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THE COMMON WISDOM
COSMIC RAYS ARE ACCELERATED AT SNR THROUGH DSA

PROPAGATION IN THE GALAXY IS DIFFUSIVE/ADVECTIVE 

SECONDARY/PRIMARY PROVIDE INFORMATION ON TRANSPORT

THE KNEE IS CAUSED BY 

Emax WITH CHANGE OF MASS

CHANGE FROM PITCH ANGLE TO SMALL DEFLECTION

TRANSITION TO EXTRA-GALACTIC CR OCCURS SOMEWHERE 
BETWEEN 1017 AND 1019 eV 3



COSMIC RAY 
ACCELERATION 
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DIFFUSIVE SHOCK ACCELERATION
TEST PARTICLE APPROACH

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


POWER LAW SPECTRUM (only depends on compression 
factor)


FOR STRONG SHOCKS (Mach>>1):  E-2


INDEPENDENT OF MICRO-PHYSICS (e.g. THE DIFFUSION 
COEFFICIENT)

U1 

U2 

Krymsky 1977 
Bell 1978 
Blandford & Ostriker 1978 € 

ΔE
E

=
4
3
(U1 −U2 )

THE EFFICIENCY REQUIRED PER SNR ~10%: TEST PARTICLES? 
MAXIMUM ENERGY TYPICALLY BELOW TeV: NOT ENOUGH FOR CR 5



NON-LINEAR DSA

HIGH EFFICIENCY WITH 
RESPECT TO ρVShock2  ➜ 
DYNAMICAL REACTION OF 
ACCELERATED PARTICLES

EFFICIENT ACCELERATION  
➜  PLASMA INSTABILITIES ➜ 
B-FIELD AMPLIFICATION ➜ 
HIGHER Emax

PB, Gabici and Vannoni 2005 
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BOOTSTRAPPING…

Bell & Schure 2013

Caprioli & Spitkovsky 2013

DOWNSTREAM    UPSTREAM
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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

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
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IMPLICATIONS FOR MAXIMUM ENERGY 

Supernovae of  type Ia
Explosion takes place in the ISM with 
spatially constant density

Emax ⇡ 130 TeV
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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

Supernovae of  type II 

SN EXPLOSION

RED GIANT 
WIND

The Sedov phase reached 
while the shock expands 
inside the wind

In most cases the explosion takes place in 
the dense wind of  the red super-giant 
progenitor

This corresponds to typical times of  few tens of  years 
after the SN explosion !!!

Emax ⇡ 1 PeV
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SUCCESS AND FAILURE

EVEN IN THE PRESENCE OF STRONG INSTABILITIES ONE CAN BARELY REACH THE 
PeV AND ONLY IN SOME EXTREME CASES

THE SPECTRUM OF ACCELERATED PARTICLES IS E-2 OR HARDER WHILE 
SIGNIFICANTLY STEEPER IS REQUIRED BY OBSERVATIONS…

…BUT RECALL THAT WE STILL DO NOT REALLY KNOW HOW TO CONNECT 
ACCELERATED SPECTRA WITH ESCAPING ONES (worse for electrons!)

SEVERAL INDICATIONS, THOUGH NOT CONCLUSIVE, OF EFFICIENT CR 
ACCELERATION FROM GAMMA AND BALMER OBSERVATIONS

NO EVIDENCE FOR EMAX HIGHER THAN 100 TeV… NOT TERRIBLY SURPRISING, BUT…

THE ONLY YOUNG REMNANT IN WHICH IT SEEMS SAFE TO SAY WE GOT HADRONS 
IS TYCHO
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FROM THERE TO 
HERE…
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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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BASICS OF CR PHYSICS: A TOY MODEL
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A SIMPLE GENERALIZATION OF CR TRANSPORT

3

between z = 0� and z = 0+ one gets:
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where f0(p) is the distribution function of accelerated par-
ticles at the shock location, z = 0. Imposing homogeneity
downstream implies that

⇥
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(z < 0), equation (1) simplifies to
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which can be easily solved with the boundary condition that
f(z = �1, p) = g(p). The particle distribution function
at the shock, that takes into account both acceleration of
injected particles and reacceleration of seed particles is then
easily derived and reads:
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where we introduced the shock velocity vsh = u1. Here, as
usual, s = 3r/(r � 1) with r = u1/u2 (compression factor
at the shock). We introduced a momentum p0 representing
the minimum momentum of seed particles: such momentum
may or may not be the same as pinj . In any case, for the
spectra of seed particles considered in this manuscript the
choice of p0 has no practical implications, provided is low
enough (below ⇠ GeV), because the integral in equation (5)
is typically dominated by the upper integration limit. For a
strong shock, one has that r ! 4 and s ! 4. It is worth re-
calling that whenever the spectrum of seeds is steeper than
⇠ p

�s, the spectrum of reaccelerated particles asymptoti-
cally approaches ⇠ p

�s. For the shocks we are interested in,
s ⇠ 4. The spectra of seeds we consider (spectra of primary
and secondary nuclei in the Galaxy) are always steeper than
p
�4, at least at energies & 10 GeV/n. This implies that the

second term in equation (5) always returns a contribution
to f0 that is close to ⇠ p

�s. For primary nuclei, this con-
tribution is expected to a↵ect mainly the normalization but
not the spectrum. On the other hand, for secondary nuclei
the first term vanished and the second term again returns
a contribution that is close to ⇠ p

�s. Since the spectrum of
secondary nuclei in the Galaxy at high enough energies is
/ E

���� (where � defines the energy dependence of the dif-
fusion coe�cient), it is clear that the e↵ect of reaccelerated
secondary nuclei is bound to become dominant above some
critical energy, that will be estimated in the next section.

3 GALACTIC TRANSPORT OF COSMIC
RAYS IN THE PRESENCE OF
REACCELERATION

In the assumption that the sources are all located in a thin
disc with half-thickness hd where the gas, with density nd,
is also embedded, the stationary transport equation in one
spatial dimension for nuclei of type ↵ reads:
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where D↵(p) is the di↵usion coe�cient, F↵(p, z) is the par-
ticle distribution function of nuclei of type ↵. The cross sec-
tions �↵ and �↵0!↵ refer to the cross sections for spallation
of the element ↵ and the cross section for spallation of the
nucleus ↵

0 to a nucleus ↵. The source term and the spalla-
tion terms in equation (6) are written in the assumption that
both take place in an infinitely thin region. This assumption
holds for as long as the thickness of the disc is much smaller
than the size of the halo and of the range where spallation
losses become dominant. In other words: hd ⌧ (D(p)⌧sp)

1/2,
where ⌧sp is the time scale for spallation reactions. For the
situations of interest for us this condition is always satisfied.
Notice that in the last term of equation (6) we took into ac-
count that in the spallation reaction a nucleus of type ↵ with
momentum p is produced by a nucleus of type ↵

0 with mo-
mentum p

0, chosen in such a way that p and p
0 correspond to

the same kinetic energy per nucleon, namely p
0 = (A0

/A)p,
where A and A

0 are the two mass numbers.
The injection term in equation (6) can be easily con-

nected with the distribution function f0 of accelerated par-
ticles in §2:

q0,↵(p) =
f0,↵(p)VSNRSN

⇡R
2
d
2hd

, (7)

where we have implicitly assumed that the sites where CR
acceleration takes place are the shocks of supernova rem-
nants and SNe explode at a rate RSN . Here VSN is the total
volume of a SNR filled with energetic particles and Rd is
the radius of the disc of the Galaxy. For simplicity here we
assumed that the injection is homogeneous across the disc of
the Galaxy. The volume VSN is a parameter of the problem:
it is clear that this setup is not necessarily very realistic but
it is not easy to go beyond it, since in principle one should
follow the time dependence of the acceleration process and
of the SN evolution, that are both rather di�cult to model.
For the purpose of illustrating the importance of reaccelera-
tion, the parameter VSN is meaningful because it regulates
the probability for a CR particle to re-cross a SN shock and
be re-energized.

It is useful, following Jones et al. (2001), to introduce,
for each nucleus of type ↵, the flux as a function of the
kinetic energy per nucleon Ek: I(Ek)dEk = p

2
v(p)F (p)dp,

where v(p) is the velocity of the nucleus. It can be easily
shown that:

I↵(Ek) = Ap
2
F↵(p). (8)

Using this transformation in equation (6), we obtain the
following equation for I↵(Ek):
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(9)

where we used explicitly the fact that spallation reactions
conserve kinetic energy per nucleon. The injection term

MNRAS 000, 1–?? (2017)

DIFFUSION SPALLATION OF NUCLEI α

INJECTION OF NUCLEI α
CONTRIBUTION TO NUCLEI α FROM 

SPALLATION OF NUCLEI α’>α

FOR SIMPLICITY THIS EQUATION DOES NOT CONTAIN SOME LOSS TERMS 
(IONIZATION), ADVECTION AND SECOND ORDER FERMI ACCELERATION IN ISM 

ALL THESE EFFECTS MAY BECOME IMPORTANT AT E<10 GeV/nucleon
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A FEW GENERAL CONSIDERATIONS

THE SPECTRA OF NUCLEI BEHAVE AS PROTONS, E-γ-δ, AT 
HIGH ENERGIES, WHERE SPALLATION IS WEAK

AT LOW ENERGIES, WHERE SPALLATION DOMINATES, 
NUCLEI HAVE THE SAME SPECTRUM AS INJECTION

THE INJECTION SPECTRA OF SECONDARY NUCLEI, 
POSITRONS AND ANTIPROTONS REFLECT THIS TREND
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SECONDARY/PRIMARY: B/C

Evidence for CR  
diffusive transport

GRAMMAGE:

primary equilibrium

secondary injection

secondary equilibrium

npr(E/n) / Q(E/n)⌧diff (E/n)

qsec(E/n) ⇡ npr(E/n)�vngas

nsec(E/n) ⇡ qsec(E/n)⌧diff (E/n)

nsec

npr
⇡ �

mp
[vngasmp⌧diff ]

X(E/n) / ⌧diff (E/n) ⇠ 1/D(E/n)

Momentum/Charge [GV]
10 210 310

B/
C
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11 million nuclei 

M. Aguilar et al., Phys. Rev. Lett. 117, 231101 (2016) 

Boron-to-Carbon  Ratio 
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POSITRONS
FOR TYPICAL PARAMETERS OF CR PROPAGATION, FOR 
ELECTRONS ENERGY LOSSES KICK IN ABOVE ~10 GeV

equilibrium 
primary electrons: ne(E) ⇠ Q(E)⌧loss(E)

2⇡R2
d
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⇠ E��� 1
2�

�
2

injection 
secondary e-e+: 
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secondary pairs: 
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0)dE0�ppngasc ⇠ E����0
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2⇡R2
d

p
D(E)⌧loss(E)

⇠ E����0� 1
2�

�
2
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It reflects the slope of 
the proton spectrum at 
E’~20E 17



ANTIPROTONS

injection pbar: qp̄(E)dE ⇠ np(E
0)dE0�pp!p̄(E

0)ngasc ⇠ E����0+s

equilibrium 
pbar: 

np̄(E) ⇠ qp̄(E)⌧diff (E) ⇠ E����0+s��

RATIO 1: np̄

np
⇠ E��0+s

RATIO 2:
np̄

ne+
⇠ Es� �

2+
1
2
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SURPRISES: SPECTRA OF PROTONS, HELIUM AND 
HEAVIER PRIMARY NUCLEI 

Both protons and helium spectra show a 
break @~200-300 GV (PAMELA and 
AMS-02) - Some Physics kicking in? 

The He spectrum is slightly harder than 
that of protons - Acceleration or 
propagation? 

There is some indication that a similar 
break exists for heavier nuclei (CREAM)
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The spectra of protons, helium and lithium do not follow the traditional 
single power law.   

51	

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

49	
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SECONDARY/PRIMARY: 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)]
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A GLOBAL PICTURE - AMS02

the antiproton spectral index decreases more rapidly than
the proton spectral index and for the highest rigidity
interval, 60.3 ≤ jRj < 450 GV, the antiproton spectral
index is consistent with the proton spectral index.
Figure 3(a) presents the measured (p̄=p) flux ratio.

