by dashed lines denote the best-
fit broadband smooth broken power law (60 MeV to 2 GeV); gray-shaded bands
show systematic errors below 2 GeV due mainly to imperfect modeling of the
galactic diffuse emission. At the high-energy end, TeV spectral data points for IC
443 from MAGIC (29) and VERITAS (30) are shown. Solid lines denote the best-

fit pion-decay gamma-ray spectra, dashed lines denote the best-fit bremsstrah-
lung spectra, and dash-dotted lines denote the best-fit bremsstrahlung spectra
when including an ad hoc low-energy break at 300 MeV c−1 in the electron
spectrum. These fits were done to the Fermi LAT data alone (not taking the TeV
data points into account). Magenta stars denote measurements from the AGILE
satellite for these two SNRs, taken from (31) and (19), respectively.

www.sciencemag.org SCIENCE VOL 339 15 FEBRUARY 2013 809
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FERMI collaboration, Science, 2013

Do SNRs accelerate protons?

log scale!
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The cosmic-ray composition pillar
Solar System Cosmic Rays

>> Galaxy size!

PrimarySecondary

c⌧esc =
X(E)

n̄ISMµ
⇠ 103 kpc



The cosmic-ray anisotropy puzzle

Paolo Desiati

phase of dipole steadily migrates 
& suddenly changes or flips

large scale anisotropy 
energy dependence

12

dipole amplitude increases up to 
order 10 TeV and then it decreases

amplitude & phase of first harmonic component (dipole)
Di Sciascio & Iuppa, 2014

 12hr       ←       0hr 0hr       →       -12hr

dipole amplitude increases up to 
~10 TeV and then it decreases

phase of dipole steadily migrates 
and suddenly flips

A ⇠ vA
c

⇠ 10�4 vA
30 km/s

<< ballistic transport!



you are here

L = 1-10 kpc

Galactic Propagation

high isotropy
expected!



The Master equation
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Minimal “5-parameters model”

2H

�D�

✓
p

p

0

◆�
@

2

@x

2

ni �
vA

2

p

4

0

D�

@

@p

"✓
p

p

0

◆
4��

@

@p

✓
ni

p

2

◆#
� vz

@ni

@z

= Q

sources/sinks

Berezinskii et al. (1990)

Credit: P. Mertsch

… far from reality even in QLT



CR diffusion for the “poor physicist”

Vorbemerkungen

Beispiele für Turbulenz

Grundlagen der . . .

Mathematik

Numerik

Large-Eddy Simulationen

Zusammenfassung

3. Grundlagen der Turbulenz: Energiekaskade

Leonardo da Vinvi
(1452 – 1519)

Energy cascade

Vorbemerkungen

Beispiele für Turbulenz

Grundlagen der . . .

Mathematik

Numerik

Large-Eddy Simulationen

Zusammenfassung

3. Grundlagen der Turbulenz: Energiekaskade

große Wirbel

beeinflussen

kleine Wirbel
(und umgekehrt)

Vorwegnahme der Richardson Kaskade

Leonardo da Vinci 
(1452-1519)

“The small eddies are almost numberless, and large things are rotated 
only by large eddies and not by small ones, and small things are turned 

by both small eddies and large”



CR diffusion for the “poor physicist”

Vorbemerkungen

Beispiele für Turbulenz

Grundlagen der . . .

Mathematik

Numerik

Large-Eddy Simulationen

Zusammenfassung

Big whorls have little whorls
That feed on their velocity
And little whorls have lesser whorls
And so on to viscosity

L.F. Richardson (1922)

The Richardson cascade

� = 5/3



CR diffusion for the “poor physicist”
IC 342, using data from both the 
VLA and the Effelsberg telescope

Armstrong et al. (1995) 

Wave power-spectrum~0.1 - 0.01

~1/100 pc

Kolmogorov



CR diffusion for the “poor physicist”

Assumptions: 

• GCR diffuse in the ISM turbulent magnetic field


• The turbulent field can be described by 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 (~30 min at the blackboard):



B/C by AMS-02



Primary and secondary nuclei by AMS-02
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Fitting local observables

vA

D0

PAMELA proton data, over their entire energy range, to fit
the parameter ! (see Table II). In some cases we will use
other antiproton data sets (see Fig. 4) and to properly take
into account the effect of modulation we refit the modula-
tion potential against the proton flux as measured from the
same experiment in the same solar cycle period. The anti-
proton and proton data are taken from [12] for BESS and
from [92] for the AMS-01 experiment.

