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Fig. 1 Spectrum of cosmic rays
at the Earth (courtesy Tom
Gaisser). The all-particle
spectrum measured by different
experiments is plotted, together
with the proton spectrum. The
subdominant contributions from
electrons, positrons and
antiprotons as measured by the
PAMELA experiment are shown

the showers in electron-poor (a proxy for light chemical composition) and electron-
rich (a proxy for heavy composition) showers and showed that the light component
(presumably protons and He, with some contamination from CNO) has an ankle-like
structure at 1017 eV. The authors suggest that this feature signals the transition from
Galactic to extragalactic CRs (in the light nuclei component). The spectrum of Fe-like
CRs continues up to energies of ∼1018 eV, where the flux of Fe and the flux of light
nuclei are comparable. A similar conclusion was recently reached by the ICETOP
Collaboration (Aartsen et al. 2013). This finding does not seem in obvious agree-
ment with the results of the Pierre Auger Observatory (Abraham et al. 2010), HiRes
(Sokolsky and Thomson 2007) and Telescope Array (Sokolsky 2013), which find a
chemical composition at 1018 eV that is dominated by the light chemical component.

The presence of a knee and the change of chemical composition around it have
stimulated the idea that the bulk of CRs originates within our Galaxy. The knee could
for instance result from the superposition of cutoffs in the spectra of the different
chemicals as due to the fact that most acceleration processes are rigidity dependent:
if protons are accelerated in the sources to a maximum energy Ep,max ∼ 5 × 1015 eV,
then an iron nucleus will be accelerated to EFe,max = 26Ep,max ∼ (1–2) × 1017 eV
(it is expected that at such high energies even iron nuclei are fully ionized, therefore
the unscreened charge is Z = 26). A knee would naturally arise as the superposition
of the cutoffs in the spectra of individual elements (see for instance Hörandel 2004;
Blasi and Amato 2012a; Gaisser et al. 2013).

The apparent regularity of the all-particle spectrum in the energy region below
the knee is at odds with the recent detection of features in the spectra of individual
elements, most notably protons and helium: the PAMELA satellite has provided ev-
idence that both the proton and helium spectra harden at 230 GeV (Adriani et al.
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Basics of CR Physics

Garcia-Munoz	et	al.	1977

Measurements of the B-Li-Be in 
CRs show that CR live for tens 
of million years in the Galaxy 

DIFFUSIVE TRANSPORT

10Be 
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The Physics of the origin of CRs is 
mainly in the injection term (sources) 
and in the diffusion term (transport).

 Both are often assumed — 

far from being realistic…
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RECALL THAT 
RESONANCE 

OCCURS ON SCALES  
(1/3) A.U. EGeV /Bµ 



Despite some efforts to work in different directions, SNR still remain the main 
candidate sources of Galactic CRs 

They may be of different types, esplode in different environments, have different 
energetics, but… 

They all lead to the formation of strong collisionless shocks 

The main process of particle acceleration is diffusive shock acceleration (DSA) at such 
shocks 

But… many loose ends… as for any good theory, its weaknesses are proof if its 
testability

6

SOURCES OF GALACTIC 
COSMIC RAYS



FREE EXPANSION VELOCITY:  

THE EXPANSION SPEED DROPS DURING THE SEDOV-
TAYLOR PHASE BUT THE MACH NUMBER STAYS 
>10-100 

STRONG COLLISIONLESS SHOCK WAVE
7

SUPERNOVA BLAST WAVES



Diffusion of charged particles back and 
forth across the shock leads to 

POWER LAW SPECTRUM 

THE SPECTRAL SLOPE ONLY 
DEPENDS ON SHOCK COMPRESSION 

INDEPENDENT OF THE DIFFUSION 
COEFFICIENT 

FOR STRONG SHOCKS:  E-2

U1 

U2 

Krymsky 1977 
Bell 1978 
Blandford & Ostriker 1978 

€ 

ΔE
E

=
4
3
(U1 −U2 )

THE EFFICIENCY REQUIRED PER SNR ~10%: TEST PARTICLES? 
 FIRST NEED FOR A NON-LINEAR THEORY
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DIFFUSIVE SHOCK ACCELERATION 
Test Particle Approach



Virtually all young SNRs show evidence of thin non-thermal X-ray 
filaments 

They are the result of synchrotron emission of high energy 
electrons accelerated at the shock

B~100 Bgalaxy

 SECOND NEED FOR A NON-LINEAR THEORY 

9

X-ray filaments



 COMPRESSION FACTOR BECOMES 
FUNCTION OF ENERGY 

 SPECTRA ARE NOT PERFECT 
POWER LAWS (CONCAVE) 

 GAS BEHIND THE SHOCK IS COOLER 
WHEN PARTICLE ACCELERATION IS 
EFFICIENT 

 RAPID GROWTH OF B-FIELD IF 
ACCELERATION EFFICIENT

PB, Gabici and Vannoni 2005 

UPSTREAM PRECURSOR

DOWNSTREAM

u0

u1

u2

Subshock

1� u1

u0
⇡ Pcr

⇢0u2
0
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Basic predictions of NLDSA 
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THE QUEST FOR EMAX

Maximum energy fixed by: 

⇠ D(E
max

)

v2
s

⇠ E�

B↵

With D(E) derived from B/C:    Emax~ GeV 

With D(E) = Ec/eB [Bohm diffusion]:  Emax~ 104-5 GeV  
Lagage & Cesarsky 1983

TURBULENT MAGNETIC FIELD NEEDS TO BE 
STRONGLY AMPLIFIED IF TO REACH KNEE

⌧
accel

(E
max

) = Min [Age, ⌧
losses

(E
max

)]
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Particle acceleration at shocks is basically a problem of electro-
dynamics, just very complex 

JCR = nCRevsh

nCR + ni = ne

The background plasma 
reacts to the presence 
of CR by creating a 
return current

It is this RETURN CURRENT that induces the 
plasma ins tabi l i t ie s responsib le for 
magnetic field amplification and regulates 
the MAXIMUM ENERGY [Bell 2004]

12

Basics of magnetic field amplification 
The ever-lasting quest for Emax



Escaping particles  
Generating seed  
turbulence

Bell & Schure 2013 
Cardillo, Amato & PB 2015
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THE CRUCIAL ROLE OF ESCAPING CR