Compared with earlier experiments [2,6], the AMS results
extend the rigidity range to 450 GV with increased
precision. Figure 2 of Supplemental Material [18] shows
the low energy (< 10 GeV) part of our measured (p̄=p)
flux ratio. To minimize the systematic error for this flux
ratio we have used the 2.42 × 109 protons selected with the
same acceptance, time period, and absolute rigidity range
as the antiprotons. From 10 to 450 GV, the values of the
proton flux are identical to 1% to those in our publication
[16]. As seen from Fig. 3(a), above ∼60 GV the ratio
appears to be rigidity independent.
To estimate the lowest rigidity above which the (p̄=p)

flux ratio is rigidity independent, we use rigidity intervals
with starting rigidities from 10 GV and increasing bin by
bin. The ending rigidity for all intervals is fixed at 450 GV.
Each interval is split into two sections with a boundary
between the starting rigidity and 450 GV. Each of the two
sections is fit with a constant and we obtain two mean
values of the (p̄=p) flux ratio. The lowest starting rigidity of
the interval that gives consistent mean values at the
90% C.L. for any boundary defines the lowest limit.
This yields 60.3 GV as the lowest rigidity above which
the (p̄=p) flux ratio is rigidity independent with a mean
value of ð1.81 " 0.04Þ × 10−4. To further probe the behav-
ior of the flux ratio we define the best straight line fit over a
rigidity interval as

ðp̄=pÞ ¼ C þ kðjRj − R0Þ; ð4Þ

whereC is the value of the flux ratio atR0,kis the slope, and
R0 is chosen to minimize the correlation between the fitted
values of C and k, i.e., the mean of jRj over the interval
weighted with the statistical and uncorrelated systematic
errors. The solid red line in Fig. 3(a) shows this best straight
line fit above 60.3 GV, as determined above, together with
the 68% C.L. range of the fit parameters (shaded region).
Above 60.3 GV, R0 ¼ 91 GV. The fitted value of the slope,
k¼ ð−0.7 " 0.9Þ × 10−7 GV−1, is consistent with zero.
With the AMSmeasurements on the fluxes of all charged

elementary particles in cosmic rays, p̄, p, eþ , and e−, we
can now study the rigidity dependent behavior of different
flux ratios. The flux ratios and errors are tabulated in Tables
II and III of Supplemental Material [18]. For the antiproton-
to-positron ratio the rigidity independent interval is 60.3 ≤
jRj < 450 GV with a mean value of 0.479 " 0.014. Fitting
Eq. (4) over this interval yields kðp̄=eþ Þ ¼ ð−2.8 " 3.2Þ×
10−4 GV−1. For the proton-to-positron ratio, the rigidity
independent interval is 59.13 ≤ jRj < 500 GVwith a mean
value of ð2.67 " 0.05Þ × 103 and kðp=eþ Þ ¼ ð−0.9"
1.0Þ GV−1. Both results are shown in Fig. 3(b) together
with the 68% C.L. range of the fit parameters (shaded
regions). In the study of the ratios, we have taken into
account the correlation of the errors due to uncertainty in
the ECAL energy scale in Φe" [15].
In Fig. 4 of Supplemental Material [18] we present our

measured antiproton-to-electron and proton-to-electron
flux ratios. Both of these flux ratios exhibit rigidity
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FIG. 2. The measured antiproton flux (red, left axis) compared
to the proton flux (blue, left axis) [16], the electron flux (purple,
right axis), and the positron flux (green, right axis) [15]. All the
fluxes are multiplied by R̂2.7. The fluxes show different behavior
at low rigidities while at jRj above ∼60 GV the functional
behavior of the antiproton, proton, and positron fluxes are nearly
identical and distinctly different from the electron flux. The error
bars correspond to the quadratic sum of the statistical and
systematic errors.
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Horizontally, the data points are placed at the center of each bin.
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THE B/C RATIO - AMS02

and L3–L8. This residual background is < 3% for the
boron sample and < 0.5% for carbon.
The background from carbon, nitrogen, and oxygen

interactions on materials above L1 (thin support structures
made by carbon fiber and aluminum honeycomb) has been
estimated from simulation, using MC samples generated
according to AMS flux measurements [32]. The simulation
of nuclear interactions has been validated using data as
shown in Fig. 3 of the Supplemental Material [31]. The
background from interactions above L1 in the boron
sample is 2% at 2 GV and increases up to 8% at 2.6
TV, while for the carbon sample it is< 0.5% over the entire
rigidity range. The total correction to the B=C ratio from
background subtraction is −2% at 2 GV, −3% at 20 GV,
−7% at 200 GV, and −10% at 2 TV.
After background subtraction the sample contains

2.3 × 106 boron and 8.3 × 106 carbon nuclei.
Data analysis.—The isotropic flux ΦZ

i for nuclei of
charge Z in the ith rigidity bin ðRi; Ri þ ΔRiÞ is given by

ΦZ
i ¼ NZ

i

AZ
i ϵ

Z
i TiΔRi

; ð1Þ

where NZ
i is the number of events of charge Z corrected

for bin-to-bin migrations, AZ
i is the effective acceptance, ϵZi

is the trigger efficiency, and Ti is the collection time.
The B=C ratio in each rigidity bin is then given by

!
B
C

"

i
¼ ΦB

i

ΦC
i
¼ NB

i

NC
i

!
AB
i

AC
i

ϵBi
ϵCi

"−1
: ð2Þ

In this Letter the B=C ratio was measured in 67 bins from
1.9 GV to 2.6 TV with bin widths chosen according to the
rigidity resolution.
The bin-to-bin migration of events was corrected

using the unfolding procedure described in Ref. [4]

independently for the boron and the carbon samples.
This results in a correction on the B=C ratio of −2.4%
at 2 GV, −0.5% at 20 GV, −5% at 200 GV, and −13%
at 2 TV.
Extensive studies were made of the systematic errors.

These errors include the uncertainties in the two back-
ground estimations discussed above, in the trigger effi-
ciency, in the acceptance calculation, in the rigidity
resolution function, and in the absolute rigidity scale.
The systematic error on the B=C ratio associated with

background subtraction is dominated by the uncertainty of
∼10% in the boron sample background estimation for
interactions above L1, see, for example, Fig. 3 of the
Supplemental Material [31]. The total background sub-
traction error on the B=C ratio is < 1% over the entire
rigidity range.
The systematic error on the B=C ratio associated with the

trigger efficiency is < 0.5% over the entire rigidity range.
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FIG. 2. The B=C spectral index Δ as a function of rigidity.
The dashed red line shows the single power law fit result to the
B=C ratio above 65 GV; see Fig. 1.
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Most importantly, several independent analyses were
performed on the same data sample by different study groups.
The results of those analyses are consistent with this Letter.
Results.— The measured lithium, beryllium, and boron

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

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

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

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

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2 ~R2 þ M2

p
−MÞ=A where Z, M, and A are the Li,

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

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

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

γ ¼ d½logðΦÞ'=d½logðRÞ'; ð2Þ

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

ence of primary and secondary cosmic rays in detail, the
ratios of the lithium, beryllium, and boron fluxes to the
carbon and oxygen fluxes were computed using the data in
Tables I, II, and III of the Supplemental Material [21]
and Tables II and III of Ref. [14], and are reported in
Tables IV–IX of the Supplemental Material [21] with their
statistical and systematic errors. The detailed variations
with rigidity of the spectral indices Δ of each flux ratio
were obtained in a model independent way using
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FIG. 1. The AMS (a) Li and B and (b) Be and B fluxes [21]
multiplied by ~R2.7 with their total errors as a function of rigidity.
As seen, the Li and B fluxes have identical rigidity dependence
above ∼7 GV and all three secondary fluxes have identical
rigidity dependence above ∼30 GV.
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rigidity together with the rigidity dependence of the He, C, and O
spectral indices [14]. For clarity, the Li, B, He, and O data points
are displaced horizontally. The shaded regions are to guide the
eye. As seen, the magnitude and the rigidity dependence of the Li,
Be, and B spectral indices are nearly identical, but distinctly
different from the rigidity dependence of the He, C, and O
spectral indices. Above ∼200 GV the Li, Be, and B fluxes all
harden more than the He, C, and O fluxes. See also Fig. 3.
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Δ ¼ d½logðΦS=ΦPÞ%=d½logðRÞ%; ð3Þ

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

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

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

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

We thank former NASA Administrator Daniel S. Goldin
for his dedication to the legacy of the ISS as a scientific
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BREAKS IN PRIMARY SPECTRA

IN PRINCIPLE THEY COULD REFLECT THE ACCIDENTAL 
PROXIMITY OF A LOCAL SOURCE, BUT UNLIKELY (Genolini et al. 2017)

MOST LIKELY IT REFLECTS A NEW PHENOMENON 
CONNECTED TO TRANSPORT

TRANSPORT IN A D(P,Z) WOULD WORK (Tomassetti, 2012 and 
following work)

ONSET OF NON LINEAR CR TRANSPORT EFFECTS WOULD 
WORK (PB+, 2012 and following work)
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2

out this paper, we discuss important consequences for
the physical observables that are being investigated by
AMS, including implications for dark matter searches via
antimatter.
Numerical Implementation — The CR diffusion is de-

scribed by a 2D transport equation with boundary con-
ditions in a cylindrical region for all CR species:

∂tψ = Q+ ∇⃗ · (D∇⃗ψ)− ψΓ+ ∂E(Ėψ) , (1)

where ψ = ψ(E, r, z) is the particle number density as
a function of energy and space coordinates, Γ = βcnσ
is the destruction rate for collisions off gas nuclei, with
density n, at velocity βc and cross section σ. The source
term Q is split into a primary term, Qpri, and a sec-
ondary production term Qsec =

∑

j Γ
sp
j ψj, from spalla-

tion of heavier j–type nuclei with rate Γsp
j . The term

Ė = − dE
dt describes ionization and Coulomb losses, as

well as radiative cooling of CR leptons. To numerically
solve Eq. 1 in steady state conditions (∂tψ=0), we em-
ploy the DRAGON package [32]. We introduced a modifi-
cation of the finite-differencing scheme and of the spatial
grid of the code in order to allow for a diffusion coeffi-
cient of the form K(R, z) = K0 (R/R0)

δ(z). Note that
our function K is non-separable in rigidity and space co-
ordinates. The full propagation region has half-height
L =4kpc and radius rmax = 20kpc. We split the cylin-
der into two z-symmetric propagation zones. We call
inner halo the region which surrounds the disk for a few
hundred pc (|z| < li ∼=500pc), where the turbulence is
presumably injected by SN bubbles, while the outer halo
represents a wider region (li < |z| < L) possibly char-
acterized by a CR-driven turbulence spectrum [34]. The
spatial dependence of δ(z) is expressed by δ = δi ∼=0.15
in the inner halo and δ = δo ∼=0.75 in the outer halo,
where K0

∼=1028 cm2s, and R0 ≡ 0.25GV set the diffu-
sion in the two zones. The source spectra are of the type
Qpri ∝ R−ν , with ν=2.32 for nuclei, while proton spectra
are steeper by 0.08 [33]. For illustrative purposes, we also
set up a standard model of Iroshnikov-Kraichnan type dif-
fusion, with δ ≡ 0.5 everywhere and source spectra with
ν =2.3, to match the data at E ∼ 1–200GeV/nucleon.
The local interstellar flux is φ = βc

4πψ⊙, computed at the
position z⊙=0 and r⊙ =8.3 kpc. In the following, the par-
ticle fluxes at Earth from the two models are presented.
The solar modulation is described under the force-field
approximation [35], using modulation parameter values
Φ ∼=550MV for protons and leptons (relevant for the
AMS data) and Φ ∼=350MV for nuclei (relevant for the
PAMELA data) [36, 37].
Protons — The calculated proton spectrum is shown

in Fig. 1 in comparison with the new AMS data. At
E ! 10GeV, CR protons are not very sensitive to en-
ergy losses or destruction. Our numerical results nicely
confirm the trends obtained in our analytical derivations
[18]. Neglecting interactions, one can see that the naive
expectation, φp ∼ Qpri/Ω with Ω = K/L, has to be
modified using Ω = (li/ki + lo/ko), which depends on the
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FIG. 1. Top: proton energy spectrum multiplied by E2.7.
Bottom: rigidity dependence of the proton spectral index.
The model calculations are shown in comparison with the
data [13–16]. The modulation potential is Φ = 550MV.

diffusion coefficients ki/o ∝ Rδi/o and on the half-sizes of
the two halos li/o. The CR propagation in both regions,
with systematically slower diffusion in the inner halo, is
at the origin of the spectral hardening. The high-energy
propagation becomes progressively dominated by the in-
ner halo. In the bottom panel, we plot the spectral index
γ(R) = d[log(φp)]/d[log(R)]. Our model describes very
well the smooth evolution of the spectrum measured by
AMS at R ∼ 10-1000GV We also note that, in this rigid-
ity region, the spectrum is never power-law.
Nuclei — The transport of primary nuclei (e.g., He, C,

O or Fe) is similar to that of protons, hence we expect
a spectral hardening at the same rigidity as for proton.
A minor difference comes from destructive interactions,
increasing with increasing masses, that slightly harden
the spectra below ∼ 100GeV/nucleon. The carbon spec-
trum is shown in Fig. 2. At E ≫GeV/n, its approximate
behavior is φ ∼ Q/ (Ω+ hΓ), where hΓ is the interaction
term for a surface gas density hn ∼=200pc× 1 cm−3, act-
ing in competition with the diffusive term Ω. Secondary
nuclei, like boron in the figure, are expected to have
steeper spectra and to experience a stronger upturn in
comparison to their progenitors C-N-O. As a consequence
the B/C ratio is found to progressively flatten, as shown
in the figure, to an asymptotic multi-TeV dependence
∼ E−δi . At lower energies, the B/C ratio from our
model recovers the standard model behavior. A hint
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FIG. 2. Top to bottom: Energy spectra of B and C, B/C
ratio, and Li spectrum. The spectra are multiplied by E2.7.
The model calculations are shown in comparison with the
data [15, 38–44]. The modulation potential is Φ = 350MV.

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

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

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

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

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

c
∇ψ
ψ , within the diffusion approximation. We

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

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

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

√

τki/o, in the two propagation
regions. Above a few GeV one has λo ! lo in the outer
halo so that, in contrast to hadrons, CR leptons de-
tected at Earth have spent a larger fraction of time in
the inner halo. At higher energies the distance scale de-
creases further. The resulting effect is that the e± spec-
tra above a few tens of GeV are essentially determined
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FIG. 2. Top to bottom: Energy spectra of B and C, B/C
ratio, and Li spectrum. The spectra are multiplied by E2.7.
The model calculations are shown in comparison with the
data [15, 38–44]. The modulation potential is Φ = 350MV.