A. Secondary antiprotons

As we discussed in the introduction, secondary antipro-
tons are an unavoidable by-product of CR propagation and
are the major background for indirect DM searches. We use
DRAGON to determine the secondary antiproton spectrum
for each model in Table II. Our approach is the same
followed in [9] (to which we address the reader for details)
and it is similar to that discussed in several previous papers
[8,93]. Our analysis accounts for the scattering p! pISM,
p! 4HeISM,

4He! pISM and 4He! 4HeISM and for anni-
hilation and inelastic, nonannihilating, scattering of "p onto
the ISM gas. The contribution of heavier CR and ISM
nuclei is negligible. Based on the data from ISR STAR
and ALICE experiments [94–96] there is an energy depen-
dent uncertainty up to "9% on the multiplicity ratio of
produced antiprotons relative to the produced protons;
propagating such uncertainty would have an impact on
our final results within a few%. Notice however that this
is a minimum level of uncertainty one should include on
the antiproton production cross section. Reference [8] has
evaluated the nuclear physics uncertainties by computing
all the relevant cross sections using the Monte Carlo
program DTUNUC. Their results suggest 25% uncertainty
in the propagated flux from the nuclear physics, which is
below the 40% uncertainty in the antiproton prediction that
[97] has suggested by comparing the difference between
the results for p-p collisions, of the DTUNUC Monte Carlo
simulation with those from the cross-section parametriza-
tions of [98] and of [99].

We find that all models, which are built to reproduce the
B=C data, provide a good fit also of the antiproton
measured spectrum above a few GeV. At lower energies
the KOL model underproduces "p (see Fig. 5). This is a
well known feature of models with strong reacceleration
(see e.g., [9]). From the right panel of Fig. 5 we see that
the maximal scatter on the secondary proton spectrum
amounts to"30% in the 0:1–102 GeV energy range which
turns into significant uncertainties on the room possibly
left for a DM "p component.

B. Antiprotons from WIMP annihilations

For the same set of diffusion models we have just
introduced, in Fig. 5 we show the predictions obtained
with DRAGON for a first sample WIMP model, a pure
Wino with mass equal to 200 GeV, annihilating
in pairs into W-bosons with a cross section of h!vi ¼
2$ 10!24 cm3 s!1. For each propagation model results
are shown for the three spherical DM distributions intro-
duced in Table I. As evident from the plot, the antiproton
flux from WIMP DM annihilations is much more depen-
dent upon the propagation model than the secondary
component. Predictions are also clearly sensitive to how
the source function changes away from the local neigh-
borhood (the three halo profiles are normalized in the
same way at the local galactocentric distance), with the
local antiproton flux being in some of the models signifi-
cantly larger for DM density profiles which are enhanced
in the Galactic center region. Summing the two effects,
the spread in the predictions for this single DM candidate
is larger than a factor of 40, to be compared to the 30%
spread at low energy in the secondary component (also
compare the left-hand sides of Figs. 4 and 5). The range of
uncertainty found here is comparable to what has been
found in previous studies in the literature [8,22] and
brings in a number of questions that we are going to
address in detail in the next section discussing locality
or nonlocality issues.

FIG. 4 (color online). Left panel: Comparison of the local spectrum of secondary antiprotons for different propagation models
(modulated with a potential as given in Table II). Right panel: Fractional ratio between the different local spectrum and the KRA
model.
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anti-protons here!

A powerful probe of the tiny Dark Matter signal!



a simple (pre-modern data) picture

Probably the most obvious expectation 
about cosmic rays (0th order picture) is 
that, above a few GeV, they have a 
“featureless and universal power-law 
energy spectra” (lots of work rely on self-
similarity: Fermi acceleration theory, 
Kolmogorov diffusion…) 

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

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



is it the CR spectrum featureless and universal?FINALLY, HAPPY ENDING

This verifies that the detector performance is stable over
time and that the flux above 45 GV shows no observable
effect from solar modulation fluctuations for this measure-
ment period. The variation of the proton flux due to solar
modulation will be the subject of a separate publication.
Figure 2(c) shows that the ratios of fluxes obtained using
events which pass through different sections of L1 to the
average flux are in good agreement and within the assigned
systematic errors; this verifies the errors assigned to the
tracker alignment. Lastly, as seen from Fig. 2(d), the flux
obtained using the rigidity measured by only the inner
tracker is in good agreement with the flux measured using
the full lever arm; this verifies the systematic errors
assigned from the unfolding procedures and the rigidity
resolution function for two extreme and important cases.
First, at the inner tracker MDR (∼300 GV) where the
unfolding effects and resolution functions of the inner
tracker and the full lever arm (2 TV MDR) are very
different. Second, at low rigidities (1 to 10 GV) where the
unfolding effects and the tails in the resolution functions of
the inner tracker and full lever arm are also very different
due to large multiple and nuclear scattering.
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 proton flux Φ including stat-

istical errors and systematic errors is tabulated in Ref. [25]
as a function of the rigidity at the top of the AMS detector.
The contributions to the systematic errors come from (i) the
trigger, (ii) the acceptance, background contamination,
geomagnetic cutoff, and event selection, (iii) the rigidity
resolution function and unfolding, and (iv) the absolute
rigidity scale. The contributions of individual sources to the
systematic error are added in quadrature to arrive at the total
systematic uncertainty. The Monte Carlo event samples
have sufficient statistics such that they do not contribute
to the errors. Figure 3(a) shows the flux as a function of
rigidity with the total errors, the sum in quadrature of
statistical and systematic errors [26]. In this and the
subsequent figures, the points are placed along the abscissa
at ~R calculated for a flux ∝ R−2.7 [27]. Figure 3(b) shows
the AMS flux as a function of kinetic energy EK together
with the most recent results (i.e., from experiments after the
year 2000).
A power law with a constant spectral index γ

Φ ¼ CRγ ð2Þ

where R is in GV and C is a normalization factor, does not
fit the flux reported in this work [25] and shown in Fig. 3(a)
at the 99.9% C.L. for R > 45 GV. Applying solar modu-
lation in the force field approximation [28] also does not fit
the data at the 99.9% C.L. for R > 45 GV. We therefore fit
the flux with a modified spectral index [29]

Φ ¼ C
!