Caprioli & Spitkovsky 2013
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The fastest growing modes 
quasi purely growing non-resonant modes

Bell (2004): for parameters of a young SNR - new instability when 

The instability grows on non-resonant scales —> current not affected

nCR(> E)E
vs
c

>
B2

0

4⇡
= Umag �

max

= k
max

v
A

k
max

B0 =
4⇡

c
Jesc

CR

Energy density of escaping CRs Growth rate    kmax>>1/rL(E)

Force on fluid element —> scale of the field increases 

THE FIELD SATURATION —> EQUIPARTITION BETWEEN MAGNETIC 
ENERGY AND ENERGY OF ESCAPING CR —> TYPICALLY SEVERAL 
HUNDRED MICROGAUSS AFTER COMPRESSION, FOR A YOUNG SNR

⇢
dv

dt
⇡ JCR�B(t) ! �B2

4⇡
⇡ nCR(> E)E
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FOR A SN TYPE Ia EXPLODING IN THE ISM THE MAXIMUM ENERGY CAN 
BE ESTIMATED AS: 

FOR TYPICAL VALUES OF THE PARAMETERS THE MAXIMUM ENERGY 
REACHABLE IS WELL BELOW THE KNEE

15

IMPLICATIONS FOR MAXIMUM ENERGY 
Supernovae Type Ia
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The case of Tycho
A&A 538, A81 (2012)
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Fig. 6. Spatially integrated spectral energy distribution of Tycho. The curves show synchrotron emission, thermal electron bremsstrahlung and pion
decay as calculated within our model (see text for details). The experimental data are, respectively: radio from Reynolds & Ellison (1992); X-rays
from Suzaku (courtesy of Toru Tamagawa), GeV gamma-rays from Fermi-LAT (Giordano et al. 2012) and TeV gamma-rays from VERITAS
(Acciari et al. 2011). Both Fermi-LAT and VERITAS data include only statistical error at 1σ.
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Fig. 7. Surface brightness of the radio emission at 1.5 GHz as a func-
tion of the radius (data as in Fig. 1). The thin solid line represents the
projected radial profile computed from our model using Eq. (16), while
the thick solid line corresponds to the same profile convoluted with a
Gaussian with a PSF of 15 arcsec.

account (Fig. 3), results in a bremsstrahlung emission peaked
around 1.2 keV, which, at its maximum, contributes only about
6% of the total X-ray continuum emission only, in agreement
with the findings of Cassam-Chenaï et al. (2007). In the same
energy range, there is however a non-negligible contribution
from several emission lines, which increases their intensity mov-
ing inwards from the FS, where the X-ray emission is mainly
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Fig. 8. X-ray emission due to synchrotron (dashed line) and to syn-
chrotron plus thermal bremsstrahlung (solid line). Data from the Suzaku
telescope (courtesy of Toru Tamagawa).

nonthermal (Warren et al. 2005). A detailed model of the line
forest is, however, beyond the main goal of this paper.

The projected X-ray emission profile, computed at 1 keV, is
shown in Fig. 9, where it is compared with the Chandra data in
the region that Cassam-Chenaï et al. (2007) call region W. The
resulting radial profile, already convoluted with the Chandra
PSF of about 0.5 arcsec, shows a remarkable agreement with
the data. As widely stated above, the sharp decrease in the emis-
sion behind the FS is due to the rapid synchrotron losses of the

A81, page 10 of 15

G. Morlino and D. Caprioli: Strong evidence for hadron acceleration in Tycho’s supernova remnant
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Fig. 9. Projected X-ray emission at 1 keV. The Chandra data points
are from (Cassam-Chenaï et al. 2007, see their Fig. 15). The solid line
shows the projected radial profile of synchrotron emission convolved
with the Chandra point spread function (assumed to be 0.5 arcsec).

electrons in a magnetic field as large as ∼300 µG. In Fig. 9
we also plot the radial radio profile computed without magnetic
damping; since the typical damping length-scale is ∼3 pc, it is
clear that the nonlinear Landau damping cannot contribute to the
determination of the filament thickness.

It is worth stressing that the actual amplitude of the magnetic
field we adopt is not determined to fit the X-ray rim profile, but it
is rather a secondary output, due to our modeling of the stream-
ing instability, of our tuning the injection efficiency and the ISM
density in order to fit the observed gamma-ray emission (see the
discussion in Sect. 3). We in fact checked a posteriori whether
the corresponding profile of the synchrotron emission (which, in
shape, is also independent on Kep), were able to account for the
thickness of the X-ray rims and for the radio profile as well.

4.3. Radio to X-ray fitting as a hint of magnetic field
amplification

Another very interesting property of the synchrotron emission is
that a simultaneous fit of both radio and X-ray data may provide
a downstream magnetic field estimate independent of the one de-
duced by the rims’ thickness. In fact, assuming Bohm diffusion,
the position of the cut-off frequency observed in the X-ray band
turns out to be independent of the magnetic field strength, and
actually depends on the shock velocity alone.

On the other hand, if the magnetic field is strong enough to
make synchrotron losses dominate on ICS and adiabatic ones,
the total X-ray flux in the cut-off region only depends on the
electron density, in turn fixing the value of Kep independently
of the magnetic field strength. Moreover, radio data suggest the
slope of the electron spectrum to be equal to 2.2 at low energies,
namely below Eroll ≃ 200 GeV. Above this energy the spectral
slope in fact has to be 3.2 up to the cut-off determined by set-
ting the acceleration time equal to the loss time, as discussed in
Sect. 2.5.

In Fig. 10 we plot the synchrotron emission from the down-
stream, assuming a given magnetic field at the shock and
neglecting all the effects induced by damping and adiabatic
expansion. The three curves correspond to different values of
B2 = 100, 200 and 300 µG, while the normalization factor Kep is
chosen by fitting the X-ray cut-off, and it is therefore the same
for all curves. As it is clear from the figure, in order to fit the
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Fig. 10. Synchrotron emission calculated by assuming constant down-
stream magnetic field equal to 100 (dotted line), 200 (dashed line), and
300 µG (solid line). The normalization of the electron spectrum is taken
to be Kep = 1.6 × 10−3 for all the curves.

radio data the magnetic field at the shock has to be !200 µG,
even in the most optimistic hypothesis of absence of any damp-
ing mechanism acting in the downstream.