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

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

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

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

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

c
∇ψ
ψ , within the diffusion approximation. We

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

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

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

√

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

δ1=0.15
δ2=0.75

DESPITE THE SIMPLICITY 
OF THE IDEA THE SPACE 
DEPENDENCE OF THE 
D I F F U S I O N 
COEFFICIENT REMAINS 
LACKS A PHYSICAL 
MOTIVATION
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have also been presented: the small statistical error bars up to
high energies allow us to use this tool as a powerful indicator of
the propagation of CRs through the Galaxy.

In addition to the AMS-02 data, the results of another invalu-
able experimental effort became available in the last few years.
The Voyager spacecraft, launched in 1977, reached the termi-
nation shock and is now believed to be moving in the interstel-
lar medium, unaffected by the solar wind (Stone et al. 2013).
The Voyager is therefore providing us with the very first mea-
surement of the interstellar spectra of protons and helium nuclei,
which can be compared directly with the predictions of our mod-
els, rather than dealing with complex and uncertain recipes of
solar modulation.

These recent developments revived the interest of the
community and stimulated a new search for explanations of the
spectral breaks. In this paper, we reconsider the model first put
forward by Blasi et al. (2012) and Aloisio & Blasi (2013) and
check it versus both the data of AMS-02 and Voyager. We find
that the set of parameters that were previously used to fit the
PAMELA data also lead to a good fit to the AMS-02 data con-
cerning the proton and helium spectra. The rigidity where the
spectral break occurs is predicted rather solidly by the model.
In fact, the model predicts in a rather constrained manner both
the normalization and the energy dependence of the diffusion
coefficient at rigidities below a few hundred GV, where self-
generation is important. At the same time, it also fixes the in-
jection rate (for instance in SNR shocks) and hence the diffusion
coefficient at high energies to reproduce the observed spectrum
of CRs. Since both contributions are quite well constrained, so
is the transition energy. The constrained nature of the model is
also its main strength. As discussed above, the B/C ratio was
presented by the AMS-02 collaboration only in a preliminary
form (AMS-02 2015) and we only use this information to fur-
ther check, at least visually, the viability of the model. The AMS
data extend to unprecedented high energies and hence they pro-
vide us with much information about propagation. We find that
the preliminary data on B/C are well fit with our model, although
there is marginal evidence for some additional grammage with
a harder energy dependence compared with the grammage ac-
cumulated throughout the Galaxy. The necessary grammage is
compatible with that accumulated by CRs while being acceler-
ated and advected in a typical SNR, and is consistent with being
energy independent.

The paper is structured as follows: in Sect. 2 we summarize
the essential aspects of the model put forward by Blasi et al.
(2012) and Aloisio & Blasi (2013). In Sect. 3 we discuss the
implications for the nuclear spectra and for the B/C ratio. We
summarize in Sect. 4.

2. Self-generated versus pre-existing waves
and CR transport

In a 1D model (infinite slab, only dependence from distance
z above/below the plane retained), the transport equation for
CR nuclei in its general form can be written as follows:

− ∂
∂z

[
Dα(p)

∂ fα
∂z

]
+ w
∂ fα
∂z
− p

3
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2h dq0,α(p)δ(z) +
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α′ >α

µ v(p)σα′→α
m

δ(z) fα′ , (1)

where we defined:

w(z) = vAΘ(z) − vA [1 − Θ(z)] , (2)

with Θ(z) the Heaviside function and the Alfvén speed vA =
B0/

√
4πmpni ≈ 15 km s−1 (B0 = 1µG and ni = 0.02 cm−3

are the magnetic field strength and gas density in the halo). In
Eq. (1), σα is the spallation cross section of a nucleus of type α,
µ is a grammage parameter fixed to 2.4 mg/cm2, and q0,α(p) is
the rate of injection per unit volume in the disk of the Galaxy.
Namely, since h d is the half-thickness of the (assumed infinites-
imal) gaseous disk, and 2 h d q0,α is the rate of injection in the
disk of the Galaxy per unit surface. The total cross section for
spallation and the cross sections for the individual channels of
spallation of a heavier element to a lighter element (σα′→α) have
been taken from Webber et al. (1990, 2003). As stressed above,
for the sake of a meaningful comparison with data, it is impor-
tant to take the stable isotopes of all elements into account. This
is important for pure secondary elements, namely elements pro-
duced only through spallation, such as boron (B = 10B + 11B),
and for nitrogen (N = 14N + 15N), which gets a significant sec-
ondary contribution from spallation of heavier nuclei, for car-
bon (C = 12C + 13C) and oxygen (O = 16O + 17O + 18O) see
e.g. di Bernardo et al. (2010) and Evoli et al. (2008). Moreover,
for simplicity we assume an instantaneous decay for isotopes
whose lifetime is much shorter than their escape time from the
Galaxy. This means that in the sum over α′ in the rhs of Eq. (1),
we also consider the terms of the type σα′ →α′′ fα′ being α′′ a
nuclear specie that rapidly decays into α.

In our equations, v(p) = β c is the velocity of nuclei of type α
having momentum p. Since the gas is assumed to be present
only in the disk, and the ionization rate is proportional to the gas
density, one can write the following:

(
dp
dt

)
α,ion
= 2h dδ(z)b0,α(p),

where b0,α(p) contains the particle physics aspects of the pro-
cess; see Strong & Moskalenko (1998) and references therein
for a more detailed discussion of this term.

Following the procedure outlined by Aloisio & Blasi (2013)
(Eqs. (3.3) to (3.5) of that paper), one can transform Eq. (1) in a
modified weighted slab transport equation, i.e.,

Iα(E)
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+
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Iα(E)
m
σα′→α, (3)

where Iα(E) is the flux of nuclei with kinetic energy per nu-
cleon E for nuclei of type α, such that Iα(E)dE = v p2 f0,α(p)dp.
It is easy to show that Iα(E) = Aαp2 f0,α(p), being Aα the atomic
mass number of the nucleus. We also introduced the quantity

Xα(E) =
µ v

2vA

[
1 − exp

(
− vA

Dα
H

)]
, (4)

which represents the grammage for nuclei of type α with kinetic
energy per nucleon E, while
(
dE
dx

)

ad
= − 2vA

3µ c

√
E(E + mpc2) (5)

is the rate of adiabatic energy losses due to advection.
The diffusion coefficient relevant for a nucleus α can be

written as

Dα(p) =
1
3

p c
ZαeB0

v(p)
[

1
k W(k)

]

k= ZαeB0/pc
, (6)
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have also been presented: the small statistical error bars up to
high energies allow us to use this tool as a powerful indicator of
the propagation of CRs through the Galaxy.

In addition to the AMS-02 data, the results of another invalu-
able experimental effort became available in the last few years.
The Voyager spacecraft, launched in 1977, reached the termi-
nation shock and is now believed to be moving in the interstel-
lar medium, unaffected by the solar wind (Stone et al. 2013).
The Voyager is therefore providing us with the very first mea-
surement of the interstellar spectra of protons and helium nuclei,
which can be compared directly with the predictions of our mod-
els, rather than dealing with complex and uncertain recipes of
solar modulation.

These recent developments revived the interest of the
community and stimulated a new search for explanations of the
spectral breaks. In this paper, we reconsider the model first put
forward by Blasi et al. (2012) and Aloisio & Blasi (2013) and
check it versus both the data of AMS-02 and Voyager. We find
that the set of parameters that were previously used to fit the
PAMELA data also lead to a good fit to the AMS-02 data con-
cerning the proton and helium spectra. The rigidity where the
spectral break occurs is predicted rather solidly by the model.
In fact, the model predicts in a rather constrained manner both
the normalization and the energy dependence of the diffusion
coefficient at rigidities below a few hundred GV, where self-
generation is important. At the same time, it also fixes the in-
jection rate (for instance in SNR shocks) and hence the diffusion
coefficient at high energies to reproduce the observed spectrum
of CRs. Since both contributions are quite well constrained, so
is the transition energy. The constrained nature of the model is
also its main strength. As discussed above, the B/C ratio was
presented by the AMS-02 collaboration only in a preliminary
form (AMS-02 2015) and we only use this information to fur-
ther check, at least visually, the viability of the model. The AMS
data extend to unprecedented high energies and hence they pro-
vide us with much information about propagation. We find that
the preliminary data on B/C are well fit with our model, although
there is marginal evidence for some additional grammage with
a harder energy dependence compared with the grammage ac-
cumulated throughout the Galaxy. The necessary grammage is
compatible with that accumulated by CRs while being acceler-
ated and advected in a typical SNR, and is consistent with being
energy independent.

The paper is structured as follows: in Sect. 2 we summarize
the essential aspects of the model put forward by Blasi et al.
(2012) and Aloisio & Blasi (2013). In Sect. 3 we discuss the
implications for the nuclear spectra and for the B/C ratio. We
summarize in Sect. 4.

2. Self-generated versus pre-existing waves
and CR transport

In a 1D model (infinite slab, only dependence from distance
z above/below the plane retained), the transport equation for
CR nuclei in its general form can be written as follows:
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with Θ(z) the Heaviside function and the Alfvén speed vA =
B0/

√
4πmpni ≈ 15 km s−1 (B0 = 1µG and ni = 0.02 cm−3

are the magnetic field strength and gas density in the halo). In
Eq. (1), σα is the spallation cross section of a nucleus of type α,
µ is a grammage parameter fixed to 2.4 mg/cm2, and q0,α(p) is
the rate of injection per unit volume in the disk of the Galaxy.
Namely, since h d is the half-thickness of the (assumed infinites-
imal) gaseous disk, and 2 h d q0,α is the rate of injection in the
disk of the Galaxy per unit surface. The total cross section for
spallation and the cross sections for the individual channels of
spallation of a heavier element to a lighter element (σα′→α) have
been taken from Webber et al. (1990, 2003). As stressed above,
for the sake of a meaningful comparison with data, it is impor-
tant to take the stable isotopes of all elements into account. This
is important for pure secondary elements, namely elements pro-
duced only through spallation, such as boron (B = 10B + 11B),
and for nitrogen (N = 14N + 15N), which gets a significant sec-
ondary contribution from spallation of heavier nuclei, for car-
bon (C = 12C + 13C) and oxygen (O = 16O + 17O + 18O) see
e.g. di Bernardo et al. (2010) and Evoli et al. (2008). Moreover,
for simplicity we assume an instantaneous decay for isotopes
whose lifetime is much shorter than their escape time from the
Galaxy. This means that in the sum over α′ in the rhs of Eq. (1),
we also consider the terms of the type σα′ →α′′ fα′ being α′′ a
nuclear specie that rapidly decays into α.

In our equations, v(p) = β c is the velocity of nuclei of type α
having momentum p. Since the gas is assumed to be present
only in the disk, and the ionization rate is proportional to the gas
density, one can write the following:

(
dp
dt

)
α,ion
= 2h dδ(z)b0,α(p),

where b0,α(p) contains the particle physics aspects of the pro-
cess; see Strong & Moskalenko (1998) and references therein
for a more detailed discussion of this term.

Following the procedure outlined by Aloisio & Blasi (2013)
(Eqs. (3.3) to (3.5) of that paper), one can transform Eq. (1) in a
modified weighted slab transport equation, i.e.,
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where Iα(E) is the flux of nuclei with kinetic energy per nu-
cleon E for nuclei of type α, such that Iα(E)dE = v p2 f0,α(p)dp.
It is easy to show that Iα(E) = Aαp2 f0,α(p), being Aα the atomic
mass number of the nucleus. We also introduced the quantity

Xα(E) =
µ v

2vA
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1 − exp
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, (4)

which represents the grammage for nuclei of type α with kinetic
energy per nucleon E, while
(
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is the rate of adiabatic energy losses due to advection.
The diffusion coefficient relevant for a nucleus α can be
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where W(k) is the power spectrum of waves at the resonant
wavenumber k = ZαeB0/pc, Z being the nuclear electric charge.
The nonlinearity of the problem is evident here. The diffusion
coefficient for each nuclear species depends on all other nuclei
through the wave power W(k), but the spectra are in turn deter-
mined by the relevant diffusion coefficient. The problem can be
written in a closed form, though in an implicit way, using the
transport equation for each nucleus, Eq. (3), and writing the evo-
lution equation for the waves (Miller & Roberts 1995)

∂

∂k

[
Dkk
∂W
∂k

]
+ ΓCRW = q W(k), (7)

where q W (k) is the injection term of waves with wavenumber k
and Dkk = CKvAk7/2W(k)1/2 is the diffusion coefficient of waves
in k space for a Kolmogorov phenomenology and CK ≈ 0.052
is a numerical coefficient. In the present calculations, we as-
sume that waves are only injected on a scale lc ∼ 50–100 pc,
for instance, by supernova explosions. This means that q W(k) ∝
δ(k − 1/lc). The level of pre-existing turbulence is normalized
to the total power ηB = δB2/B2

0 =
∫

dkW(k). Strictly speak-
ing the wavenumber 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. (7) describes the generation of wave
power through CR induced streaming instability, with a growth
rate (Skilling 1975)
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16π2
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0
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p 4v(p )

∂ fα
∂z

]

p =ZαeB0/kc
, (8)

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 previous literature,
it is very important to compute the diffusion coefficient properly,
and thus for a meaningful comparison with the flux spectra and
secondary to primary ratios, notably B/C. The growth rate, writ-
ten as in Eq. (8), refers to waves with wavenumber 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 use here this
expression but keep its limitations in mind.