R
45 GV

"
γ
#
1þ

!
R
R0

"Δγ=s$s
; ð3Þ

where s quantifies the smoothness of the transition of the
spectral index from γ for rigidities below the characteristic
transition rigidity R0 to γ þ Δγ for rigidities above R0.
Fitting over the range 45 GV to 1.8 TV yields a χ2=d:f: ¼
25=26 with C ¼ 0.4544% 0.0004ðfitÞþ0.0037

−0.0047ðsysÞþ0.0027
−0.0025

ðsolÞ m−2sr−1sec−1GV−1, γ ¼ −2.849 % 0.002ðfitÞþ0.004
−0.003

ðsysÞþ0.004
−0.003ðsolÞ, Δγ ¼ 0.133þ0.032

−0.021ðfitÞþ0.046
−0.030ðsysÞ %

0.005ðsolÞ, s ¼ 0.024þ0.020
−0.013ðfitÞþ0.027

−0.016ðsysÞ
þ0.006
−0.004ðsolÞ, and

R0 ¼ 336þ68
−44ðfitÞþ66

−28ðsysÞ % 1ðsolÞ GV. The first error
quoted (fit) takes into account the statistical and uncorre-
lated systematic errors from the flux reported in this work
[25]. The second (sys) is the error from the remaining
systematic errors, namely, from the rigidity resolution
function and unfolding, and from the absolute rigidity
scale, with their bin-to-bin correlations accounted for using
the migration matrix Mij. The third (sol) is the uncertainty
due to the variation of the solar potential ϕ ¼ 0.50 to
0.62 GV [30]. The fit confirms that above 45 GV the flux is
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FIG. 3 (color). (a) The AMS proton flux multiplied by ~R2.7 and
the total error as a function of rigidity. (b) The flux as a function
of kinetic energy EK as multiplied by E2.7

K compared with recent

measurements [3–6]. For the AMS results EK ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~R2þM2

p

q
−Mp

where Mp is the proton mass.

PRL 114, 171103 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
1 MAY 2015

171103-6

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

For p, agreement among AMS-02, PAMELA, 
CREAM (to some extent also quantitatively) 

Exp. hardening (AMS)=0.13(~±0.05, sys. dom)

For He, updated preliminary analysis 
agrees at least qualitatively on the 

presence of a change of spectral slope 
(although less prominent than PAMELA reports), at a 
rigidity ~300 GV comparable to the p one

The ball is in the theorists’ court!

S. Haino, AMS days @ CERN (AMS Collaboration) 

hardening in AMS-02 of 0.13 (~±0.05, sys.dom) 

NON-UNIVERSALITY, CONT’D
Confidence grew stronger after PAMELA. 

By now, conclusively established:                                    

 Almost uncontroversial, several 
experiments in agreement!

R (GV)1 10 210 310 410

p/
He

1

10

PAMELA
Zatsepin et al. 2006 (fitted to data)

=450 MVφGALPROP 
Zatsepin et al. 2006
Single power law fit

Figure 3: Ratio of the flux between proton and helium data of PAMELA vs. Rigidity. The
shaded area represents the estimated systematic uncertainty. Lines show the fit using one single
power law (describing the difference of the two spectral indices), the Galprop (25) and Zatsepin
models with the original values of the paper (26) and fitted to the data. Details of the models
are presented in Tables S1, S2.

low as 5 GV (green line in Fig. 3). For rigidities R >> φ, the ratio of the two species is

independent of the solar modulation parameter and allows ∆γ for the interstellar spectrum to

be measured in the rigidity range 5-30 GV, where solar modulation effects dominate. Previous

measurements (14–17, 19) did not have the statistical and systematic precision to demonstrate

this decrease in the ratio.

Secondly, as seen in Fig. 4, the PAMELA data show clear deviations from a single power

law model:

The spectrum of protons gradually softens in the rigidity range 30-230 GV. In the rigid-

ity range 30-80 GV, γR
30−80 GV,p = 2.801 ± 0.007 (stat) ± 0.002 (syst), which is lower than

the value fitted between 80-230 GV: γR
80−230 GV,p = 2.850 ± 0.015(stat) ± 0.004(syst). In

the case of helium, γR
30−80 GV,He = 2.71 ± 0.01 (stat) ± 0.002 (syst), which is lower than

γR
80−230 GV,He = 2.77 ± 0.03(stat) ± 0.004(syst). We applied Fisher’s and Student’s t-tests to

the single power law hypothesis in the range 30-230 GV for both protons and helium (see Sec-

tion 5 of the Supporting Online Material (SOM (27)) for details). This hypothesis is rejected at