As a matter of fact, synchrotron emission alone can provide
evidence of ongoing magnetic field amplification, independently
of any other evidence related to X-ray rims’ thickness or emis-
sion variability. Such an analysis is in principle viable for any
SNR detected in the nonthermal X-rays for which it is also pos-
sible to infer the spectral slope of the electron spectrum from
the radio data, only requiring radio and X-ray emissions to come
from the same volume and therefore from the same population
of electrons.

4.4. Gamma-ray emission

The most intriguing aspect of Tycho’s broadband spectrum is
its gamma-ray emission, which has been detected before in the
TeV band by VERITAS (Acciari et al. 2011) and then in the
GeV band by Fermi-LAT, too (Giordano et al. 2012). Gamma-
ray emission from SNRs has been considered for long time a
possible evidence of hadron acceleration in this class of objects
(Drury et al. 1994), even if there are two distinct physical mech-
anisms that may be responsible for such an emission; in the so-
called hadronic scenario, the gamma-rays are produced by the
decay of neutral pions produced in nuclear collisions between
CRs and the background gas, while in the so-called leptonic sce-
nario the emission is due to ICS or relativistic bremsstrahlung
of relativistic electrons.

We show here, with unprecedented clarity for an SNR, that
the gamma-ray emission detected from Tycho cannot have a lep-
tonic origin, but has to come from accelerated hadrons, instead.
This fact, along with the VERITAS detection of ∼10 TeV pho-
tons and the lack of evidence of a cut-off in the spectrum, implies
that hadrons have to be accelerated up to energies as high as a
few hundred TeV.

In particular, the proton spectrum we obtain shows a cut-off
around pmax = 470 TeV/c (see Fig. 4). In this respect, Tycho
could be considered as a half-PeVatron at least, because there is
no evidence of a cut-off in VERITAS data. The age-old problem
of detecting SNRs emitting photons with energies over a few
hundred TeV (i.e., responsible for the acceleration of particles
up to the knee observed in the spectrum of diffuse Galactic CRs)

A81, page 11 of 15

X-ray 
morphology

Morlino & Caprioli 2012



CORE COLLAPSE SN OFTEN EXPLODE IN THE WIND OF THE GIANT 
PROGENITOR. THE GAS DENSITY IN THE WIND IS 

IN THE DENSE WIND THE SEDOV PHASE IS REACHED AT DISTANCE  
     

      (About 30 years after explosion) 

SN EXPLOSION

RED GIANT 
WIND
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MAXIMUM ENERGY FOR A CORE COLLAPSE 
SN IN A RED SUPERGIANT WIND



Some points…
 Effective max energy at the 
beginning of Sedov phase (~30 
years…) - not easy to catch 
Pevatrons with gamma rays… 

 No exponential cutoff at Emax 

(broken power law) 

 Overall spectrum of galactic CRs 
should end around 1017 eV<<Ankle 

 Mass composition should become 
heavy at the transition 

 Transition to what?

Photodisintegration of nuclei in the dense photon background
may also become important. However, this is a threshold process,
which is turned on when !cA > Ebind ! 10 MeV, Ebind being the bind-
ing energy of a nucleon inside the nucleus. This leads to a lower
bound on the nucleus Lorentz factor cA > 107. Above this thresh-
old, the time scale for the process to become irrelevant, assuming
a typical photon energy in the SN of ! ! 1 eV, is

1
nphrphc

" r
c
! t " 80 yrs: ð38Þ

The bound becomes less severe for more energetic SNe, namely for
larger shock velocities. We stress once more that this bound is of
some concern only for nuclei with rigidity quite above the rigidity
of the knee.

4.1. Comparison with high energy data

Any understanding of the origin of CRs at the knee is bound to
have important implications for higher energy CRs, and more
specifically for the transition from Galactic to extragalactic CRs.
In this section we discuss this issue in some detail. The standard
lore about the origin of the knee in the all-particle spectrum is
based on the premise that this feature coincides with a change of
mass composition of CRs from light to heavy. In this perspective,
the knee is associated with the end of the spectrum of the light
component of CRs, say H and He. The natural implication of this
line of thought is that the sources of Galactic CRs must be able to
accelerate particles to at least the energy of the knee in the all-par-
ticle spectrum, say ! 3 PeV. The important conclusion has stimu-
lated endless discussion for the last thirty years on the sources
and on the type of acceleration mechanism: in 1983, two seminal
papers [36,37] reached the conclusion that even in the presence of
resonant growth of Alfvén waves the maximum energy reachable
in SNRs could not exceed ! 103—105 GeV, thereby falling short of
the knee by more than one order of magnitude. Measurement of
the proton and He spectrum by KASCADE [9] seemed to confirm
that the spectrum of the light CR component is steepening in the
PeV region. A note of caution should be added, in that the informa-
tion about mass composition is accessible to KASCADE only
through a complex Monte Carlo dependent procedure. For instance
using Sybill and QGSJet to simulate the showers, would lead to dif-
ferent spectra inferred for H and He.

More recently, the KASCADE-Grande experiment [10] has mea-
sured the spectra and mass composition in the energy region

E P 1016:6 eV: the spectrum of protons was claimed to show an-

ankle like feature at energies E ¼ 1017:08&0:08 eV, where there is a
hardening to a slope of about 2.7. This harder, high energy compo-
nent was associated with the beginning of the extragalactic CR
component. At the same time, the spectrum of Fe nuclei was
observed to have a knee-like feature at E ¼ 1016:92&0:04 eV, which
also happens to be at ! 26 times the energy of the knee. This fea-
ture was readily interpreted as the sign of a rigidity dependent
knee in the spectra of the different chemicals. Notice however that
the high energy part of the spectra (above the knee) does not
appear to fall as an exponential, but rather as a steep power law.

Qualitatively, this behavior seems similar to the one discussed
above and connected with the transition from ejecta dominated
to Sedov expansion of a SN shell. In Fig. 5 we show the spectra of
different elements as calculated using the model discussed above,
and compared with the KASCADE-Grande data on protons and Fe.
An extragalactic proton component with power law shape E'2:7

has been added to fit the highest energy data points of
KASCADE-Grande. For the case k ¼ 9, most appropriate for type II
SNe (left panel in Fig. 5), a maximum energy EM ffi 3:7 PeV is
required. Reaching this high energy requires a SN energy
ESN ¼ 2) 1051 erg, a factor of a few larger than the standard
ESN ¼ 1051 erg, an efficiency nCR ¼ 20% and a rate of explosion of
R ¼ 1=110 yr'1 The value of EM is constrained by the need to fit
the ankle-like feature on the proton spectrum as measured by
KASCADE-Grande. For k ¼ 7, less justified for this type of SNe, the
high energy part of the injected spectra are somewhat harder
and match the observations better. This is illustrated in the right
panel of Fig. 5, where EM ffi 781 TeV and R ¼ 1=25 yr'1.