The solution of Eq. (7) can be written in an implicit
form, i.e.,

W(k)=

⎡
⎢⎢⎢⎢⎢⎣W
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2
3

, (9)

where k0 = 1/lc. The two terms in Eq. (9) refer to the pre-
existing magnetic turbulence and the CR induced turbulence, re-
spectively. 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

)−5/3
, normalized, as discussed

above, to the total power W0 = (2/3)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 that
predicted by quasi-linear theory in the presence of a background
turbulence. The first iteration returns the spectra of each nuclear
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Fig. 1. Spectrum of protons measured by Voyager (blue empty circles),
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.

species and a spectrum of waves, which can now be used to cal-
culate the diffusion coefficient self-consistently. The procedure
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 sat-
isfactory 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 not trivial.

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 thus far
only the results of AMS concerning protons have been published
(Aguilar et al. 2015), while a preliminary version of the spec-
trum 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 mea-
surement in human history of the CR spectra in the interstellar
medium. These are very important results in that they also allow
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 modeled using the force-free approximation (Gleeson
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). Figures 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
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where W(k) is the power spectrum of waves at the resonant
wavenumber k = ZαeB0/pc, Z being the nuclear electric charge.
The nonlinearity of the problem is evident here. The diffusion
coefficient for each nuclear species depends on all other nuclei
through the wave power W(k), but the spectra are in turn deter-
mined by the relevant diffusion coefficient. The problem can be
written in a closed form, though in an implicit way, using the
transport equation for each nucleus, Eq. (3), and writing the evo-
lution equation for the waves (Miller & Roberts 1995)
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+ ΓCRW = q W(k), (7)

where q W (k) is the injection term of waves with wavenumber k
and Dkk = CKvAk7/2W(k)1/2 is the diffusion coefficient of waves
in k space for a Kolmogorov phenomenology and CK ≈ 0.052
is a numerical coefficient. In the present calculations, we as-
sume that waves are only injected on a scale lc ∼ 50–100 pc,
for instance, by supernova explosions. This means that q W(k) ∝
δ(k − 1/lc). The level of pre-existing turbulence is normalized
to the total power ηB = δB2/B2

0 =
∫

dkW(k). Strictly speak-
ing the wavenumber 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. (7) describes the generation of wave
power through CR induced streaming instability, with a growth
rate (Skilling 1975)
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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 previous literature,
it is very important to compute the diffusion coefficient properly,
and thus for a meaningful comparison with the flux spectra and
secondary to primary ratios, notably B/C. The growth rate, writ-
ten as in Eq. (8), refers to waves with wavenumber 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 use here this
expression but keep its limitations in mind.

The solution of Eq. (7) can be written in an implicit
form, i.e.,
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where k0 = 1/lc. The two terms in Eq. (9) refer to the pre-
existing magnetic turbulence and the CR induced turbulence, re-
spectively. 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

)−5/3
, normalized, as discussed

above, to the total power W0 = (2/3)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 that
predicted by quasi-linear theory in the presence of a background
turbulence. The first iteration returns the spectra of each nuclear
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Fig. 1. Spectrum of protons measured by Voyager (blue empty circles),
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.

species and a spectrum of waves, which can now be used to cal-
culate the diffusion coefficient self-consistently. The procedure
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 sat-
isfactory 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 not trivial.

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 thus far
only the results of AMS concerning protons have been published
(Aguilar et al. 2015), while a preliminary version of the spec-
trum 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 mea-
surement in human history of the CR spectra in the interstellar
medium. These are very important results in that they also allow
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 modeled using the force-free approximation (Gleeson
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). Figures 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
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where W(k) is the power spectrum of waves at the resonant
wavenumber k = ZαeB0/pc, Z being the nuclear electric charge.
The nonlinearity of the problem is evident here. The diffusion
coefficient for each nuclear species depends on all other nuclei
through the wave power W(k), but the spectra are in turn deter-
mined by the relevant diffusion coefficient. The problem can be
written in a closed form, though in an implicit way, using the
transport equation for each nucleus, Eq. (3), and writing the evo-
lution equation for the waves (Miller & Roberts 1995)

∂

∂k

[
Dkk
∂W
∂k

]
+ ΓCRW = q W(k), (7)

where q W (k) is the injection term of waves with wavenumber k
and Dkk = CKvAk7/2W(k)1/2 is the diffusion coefficient of waves
in k space for a Kolmogorov phenomenology and CK ≈ 0.052
is a numerical coefficient. In the present calculations, we as-
sume that waves are only injected on a scale lc ∼ 50–100 pc,
for instance, by supernova explosions. This means that q W(k) ∝
δ(k − 1/lc). The level of pre-existing turbulence is normalized
to the total power ηB = δB2/B2

0 =
∫

dkW(k). Strictly speak-
ing the wavenumber 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. (7) describes the generation of wave
power through CR induced streaming instability, with a growth
rate (Skilling 1975)

Γcr(k) =
16π2

3
vA

k W(k)B2
0

∑

α

[
p 4v(p )

∂ fα
∂z

]

p =ZαeB0/kc
, (8)

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 previous literature,
it is very important to compute the diffusion coefficient properly,
and thus for a meaningful comparison with the flux spectra and
secondary to primary ratios, notably B/C. The growth rate, writ-
ten as in Eq. (8), refers to waves with wavenumber 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 use here this
expression but keep its limitations in mind.

The solution of Eq. (7) can be written in an implicit
form, i.e.,

W(k)=

⎡
⎢⎢⎢⎢⎢⎣W

3/2
0

(
k
k0

)−5/2

+
3

2CKvA

∫ ∞

k

dk′

k′1/2

∫ k′

k0

dk̃ΓCR(k̃)W(k̃)

⎤
⎥⎥⎥⎥⎥⎦

2
3

, (9)

where k0 = 1/lc. The two terms in Eq. (9) refer to the pre-
existing magnetic turbulence and the CR induced turbulence, re-
spectively. 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

)−5/3
, normalized, as discussed

above, to the total power W0 = (2/3)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 that
predicted by quasi-linear theory in the presence of a background
turbulence. The first iteration returns the spectra of each nuclear
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species and a spectrum of waves, which can now be used to cal-
culate the diffusion coefficient self-consistently. The procedure
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 sat-
isfactory 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 not trivial.

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 thus far
only the results of AMS concerning protons have been published
(Aguilar et al. 2015), while a preliminary version of the spec-
trum 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 mea-
surement in human history of the CR spectra in the interstellar
medium. These are very important results in that they also allow
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 modeled using the force-free approximation (Gleeson
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). Figures 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
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where W(k) is the power spectrum of waves at the resonant
wavenumber k = ZαeB0/pc, Z being the nuclear electric charge.
The nonlinearity of the problem is evident here. The diffusion
coefficient for each nuclear species depends on all other nuclei
through the wave power W(k), but the spectra are in turn deter-
mined by the relevant diffusion coefficient. The problem can be
written in a closed form, though in an implicit way, using the
transport equation for each nucleus, Eq. (3), and writing the evo-
lution equation for the waves (Miller & Roberts 1995)

∂

∂k

[
Dkk
∂W
∂k

]
+ ΓCRW = q W(k), (7)

where q W (k) is the injection term of waves with wavenumber k
and Dkk = CKvAk7/2W(k)1/2 is the diffusion coefficient of waves
in k space for a Kolmogorov phenomenology and CK ≈ 0.052
is a numerical coefficient. In the present calculations, we as-
sume that waves are only injected on a scale lc ∼ 50–100 pc,
for instance, by supernova explosions. This means that q W(k) ∝
δ(k − 1/lc). The level of pre-existing turbulence is normalized
to the total power ηB = δB2/B2

0 =
∫

dkW(k). Strictly speak-
ing the wavenumber 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. (7) describes the generation of wave
power through CR induced streaming instability, with a growth
rate (Skilling 1975)

Γcr(k) =
16π2

3
vA

k W(k)B2
0

∑

α

[
p 4v(p )

∂ fα
∂z

]

p =ZαeB0/kc
, (8)

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 previous literature,
it is very important to compute the diffusion coefficient properly,
and thus for a meaningful comparison with the flux spectra and
secondary to primary ratios, notably B/C. The growth rate, writ-
ten as in Eq. (8), refers to waves with wavenumber 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 use here this
expression but keep its limitations in mind.

The solution of Eq. (7) can be written in an implicit
form, i.e.,

W(k)=

⎡
⎢⎢⎢⎢⎢⎣W

3/2
0

(
k
k0

)−5/2

+
3

2CKvA

∫ ∞

k

dk′

k′1/2

∫ k′

k0

dk̃ΓCR(k̃)W(k̃)

⎤
⎥⎥⎥⎥⎥⎦

2
3

, (9)

where k0 = 1/lc. The two terms in Eq. (9) refer to the pre-
existing magnetic turbulence and the CR induced turbulence, re-
spectively. 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

)−5/3
, normalized, as discussed

above, to the total power W0 = (2/3)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 that
predicted by quasi-linear theory in the presence of a background
turbulence. The first iteration returns the spectra of each nuclear
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Fig. 1. Spectrum of protons measured by Voyager (blue empty circles),
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.

species and a spectrum of waves, which can now be used to cal-
culate the diffusion coefficient self-consistently. The procedure
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 sat-
isfactory 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 not trivial.

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 thus far
only the results of AMS concerning protons have been published
(Aguilar et al. 2015), while a preliminary version of the spec-
trum 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 mea-
surement in human history of the CR spectra in the interstellar
medium. These are very important results in that they also allow
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 modeled using the force-free approximation (Gleeson
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). Figures 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
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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.

102

103

104

10-1 100 101 102 103 104 105

E k
2.

7 J(
E k

) (
G

eV
1.

7 /(m
2  s

 s
r))

Ek (GeV)

proton

Pamela
CREAM
Voyager
AMS-02
unmod.

mod.

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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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
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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. 2. Spectrum of He nuclei according to preliminary measurements
of AMS-02 (black filled circles), as measured by Voyager (blue empty
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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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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 to
the AMS-02 and PAMELA data is in excellent agreement with
the Voyager data (see dashed lines). This is not 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, which 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 sug-
gests that the prescriptions used to describe solar modulation
are probably 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
limitations 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
illustrate 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 the AMS-02 data
more closely. 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, given the growing error bars and the lim-
ited dynamical range at high energy. A break would appear more
prominent if one were to combine PAMELA and CREAM data,
which seem to differ from AMS-02 data in the 10 to ∼200 GeV/n
range beyond the reported errors. The forthcoming AMS-02
publication of nuclear fluxes should definitely help clarify 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 data 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 ra-
tio is still in satisfactory agreement with both PAMELA and

100

101

10-1 100 101 102 103 104

E
k2.

7  J
(E

k)
 (

G
eV

1.
7 /(

m
2  s

 s
r)

)

Ek (GeV/n)

carbon

Pamela
CREAM
AMS-02
unmod.

mod.

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 & Blasi 2013).
The B/C ratio also fits the AMS data up to ∼100 GeV/n. At
higher energy, the AMS-02 analysis seems to suggest a B/C ra-
tio somewhat higher than our prediction. While its significance
is uncertain, 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 gram-
mage is that it may be due to the matter traversed by CRs while
escaping the source, for instance, a SNR. The grammage due to
confinement inside a SNR can be easily estimated as

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
a SNR shock, 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 20 000 yr. The factor 1.4 in Eq. (10) has been in-
troduced to account for the presence of elements heavier than
hydrogen in the target. While Eq. (10) is only a rough estimate
of the grammage at the source, in that several (in general energy
dependent) factors may affect this estimate, at least it provides
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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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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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SHOCK ACCELERATION OF SECONDARY NUCLEI

SHOCKS ARE BLIND TO THE NATURE OF CHARGED PARTICLES THAT 
TAKE PART IN ACCELERATION

HENCE SECONDARY PARTICLES WORK AS SEEDS AS WELL…

PRIMARY NUCLEI
thermal seeds —> E-γ               

SECONDARY NUCLEI
E-γ-δ —> E-γ               

IT IS CLEAR THAT THE OCCASIONAL ACCELERATION OF 
SECONDARY NUCLEI MUST BE THE MAIN CONTRIBUTION AT 

SUFFICIENTLY HIGH E, TYPICALLY ABOVE TeV (PB 2017)
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Figure 3. Grammage traversed by CRs as a function of rigidity.
The lines are labelled as in Figure 1.

the cases in which �2 = 1/3 and 0.5. Although the latter
seems to best describe the C and O high energy trend, one
should keep in mind that a more realistic situation would
show a gradual transition between the two regimes, hence
we should probably not take these values too seriously but
rather as phenomenological implementations of the idea of
a transition in the di↵usive properties at R ⇠ 300 GV.