7

O. Adriani et al.  [PAMELA Collaboration], “PAMELA 
Measurements of Cosmic-ray Proton and Helium Spectra,’' 
Science 332, 69 (2011)  [arXiv:1103.4055]
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Fig. 11.— Proton/helium flux ratios measured by
BESS-Polar I and BESS-Polar II (with protons re-
binned to match helium). The ratio reported by
PAMELA (Adriani et al. 2011) and a preliminary
AMS-02 ratio (Haino 2015) are also shown. Above
10 GV the two BESS-Polar ratios agree but the
PAMELA ratio is consistently higher and has a
steeper dependence on R.

mum are very similar. As would be expected, the
low-energy PAMELA proton spectrum from 2006,
prior to solar minimum falls below BESS-Polar II
or PAMELA in 2007, and the PAMELA results
from 2008 and 2009 during the deepest solar min-
imum are higher. The BESS and BESS-Polar mea-
surements of antiprotons and protons, which differ
only in charge-sign and interstellar spectral shape,
provide an excellent test case for charge-sign de-
pendent solar modulation (Asaoka et al. 2002). A
full discussion solar modulation and of the impli-
cations of the BESS results is beyond the scope of
the present paper.
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Fig. 12.— Proton/helium flux ratios measured
by BESS-Polar I, BESS-Polar II, and PAMELA
(Adriani et al. 2011), as shown in Figure 11, mul-
tiplied by R0.1 to emphasize differences. There is
excellent agreement between the two BESS-Polar
ratios above 10 GV. However, the PAMELA ratio
is consistently higher and has a softer dependence
on R. The ratio reported by AMS-02 was not final
at the time of writing and is omitted.

8.3. Proton-to-Helium Ratio

Comparing the spectra of protons and helium
gives important information on the sources and
acceleration of the light cosmic-rays and a test of
cosmic-ray origin and propagation models. The
measured power-law indices of protons and he-
lium, given above, are slightly different. This is
most easily shown in R space because our mea-
surements for both species reach 160 GV. The
measured proton/helium flux ratios in R from
BESS-Polar I and BESS-Polar II, with protons re-
binned to match helium, are shown in Figure 11
and compared to PAMELA (Adriani et al. 2011)
data and with preliminary AMS-02 results (Haino

15

K. Abe et al., [BESS-Polar Collab.], 
arXiv:1506.01267 

(Preliminary results presented by 
S. Haino, 2015, AMS Days at CERN (2015))

• local source? 
• not-linear diffusion? 
• two-zone diffusion? 

• evolution in the Mach number? 
• different acceleration zones?



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

CE & H. Yan, ApJ, 2014



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-
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.
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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.
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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 
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is there any anti-matter excess?

theoretical prediction 

pre-PAMELA

M. Aguilar et al. [AMS Collaboration], PRL (2013)
O. Adriani et al. [PAMELA Coll.], PRL (2010)

• secondary production in the 
sources?  

• pulsars?  
• dark matter?

• a powerful probe of secondary 
production in the ISM 

• strong bound for annihilating 
dark matter



is there any anti-matter excess?

arXiv:1702.08436

Di Bernardo, CE, et al., APh, 2011 - Di Mauro, et al., JCAP, 2016



is there any anti-matter excess?

Figure 8. Our reference model compared to AMS preliminary B/C data. Solid line: the TOA spectrum
modulated with � = 0.6 GV; dotted line: the LIS spectrum.

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

In figure 9 we show this comparison. The computation of the secondary flux is performed using
the fiducial value of the cross sections provided by [14], and the associated uncertainty is shown as a
blue band.

We conclude that, even without considering all the relevant uncertainties associated with propa-
gation or injection slopes, our predictions for the p̄/p are in good agreement with the preliminary data
in the entire energy range. Our findings are then in agreement with the conclusions of [58], although
our analysis relies on the B/C data from the same experiment for the assessment of the propagation
model.

6 Conclusions

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

By performing a scan over the parameter space relevant for CR propagation, we identified a set of
models compatible with B/C, proton, helium and carbon data provided by the PAMELA experiment.
We were then able to bracket the minimum and maximum secondary antiproton fluxes constrained
by local observables and we compared the associated uncertainty band with the errors related to
the production cross sections. It is the first time that such analysis has been performed by using
comprehensive numerical simulations of CR propagation in the Galaxy and the Heliosphere. More
importantly, we used for the first time a complete set of measurements from the same experiment:
Using consistent data from the same data-taking period allowed us to reduce the uncertainties due to
solar modulation.

Similarly to previous results, we found that the secondary antiproton spectrum is independent on
the (almost unknown) di↵usion halo height and that, using the recent PAMELA data, the uncertainty
on the propagation model dominates over the nuclear ones.

Our result has important implications for the indirect search of primary p̄ from DM annihilations
in the galactic halo. Therefore, we provided the most conservative – with respect to the mentioned

– 12 –

Figure 9. Our reference model compared to AMS preliminary p̄/p data. Blue solid (dashed) line: the p̄/p
spectrum computed with the fiducial cross sections from [14], with (without) the hardening in the proton and
helium injection spectra. The blue band reports the uncertainty associated to the production cross sections.

e↵ects – constraints on the annihilation rate for some popular DM models recently investigated in
connection to hints of DM signals in other detection channels.