Recent measurements of the spectrum of the light nuclei and
the all-particle spectrum carried out with the ARGO experiment
have raised serious doubts about the very foundations of the idea
of light nuclei being accelerated to ! PeV energies [24,26]. ARGO
finds a knee in the light component (H + He) at ! 650 TeV, while
the all-particle spectrum is shown to have a knee at an energy com-
patible with all other measurements. This result appears to be
compatible with some previous results obtained by experiments
built at altitudes close to the shower maximum. The discrepancy
between the ARGO and KASCADE results is an intrinsically obser-
vational issue and may be suggesting a rather poor knowledge of
the development of showers and question our way to infer mass
composition from shower-related observables.

Since it is hard to imagine a way to make ARGO and KASCADE
data compatible with each other, we decided to take ARGO data
at face value and tried to infer the consequences that would follow.
This is illustrated in Fig. 6, where we plot the results of our
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Fig. 5. (Left) our best fit model for KASCADE-Grande data [10], with k ¼ 9; ESN ¼ 2) 1051 erg, R ¼ 1=110 yr'1; EH
M ffi 3:7 PeV and nCR ffi 20%. The highest energy data are fitted

with an ‘‘ad hoc’’ extragalactic component. (Right) Our best fit model for KASCADE-Grande data [10], with k ¼ 7; ESN ¼ 1051 erg, R ¼ 1=25 yr'1; EH
M ffi 781 TeV and nCR ffi 12%.
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GALACTIC COSMIC RAY 
PROPAGATION

Aside from phenomenological approaches, the 
Physics is in the understanding of the two-ways 
connection between CR and the scattering they 
suffer (diffusion, winds…)
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Turbulence on scales 
resonant with particle 

gyration is the cause for 
DIFFUSION

WAVES INJECTED ON LARGE SCALES 
AND CASCADING TO SMALLER 
SCALLER SCALES (Kolmogorov)

WAVES ARE GENERATED BY CR 
THEMSELVES AT THE RESONANT 

SCALE (STREAMING INSTABILITY)



Both protons and helium 
spect ra s how a break 
@~200-300 GV (PAMELA 
and AMS-02) 

The He spectrum is slightly 
harder than that of protons 

There is some indication 
that a similar break exists 
for heavier nuclei (CREAM)

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) 

Aguilar et al. (AMS) 2015
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Proton and He spectral breaks

performance is stable over time and that the flux above
45 GV shows no observable effect from solar modulation
fluctuations. Figure SM2(c) in Ref. [22] shows that 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. The flux ratio uses the two different event
samples corresponding to the inner tracker acceptance and
to the L1 to L9 acceptance used for the results in this Letter.
This verifies the systematic errors from the acceptance, the
unfolding procedure, and the rigidity resolution function
for two extreme and important cases. First, at the MDR of
the inner tracker, 0.55 TV, where the unfolding effects and
resolution functions of the inner tracker and the full lever
arm are very different. Second, at low rigidities (2 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 multiple and nuclear scatter-
ing. Figure SM2(d) in Ref. [22] shows the good agreement
between the flux obtained using the rigidity measured by
tracker L1 to L8, MDR 1.4 TV, and the full lever arm, MDR
3.2 TV, again using different event samples, thus verifying
the systematic errors on the rigidity resolution function
over the extended rigidity range.
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 He flux Φ including statistical

errors and systematic errors is tabulated in Ref. [22],
Table I, 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 geomagnetic cutoff,
the acceptance, and background contamination, (iii) the
rigidity resolution function and unfolding which take into
account the small differences between the two unfolding
procedures described above, and (iv) the absolute rigidity
scale. The contribution of individual sources to the sys-
tematic 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 1(a) shows the flux as a function of
rigidity with the total errors, the sum in quadrature of
statistical and systematic errors [25]. In this and the
subsequent figures, the points are placed along the abscissa
at ~R calculated for a flux ∝ R−2.7 [26]. Figure 1(b) shows
the AMS flux as a function of kinetic energy per nucleon
EK together with the most recent results (i.e., from experi-
ments 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 [22] and shown in Fig. 1(a)
at the 99.9% C.L. for R > 45 GV. Applying solar modu-
lation in the force field approximation [27] also does not fit
the data at the 99.9% C.L. for R > 45 GV. We therefore

fit the flux with a double power law function [8]

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 3 TV yields a χ2=d:f: ¼
25=27 with C¼ 0.0948%0.0002ðfitÞ%0.0010ðsysÞ %
0.0006ðsolÞm−2 sr−1 sec−1GV−1, γ¼−2.780%0.005ðfitÞ%
0.001ðsysÞ%0.004ðsolÞ, Δγ ¼ 0.119þ0.013

−0.010ðfitÞþ0.033
−0.028ðsysÞ%

0.004ðsolÞ, s ¼ 0.027þ0.014
−0.010ðfitÞþ0.017

−0.013ðsysÞ % 0.002ðsolÞ,
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FIG. 1 (color). (a) The AMS helium flux [22] multiplied by ~R2.7

with its total error as a function of rigidity. (b) The flux as a
function of kinetic energy per nucleon EK multiplied by E2.7

K
compared with measurements since the year 2000 [3–6]. For the
AMS results EK ≡ ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 ~R2 þM2

p
−MÞ=4 where M is the 4He

mass as the AMS flux was treated as containing only 4He. (c) Fit
of Eq. (3) to the AMS helium flux. For illustration, the dashed
curve uses the same fit values but with R0 set to infinity.
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Secondary/Primary: B/C
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Secondary/Primary: e+/(e-+e+)

AMS-02 Coll. 2013

Reacceleration of secondary 
Pairs in old SNRs 
PB 2009, PB & Serpico 2009 
Mertsch & Sarkar 2009 

Pulsar Wind Nebulae 
Hooper, PB & Serpico (2009) 
PB & Amato 2010 

Dark Matter Annihilation 
Difficult: high annihilation 
Cross section, leptophilia, 
Boosting factor [Serpico (2012)]
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Non-linear diffusion
The CR gradient excites Alfven waves at a rate:

�CR(k) =
16⇡2

3

vA
B2F


p4v(p)

@f

@z

�

k=kres

~f0/H

In Nature we expect that f(p,z) and D(p,z) determine 
each other… THEY ARE NOT INDEPENDENT QUANTITIES! 