The B/C ratio is much more interesting than the spec-
tra of primary nuclei: in Figure 4 we show the recent AMS-02
data (Aguilar et al. 2016), and the curves representing our
predicted B/C ratio for the five cases introduced above. At
rigidity R < 100 GV, the five scenarios provide an equally
good description of the data, although, as pointed out above,
the grammage in the cases with and without reacceleration
di↵er appreciably (figure 3). However, for R & 100 GV,
the cases without reacceleration clearly fail to describe the
B/C data points as measured by AMS-02. This was already
pointed out by Aloisio et al. (2015) where the authors find
that an additional grammage is necessary at high energies
to fit the data, possibly accumulated inside the sources of
CRs. Here we show that reacceleration at the same shocks
responsible for CR acceleration may provide a better de-
scription of the B/C data, thereby mitigating the need for
additional components to the grammage. Notice that reac-
celeration may occur at SN shocks even in the cases in which
the shock propagates in a rarefied medium (for instance the
ones excavated by the wind of the progenitor star) where no
appreciable grammage is accumulated.

The dash-dotted (orange) line in Figure 4 shows the
predicted B/C ratio with reacceleration but without breaks
in the di↵usion coe�cient. This case illustrates, by itself,
the importance of reacceleration, and shows that reaccel-
eration alone is su�cient to provide a good description of
the observed B/C ratio. The introduction of a break in the
di↵usion coe�cient (�2 = 1/3 for the solid (black) line and
�2 = 1/2 for the dashed (green) line) leads to an additional
flattening of the energy dependence in the B/C at high en-
ergy but does not lead to a clear improvement in the fit.

Figure 4. Ratio of boron to carbon fluxes as a function of rigidity
as measured by AMS-02 (Aguilar et al. 2016). Lines are labelled
as in Figure 1.

The recent measurement of the spectra of secondary
nuclei such as lithium and boron allows us to test further
the ideas put forward above. In the absence of reacceleration,
the spectrum of secondary nuclei is expected to scale with
kinetic energy as E�s+2�2�

k
, where � = �1 for rigidity below

⇠ 300GV and � = �2 for rigidity R & 300GV. The recent
measurements carried out by the AMS-02 experiment show
that the high energy spectrum of Li has a slope that is very
close to that of the high energy spectrum of nuclei (slope
⇠ 2.7), apparently incompatible with the naive expectation
based on the standard model.

The spectrum of Li as measured by AMS-02 (Yan 2017)
is shown in Figure 5 and compared with the results of our
calculations. The dash-3dot (cyan) and the dashed (purple)
lines show the spectra of lithium in cases without reaccel-
eration, without and with a break in the di↵usion coe�-
cient (�2 = 1/3) respectively. One can see that these cases
do not provide a good description of the observed Li spec-
trum. The presence of reacceleration drastically changes this
picture: due to the fact that the spectrum of reaccelerated
lithium nuclei (or any secondary nucleus for that matter) re-
produces the spectrum of primaries at the same energy per
nucleon, the high energy limit of such spectrum is the same
as that of primaries because the steeper component disap-
pears at lower energies. The data points of AMS-02 extend
to a transition region between the low energy part, where
the lithium spectrum scales as E

�s+2�2�1
k

and the high en-

ergy limit where the spectrum is E
�s+2��2
k

. The transition
energy depends on how probable is for secondary lithium
nuclei to encounter a SN shock, as can be understood by
looking at equation (22). The curves shown in Figure 5 refer
to the same cases that have been used to calculate the B/C
ratio and to the spectra of C and O nuclei. Notice that the
asymptotic limit in which lithium is dominated by reaccel-
eration (slope �s + 2 � �2) is reached only at energies � 1
TeV, not visible in the plot.

The dash-dotted (orange) line shows that reacceleration
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Figure 5. Preliminary spectrum of lithium as measured by AMS-
02 (Yan 2017) as a function of the energy per nucleon and results
of our calculations (lines labelled as in Figure 1).

Figure 6. Preliminary spectrum of boron as measured by AMS-
02 (Yan 2017) as a function of the energy per nucleon and results
of our calculations (lines labelled as in Figure 1).

alone (no break in the di↵usion coe�cient) is already su�-
cient to invalidate the naive expectation for the lithium spec-
trum at high energy. However the hardening in the lithium
spectrum due to reacceleration alone seems to appear at too
high energies to describe the preliminary data of AMS-02.
On the other hand, adding the same spectral break that is
necessary to describe the spectra of primaries (protons, He,
C and O) one easily finds good agreement with the data,
both for �2 = 1/3 (solid black line) and �2 = 1/2 (dashed
green line) if reacceleration is taken into account. The break
alone is not su�cient to explain the observed high energy
lithium spectrum, as illustrated by the dashed (purple) line
in Figure 5.

In Figure 6 we also show the spectrum of boron nuclei,
produced in the same reactions that give rise to lithium.
One can see that qualitatively the same considerations al-
ready made for lithium hold for boron. While a hardening
is visible in both spectra of boron and lithium at high ener-
gies, the level of such hardening seems to be mainly set, at
present, by the last two data points at the highest energies,
where statistical uncertainties are the largest. In this sense
there is no indication of a significant discrepancy between
the preliminary spectra of boron and lithium with what ex-
pected if they are pure secondary products. The presence of
breaks and of shock reacceleration seems to account for the
trend of both spectra.

Equation (20) shows in a clear way that the e↵ect of the
reacceleration is strongly dependent upon the reacceleration
volume, / R

3
SN , where RSN is the radius of a typical SNR.

While all the results discussed above have been obtained by
choosing RSN ⇠ 10�12 pc, one might be tempted to specu-
late that by increasing the value of RSN , the reacceleration
term may be increased enough to explain the whole hard-
ening of the lithium spectrum, with no apparent need for
breaks in the di↵usion coe�cient. In fact this attempt typ-
ically fails, because the increase in the reacceleration term
in equation (20) (and equation 22) also causes the low en-
ergy part to harden, resulting in secondary to primary ra-
tios that do not fit the data. In addition, one should keep in
mind that in the calculations illustrated above, the accelera-
tion and reacceleration of particles at a SN shock have been
modelled in a very simple manner, for instance ignoring all
temporal evolution of the SN shock. This is important, be-
cause a di↵erent size of the shock corresponds to a di↵erent
age of the remnant, which in turn corresponds to di↵erent
maximum energies of the accelerated (and re-accelerated)
particles: if RSN is too large, the assumption made implic-
itly in all calculations above, that the maximum rigidity is
much larger than ⇠ 1 TeV/n may turn out to be inappropri-
ate. For instance, if to assume that the maximum energy is
regulated by the growth of Bell modes (Bell 2004; Schure &
Bell 2014), as in modern approaches to CR acceleration in
SNRs, then one can write an approximate expression for the
maximum energy (to be interpreted as rigidity for particles
other than protons):

EM (t) ⇡ ⇠CR

10⇤

p
4⇡⇢
c

eRSN (t)v2s(t) ⇠ 100 TeV

✓
t

ts

◆�4/5

.

(23)

valid for SNe in the Sedov phase (started at time ts) ex-
ploding in the normal interstellar medium with a density of
⇢/mp ⇠ 1 cm�3. Here ⇤ = ln(EM/(mpc

2)) ⇠ 10 for a E
�2

spectrum, and e is the proton electric charge. This maximum
energy drops below TeV for times ⇠ 100ts, corresponding to
radii RSN ⇠ 10�15 pc (see Cardillo et al. (2015) for a more
careful discussion on the derivation of the maximum energy).
For SNe with a size bigger than 10 � 15 pc it is likely that
reacceleration only proceeds up to sub-TeV energies, even
though the shock may still be strong.

5 CONCLUSIONS

The same shocks that are thought to be responsible for CR
acceleration in the Galaxy are also bound to re-energize the
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Figure 5. Preliminary spectrum of lithium as measured by AMS-
02 (Yan 2017) as a function of the energy per nucleon and results
of our calculations (lines labelled as in Figure 1).

Figure 6. Preliminary spectrum of boron as measured by AMS-
02 (Yan 2017) as a function of the energy per nucleon and results
of our calculations (lines labelled as in Figure 1).

alone (no break in the di↵usion coe�cient) is already su�-
cient to invalidate the naive expectation for the lithium spec-
trum at high energy. However the hardening in the lithium
spectrum due to reacceleration alone seems to appear at too
high energies to describe the preliminary data of AMS-02.
On the other hand, adding the same spectral break that is
necessary to describe the spectra of primaries (protons, He,
C and O) one easily finds good agreement with the data,
both for �2 = 1/3 (solid black line) and �2 = 1/2 (dashed
green line) if reacceleration is taken into account. The break
alone is not su�cient to explain the observed high energy
lithium spectrum, as illustrated by the dashed (purple) line
in Figure 5.

In Figure 6 we also show the spectrum of boron nuclei,
produced in the same reactions that give rise to lithium.
One can see that qualitatively the same considerations al-
ready made for lithium hold for boron. While a hardening
is visible in both spectra of boron and lithium at high ener-
gies, the level of such hardening seems to be mainly set, at
present, by the last two data points at the highest energies,
where statistical uncertainties are the largest. In this sense
there is no indication of a significant discrepancy between
the preliminary spectra of boron and lithium with what ex-
pected if they are pure secondary products. The presence of
breaks and of shock reacceleration seems to account for the
trend of both spectra.

Equation (20) shows in a clear way that the e↵ect of the
reacceleration is strongly dependent upon the reacceleration
volume, / R

3
SN , where RSN is the radius of a typical SNR.

While all the results discussed above have been obtained by
choosing RSN ⇠ 10�12 pc, one might be tempted to specu-
late that by increasing the value of RSN , the reacceleration
term may be increased enough to explain the whole hard-
ening of the lithium spectrum, with no apparent need for
breaks in the di↵usion coe�cient. In fact this attempt typ-
ically fails, because the increase in the reacceleration term
in equation (20) (and equation 22) also causes the low en-
ergy part to harden, resulting in secondary to primary ra-
tios that do not fit the data. In addition, one should keep in
mind that in the calculations illustrated above, the accelera-
tion and reacceleration of particles at a SN shock have been
modelled in a very simple manner, for instance ignoring all
temporal evolution of the SN shock. This is important, be-
cause a di↵erent size of the shock corresponds to a di↵erent
age of the remnant, which in turn corresponds to di↵erent
maximum energies of the accelerated (and re-accelerated)
particles: if RSN is too large, the assumption made implic-
itly in all calculations above, that the maximum rigidity is
much larger than ⇠ 1 TeV/n may turn out to be inappropri-
ate. For instance, if to assume that the maximum energy is
regulated by the growth of Bell modes (Bell 2004; Schure &
Bell 2014), as in modern approaches to CR acceleration in
SNRs, then one can write an approximate expression for the
maximum energy (to be interpreted as rigidity for particles
other than protons):

EM (t) ⇡ ⇠CR

10⇤

p
4⇡⇢
c

eRSN (t)v2s(t) ⇠ 100 TeV

✓
t

ts

◆�4/5

.

(23)

valid for SNe in the Sedov phase (started at time ts) ex-
ploding in the normal interstellar medium with a density of
⇢/mp ⇠ 1 cm�3. Here ⇤ = ln(EM/(mpc

2)) ⇠ 10 for a E
�2

spectrum, and e is the proton electric charge. This maximum
energy drops below TeV for times ⇠ 100ts, corresponding to
radii RSN ⇠ 10�15 pc (see Cardillo et al. (2015) for a more
careful discussion on the derivation of the maximum energy).
For SNe with a size bigger than 10 � 15 pc it is likely that
reacceleration only proceeds up to sub-TeV energies, even
though the shock may still be strong.

5 CONCLUSIONS

The same shocks that are thought to be responsible for CR
acceleration in the Galaxy are also bound to re-energize the
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THE CR GRADIENT
The CR density as a function of  the Galactocentric distance R is flatter than expected based 
upon source density, for large R 

…But it has a peak in the central region of  the Galaxy… 

The spectrum is also harder in the central Galaxy than it is in the outskirtRadial distribution of Galactic CR 5

cient is reduced and CRs are trapped more easily,
but where the density of sources is smaller the cor-
responding di↵usion coe�cient is larger and the CR
density drops. A similar situation can be seen in the
trend of the spectral slope as a function of R, plot-
ted in Figure (3). The dashed line reproduces well
the slope inferred from Fermi-LAT data out to a dis-
tance of ⇠ 10 kpc, but not in the outer regions where
the predicted spectrum is steeper than observed. It
is important to understand the physical motivation
for such a trend: at intermediate values of R, where
there is a peak in the source density, the di↵usion
coe�cient is smaller and the momenta for which ad-
vection dominates upon di↵usion is higher. This im-
plies that the equilibrium CR spectrum is closer to
the injection spectrum, Q(p) (harder spectrum). On
the other hand, for very small and for large values
of R, the smaller source density implies a larger dif-
fusion coe�cient and a correspondingly lower mo-
mentum where advection dominates upon di↵usion.
As a consequence the spectrum is steeper, namely
closer to Q(p)/D(p). In fact, at distances R & 15 kpc,
the spectrum reaches the full di↵usive regime, hence
f0 ⇠ p

7�3� = p
�5.6, meaning that the slope in Figure

(3) is 3.6. As pointed out in §2, the non-linear prop-
agation is quite sensitive to the dependence of the
magnetic field on R.

Both the distribution of sources and the mag-
netic field strength in the outer regions of the
Galaxy are poorly known. Hence, we decided to ex-
plore the possibility that the strength of the mag-
netic field may drop faster than 1/R at large galac-
tocentric distances. As a working hypothesis we as-
sumed the following form for the dependence of B0

on R, at R & 10 kpc:

B0(R > 10 kpc) =
B�R�

R
exp

"
� R � 10 kpc

d

#
(19)

where the scale length, d, is left as a free parameter.
We found that using d = 3.1 kpc, both the resulting
CR density and spectral slope describe very well the
Fermi-LAT data in the outer Galaxy. The results of
our calculations for this case are shown in Figs. 2
and 3 with solid lines.