Our method may be taken as a reference procedure to be exploited when the final measurements
for all the relevant channels are published by the AMS-02 collaboration.

At the moment, the preliminary release by the AMS-02 collaboration of nuclear data does not
permit to perform a statistical analysis. Nevertheless, we found that the model in agreement with
AMS-02 proton, helium, and B/C data is compatible with the p̄/p spectrum. Therefore, we do not
report any significant anomaly in this observable. Our result is then consistent with the conclusions
presented in [58].
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Figure 8. Our reference model is compared to AMS-02 preliminary proton (left plot) and helium (right
plot) data. With the dotted and dashed lines we show the minimal and maximal breaks compatible with the
hardening measured by AMS-02.

e.g., [39, 61]), given the large uncertainties on the propagation parameters (for the secondary p̄) and
on the halo height (for the DM p̄), the antiproton channel cannot be invoked to conclusively exclude
this hypothesis.

5 Discussion on AMS-02 preliminary data

In this section we focus on the recently released AMS-02 data, including protons [62], and preliminary
helium, B/C and p̄/p ratio [63], with energy range extending to 450 GeV.

In particular, we take a closer look at the new impressively accurate data on the p̄/p ratio and we
attempt to evaluate their compatibility with the other hadronic observables. Given the preliminary
nature of the released data we do not attempt a statistical analysis of the uncertainties associated
with propagation. In this perspective, the final release of the secondary/primary measurements, when
systematic and statistical errors are fully accounted for, will be crucial.

A propagation model chosen among those considered in section 3.1, and compatible with prelim-
inary B/C measurements, is shown in figure 9. The propagation parameters are: D0 = 1.5, � = 0.42,
vA = 27, dVC/dz = 14, �C = 2.46, �H = 2.44/2.31. For comparison, the same value for � was found
by [51] using the same datasets.

Remarkably, the predicted B/C ratio reproduce the AMS-02 data over more than three orders of
magnitude in energy. It is worth noting here that the � required by the new high-energy measurements
is in perfect agreement with the best-fit value obtained in our earlier statistical analysis [6], based on
the available high-energy measurements preceding PAMELA and AMS-02 releases.

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

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

In figure 10 we show this comparison. The computation of the secondary flux is performed using
the fiducial value of the cross sections provided by [14], and the associated uncertainty is shown as a
blue band.
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see also Giesen et al., 1504.04276  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is there any anti-matter excess?
 Giesen et al., 1504.04276  

No model selection based on B/C



is there any anti-matter excess?
  Johannesson et al.,1602.02243

 Two-dimensional posterior distributions, showing 1 and 2-sigma 
credible intervals for the p, ap and He scan (blue), and for the light 

elements (magenta).



what is the maximum galactic CR energy?

the end of the 
galactic spectrum 
as a superposition 
of cutoffs?





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

Ice-Cube 3yrs

E� > 10TeV

110 Emissione di neutrini da pion-production

Questo capitolo édedicato al calcolo del flusso dei neutrini con energie dell’ordine del TeV,

prodotti dal decadimento a cascata dei pioni carichi che si formano nell’urto protone-

protone.

Questo processo consta di due generazioni, secondo lo schema:

N + pISM ! ⇡± +X

,! µ± +
(�)
⌫ µ

,! e± +
(�)
⌫ µ +

(�)
⌫ e

5.1 Emissivitádei fotoni dal decadimento del ⇡0

Consideriamo preliminarmente l’emissivitádi � da interazioni adroniche (Fatuzzo & Melia

2003; Crocker et al. 2005; Berezinsky et al. 1997).

Il processo responsabile saráil decadimento ⇡0
! � + �, dove i mesoni sono prodotti

dell’interazione pp.

Sia nH la densitánumerica dei protoni bersaglio, che per i nostri scopi saranno suppo-

sti a riposo, e np(E) = n0(E/E0)�↵ (dove E è l’energia totale della particella) lo spettro

dei protoni incidenti. Abbiamo ottenuto dalla simulazione della propagazione dei Raggi

Cosmici che nella regione in cui épresente il gas interstellare l’indice spettrale potráessere

considerato costante, pertanto adotteremo nel seguito il valore 2.7.

Dalla definizione segue che l’emissività1 dei pioni sará:

Qpp
⇡0

= c nH

Z

Eth(E⇡0

)
dEpnp(Ep)

d�(E⇡0

, Ep)

dE⇡0

(5.1)

dove Eth(E⇡0

) ' E⇡0

éla minima energia che un protone deve possedere per produrre

un ⇡0 di energia E⇡0

.

Per cui l’emissivitádi fotoni dovuta al decadimento dei pioni neutri sará:

Q�(E�) = 2

Z

Emin
⇡0

(E�)
dE⇡0

Qpp
⇡0

(E2
⇡0

�m2
⇡0

c4)1/2
(5.2)

dove Emin
⇡0

(E�) = E� +m2
⇡0

c4/(4E�).