Interesting: WHEN REQUIRING p2f(p)~p-2.7 one gets for free D(p)~p0.7

D(p) =
1

3
rL(p)v

1

F
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Spectral Breaks:  
self-generation and cascade

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

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

∫

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

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

Γcr(k) =
16π2

3
vA

kW(k)B20

∑

α

[

p4v(p)
∂ fα
∂z

]

p=ZαeB0/kc
, (7)

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

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

W(k) =
⎡

⎢

⎢

⎢

⎢

⎢

⎣

W1+α2
0

(

k
k0

)1−α1
+

+
1 + α2
CKvA

∫ ∞

k

dk′

k′α2

∫ k′

k0
dk̃ΓCR(k̃)W(k̃)

]

1
1+α2

, (8)

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

W(k) = W0

(

k
k0

)−s

s =
α1 − 1
α2 + 1

=
5
3

(9)

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

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

3. Results

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

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

∫

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

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

Γcr(k) =
16π2

3
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kW(k)B20

∑

α

[

p4v(p)
∂ fα
∂z

]

p=ZαeB0/kc
, (7)

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

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

W(k) =
⎡
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dk̃ΓCR(k̃)W(k̃)

]

1
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, (8)

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

W(k) = W0

(

k
k0

)−s

s =
α1 − 1
α2 + 1

=
5
3

(9)

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

The equations for the waves and for CR transport are solved
together in an iterative way, so as to return the spectra of par-
ticles and the diffusion coefficient for each nuclear species and
the associated grammage. The procedure is started by choosing
guess injection factors for each type of nuclei, and a guess for
the diffusion coefficient, which is assumed to coincide with the
one predicted by quasi-linear theory in the presence of a back-
ground turbulence. The first iteration returns the spectra of each
nuclear specie and a spectrum of waves, that can be used now
to calculate the diffusion coefficient self-consistently. The pro-
cedure is repeated until convergence, which is typically reached
in a few steps, and the resulting fluxes and ratios are compared
with available data. This allows us to renormalize the injection
rates and restart the whole procedure, which is repeated until a
satisfactory fit is achieved. Since the fluxes of individual nuclei
affect the grammage through the rate of excitation of stream-
ing instability and viceversa the grammage affects the fluxes, the
procedure is all but trivial.
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Fig. 1. Spectrum of protons measured by Voyager (blue empty cir-
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3. Results

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

The spectrum of protons and helium nuclei as calculated
in this paper is shown in Figs. 1 and 2, respectively: the solid
lines indicate the spectra at the Earth, namely after solar mod-
ulation modelled using the force-free approximation (Gleeson
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1968), while the dashed lines are the spectra in the ISM. The
data points are the spectra measured by the Voyager (empty cir-
cles) (Stone et al. 2013), AMS-02 (filled circles) (Aguilar et al.
2015), PAMELA (empty squares) (Adriani 2011) and CREAM
(filled squares) (Yoon et al. 2011). Figs. 1 and 2 show several
interesting aspects: 1) both the spectra of protons and helium nu-
clei show a pronounced change of slope at few hundred GeV/n,
where self-generation of waves becomes less important than pre-
existing turbulence (in fact, the change of slope takes place in
rigidity). 2) We confirm that injecting He with a slightly harder
spectrum with respect to protons (p−4.15 versus p−4.2) improves
the fit to the data. 3) The spectra calculated to optimise the fit to
the AMS-02 and PAMELA data is in excellent agreement with
the Voyager data (see dashed lines). This is all but trivial: in our
model, at sufficiently low energies (below ∼ 10 GeV/n), particle
transport is dominated by advection (at the Alfén speed) with
self-generated waves rather than diffusion. This reflects into a
weak energy dependence of the propagated spectra that is ex-
actly what Voyager measured (see also (Potgieter 2013)). 4) At
low energies, the agreement of the predicted spectra with those
measured by Voyager is actually better than the agreement with
the modulated spectra, as observed with AMS–02; this suggests
that probably the prescriptions used to describe solar modula-
tion are somewhat oversimplified, either when applied to data
collected over extended periods of time, when the effective solar
potential may change appreciably, or because of intrinsic limita-
tions of the force-field approximation.

For each heavier nucleus, we assume the same injected spec-
tral shape in rigidity as for helium, keeping as only free param-
eter the normalization, chosen to match the data. In Fig. 3 we il-
lustrate the prediction for Carbon nuclei (which is also a needed
ingredient to compute the B/C ratio), compared with data by
PAMELA and CREAM, as well as preliminary data by AMS-
02. The free normalization is chosen to match more closely the
AMS-02 data. Clearly, the phenomenon of transition from self-
generated to pre-existing waves manifests itself in the transport
of all nuclei, hence we should expect a spectral break at the
same rigidity as for helium and protons. This prediction appears
currently in agreement with Carbon spectrum observations, al-
though it is hard to judge to what extent a break is present in
AMS-02 data alone, giving the growing error bars and the lim-
ited dynamical range at high energy. Note that a break would
appear more prominent if one were to combine PAMELA and
CREAM data, which do seem to differ from AMS-02 data in the
10 to ∼ 200 GeV/n range beyond the reported errors. Definitely,
the forthcoming AMS-02 publication of nuclear fluxes should
help in clarifying the situation.