The di↵usion coe�cient resulting from the non-
linear CR transport in the Galaxy, calculated as in
§2, is illustrated in Fig. 4, for di↵erent galactocen-
tric distances. It is interesting to notice that at all
values of R (and especially at the Sun’s position)
D(p) is almost momentum independent at p . 10

GeV/c. This reflects the fact that at those energies
the transport is advection dominated, as discussed
above. This trend, that comes out as a natural con-
sequence of the calculations, is remarkably similar to
the one that in numerical approaches to CR trans-
port is imposed by hand in order to fit observations.

Contrary to a naive expectation, in the case in which
B0(R) drops exponentially, the di↵usion coe�cient be-
comes smaller in the external Galaxy than in the inner part,
in spite of the smaller number of sources in the outer
Galaxy. This counterintuitive result is due to the fact that
DH(p) / B

4

0
/Q2

0
(see equation 13) and that both B0 and
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Figure 2. CR density at E > 20 GeV (Acero et al. 2016)
and emissivity per H atom (Yang et al. 2016) as a func-
tion of the Galactocentric distance, as labelled. Our pre-
dicted CR density at E > 20 GeV is shown as a dashed
line. The case of exponentially suppressed magnetic field
is shown as a solid line. The rotten line shows the distri-
bution of sources (Green 2015).
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Q0 are assumed to drop exponentially at large R. Clearly,
this result loses validity when �B/B0 approaches unity and
the amplification enters the non linear regime. Using equa-
tion (10), such condition in the disk can be written as
F (z = 0, k) ⇡ 1

3
rLv/(2vAH) & 1 which, for 1 GeV parti-

cles occurs for R & 28 kpc. In any case, the density of
CRs at large galactocentric distances drops down,
as visible in Figure (2).

4 CONCLUSIONS

The CR density recently inferred from Fermi-LAT
observations of the di↵use Galactic gamma ray emis-
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cient is reduced and CRs are trapped more easily,
but where the density of sources is smaller the cor-
responding di↵usion coe�cient is larger and the CR
density drops. A similar situation can be seen in the
trend of the spectral slope as a function of R, plot-
ted in Figure (3). The dashed line reproduces well
the slope inferred from Fermi-LAT data out to a dis-
tance of ⇠ 10 kpc, but not in the outer regions where
the predicted spectrum is steeper than observed. It
is important to understand the physical motivation
for such a trend: at intermediate values of R, where
there is a peak in the source density, the di↵usion
coe�cient is smaller and the momenta for which ad-
vection dominates upon di↵usion is higher. This im-
plies that the equilibrium CR spectrum is closer to
the injection spectrum, Q(p) (harder spectrum). On
the other hand, for very small and for large values
of R, the smaller source density implies a larger dif-
fusion coe�cient and a correspondingly lower mo-
mentum where advection dominates upon di↵usion.
As a consequence the spectrum is steeper, namely
closer to Q(p)/D(p). In fact, at distances R & 15 kpc,
the spectrum reaches the full di↵usive regime, hence
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�5.6, meaning that the slope in Figure

(3) is 3.6. As pointed out in §2, the non-linear prop-
agation is quite sensitive to the dependence of the
magnetic field on R.

Both the distribution of sources and the mag-
netic field strength in the outer regions of the
Galaxy are poorly known. Hence, we decided to ex-
plore the possibility that the strength of the mag-
netic field may drop faster than 1/R at large galac-
tocentric distances. As a working hypothesis we as-
sumed the following form for the dependence of B0
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where the scale length, d, is left as a free parameter.
We found that using d = 3.1 kpc, both the resulting
CR density and spectral slope describe very well the
Fermi-LAT data in the outer Galaxy. The results of
our calculations for this case are shown in Figs. 2
and 3 with solid lines.

The di↵usion coe�cient resulting from the non-
linear CR transport in the Galaxy, calculated as in
§2, is illustrated in Fig. 4, for di↵erent galactocen-
tric distances. It is interesting to notice that at all
values of R (and especially at the Sun’s position)
D(p) is almost momentum independent at p . 10

GeV/c. This reflects the fact that at those energies
the transport is advection dominated, as discussed
above. This trend, that comes out as a natural con-
sequence of the calculations, is remarkably similar to
the one that in numerical approaches to CR trans-
port is imposed by hand in order to fit observations.

Contrary to a naive expectation, in the case in which
B0(R) drops exponentially, the di↵usion coe�cient be-
comes smaller in the external Galaxy than in the inner part,
in spite of the smaller number of sources in the outer
Galaxy. This counterintuitive result is due to the fact that
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Q0 are assumed to drop exponentially at large R. Clearly,
this result loses validity when �B/B0 approaches unity and
the amplification enters the non linear regime. Using equa-
tion (10), such condition in the disk can be written as
F (z = 0, k) ⇡ 1

3
rLv/(2vAH) & 1 which, for 1 GeV parti-

cles occurs for R & 28 kpc. In any case, the density of
CRs at large galactocentric distances drops down,
as visible in Figure (2).

4 CONCLUSIONS

The CR density recently inferred from Fermi-LAT
observations of the di↵use Galactic gamma ray emis-
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TURBULENCE ADVECTED FROM THE DISC

TURBULENCE PRODUCED IN THE DISC IS 
ADVECTED INTO THE HALO AND CASCADES 
TOWARD SMALLER k IN A TIME ~K02/DKK

ADDITIONAL WAVES ARE SELF-GENERATED 
THROUGH CR GRADIENTS2

where CR are diffusively confined is an external parameter
to be fixed to fit the grammage that reflects in the observed
flux of secondary stable nuclei. Third, diffusion in the ISM
Is usually treated in a simplified way, so that particles diffuse
isotropically in all directions or just in the direction perpen-
dicular to the Galactic disc (1D models).

In the following we will address the first two issues listed
above, proposing possible ways to gain insights into the ori-
gin of CR diffusion and aiming at achieving a physical under-
standing of how the cosmic ray halo might arise.

The breaks in the spectra of primary elements are most eas-
ily understood as a consequence of intervening phenomena in
CR transport rather than associated with either acceleration
or random effects in the spatial distribution of the sources [?
]. In [12] the hardening in the spectra of protons and helium
has been attributed to a spatial dependence of the diffusion
coefficient: two regions in an otherwise fixed halo of size H

are assumed to exist and the diffusion coefficients in the two
regions is chosen so as to fit the observed spectra.

On the other hand, in [13–15] the spectral breaks were ex-
plained as a consequence of a transition from self-generated
to pre-existing turbulence. In these non-linear approaches to
CR transport the diffusion coefficient is an output of the calcu-
lations, as derived from the CR gradients that are responsible
for the excitation of streaming instability. However, also in
these approaches the halo size is fixed and the possible spa-
tial dependence of the diffusion coefficient in the halo is not
accounted for.

Probably observations are best interpreted as a result of
both these ingredients, namely a space dependent non-linear
diffusion coefficient, which is the reason why here we pro-
pose a physical view of how CR diffusion in the Galaxy may
arise: the waves that CR scatter off are considered as self-
generated by the same CR, according to the local gradient,
and advected outward at the local Alfvén speed. This induces
a space dependent non-linear diffusion of CR. At the same
time, sources in the Galactic disc (for instance supernova ex-
plosions) are also assumed to inject turbulence on large scales
(⇠ 10� 100 pc). Such turbulence is then advected away from
the disc and at the same time cascades towards smaller scales.
We describe the cascading as a non-linear diffusion process in
k-space, as proposed in [? ? ], although this approach does
not include anisotropic cascading that is known to occur [16].
On the other hand, such anisotropy are seen to become promi-
nent after the turbulence has cascaded down to values of k

larger than the injection scale k0 by 1-2 orders of magnitude.
This corresponds, for typical parameters of resonant scatter-
ing in the Galaxy, to particles with energy below ⇠ 10 TeV,
where the transport starts to be affected by the self-generation
process induced by streaming instability.

In order to describe this non-linear chain of phenomena we
solve a set of two time-dependent non-linear differential equa-
tions, one describing the transport of CR and one describing
the excitation, advection and cascading of waves.

For reasonable values of the relevant parameters in the
Galaxy (see later), this simple calculation provides a size of
the halo of order few kpc, in reasonable agreement with the
value typically used in phenomenological approaches to CR
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transport.
CR transport in self-generated diffusion – The transport of

cosmic rays is well described by the advection-diffusion equa-
tion:
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where f(p, z, t) is the phase space distribution function nor-
malized such that the number density of particles in the range
dp around momentum p at the location z is N(p, z)dp =
4⇡p2f(p, z)dp, vA is the Alfvén speed and ṗion is the rate
of ionization losses. The latter are typically important for low
energy CR. Other channels of energy losses, such as due to
nuclear interactions are typically irrelevant for protons, while
they may be important for nuclei because of spallation reac-
tions. Here we focus on the proton component of the cos-
mic radiation, hence losses other than those due to ionization
are neglected. As in previous calculations, e.g., Blasi et al.
[13], Aloisio and Blasi [14], we make the simplifying assump-
tion that transport occurs only in the z direction, perpendicular
to the disc, and that CR injection takes pkace inside a disk of
radius Rd = 10 kpc and with a Gaussian profile along z with
the same width as the galactic gas disk, � = 100 pc:

QCR(z, p) = Q0�(p)
e�z

2
/�

2

p
2⇡�2

. (2)

The injection spectrum, �(p), is assumed to be in the form
of a power-law in momentum with the same slope, ↵, at
any location inside the disc (this assumption is not strictly
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FIG. 2. Diffusion coefficient as a function of momentum with (solid lines) and without (dotted lines) the contribution from self-generated
waves for different values of z. Right: Diffusion coefficient as a function of the Galactic height at different energies.

The spectrum of waves (multiplied by k
5/3 for conve-

nience) is shown in Fig. 1 (dashed lines) for different loca-
tions away from the disc. One can see that within a few hun-
dred pc from the Galactic disc the power remains concentrated
around the injection scale, while at larger distances the non-
linear cascading populates the large-k region of the spectrum,
with a slope that is very close to 5/3, typical of a Kolmogorov
spectrum. On kpc scales, the slope of the spectrum remains
stable, while the normalization drops, as a result of the cas-
cade that transports power down to the dissipation scale. It is
important to keep in mind that since the cascade is non-linear
(the diffusion coefficient in k space depends on W (k)) the
quantitative details depend on the specific realization of the
problem. For instance, increasing the rate of injection leads
to an increase of W (k0) and hence to a longer characteristic
time for the cascading process, ⌧c ⇠ k

2
0/Dkk(k0). The region

k > k0 is therefore populated only at z >⇠ vA⌧ ⇠ several kpc.
The diffusion coefficient can be calculated from W (k) us-

ing Eq. 5. In order to avoid numerical problems that occur
due to regions where W (k) is vanishingly small, we impose a
physical constraint: the diffusion coefficient cannot be larger
than the one that corresponds to motion at the speed of light
on a region of size H , namely DH = (1/3)cH . This can be
considered as due to a fictitious power spectrum Wb that is
shown in Fig. 1 as a dotted line. This trick turns out to be nec-
essary only very close to the disc where turbulence on small
scales (resonant with CR with the energies we are interested
in) do not have time to develop through cascading. The rel-
evant diffusion coefficient (multiplied by p

1/3) as a function
of particle momentum is shown in the left panel of Fig. 2 as
dashed lines.

At this point we introduce the contribution of self-generated
waves, as due to CR streaming. This phenomenon adds to the
non-linearity of the problem, in that the amount of waves pro-

FIG. 3. Spectra of protons in the local ISM.

duced by this phenomenon is related to the number density
and gradients of CR, which are in turn the result of the scat-
tering of CR on self-generated (or preexisting) waves. The
rate of self-generation and the rate of CR injection by sources
in the Galaxy are clearly related to each other and need be
calibrated to the observed spectrum of CR.

It is worth noticing that CR scattering in the near-disc re-
gions, where the non-linear cascade has no time to develop
down to the small scales resonant with CR energies, CR scat-
tering is fully determined by self-generated waves. In the dis-
tant regions, depending on particle energy, self-generation and
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dred pc from the Galactic disc the power remains concentrated
around the injection scale, while at larger distances the non-
linear cascading populates the large-k region of the spectrum,
with a slope that is very close to 5/3, typical of a Kolmogorov
spectrum. On kpc scales, the slope of the spectrum remains
stable, while the normalization drops, as a result of the cas-
cade that transports power down to the dissipation scale. It is
important to keep in mind that since the cascade is non-linear
(the diffusion coefficient in k space depends on W (k)) the
quantitative details depend on the specific realization of the
problem. For instance, increasing the rate of injection leads
to an increase of W (k0) and hence to a longer characteristic
time for the cascading process, ⌧c ⇠ k
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ing Eq. 5. In order to avoid numerical problems that occur
due to regions where W (k) is vanishingly small, we impose a
physical constraint: the diffusion coefficient cannot be larger
than the one that corresponds to motion at the speed of light
on a region of size H , namely DH = (1/3)cH . This can be
considered as due to a fictitious power spectrum Wb that is
shown in Fig. 1 as a dotted line. This trick turns out to be nec-
essary only very close to the disc where turbulence on small
scales (resonant with CR with the energies we are interested
in) do not have time to develop through cascading. The rel-
evant diffusion coefficient (multiplied by p

1/3) as a function
of particle momentum is shown in the left panel of Fig. 2 as
dashed lines.

