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FROM ELECTROSCOPES TO COSMIC RAYS
In 1785 Coulomb found that the discharge of electroscopes 
was not due to imperfect insulation of the apparatus 

In 1879 Crookes found a correlation between the rapidity of 
the discharge and the pressure of air

The effect persists if the electroscope is 
enclosed in a cavity of water, or in a 
lead box, though with different strength 

IONIZATION of air was clearly correlated 
with the phenomenon of the discharge of 
electroscopes 

W H A T I S T H E S O U R C E O F T H I S 
IONIZATION?
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A COSMIC RADIATION

Wulf Electroscope 
(1909)
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Aussig, Austria 4



IONIZATION 
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Collateral effects of CRs

THE CONTINUOUS CR BOMBARDMENT OF THE EARTH BY COSMIC RAYS LEADS TO 
OCCASIONAL MUTATIONS THAT ARE BELIEVED TO HAVE AFFECTED THE EVOLUTION OF 
SPECIES ON OUR PLANET. 

OCCASIONAL ENHANCEMENT DUE TO LOCAL SOURCE OF CRs OR TEMPORARY FLUX 
ENHANCEMENTS (SPIRAL ARMS) 

IN NORMAL CONDITIONS COSMIC RAY RADIATION DOSE=30 mrem/YEAR versus 8 
mrem for a chest X-ray
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Collateral effects of CRs: star formation
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STAR FORMATION          GRAVITATIONAL COLLAPSE

THE COLLAPSE IS HOWEVER AFFECTED 
BY THE PRESENCE OF MAGNETIC FIELDS 

IN TURN THE BEHAVIOUR OF THE 
MAGNETIC FIELD DURING THE 
COLLAPSE IS DETERMINED BY TINY 
LEVELS OF IONIZATION IN THE 
CLOUDS 

IONIZATION	  	  	  	  	  	  	  	  COSMIC	  RAYS
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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.

From afar the spectrum looks 
like a power law 

Scale free physics ? 

Broken power laws more 
interesting (scale->physics)  

After knee and ankle, first 
evidence of scales also in the 
spectra of individual elements
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CR Spectrum



COSMIC RAY CLOCKS

Myr few
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Garcia-‐Munoz	  et	  al.	  1977

Spallation	  induced	  nuclei Unstable	  nuclei
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Fig. 2. Spectrum of He nuclei according to preliminary measurements
of AMS-02 (black filled circles), as measured by Voyager (blue empty
circles), PAMELA (green empty squares), and CREAM (blue filled
squares), compared with the prediction of our calculations (lines). The
solid line is the flux at the Earth after the correction due to solar modu-
lation, while the dashed line is the spectrum in the ISM.