In Fig. 4 we show the calculated B/C ratio (solid black line)
as compared with data from CREAM (blue squares), PAMELA
(green squares), and the still preliminary ones from AMS-02
(black circles). Even if the injected Carbon flux is normalized
to the preliminary Carbon data reported by AMS-02, the B/C
ratio is still in satisfactory agreement with both PAMELA and
CREAM data, as for our previous result (Aloisio 2013). The
B/C ratio also fits the AMS data up to ∼ 100GeV/n. At higher
energy, the AMS-02 analysis seems to suggest a B/C ratio some-
what higher than our prediction. While its significance is uncer-
tain, given the preliminary nature of AMS data, if this “excess”
is interpreted as physical, it would suggest the presence of an
additional contribution to the grammage traversed by CRs. The
most straightforward possibility to account for such a grammage
is that it may be due to the matter traversed by CRs while es-
caping the source, for instance a SNR. The grammage due to
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Fig. 4. B/C ratio as measured by CREAM (blue squares), PAMELA
(green empty squares), and according to preliminary measurements of
AMS-02 (black circles). The black/bottom solid line is the prediction of
our model, while the red/top line has been obtained by adding a source
grammage of 0.15 g cm−2, close to that given by Eq. (10).

confinement inside a SNR can be easily estimated as

XSNR ≈ 1.4rsmpnISMcTSNR ≈ 0.17 g cm−2
nISM
cm−3

TSNR
2 × 104yr

, (10)

where nISM is the density of the interstellar gas upstream of a
SNR shock and rs = 4 is the compression factor at the shock
and TSNR is the duration of the SNR event (or better, the lifetime
“useful” to confine particles up to E ∼TeV/n), assumed here to
be of order twenty thousand years. The factor 1.4 in Eq. (10) has
been introduced to account for the presence of elements heavier
than hydrogen in the target. While Eq. (10) is only a rough es-
timate of the grammage at the source, in that several (in general
energy dependent) factors may affect such an estimate, at least
it provides us with a reasonable benchmark value. The solid red
curve in Fig. 4 shows the result of adding the grammage accu-
mulated by CRs inside the source to the one due to propagation
in the Galaxy. It is clear that by eye it fits better the AMS-02
data at high rigidity, while being also compatible with the older
CREAM data. The forthcoming publication by AMS-02 of the
fluxes of nuclei and secondary to primary ratios should hope-
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PAMELA and AMS-02 data — combination of self-generated 
and pre-existing waves 

Voyager data are automatically fitted with no additional  
breaks… advection with self-generated waves at  E<10 GeV? 

AMS-02 B/C shows an excess at E>100GeV, compatible with 
the grammage inside sources:
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1968), while the dashed lines are the spectra in the ISM. The
data points are the spectra measured by the Voyager (empty cir-
cles) (Stone et al. 2013), AMS-02 (filled circles) (Aguilar et al.
2015), PAMELA (empty squares) (Adriani 2011) and CREAM
(filled squares) (Yoon et al. 2011). Figs. 1 and 2 show several
interesting aspects: 1) both the spectra of protons and helium nu-
clei show a pronounced change of slope at few hundred GeV/n,
where self-generation of waves becomes less important than pre-
existing turbulence (in fact, the change of slope takes place in
rigidity). 2) We confirm that injecting He with a slightly harder
spectrum with respect to protons (p−4.15 versus p−4.2) improves
the fit to the data. 3) The spectra calculated to optimise the fit to
the AMS-02 and PAMELA data is in excellent agreement with
the Voyager data (see dashed lines). This is all but trivial: in our
model, at sufficiently low energies (below ∼ 10 GeV/n), particle
transport is dominated by advection (at the Alfén speed) with
self-generated waves rather than diffusion. This reflects into a
weak energy dependence of the propagated spectra that is ex-
actly what Voyager measured (see also (Potgieter 2013)). 4) At
low energies, the agreement of the predicted spectra with those
measured by Voyager is actually better than the agreement with
the modulated spectra, as observed with AMS–02; this suggests
that probably the prescriptions used to describe solar modula-
tion are somewhat oversimplified, either when applied to data
collected over extended periods of time, when the effective solar
potential may change appreciably, or because of intrinsic limita-
tions of the force-field approximation.

For each heavier nucleus, we assume the same injected spec-
tral shape in rigidity as for helium, keeping as only free param-
eter the normalization, chosen to match the data. In Fig. 3 we il-
lustrate the prediction for Carbon nuclei (which is also a needed
ingredient to compute the B/C ratio), compared with data by
PAMELA and CREAM, as well as preliminary data by AMS-
02. The free normalization is chosen to match more closely the
AMS-02 data. Clearly, the phenomenon of transition from self-
generated to pre-existing waves manifests itself in the transport
of all nuclei, hence we should expect a spectral break at the
same rigidity as for helium and protons. This prediction appears
currently in agreement with Carbon spectrum observations, al-
though it is hard to judge to what extent a break is present in
AMS-02 data alone, giving the growing error bars and the lim-
ited dynamical range at high energy. Note that a break would
appear more prominent if one were to combine PAMELA and
CREAM data, which do seem to differ from AMS-02 data in the
10 to ∼ 200 GeV/n range beyond the reported errors. Definitely,
the forthcoming AMS-02 publication of nuclear fluxes should
help in clarifying the situation.

In Fig. 4 we show the calculated B/C ratio (solid black line)
as compared with data from CREAM (blue squares), PAMELA
(green squares), and the still preliminary ones from AMS-02
(black circles). Even if the injected Carbon flux is normalized
to the preliminary Carbon data reported by AMS-02, the B/C
ratio is still in satisfactory agreement with both PAMELA and
CREAM data, as for our previous result (Aloisio 2013). The
B/C ratio also fits the AMS data up to ∼ 100GeV/n. At higher
energy, the AMS-02 analysis seems to suggest a B/C ratio some-
what higher than our prediction. While its significance is uncer-
tain, given the preliminary nature of AMS data, if this “excess”
is interpreted as physical, it would suggest the presence of an
additional contribution to the grammage traversed by CRs. The
most straightforward possibility to account for such a grammage
is that it may be due to the matter traversed by CRs while es-
caping the source, for instance a SNR. The grammage due to
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Fig. 3. Spectrum of C nuclei as measured by CREAM (blue squares),
PAMELA (green empty squares), and according to preliminary mea-
surements of AMS-02 (black circles), compared with the prediction of
our calculations (lines). The solid line is the flux at the Earth after the
correction due to solar modulation, while the dashed line is the spectrum
in the ISM.
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Fig. 4. B/C ratio as measured by CREAM (blue squares), PAMELA
(green empty squares), and according to preliminary measurements of
AMS-02 (black circles). The black/bottom solid line is the prediction of
our model, while the red/top line has been obtained by adding a source
grammage of 0.15 g cm−2, close to that given by Eq. (10).