At this point we introduce the contribution of self-generated
waves, as due to CR streaming. This phenomenon adds to the
non-linearity of the problem, in that the amount of waves pro-
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duced by this phenomenon is related to the number density
and gradients of CR, which are in turn the result of the scat-
tering of CR on self-generated (or preexisting) waves. The
rate of self-generation and the rate of CR injection by sources
in the Galaxy are clearly related to each other and need be
calibrated to the observed spectrum of CR.

It is worth noticing that CR scattering in the near-disc re-
gions, where the non-linear cascade has no time to develop
down to the small scales resonant with CR energies, CR scat-
tering is fully determined by self-generated waves. In the dis-
tant regions, depending on particle energy, self-generation and
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fact, in the traditional ”leaky-box” model the CR spectrum
at the disk and spectrum spatial dependence are given by

f0(p) =
Q0(p)

2⇡Rd
2

H

H
2

D
(2)

and

f (z,p) = f0(p)
✓
1 � z

H

◆
, (3)

where Q0 is the injection spectrum, D the di↵usion coe�-
cient (assumed to be spatially constant) and Rd the galactic
disk radius. H is the location of the free escape boundary,
an artificial boundary where the CR distribution function
is set to zero in order to guarantee the stationarity of the
propagation problem, and is usually taken to be of order ' 4
kpc. Instead in this approach H is replaced by s

⇤(p), which
is momentum-dependent and does not need to be artificially
imposed but derives self-consistently from the solution of the
transport problem. The CR distribution function at the disk
thus becomes

f0(p) ' Q(p)
2⇡Rd

2
s⇤(p)

s
⇤2(p)

D
. (4)

3 A SEMI-ANALYTICAL APPROACH TO
CR-DRIVEN WINDS

In this paper we make use of the results mentioned in
Sec. 2, in particular of the hydrodynamic model developed
in Breitschwerdt (1991), however our approach is by no
mean similar. In fact here for the first time an attempt
is made to solving self consistently the coupled system of
the hydrodynamic equations for CR-driven winds and of
the CR transport equation. The solution of the coupled
problem is found by mean of a semi-analytical method
which, once the input parameters of the problem have been
assigned (gas density, gas pressure and magnetic field at the
wind base and the CR injection spectrum), computes the
CR spectrum, the CR di↵usion coe�cient and the profiles
of the hydrodynamic quantities, such as the wind velocity,
as functions of the distance from the galactic disk. Note
that the galactic gravitational potential, as well as the CR
source distribution, depend on the galactocentric distance
R0, so that the result of the computation, and even the
possibility itself to have a wind, depend on the position in
the Galaxy. In our approach both the di↵usion coe�cient
and the advection velocity appearing in the CR transport
equation are output of the calculation and are determined
by CRs themselves.

The three-dimensional dynamical equations involved in
the problem are the hydrodynamic equations for the thermal
gas and for the CRs (which describe the total mass, momen-

tum and energy conservation (see Sec. 4 and appendix A)):

~r · (⇢~u) = 0, (5)

⇢(~u · ~r)~u = �~r(Pg + Pc ) � ⇢~r�, (6)

~u · ~rPg =
�gPg

⇢
~u · ~r⇢ � (�g � 1) ~vA · ~rPc , (7)

~r ·
"
⇢~u

 
u

2

2
+
�g

�g � 1
Pg

⇢
+ �

!#
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⇢(z), ~u(z), Pg (z) are the gas density, velocity and pressure.

f (z,p), D(z,p), Pc (z) and D(z) are the CR distribution func-
tion, di↵usion coe�cient, pressure and averaged di↵usion co-
e�cient. Finally ~B(z) and ~vA (z) are the magnetic field and
the Alfvén velocity, while �(R0, z) is the gravitational po-
tential of the Galaxy (see Sec. 3.1) and Q(R0, z,p) the CR
injection spectrum.
In our computation we assume the same one dimensional
model as in Breitschwerdt (1991) and use the same flow ge-
ometry (see Fig. 1). In addition, we assume that only Alfvén
waves generated by CR-streaming instability are present and
that their generation is locally balanced by nonlinear Lan-
dau damping. The coupling between CRs and ISM, guar-
anteed by Alfvén waves, is not assumed to be ideal so that
the CR di↵usion terms are kept in the hydrodynamic equa-
tions (in contrast to what has been done in Breitschwerdt
(1991), in which di↵usion is neglected). The assumption of
local damping of the Alfvén waves means, from the point
of view of the hydrodynamic equations, that the waves are
generated and damped immediately, so that any e↵ect of
wave dynamics can be neglected and the energy fed by CRs
to the waves simply results in gas heating. For that reason
the wave pressure is not taken into account in the hydro-
dynamic equations. On the other hand, it has been shown
in Everett (2008) that the assumption of immediate damp-
ing of waves in the hydrodynamic equations is well justified
when we compare the damping time-scale of waves in the
ISM due to non-linear Landau damping (order of years) to
the typical advection time-scale (order of 106yr for typical
wind velocities).
The CR di↵usion coe�cient appearing in the transport equa-
tion is assumed to be self-generated and is given by
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resulting from equating the growth rate of waves due to CR
streaming instability (Eq. 14) and damping rate due to non-
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fact, in the traditional ”leaky-box” model the CR spectrum
at the disk and spectrum spatial dependence are given by
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where Q0 is the injection spectrum, D the di↵usion coe�-
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when we compare the damping time-scale of waves in the
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the typical advection time-scale (order of 106yr for typical
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Diffusion determined by self-generation at 
CR gradients balanced by local damping 
of  the same waves 

No pre-established diffusion coefficient and 
no pre-fixed halo size

Breitschwerdt et al. 1991
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STANDARD CASE                          CR-INDUCED WIND WITH SELF-GENERATION

No fixed halo size H

Aside from math, the Physics of  the problem can be 
understood easily: There is a critical distance above (and 
below) the disc (which depends on particle energy) where 
diffusion turns into advection:

Ptuskin et al. 1997

At high energy, the critical scale becomes larger than the size of  the region where the geometry 
of  the wind remains cylindrical, and a steepening of  the spectrum should be expected
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boundary condition f (H,p) = 0 leads to the following im-
plicit solution for f (z,p):

f (z,p) =
Z

z

H
dz

0

A(z0)D(z0,p)
G(z

0,p) exp�
R
z

z0
dz

00 U (z00 )
D(z00,p) , (40)

where

G(z,p) =
A0Q0(p)

2
+ A0U0 f0(p)q̄0 � G(z,p). (41)

This rewriting of the transport equations hides the non-
linearity of the problem in the function G(z,p), which de-
pends on f (z,p) and on the CR di↵usion coe�cient D(z,p)
(see equation 18). The solution of equation (40) is computed
with an iterative procedure.

The procedure reaches convergence when, for a given
iteration j, f

j (z,p) and f
j�1(z,p) are close to each other

within a desired precision. Note that the advection velocity
U (z) is computed from the hydrodynamic equations and is
fixed while iterating upon the distribution function f

j .

5 RESULTS

In this section we illustrate some selected cases of CR in-
duced winds, aimed at addressing di↵erent issues that arise
in this type of problem. The first case is what we will re-
fer to as our reference case, namely a case that illustrates
the most basic characteristics of a CR induced wind, with
a minimal number of physical parameters introduced. The
wind is launched very close to the disc of the Galaxy, and
we consider the specific situation expected at the solar ra-
dius, namely at the Galactocentric distance R = R� = 8.5
kpc, where the Sun is located. This information is crucial in
that it determines the gravitational potential that the wind
has to fight against. The second model considered below is
that in which a wind is launched at some distance from the
Galactic disc, while particle transport in the near-disc region
is assigned. This latter situation is physically motivated by
the fact that ion-neutral damping is expected to damp any
type of self-generated turbulence within ⇠ 0.5 � 1 kpc from
the disc, because of the presence of a substantial amount
of neutral hydrogen. We will show that the consequences of
this setup for the spectrum of CRs observed at the Earth
are very prominent.

5.1 Reference case

Our reference case corresponds to launching a CR-induced
wind at a Galactocentric distance R = R� = 8.5 kpc. The
base of the wind is assumed to be at the edge of the Galac-
tic disc, z0 = 100 pc, where we assumed that the ionized
gas has a density n0 = 0.003 cm�3 and the magnetic field is
B0 = 1.5µG (to be interpreted as the component of the field
along the z direction). The CR pressure at z0 is taken to
equal the observed CR pressure, Pc0 = 6 ⇥ 10�13 erg/cm3.
We solve simultaneously the hydrodynamical equations for
the wind and the transport equation for CRs, with self-
generated di↵usion and advection taken into account. In or-
der to get the desired CR pressure at the Sun’s location (see
above) we are bound to take
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Figure 5. Density (red solid line) in units of 10�3 cm�3 and
temperature (greed dashed line) in units of 106 K for the wind
solution in the reference case.
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Figure 6. Wind velocity (red solid line), Alfvén velocity (green
dashed line) and sound speed (blue dotted line) as a function of
the height z above the disc, for the reference case.

for an injection spectrum with slope � = 4.3. The density
of plasma in the wind and the temperature of the wind are
shown in Fig. 5. The temperature of the wind is maintained
by the continuous damping of wave energy into thermal en-
ergy of the gas. In Fig. 6 we show the wind velocity u(z)
(green dashed line), the Alfvén speed vA (z) (blue dotted
line) and the sound speed c⇤ (z) as functions of the distance
from the Galactic disc. The wind is launched with a speed
of 41 km/s and asymptotically reaches a speed of 353 km/s,
while it becomes supersonic at ⇠ 15 kpc.

For the sake of future discussion it is important to notice
here that the CR advection velocity at the base of the wind
is dominated by the Alfvén speed and that the latter is non
zero at the base of the wind (because of a finite density and
magnetic field).

The pressure of CRs as a function of the distance z from
the disc is shown in Fig. 7, together with the gas pressure
and the CR pressure as derived from the kinetic calculation:
the fact that the latter is basically overlapped to the Pc (z)
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Figure 6. Wind velocity (red solid line), Alfvén velocity (green
dashed line) and sound speed (blue dotted line) as a function of
the height z above the disc, for the reference case.

for an injection spectrum with slope � = 4.3. The density
of plasma in the wind and the temperature of the wind are
shown in Fig. 5. The temperature of the wind is maintained
by the continuous damping of wave energy into thermal en-
ergy of the gas. In Fig. 6 we show the wind velocity u(z)
(green dashed line), the Alfvén speed vA (z) (blue dotted
line) and the sound speed c⇤ (z) as functions of the distance
from the Galactic disc. The wind is launched with a speed
of 41 km/s and asymptotically reaches a speed of 353 km/s,
while it becomes supersonic at ⇠ 15 kpc.

For the sake of future discussion it is important to notice
here that the CR advection velocity at the base of the wind
is dominated by the Alfvén speed and that the latter is non
zero at the base of the wind (because of a finite density and
magnetic field).

The pressure of CRs as a function of the distance z from
the disc is shown in Fig. 7, together with the gas pressure
and the CR pressure as derived from the kinetic calculation:
the fact that the latter is basically overlapped to the Pc (z)
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Figure 9. E↵ective boundary, s⇤ (p), between the di↵usion dom-
inated and the advection dominated region of the wind in the
reference case.
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Figure 10. Self-generated di↵usion coe�cient, D(p), in the ref-
erence case at di↵erent locations in the wind: base of the wind
(red solid line), z = 10 kpc (green dashed line), z = 50 kpc (blue
short-dashed line) and z = 100 kpc (pink dotted line). The tran-
sition from the cylindrical to the spherical geometry of the wind
flow is clearly visible in the momentum dependence of D(p).

The equilibrium spectrum observed at the Earth can then
be written as f0(p) ⇠ Q0(p)⇡R

2
d
/(u f s

2⇤), while s⇤ / D(p), so
that the equilibrium spectrum has a slope �3�+7. This e↵ect
corresponds to a steepening of the equilibrium spectrum at
the transition energy, that for the values of the parameters
used in Fig. 8, corresponds to about ⇠ 1 TeV.

Even qualitatively one can see that the CR spectrum
in Fig. 8 is quite di↵erent from the one actually observed at
the Earth: it is harder than observed at low energies, and
it is softer than observed at high energies, even though the
pressure carried by these CRs is as observed.

This example clearly shows that it is possible to con-
struct solutions of the hydrodynamical equations that corre-
spond to CR driven winds, with pressures at the base of the
wind that are compatible with observations and yet leading
to CR spectra that are not compatible with the CR spectra
observed at the Earth. In particular, the basic wind model

discussed in this section does not lead to any hardening of
the spectrum at high energy, hence it is not possible to fit
spectral hardening such as the ones observed by PAMELA
(Adriani et al. 2011) and AMS-02 (Aguilar et al. 2015). In
§5.2 below we discuss a situation in which this conclusion
may not apply.