the fit to the data. 3) The spectra calculated to optimize the fit to1

the AMS-02 and PAMELA data is in excellent agreement with2

the Voyager data (see dashed lines). This is not trivial: in our3

model, at sufficiently low energies (below ∼10 GeV/n), particle4

transport is dominated by advection (at the Alfén speed) with5

self-generated waves rather than diffusion. This reflects into a6

weak energy dependence of the propagated spectra, which is ex-7

actly what Voyager measured (see also Potgieter 2013). 4) At8

low energies, the agreement of the predicted spectra with those9

measured by Voyager is actually better than the agreement with10

the modulated spectra, as observed with AMS–02; this sug-11

gests that the prescriptions used to describe solar modulation12

are probably somewhat oversimplified, either when applied to13

data collected over extended periods of time, when the effective14

solar potential may change appreciably, or because of intrinsic15

limitations of the force-field approximation.16

For each heavier nucleus, we assume the same injected spec-17

tral shape in rigidity as for helium, keeping as only free param-18

eter the normalization, chosen to match the data. In Fig. 3 we19

illustrate the prediction for carbon nuclei (which is also a needed20

ingredient to compute the B/C ratio), compared with data by21

PAMELA and CREAM, as well as preliminary data by AMS-02.22

The free normalization is chosen to match the AMS-02 data23

more closely. Clearly, the phenomenon of transition from self-24

generated to pre-existing waves manifests itself in the transport25

of all nuclei, hence, we should expect a spectral break at the26

same rigidity as for helium and protons. This prediction appears27

currently in agreement with carbon spectrum observations, al-28

though it is hard to judge to what extent a break is present in29

AMS-02 data alone, given the growing error bars and the lim-30

ited dynamical range at high energy. A break would appear more31

prominent if one were to combine PAMELA and CREAM data,32

which seem to differ from AMS-02 data in the 10 to ∼200 GeV/n33

range beyond the reported errors. The forthcoming AMS-0234

publication of nuclear fluxes should definitely help clarify the35

situation.36

In Fig. 4 we show the calculated B/C ratio (solid black line)37

as compared with data from CREAM (blue squares), PAMELA38

(green squares), and the still preliminary data from AMS-0239

(black circles). Even if the injected carbon flux is normalized to40

the preliminary carbon data reported by AMS-02, the B/C ra-41

tio is still in satisfactory agreement with both PAMELA and42
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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).

CREAM data, as for our previous result (Aloisio 2013). The 43

B/C ratio also fits the AMS data up to ∼100 GeV/n. At higher 44

energy, the AMS-02 analysis seems to suggest a B/C ratio some- 45

what higher than our prediction. While its significance is uncer- 46

tain, given the preliminary nature of AMS data, if this excess 47

is interpreted as physical, it would suggest the presence of an 48

additional contribution to the grammage traversed by CRs. The 49

most straightforward possibility to account for such a grammage 50

is that it may be due to the matter traversed by CRs while es- 51

caping the source, for instance, a SNR. The grammage due to 52

confinement inside a SNR can be easily estimated as 53

XSNR ≈ 1.4rsmpnISMcTSNR ≈ 0.17 g cm−2 nISM

cm−3

TSNR

2 × 104 yr
, (10)

where nISM is the density of the interstellar gas upstream of 54

a SNR shock, rs = 4 is the compression factor at the shock, 55

and TSNR is the duration of the SNR event (or better, the life- 56

time useful to confine particles up to E ∼ TeV/n), assumed here 57

to be of order 20 000 years. The factor 1.4 in Eq. (10) has been 58

introduced to account for the presence of elements heavier than 59

hydrogen in the target. While Eq. (10) is only a rough estimate 60

of the grammage at the source, in that several (in general energy 61

dependent) factors may affect this estimate, at least it provides 62

Article number, page 4 of 5

ENERGY DEPENDENT GRAMMAGE

T H E A M O U N T O F M AT T E R 
TRAVERSED BY CR BEFORE 
E S C A P I N G T H E GA L A X Y 
DECREASES WITH ENERGY 

TYPICALLY THE RESIDENCE TIME 
OF CR IN THE GALAXY VARIES 
BETWEEN A FEW TENS MILLION 
YEARS TO A FEW THOUSAND YEARS 

A COSMIC RAY PARTICLE WITH 
ENERGY 106 GeV THAT LEFT ITS 
SOURCE AT THE TIME OF HESS’s 
DISCOVERY ONLY GOT ABOUT 30 
P A R S E C S AWAY F R O M I T S 
SOURCE !
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CR interact with gas and 
photons and produce light
Additional evidence of diffusion

11



PROPAGATION OF CR

years 3000
(1/3)c

pc 300
≈=DISCτ

years 000,150
(1/3)c

kpc 15
≈=GALτ

years 000,30
(1/3)c

kpc 3
≈=HALOτ

PROPAGATION TIME IN  
THE DISC 

PROPAGATION TIME ALONG 
THE ARMS OF THE GALAXY 

PROPAGATION TIME IN THE 
HALO

ALL THESE TIME SCALES ARE EXCEEDINGLY SHORT TO BE 
MADE COMPATIBLE WITH THE ABUNDANCE OF LIGHT  
ELEMENTS

DIFFUSIVE  
PROPAGATION     
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HOW TO MAKE A COSMIC RAY DIFFUSE  
(Very basics of CR transport)