confinement inside a SNR can be easily estimated as

XSNR ≈ 1.4rsmpnISMcTSNR ≈ 0.17 g cm−2
nISM
cm−3

TSNR
2 × 104yr

, (10)

where nISM is the density of the interstellar gas upstream of a
SNR shock and rs = 4 is the compression factor at the shock
and TSNR is the duration of the SNR event (or better, the lifetime
“useful” to confine particles up to E ∼TeV/n), assumed here to
be of order twenty thousand years. The factor 1.4 in Eq. (10) has
been introduced to account for the presence of elements heavier
than hydrogen in the target. While Eq. (10) is only a rough es-
timate of the grammage at the source, in that several (in general
energy dependent) factors may affect such an estimate, at least
it provides us with a reasonable benchmark value. The solid red
curve in Fig. 4 shows the result of adding the grammage accu-
mulated by CRs inside the source to the one due to propagation
in the Galaxy. It is clear that by eye it fits better the AMS-02
data at high rigidity, while being also compatible with the older
CREAM data. The forthcoming publication by AMS-02 of the
fluxes of nuclei and secondary to primary ratios should hope-
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Near-source grammage? 
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gradients near a source 
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Cosmic Rays vs Gravity

-∇PCR

Gravity

Dark Matter 
Halo

CR-induced 
Wind

The force exerted by CR may wins 
over gravity and a wind may be 
launched 

Close to the Galaxy: Diffusion 
Farther away: Advection with wind
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No effective halo size H

26



Ends and Beginnings
The end of Galactic CRs (GCRs) should be around 
1017 eV 

Observationally ~ second knee 

GCR end with heavy composition  

At 1 EeV TA and Auger agree on light composition! 

Yet, at >10 EeV mixed composition (Auger) 



Transitions

Dip                       Mixed Compositions

Berezinsky et al. 
chemical composition  
incompatible with Auger 
data 

Allard et al.; Aloisio et al. 
Mixed composition with  
Emax~5 1018 eV 

Additional extra-gal protons



SUMMARY (I)
Microphysics of CRs (inner space) determines what we see on 
large scales (outer space) and even the electrodynamics of 
the plasmas where CRs move 

This simple concept is crucial to understand both 
acceleration and transport 

Even accounting for such effects SNIa only reach  few 100 
TeV. For SN II Emax~PeV 

But only ~20-30 years after bang (not so good news for 
gamma ray observations) 

CR transport in the Galaxy still poorly understood: NL 
effects generate many surprises — e.g. grammage



SUMMARY (II)
Interplay between NL effects and gravity —> CR 
induced winds 

Galactic CR are expected to end at 0.1 EeV (second 
knee?) … with a heavy composition 

Yet at 1 EeV we have mainly light elements again 

Transition to extragalactic CRs? Also anisotropy 
changes phase (Auger) 

At higher E Mixed mass composition (hard injection) 

Extragalactic CR sources: Emax ~ 5 1018 eV !!!
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VERY HARD INJECTION  SPECTRA REQUIRED IF SOURCES GENERATE 
NUCLEI (Allard 2011, Taylor 2014, Aloisio et al. 2014) 

…AND LOW VALUE OF EMAX~5 1018 eV… 

QUITE A CHANGE OF PARADIGM

Aloisio, Berezinsky & PB 2014
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TRANSITION AND UHECR



Aloisio, Berezinsky & PB 2014

IF THE REQUIRED ADDITIONAL COMPONENT IS 
GALACTIC IN ORIGIN, IT HAS TO BE LIGHT. 

BUT THIS IS NOT CONSISTENT WITH THE 
ANISOTROPY MEASURED BY AUGER AT 1018 eV

33

TRANSITION AND UHECR 
Additional Galactic Component



Aloisio, Berezinsky & PB 2014

THE REQUIRED ADDITIONAL LIGHT COMPONENT MUST 
HAVE A STEEP SPECTRUM AND A CUTOFF AT ~1019 eV
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TRANSITION AND UHECR 
Additional Extragalactic Component



Aloisio, Berezinsky & PB 2014
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TRANSITION AND UHECR 
Additional Extragalactic Component and KASCADE-Grande



Globus et al. and Unger et al. (2015) propose a similar 
idea: spectra of nuclei appear hard because at low 
energies photo disintegration inside sources has been 
at work 2
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FIG. 1. Left: EGCR flux as a function of energy for H, He and di↵erent ranges of nuclei (indicated by the charge labels), as
predicted by our acceleration model in GRBs, adjusted to the Auger data. The figure was taken from [13]. Right: E↵ect on
the propagated EGCR spectrum of di↵erent assumptions for the cosmological evolution of the source density, in (1+ z)↵, with
↵ = 2.1, 2.6, 3.0 or 3.5, as indicated.

such a simple model should be amended to take into ac-
count the energy losses and photo-dissociation processes
that may occur in the acceleration site. In a recent study,
we developed a numerical model for the acceleration of
UHECRs in the mildly relativistic internal shocks of a
GRB [13]. We showed that the relatively high density of
energetic photons in the acceleration site leads to signif-
icant photo-dissociation, which has two important con-
sequences in the present context: i) the resulting maxi-
mum energy of the nuclei is not strictly proportional to
Z, but also reflects their photo-dissociation rate; and ii)
the spectrum of the UHECRs eventually injected by the
source into the intergalactic medium is close to a hard
power-law (roughly in E

�1 below E

max

), but while all
composed nuclei have essentially the same spectral in-
dex, protons have a significantly steeper spectrum. This
is due to the secondary neutrons, which are mostly pro-
duced by photodisintegration processes during the accel-
eration. Indeed, the charged particles mostly escape from
the acceleration region in the weak scattering regime, i.e.
at the highest energies. On the contrary, the secondary
neutrons are not confined by the local magnetic fields,
and thus escape with their production spectrum (which
is similar to that of the nuclei at the shock), flowing freely
out of the source before decaying into protons (see [13]
for more details).