La sezione d’urto di↵erenziale per produzione di ⇡0 in collisioni protone-protone ében

approssimata, per energie superiori a 7 GeV, dalla forma di scaling dovuta a Blasi &

1L’emissività è definita come il numero di particelle emesse per unitádi volume e per unitádi tempo
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FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
charm atmospheric background to the level of the 90% CL
limit from the northern hemisphere ⌫

µ

spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(E) = 1.5⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

excess at low energies, hardening the spectrum of the re-
maining data. The corresponding range of best fit astro-
physical slopes within our current 90% confidence band
on the charm flux [9] is �2.0 to �2.3. As the best-fit
charm flux is zero, the best-fit astrophysical spectrum
is on the lower boundary of this interval at �2.3 (solid
line, Figs. 2, 3) with a total statistical and systematic
uncertainty of ±0.3.

To identify any bright neutrino sources in the data, we
employed the same maximum-likelihood clustering search
as before [11], as well as searched for directional corre-
lations with TeV gamma-ray sources. For all tests, the
test statistic (TS) is defined as the logarithm of the ratio
between the best-fit likelihood including a point source
component and the likelihood for the null hypothesis, an
isotropic distribution [34]. We determined the signifi-
cance of any excess by comparing to maps scrambled in
right ascension, in which our polar detector has uniform
exposure.

As in [11], the clustering analysis was run twice, first
with the entire event sample, after removing the two
events (28 and 32) with strong evidence of a cosmic-ray
origin, and second with only the 28 shower events. This
controls for bias in the likelihood fit toward the positions
of single well-resolved muon tracks. We also conducted
an additional test in which we marginalize the likelihood
over a uniform prior on the position of the hypothetical
point source. This reduces the bias introduced by muons,
allowing track and shower events to be used together, and
improves sensitivity to multiple sources by considering
the entire sky rather than the single best point.

Three tests were performed to search for neutrinos cor-

FIG. 5. Arrival directions of the events in galactic coordi-
nates. Shower-like events (median angular resolution ⇠ 15�)
are marked with + and those containing muon tracks (. 1�)
with ⇥. Approximately 40% of the events (mostly tracks
[13]) are expected to originate from atmospheric backgrounds.
Event IDs match those in the catalog in the online supple-
ment [29] and are time ordered. The grey line denotes the
equatorial plane. Colors show the test statistic (TS) for the
point source clustering test at each location. No significant
clustering was observed.

related with known gamma-ray sources, also using track
and shower events together. The first two searched for
clustering along the galactic plane, with a fixed width
of ±2.5�, based on TeV gamma-ray measurements [35],
and with a free width of between ±2.5� and ±30�. The
last searched for correlation between neutrino events and
a pre-defined catalog of potential point sources (a com-
bination of the usual IceCube [36] and ANTARES [37]
lists; see online supplement [29]). For the catalog search,
the TS value was evaluated at each source location, and
the post-trials significance calculated by comparing the
highest observed value in each hemisphere to results from
performing the analysis on scrambled datasets.

No hypothesis test yielded statistically significant evi-
dence of clustering or correlations. For the all-sky cluster-
ing test (Fig. 5), scrambled datasets produced locations
with equal or greater TS 84% and 7.2% of the time for
all events and for shower-like events only. As in the two-
year data set, the strongest clustering was near the galac-
tic center. Other neutrino observations of this location
give no evidence for a source [38], however, and no new
events were strongly correlated with this region. When
using the marginalized likelihood, a test statistic greater
than or equal to the observed value was found in 28% of
scrambled datasets. The source list yielded p-values for
the northern and southern hemispheres of 28% and 8%,
respectively. Correlation with the galactic plane was also
not significant: when letting the width float freely, the
best fit was ±7.5� with a post-trials chance probability
of 2.8%, while a fixed width of ±2.5� returned a p-value
of 24%. A repeat of the time clustering search from [11]

?



~ 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



Most of the GP g emission is the decay of p0 produced in CR/gas collisions
Counts map derived from HI and CO radio surveys. 
The gas column density distributed in Galactocentric 
rings was scaled to reproduce the LAT counts

LAT counts minus sources and isotropic

LAT view of the Galactic interstellar emission 

HI from LAB survey

CO from CfA survey

Counts map derived from HI and CO radio surveys. 
The gas column density distributed in Galactocentric 
rings was scaled to reproduce the LAT counts

LAT counts minus sources and isotropic

LAT view of the Galactic interstellar emission 

HI from LAB survey

CO from CfA survey

=

Z

los

dl np(r)⇥
Counts map derived from HI and CO radio surveys. 
The gas column density distributed in Galactocentric 
rings was scaled to reproduce the LAT counts

LAT counts minus sources and isotropic

LAT view of the Galactic interstellar emission 

HI from LAB survey

CO from CfA survey

+ np(r)⇥XCO(r)⇥

H2
MW Hydrogen is ∼75% in terms of mass fraction. 

• Atomic (HI): The most massive phase with a large filling factor (h ~ 200 pc). 

• Molecular (H2): The densest phase, very clumpy (h ~ 100 pc). 

• Ionized (HII): Much smaller density and with the largest scale height (h ~1 kpc).