SCATTERING OF CHARGED PARTICLES IN A PLASMA IS DUE TO 
RESONANT INTERACTIONS WITH WAVES 

THE EQUATION OF MOTION IS SIMPLY:

Let us consider an Alfven wave 
propagating in the z direction: 

GYRO-FREQUENCY

DIFFUSION == RESONANCE WITH ALFVEN WAVES 

ESCAPING TIMES OF 10 Myr ARE EASILY OBTAINED WITH:

13



ORDERED  
B FIELD 

TURBULENT B 
FIELD

CHARGED 
PARTICLES

DIFFUSIVE 
TRANSPORT

PLASMA 
INSTABILITIES

THE PROBLEM OF CR 
TRANSPORT IS  

DESCRIBED IN TERMS 
OF NON-LINEAR SECOND 

ORDER PARTIAL 
DIFFERENTIAL 

EQUATIONS 
14



Galactic CR cradles
THE ENERGETICS OF COSMIC RAYS MEASURED AT EARTH IS 

THE KINETIC ENERGY INJECTED BY SNR IN THE DIFFUSION VOLUME IS: 

AN EFFICIENCY OF CONVERSION OF THE SN ENERGY TO COSMIC RAYS 
OF ~10% MAY EASILY EXPLAIN WHAT WE SEE 

BUT WHAT IS THE CONVERSION MECHANISM ? 

15



FREE EXPANSION VELOCITY:  

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

STRONG COLLISIONLESS SHOCK WAVE
16

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



Z=0

UPSTREAM          DOWNSTREAM

SHOCK

� @

@z


D(E)

@f

@z

�
+ (u+ vA)
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@z
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1
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✓
d(u+ vA)

dz

◆
p
@f

@p
= A�(p� pinj)�(z)

u1        u2

fluid  
speed

Alfven  
speed

Integrating between 0- and 0+ and between -∞ and z=0, one finds 
the usual result:

f0(p) / p
3r

r�1

IF vA2~0

r =
u1 � vA,1

u2 + vA,2
⇡ r̃

✓
1� 1

MA

◆ COMPRESSION OF THE 
SCATTERING CENTERS  

SPECTRUM18

TRANSPORT EQUATION AND DSA



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 
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X-ray filaments



 COMPRESSION FACTOR BECOMES 
FUNCTION OF ENERGY 

 SPECTRA ARE NOT PERFECT 
POWER LAWS (CONCAVE) 

 GAS BEHIND THE SHOCK IS COOLER 
F O R E F F I C I E N T S H O C K 
ACCELERATION 

 EFFICIENT 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 



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 instabilities responsible for 
magnet i c f ie ld ampl if i cat ion and 
regulates the MAXIMUM ENERGY

21

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



Caprioli & Spitkovsky 2013

22

THE CRUCIAL ROLE OF ESCAPING CR



PeVatrons
These instabilities are crucial to keep particles closer to the 
shock for longer times and allow for higher max energies 

In Type II SN it is possible to reach max energies of the order 
of few PeV (protons) 

The Galactic CR spectrum should somehow end at around 10
17
 

eV with iron nuclei!  

Yet, nothing very evident happens at these energies…
TRANSITION TO EXTRAGALACTIC CR

23



Extragalactic CR - UHECR

Recent measurements suggest 
t h a t s o m e t h i n g n e w i s 
happening around 1017-1018 eV 

A heavy component, presumably 
of Galactic origin is signalling 
the end of Galactic CR 

A light component is entering 
the picture… extragalactic CR?