The model consistently predicts the shape of the spec-
tra of individual nuclei, including their high-energy cuto↵
at the source. We then convoluted individual source in-
jection over the GRB luminosity function and used our
UHECR propagation code, taking into account energy
losses, photo-dissociation and magnetic deflections[17],
to derive the propagated spectrum which can be observed
on Earth. The result is shown in Fig. 1, which is taken
from [13], with a comparison to the Auger data. The
shaded area corresponds to the so-called cosmic variance
and represent the expected range for the flux of the di↵er-

ent nuclei, including 90% of independent realisations of
the model. As can be seen, the propagated proton spec-
trum is indeed much softer than that of the other nuclei.
This model reproduces fairly well the overall spectrum,
and shows a clear transition from a proton-dominated
composition at the ankle to a Fe-dominated composition
at the highest energies.

In order to limit the number of free parameters, we use
this model of the EGCR component in the present study.
However, we allow for di↵erent assumptions regarding
the cosmological evolution of the sources. Figure 1 shows
the total spectrum obtained when the source density in-
creases as function of redshift as (1 + z)↵, with ↵ = 2.1,
2.6, 3.0 or 3.5. As expected, changing the cosmologi-
cal evolution does not a↵ect the high-energy part of the
spectrum, since the contributing sources are all located at
low redshifts, due to the GZK horizon e↵ect. However, a
stronger source evolution implies a larger contribution of
the EGCR sources at low energy. Since the correspond-
ing flux is dominated by protons, larger values of ↵ result
in larger contributions of extragalactic protons, which in-
fluences the composition at the GCR/EGCR transition.
From our calculations, we found that a relatively large
evolution, with ↵ between 3.0 and 3.5, provides the most
striking agreement with the composition measurements
over the whole energy range. In the following, we use
↵ = 3.5, which is fully compatible with the observational
constraints. In particular we verified that the gamma-
ray emission resulting from the intergalactic showers as-
sociated with the propagation of the EGCRs does not
violate the measurements made by the Fermi telescope.
We should however note that our results do not neces-
sarily imply that the EGCR sources must have a strong
cosmological evolution. Similar changes of the EGCR
spectrum could also be obtained for instance by modify-
ing the assumed source luminosity function or the turbu-
lence structure at the shock. Moreover, the assumption
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FIG. 2. Comparison between the spectrum of our global CR model and the available data, detailed in the upper right
corners. The individual spectra of H, He, O and Fe are shown for the GCR component (left, with the indicated rescaling). In
addition, the “heavy” and “light” components determined by KASCADE-Grande are shown with dashed and dotted-dashed
line (see text). Right: close up view, showing the sum of the H and He fluxes (dashed) and the elements heavier than Mg
(dotted-dashed).

and is to be compared with the so-called “heavy” com-
ponent. As can be seen, both components are consistent
with the data, and fit well within the KG systematic er-
rors. In particular, we find that the heavy component
exhibits a knee slightly below 1017 eV, while the light
component shows an ankle slightly above that energy as
the light EGCR component become dominant over the
sharply decreasing light Galactic component. The be-
haviors of both the heavy and light components are in
very good agreement with the KG findings[29–32].

Of course, the quantitative agreement between our
model and the data depends on the underlying assump-
tion regarding the hadronic model used to reconstruct
KG data. However, the choice of the hadronic model
mostly influences the relative normalization of the dif-
ferent components. In particular, for all the hadronic
models tested in [31, 32], the heavy knee and light ankle
features remain, and the post knee shapes of the light and
heavy component remain similar to one another. More-
over, we found that the relative abundances for these
components predicted by our model agree best with the
data reconstructed with the QGSJetII-4 which is, to date,
the most recent of the models tested against KG data
and the only one that includes recent experimental con-
straints for LHC data1.

In addition to these spectral features, our model pro-

1 EPOS-LHC, the most recent version of the EPOS[45, 46] model
(including constraints from LHC data) has not yet been con-
fronted to KG data. Given the quoted similarity between EPOS-
LHC and QGSJetII-4 in terms of the predicted correlation be-
tween the shower size and the muon number in KG energy range,
one can however anticipate that the light and heavy components

vides a detailed description of the CR composition from
the knee to the highest energies, which allows a compar-
ison with the data. The left panel of Fig. 3 shows the
relative abundance of H, He and the following two domi-
nant sets of nuclei, namely CNO (and sub-CNO) nuclei,
and sub-Fe (and Fe) nuclei. For protons and sub-Fe nu-
clei, we also show separately the Galactic component,
using dotted lines.
As can be seen, even though the Galactic protons es-

sentially disappear at ⇠ 1.5 1017 eV, the abundance of
protons never drops below 15%, and rises up again to
more than 50% (with a maximum around 60%) just above
5 1017 eV. The fact that these protons, which ensure a
dominantly light component across the ankle, are extra-
galactic protons, is fully consistent with the anisotropy
measurement of Auger. Indeed, a Galactic component
of protons would most probably produce a significant
anisotropy towards the Galactic center and/or plane,
which is excluded by the data. Finally, the proton frac-
tion is seen to rapidly decrease above the ankle, to finally
vanish above a few 1019 eV, letting heavier and heavier
nuclei dominate the UHECR spectrum.
The behaviour of Fe (and sub-Fe) nuclei is quite di↵er-

ent, as there is practically no overlap between the Galac-
tic component, which ends at a few 1018 eV (i.e. 26 times
higher in energy than the Galactic protons), and the

deduced from KG data should be quite similar for both models.
Likewise these models should yield a lighter composition at the
knee than previously estimated from KASCADE data[27, 28],
probably more consistent with direct measurements at lower en-
ergies.
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A physical model



CR self-confinement

JCR

B0

Source

The electric current due to 
e s c a p i n g C R l e a d s t o 
excitation of a non-resonant 
instability 
[PB+, 2015, Phys. Rev. Lett. 115, 121101]

Saturation of the instability —> CR self-
confined around the source if  

E<Ec~107 GeV L442/3  
within a distance  

rmax~3.8 Mpc L441/6

THESE CR DO NOT REACH THE EARTH 
AND MORE SO IF THE SOURCE IS BRIGHT



Cardillo, PB & Amato 2015

Both radio and gamma ray data appear to be perfectly well fitted if Galactic CRs are 
reaccelerated and compressed (Blandford & Cowie 1982)… The same conclusion 
previously reached by Uchiyama et al. 2010 and Lee et al. 2015, though with CR 
spectrum not normalised to Voyager and with no He + ad hoc steepening 

New calculation of CR reacceleration and compression using Voyager+AMS-02 CR 
data for H and He (Cardillo et al. 2015)
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The case of W44
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