⇡0�

for a review see I.Grenier, J.Black and A.Strong, ARA&A 2015



Template analysis for the GDE

=Σqhir*NHIr+Σqcor*WCOr+qHI*IIC+Iso
r=1,6r=1,6

γ
Templates: all-sky surveys or GALPROP IC

The Template Approach

The diffuse emission can be modelled with a linear combination of various templates. 
This approach was used to study selected regions of the sky. 

We can also apply it to the whole Galaxy. 
Principle:

Galactocentric HI rings

Example of Galprop IC prediction, depends on electron distribution and the ISRFGalactocentric HI rings

�� =
X

i

giHINHI(ri) +
X

i

giCOWCO(ri) +
X

i

giICIIC(ri) + Iiso

from a propagation one-zone model

�� ⇠
X

i

np(ri)NHI(ri) +
X

i

np(ri)XCO(ri)WCO(ri)

free parameters

Ackermann et al., ApJ, 750 (2012)



FERMI galactic diffuse emissionConventional models against Fermi data 
Fermi coll.  ApJ 2012

full-sky but the GP inner GP

Fermi Benchmark (FB) conventional model:   

δ = 0.3 , !P = 2.72 (in the whole Galaxy),   zh =  4 kpc

full sky, without the GP inner GP

@100 GeV

FERMI reference model 
for the galactic emission

Ackermann et al., ApJ, 750 (2012)

DGE

⇡0



What do we learn about galactic CR?
– 75 –

Fig. 25.— Radial distribution of XCO for model SSZ4R20T150C5 (black X), SLZ6R20T1C5 (blue

squares), SYZ10R30T150C2 (red circles), and SOZ8R30T1C2 (green triangles). We do not show

the XCO values in the outer Galaxy because they are strongly biased by the lack of �-ray intensity

in the outer Galaxy in our models. For comparison, we also show data from Abdo et al. (2010d)

(purple diamonds), Ackermann et al. (2011a) (cyan stars), and Strong et al. (2004c) (solid curve).

The blue dashed curve shows the initial value we used in our iterative procedure.
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(purple diamonds), Ackermann et al. (2011a) (cyan stars), and Strong et al. (2004c) (solid curve).

The blue dashed curve shows the initial value we used in our iterative procedure.

• standard CR propagation/interaction models adequate for local measurements 
• diffuse emissions are reproduced at the expenses of consistent physics (i.e., normalisations 

“here & then”)   
• FERMI DGE became “a point-source analysis model”!

see Olaf Reimer’s talk at TeVPA2015



A new view on diffuse galactic modelling 

An unconventional approach 
Gaggero, Urbano, Valli & Ullio                       
arXiV: 1411.7623  PRD 2015

The KRA! model reproduces the full-sky Fermi 
spectrum and angular distribution.  It also 
provides a better fit in the inner GP region

3FGL point sources accounted 

how to change my 
propagation model to 
reproduce g data?

�(r) = A+B ·
✓

r

r�

◆

D = D0⇢
�

Radial gradients in diffusion

D. Gaggero et al., PRD, 91 (2015)

�



Model independent template analysis

=Σqhir*NHIr+Σqcor*WCOr+qHI*IIC+Iso
r=1,6r=1,6

γ
Templates: all-sky surveys or GALPROP IC

The Template Approach

The diffuse emission can be modelled with a linear combination of various templates. 
This approach was used to study selected regions of the sky. 

We can also apply it to the whole Galaxy. 
Principle:

Galactocentric HI rings

Example of Galprop IC prediction, depends on electron distribution and the ISRFGalactocentric HI rings

�� =
X

i

giHINHI(ri) +
X

i

giCOWCO(ri) +
X

i

giICIIC(ri) + Iiso

free parameters free parameters

�� ⇠
X

i

np(ri)NHI(ri) +
X

i

np(ri)XCO(ri)WCO(ri)

Fermi Collaboration, ApJ, 2011



The radial distribution of the diffuse g-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!

�

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” 

Results: Both the absolute emissivity and the energy spectra of γ-rays derived in the 
interval 0.2-100 GeV show significant variations along the galactic plane. 
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Comparison with local proton spectrum 8
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FIG. 9: The CR proton spectra in the inner (r ≤ 8 kpc) and outer (r ≥ 8 kpc) regions, as well as in the 4-6 kpc ring
derived from γ-ray emissivities presented in Fig.7. Also are shown the proton spectra derived from the γ-ray

measurements of the nearby molecular cloud Orion B [16]. and from the low-energy γ-ray component called “GeV
excess”. The direct measurements of the CR proton spectrum are from the AMS-02 collaboration report [17], which

are shown as black squares.