24



PROPAGATION OF EXTRAGALACTIC 
COSMIC RAYS

−+ ++→+ ee  p γp  
CMB

ON COSMOLOGICAL TIME SCALES THERE ARE THREE PROCESSES	  
THAT ARE RELEVANT FOR PROPAGATION

ADIABATIC LOSSES DUE TO 	  
THE EXPANSION OF THE UNIVERSE	  

BETHE-HEITLER PAIR PRODUCTION	  

PHOTOPION PRODUCTION ++→+ πγ nCMBp
0

CMBp πγ +→+ p

25



PROPAGATION	  OF	  EXTRAGALACTIC	  CR	  PROTONS

PROTONS

Dip

26



Aloisio et al. 2014
Exp

an
sio

n o
f t
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e-H
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Photo-disintegration

27

LOSSES OF NUCLEI



End of the Spectrum

A spectral suppression has 
been measured where it 
would be expected a GZK  

But Particles do not seem to 
be protons (Auger) 

Transition from Galactic to 
extragalactic CR complex

28



Global Energetics

THE FLUX AT E>1019eV IS ~1.5 10-28 cm-2s-1sr-1GeV-1 

THIS CORRESPONDS TO A ENERGY DENSITY OF COSMIC RAYS OF  

A SIMPLE ESTIMATE OF THE FLUX CAN BE WRTTEN AS 

WHICH LEADS TO AN ENERGY INJECTION RATE PER UNIT VOLUME OF 

29



Limits on Accelerators of UHECRs

IN THE NON RELATIVISTIC CASE ONE CAN WRITE A GENERIC EXPRESSION: 

THIS IMPLIES THAT: 

THE SOURCE ENERGETIC MUST BE AT LEAST AS LARGE AS THE  
MAGNETIC ONE: 

PROBABLY THE ONLY NON RELATIVISTIC SOURCES THAT MAY SATISFY THIS  
BOUND ARE LARGE SCALE STRUCTURE FORMATION SHOCKS AND ONLY 

MARGINALLY, ALTHOUGH NOTICE THE ROLE OF Z
30



THIS RESULT CAN BE GENERALIZED TO THE CASE OF RELATIVISTIC SOURCES 
WITH LORENTZ FACTOR G (Waxman 2005)

B’ ! MAGNETIC FIELD IN THE COMOVING FRAME 

E’=E/G ! PARTICLE ENERGY IN THE COMOVING FRAME

THE CONDITION FOR MAXIMUM ENERGY IS: 

WHICH IMPLIES: 

AND FINALLY THE SOURCE ENERGY INPUT MUST SATISFY: 

THIS IS HUGE AND ONLY THE UPPER END OF THE AGN AND GRB APPEAR TO 
SATISFY THIS BOUND, ALTHOUGH NOTICE THE ROLE OF Z 31



OPEN QUESTIONS: 
1. The Positron fraction

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)

32



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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ni=0.02 cm-3, φsol=500 MV 
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Fig. 2. Spectrum of He nuclei according to preliminary measurements
of AMS-02 (black filled circles), as measured by Voyager (blue empty
circles), PAMELA (green empty squares) and CREAM (blue filled
squares), compared with the prediction of our calculations (lines). The
solid line is the flux at the Earth after the correction due to solar modu-
lation, while the dashed line is the spectrum in the ISM.

3. Results

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

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

∫

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

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

Γcr(k) =
16π2

3
vA

kW(k)B20

∑

α

[

p4v(p)
∂ fα
∂z

]

p=ZαeB0/kc
, (7)

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

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

W(k) =
⎡

⎢

⎢

⎢

⎢

⎢

⎣

W1+α2
0

(

k
k0

)1−α1
+

+
1 + α2
CKvA

∫ ∞

k

dk′

k′α2

∫ k′

k0
dk̃ΓCR(k̃)W(k̃)

]

1
1+α2

, (8)

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

W(k) = W0

(

k
k0

)−s

s =
α1 − 1
α2 + 1

=
5
3

(9)

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

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

3. Results

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

The spectrum of protons and helium nuclei as calculated
in this paper is shown in Figs. 1 and 2, respectively: the solid
lines indicate the spectra at the Earth, namely after solar mod-
ulation modelled using the force-free approximation (Gleeson
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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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Figure 4: The combined total uncertainty (with different contributions to it) on the predicted secondary
p̄/p ratio superimposed to the older PAMELA data [69] and the new preliminary AMS data [64]. From [68].

a putative detection of a featureless power-law extending into the multi-TeV range, exactly the
opposite than for the hadronic channel. Needless to say, this peculiarity is not always appreciated!

6.2 Antiprotons

Among interesting new results, AMS-02 has presented a preliminary spectrum of the p̄/p ratio
up to ⇠ 350GeV [64]. In view of some old secondary p̄/p prediction band shown together with
the results and passing far below the data, it is natural to ask oneself if the flat behaviour beyond
⇠ 10GeV does represent a new intriguing anomaly.

Even forgetting the preliminary nature of these data (and recent experience should suggest to
be careful in over-interpreting them, see Sec. 2) it is worth remembering that old predictions cannot
be consistently overlapped with the new points for a number of reasons: for instance, they do not
take into account the hardening in p and He fluxes at high-E recently detected (a point already
made in [65]); similarly, new data, analyses and insights on p̄ production cross sections, whose
implications have been studied just last year [66, 67], should be taken into account.

In [68], the secondary p̄/p background was recalculated within old propagation models, while
updating these physics inputs and with a realistic account of uncertainties. Comparing the new
prediction with the data (see Fig. 4) one deduces that an excess (or “antiproton anomaly”) cannot
be unambiguously established for the time being. Although most models pass below the data at
high energy, some configurations are consistent with them within errors. If confirmed, however,
AMS-02 data would definitely prefer propagation models with a mild dependence of the diffusion
coefficient on rigidity, probably d . 0.4÷0.5. Some other works [70, 71] have attempted to revisit

12

34



 0.01

 0.1

 1

 10

 100  1000  10000

X(
g/

cm
2 )

p(GeV/c)

TSN = 104 yr, xi = 0.1 

half particles
all particles

B/C
reacc model
damp model

Self-generation turbulence with DB/C = 1.4⇥ 1028
✓

p

1GeV/c

◆0.3

cm2/s

OPEN QUESTIONS: 
4. Do CR change the environs around their sources?

CLOSE TO THEIR SOURCES 
THE CR GRADIENTS ARE 
HUGE 

THESE GRADIENTS EXCITE 
INSTABILITIES WHICH SELF-
CONFINE CR  

C O N S E Q U E N C E S O F 
PARAMOUNT IMPORTANCE 
FOR CR PHENOMENOLOGY 
(GRAMMAGE…)

D’Angelo, PB & Amato 2015
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Wherever the force -∇PCR becomes larger 
that the gravitational force, plasma can 
be lifted into a wind  

In turn -∇PCR is determined by diffusion 
which occurs on self-generated waves 

The situation is such that there is no 
halo boundary (the wind extends to 
infinity) but at some distance advection 
takes over diffusion

-∇PCR

Gravity

Dark Matter 
Halo

CR-induced 
Wind
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OPEN QUESTIONS: 
5. Is there a CR-blown wind around our Galaxy?



OPEN QUESTIONS: 
6. Can UHECRs be self-confined around their extragalactic sources?

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
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Final Remarks
The research work on the origin of cosmic energetic particles is as active as it 

has ever been 

While a general picture has emerged for the origin of CRs many “zero-th” order 

effect are still unexplored and arising from unexpected pieces of observations 

Multifrequency observations are essential to this field: most news do not come 

from direct CR observations but rather from gamma/X/radio/v observations (talk 

by Morlino) 

To say the least, CRs are a crucial background for searches of new Physics in the 

sky (talk by Evoli?) 

Several new experiments are being built on Earth and in the sky to further explore 

this century old and yet new problem