at multi-GeV energies the component of π0-decay γ-rays
strongly, by on order of magnitude, dominates over the
IC contribution calculated for the “standard” fluxes of
ISRF [see 8]. Consequently, the interpretation of the
spectral hardening of γ-rays by an enhanced IC contri-
bution, seems rather unlikely.
Thus, we may conclude, although not without the

caveat concerning the possible non-negligible contribu-
tion of unresolved γ-ray sources, that the major fraction
of the diffuse γ-ray flux at GeV energies arises from in-
teractions of CR protons and nuclei with the interstellar
gas (through the production and decay of the secondary
neutral pions). In the framework of this interpretation,
the hardening of the γ-ray spectrum in the inner Galaxy
can be explained by the concentration of CR accelera-
tors in the inner Galaxy and/or by the CR propagation
effects [see e.g. 20]. The radial distributions of the nor-
malised γ-ray emissivity (Fig.7 and Fig.8), as well as the
radial dependence of the photon index (Fig.6), contain
unique information regarding the spatial distribution of
CR accelerators.
If the distinct maximum in the radial distribution of

the γ-ray emissivity in Fig.7 calculated for the values of
the conversion factor XCO from Table 1, is real, it is
straightforward to assume that the CR accelerators are
concentrated in the 4-6 kpc ring. The continuous injec-
tion of CRs into the interstellar medium can explain the
gradual drop of the γ-ray emissivity in both directions
- towards the GC and to the periphery of the Galaxy
(see Fig.7). While in the homogeneous and spherically
symmetric medium we expect 1/r type distribution for
the CR density [see e.g. 8], radial dependence of the dif-
fusion coefficient and its possible anisotropic character
could result in a deviation from the 1/r dependence. De-
tailed numerical treatment of the CR propagation, and

the comparison of theoretical predictions with the results
presented in Fig.7 and Fig.6, would provide an important
information on the spatial distribution of sources of CRs,
on the character of their propagation in the interstellar
magnetic fields, on the total CR injection rate, etc.

What concerns the harder energy spectrum of CRs
which are currently confined in the 4-6 kpc ring, com-
pared to their spectrum in outskirts of the Galaxy, a
possible reason of this effect could be an intrinsic fea-
ture of particle accelerators in the ring. For example,
one may speculate that the sources in the inner Galaxy
accelerate CRs with harder spectra than the CR acceler-
ators do in the outer Galaxy. An alternative explanation
of of this effect could be related to the specifics of prop-
agation of particles in the inner Galaxy. In particular,
it could be caused by different rates of escape of CRs in
different parts of the Galaxy. For example, the stronger
galactic wind in the inner Galaxy, caused by a higher lo-
cal pressure, may result in the transport of CRs which
at low energies might be dominated by advection rather
than diffusion. Consequently, at low energies the shape
of the CR spectrum in the inner Galaxy would not suffer
deformation [8], while in the outer Galaxy the energy-
dependent diffusion could lead to significant steepening of
the original (acceleration) spectrum. Apparently, these
two scenarios need further observational and theoretical
inspections. In particular, it would be important to per-
form independent measurements of the CR spectra from
individual massive clouds which can serve as CR barome-
ters [21–23]. Such measurements, already have been con-
ducted for the nearby molecular clouds in the Gould Belt
[16] and local Hi regions [24, 25]. They have revealed ab-
solute fluxes and energy spectra of CRs which are in a
good agreement with the results of this paper for the
outer Galaxy, and with the recent direct measurements

R. Yang, F. Aharonian, CE, PRD, 2016

AMS-02

The energy spectrum of multi-GeV protons derived from γ-ray data in the 
outskirts of the Galaxy is quite close to the measurements of local CRs. 



Comparison with one-zone model predictions
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no radial diffusion?
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FERMI galactic interstellar emission model (GEIM)– 47 –
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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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towards a “physical" consistent global picture
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improved knowledge  
of ISM turbulence

new developments of particle-wave 
interaction formalism

realistic simulation of 
global CR transport



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 
density and magnetic field

galactic winds powered by 
SN or CR themselves

what is the impact on the diffuse emissions or on the  
local spectra of the physical effects we averaged out?
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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

The profile along the z-axis of the numerical solutions obtained for the three cases are612

shown in right panel of Fig.17. As it can be clearly seen, the solution that can be obtained613

with NEB overlaps perfectly with the one that is found in the EB case with nz = 501,614

while the solution that characterizes the EB with nz = 501 appears to be wrong by more615

than two orders of magnitude. The advantage of using NEB is here evident, since by going616
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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

see also Kissmann, R. et al., APh, 2015
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DRAGON2 solver in Operator Spitting



DRAGON2 energy losses in the ISM

diffusion

diffusion



DRAGON2 energy losses in the ISM

diffusion

diffusion

  

Escape

3. 'Standard' modelling: time scales and consequences

LeptonsNuclear component

Taillet & Maurin, A&A 402, 971 (2003)
Maurin & Taillet, A&A 404, 949 (2003)

Æ CR nuclei originate from a large volume (for sources)

Æ Below a few GeV/n, heavy CRs depleted/closer w.r.t. light ones

Æ CR leptons at high energy are very local (few hundreds of pc)

Æ  Time-dependent/single source effects expected

Strong & Moskalenko, ApJ 509, 212(1998)

wind

        escape

Strong et al., ApJ 722 (2010) L58

Galaxy is a electromagnetic calorimeter !
→ Very efficient for electrons (convert e- to radiation)
→ Very inefficient for protons (escape)

Strong et al., ApJ 722 (2010) L58 



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



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  