5.2 The importance of the near-disc region

As already pointed out in the original work on CR driven
winds (Breitschwerdt et al. 1991) the region close to the disc
may be plagued by severe ion-neutral damping which sup-
presses the generation of Alfvén waves (Kulsrud & Cesarsky
1971). Since waves provide the coupling between CRs and
the ionized plasma, their severe damping leads to quenching
of the wind. In fact, ion-neutral damping was recognized as
a hindering factor for di↵usion even in the absence of winds
(Skilling 1971b; Holmes 1975): in these pioneering papers,
the near disc region was assumed to be wave-free and the
propagation of CRs in that region was taken to be ballis-
tic. Di↵usion in the outer halo, where the density of neutral
hydrogen is expected to drop and the role of ion-neutral
damping to become negligible, was considered as the ac-
tual di↵usion region. One could however speculate that some
type of turbulence may be maintained in the near-disc re-
gion, perhaps due to SN explosions themselves, though the
waves may be considered to be isotropic, so that the e↵ective
Alfvén speed vanishes.

In this section we discuss a scenario for the wind launch-
ing constructed in the following manner: the wind is assumed
to be launched at a distance z0 = 1 kpc from the disc and
the near-disc region (|z | < z0) is assumed to be characterised
by a given di↵usion coe�cient, in the following form:

D(p) = 3 ⇥ 1028
 

p

3mpc

!1/3
cm2 s�1, (44)

and by an Alfvén velocity vA = 0. At z � z0, namely in the
wind region, the di↵usion coe�cient is calculated as due to
self-generation through streaming instability, saturated by
NLLD, as in the reference case (§5.1).

It is important to emphasise that the near-disc region
is crucial to establish a connection between the sources and
the wind region. From the mathematical point of view this is
evident from equation (35), where the solution of the trans-
port equation in the disc, f0(p), is related to the injection
rate through the value of the advection velocity at z = 0.
When such advection velocity is non zero, there is always a
range of values of the particle momentum (at low momenta)
where advection is more important than di↵usion and the
equilibrium spectrum turns out to have roughly the same
slope as the injection spectrum. In the case that we consider
in this section, we are assuming that the near-disc region is
characterised by a vanishing advection velocity and finite as-
signed di↵usion coe�cient. From the technical point of view,
the computation is the same as described above. The only
minor di↵erence is that, in order to avoid discontinuities in
the advection velocity, that is zero in the near disc region
but is not zero at z = z0, we assume that both the wind ve-
locity u(z) and the Alfvén speed vA (z) have a low z cuto↵ at
z < z0, so that both velocities drop to zero in a continuous
manner in the near disc region. We checked that the details
of such assumption do not have serious implications for the
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Wind solutions can be found, but they typically lead to CR spectra at the Earth 
that are quite unlike the observed ones… unless there is a transition region 
close to the Galactic disc where diffusion is due to other processes…
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Figure 11. Density (red solid line) in units of 10�3 cm�3 and
temperature (greed dashed line) in units of 106 K limited to the
region where the wind is launched, z � z0 = 1 kpc.
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Figure 12. Wind velocity (red solid line), Alfvén velocity (green
dashed line) and sound speed (blue dotted line) as a function of
the height z above the disc, limited to the region where the wind
is launched, z � z0 = 1 kpc.

solution of the problem, provided that the velocity drops to
zero fast enough inside the near-disc region. It is also worth
stressing that, contrary to the reference case illustrated in
§5.1, the CR pressure at the base of the wind (z = z0) does
not correspond to the CR pressure measured at the Earth
(z = 0). The criterion for convergence is still that the pres-
sure at z = 0 equals the observed CR pressure at the Earth
location (clearly this would be di↵erent if we were interested
at a di↵erent Galactocentric distance).

In order to recover the observed CR pressure in the
Galactic disc at the Sun’s location, in the model discussed
here we need to require that:

⇠CR

0.1
RSN

1/30yr�1 ⇡ 0.8.

The density and temperature of the wind, limited to the
region z � z0 = 1 kpc where the wind can be launched are
plotted in Fig. 11. The corresponding wind velocity, Alfvén
speed and sound speed in the wind region are plotted in Fig.
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Figure 13. CR Pressure and gas pressure in the case of Kol-
mogorov turbulence in the near-disc region. The green dashed
line shows the CR pressure as obtained from the solution of the
transport equation. The same calculation also returns the wave
pressure Pw (z) that is assumed to vanish in the hydrodynamical
equation.

12: the advection velocity is again dominated by the Alfvén
velocity at the base of the wind. The wind becomes super-
sonic at zc ⇠ 20 kpc, and eventually reaches u f ⇠ 400 km/s
at large distances from the disc. The pressures of the gas
and CRs are shown in Fig. 13, where the gas pressure is lim-
ited to the wind region while the CR pressure extends to the
whole di↵usion region. We also plotted there the CR pres-
sure that is returned by the kinetic calculation, to show that
with good accuracy it coincides with the one derived from
the hydrodynamical calculation. The wave pressure as de-
rived from the kinetic calculation is also shown: the plateau
at z < z0 has been estimated from the assigned di↵usion co-
e�cient. The fact that Pw (z) is always much smaller than
all other terms, justifies the assumption of instantaneous
damping (Pw = 0) in the hydrodynamical computation.

Using the approach described in §2, §3 and §4, we also
calculated the spectrum of Galactic CRs: in the upper panel
of Fig. 14 we show the CR distribution in the Galactic disc
for the reference case compared to the case where the wind is
launched at a finite distance z0 from the disc. One can imme-
diately see the dramatic di↵erence that the near-disc region
makes in terms of CR spectrum observed at the Earth (or,
for that matter, anywhere). In the second case there are at
least two spectral breaks that can be identified and explained
in a reasonably easy way: the low energy part of the spec-
trum is a↵ected by advection (below ⇠ 10 GeV) as well as
from self-generation of waves at z � z0 (at 10GeV . E . 1000
GeV). At energies higher than ⇠ 1 TeV the spectrum hard-
ens. All these changes of slope are illustrated more clearly
in the lower panel of Fig. 14, where we show the slope of
the CR distribution in the disc for the reference case (red
solid line) and for the case with a wind launched at a finite
distance z0 from the disc (green dashed line).

The hard spectrum (slope ⇠ 4.5 below ⇠ 10 GeV reflects
advection and is similar to the e↵ect already seen in non-
linear models of galactic CR propagation (Aloisio et al. 2015,
see for instance). On the other hand, the spectrum has a
continuous steepening at higher energies up to . 1 TeV:
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Figure 14. Upper panel: spectrum of CRs in the disc of the
Galaxy at the position of the Sun for the reference case (red solid
line) and for the case in which the wind is launched at z0 = 1 kpc
from the disc and there is a near-disc region where the di↵usion
coe�cient is assigned and advection is absent (green dashed line).
The lower panel shows the corresponding slopes.

this e↵ects is also similar to the one claimed by Aloisio et al.
(2015) and reflects the very rapid energy dependence of the
self-generated di↵usion coe�cient. Finally the slope of the
spectrum becomes ⇠ 4.63 at E & 1 TeV, because of the
assumption of Kolmogorov turbulence in the near disc region
(z  z0). This hardening is qualitatively similar to the one
found by Tomassetti (2012) in a simple two zone model of
the Galactic halo: the low energy part is sensitive to the far
zone, while the high energy part is sensitive to the near zone,
where the assumption of Kolmogorov turbulence leads to an
expected slope 4.3(injection) + 1/3(Kolmogorov) ' 4.63. The
important point we wish to make here is that the di↵usion
coe�cient that determines the low energy behaviour of the
bulk of CRs is not assumed here, but rather derived from
the condition of self-generation of waves and advection with
the CR induced Galactic wind, as calculated above.

Although here we did not make any attempt to fit our
curves to real data, it is interesting to notice that quali-
tatively the scenario presented in this section (contrary to
the reference model in §5.1) has the same feature as the
spectrum of CR protons as recently measured by PAMELA
(Adriani et al. 2011) and AMS-02 (Aguilar et al. 2015).

6 CONCLUSIONS

We presented a semi-analytical calculation of the structure
of a CR driven Galactic wind that returns the hydrody-
namical structure of the wind (velocity and pressure of the
plasma), and at the same time the spectrum of CRs at any
location in the disc or in the wind region. The transport
of CRs is described as advective and di↵usive: advection oc-
curs at a local speed that is the sum of the Alfvén speed and
the wind speed at that point. Di↵usion is due to scattering
o↵ self-generated turbulence, as generated by the same CRs
due to streaming instability. The non-linear nature of the
problem is manyfold: the wind is driven by the CR gradient
in the z direction, perpendicular to the Galactic disc, that
results from the gradual escape of CRs from the Galaxy.
The force �rPCR acts in the direction opposite to gravity,
so that, under certain conditions, it can lift ionized gas and
launch a wind. On the other hand the amount of waves gen-
erated by CRs depends on their transport, which in turn
depend on the wind speed. The di↵usion coe�cient is calcu-
lated in a self-consistent manner from the local spectrum of
waves excited by streaming instability and damped through
NLLD.

Qualitatively, we confirm earlier findings that CRs can
drive winds with asymptotic velocities of order several hun-
dred km/s. Contrary to previous calculations, we also de-
rived the spectrum of CRs as observed at the Earth (or any
other location): for most of the parameter space for which
a CR driven wind is launched, the spectrum is in disagree-
ment with observations: the main reason for such a finding
is that the CR advection with the wind is very strong and
leads to hard spectra that are unlike the one observed at
the Earth. However, this conclusion is found to depend in a
critical way on the conditions in the near-disc region (z . 1
kpc). The conditions in such region a↵ect the high energy
behaviour of the spectrum, and change the launching speed
of the wind at z ⇠ z0 ⇠ 1 kpc, so that the low energy region
of the spectrum is also changed. For certain assumptions on
the di↵usion coe�cient in the near-disc region, the predicted
CR spectrum may resemble the observed one: as an instance
we shoed one case in which the spectrum is relatively hard
at E . 10 GeV (as previously found by Aloisio et al. (2015)),
steeper for 10 . E . 1000 GeV, and show a hardening at
higher energies as recently claimed by Adriani et al. (2011);
Aguilar et al. (2015). From the physical point of view, we
expect that the region at z . 1 kpc is reach in neutral gas,
which may damp Alfvén waves through ambipolar di↵usion.
This implies that the coupling between CRs and gas may be
exceedingly weak in this region so as to inhibit the launch of
the wind. In the near-disc region, di↵usion, if any is present,
should be guaranteed by some source other than CR self-
generation.

The calculation presented here is very general and can
be applied to a variety of conditions. This will allow us to
explore the conditions in which a CR driven wind could de-
velop with a CR spectrum at the Earth resembling the ob-
served one. This type of calculations is also useful to develop
possible diagnostics of the existence of CR-driven winds in
our own Galaxy as well as in others.
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A RADICALLY NEW  VIEW? 

IT HAS BEEN NOTED THAT THE FLAT PBAR/P AND RISING POSITRON FRACTION MIGHT 

SUGGEST A NEW VIEW (COWSIK 2014, LIPARI 2016, WAXMAN 2014)

THE GRAMMAGE WE SEE MIGHT BE ACCUMULATED CLOSE TO SOURCES AND 
TRANSPORT IN THE GALAXY MIGHT BE E-INDEPENDENT

SEVERAL IMPLICATIONS:

The injection spectrum of p and e is different

The injection spectra of nuclei are the same as observed (steep)

Electrons do not lose energy appreciably during transport (short confinement time)

Positrons and antiprotons are both pure products of pp collisions

B/C should flatten (rigidity independent) at R>1 TV
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THE NESTED-LEAKY-BOX MODEL

leakage into intergalactic space:

( ) · ¯ ( ) ( )¯ ¯
b t
p

=f E
c

q E
4

. 11p c p c,
G

,

Here bc is the velocity of the antiprotons. This contribution to
the spectral intensity is displayed in Figure 5 along with a
compilation of the data from BESS, PAMELA, and AMS
instruments. Note that the theoretical estimate for the
contributions from the cocoons is about 50% of the observed
p̄ flux at ∼1 GeV and falls steeply at higher energies, as a
consequence of the progressive decrease of ( )t Ec with energy.
The smaller contribution of the cocoons to the p̄ flux as
compared with their contribution to the B/C ratio reflects the
kinematic differences in their production—a significant
contribution to the flux of p̄ at 1 GeV comes from interactions
of primary protons with energies in excess of ∼20 GeV, where

( )t Ec is much smaller than at 1 GeV.
The contribution to the p̄ flux due to the interactions of

cosmic rays in the interstellar medium is given by

( ) ( ) ( )¯ ¯
b t
p

=f E
c

q E
4

12p p,ISM
G

,ISM

and this is also displayed in Figure 5. This flux has a broader
energy dependence and a spectral index ∼–2.7, similar to that
of primary cosmic rays, and is the dominant contributor at high
energies. The total theoretical estimate

( ) ( ) ( ) ( )¯ ¯ ¯= +f E f E f E 13p p c p, ,ISM

is also displayed in Figure 5 and provides a good fit to the
observations at >E 1 GeV. We note that the fit below 1 GeV
deviates from our estimates and can be attributed to the effects
of elastic scattering of antiprotons during their propagation and
adiabatic deceleration in the expanding solar wind. The
remarkable similarity of the spectra of p̄ and +e to each other

and to the primary cosmic rays provides strong support to the
NLB model.

5. ALTERNATIVE MODELS AND FUTURE WORK

In the alternative scenario where scattering exclusively by
Alfvén waves is postulated, the spatial diffusion is accom-
panied by diffusion in energy space. In fact, this diffusion in
energy is evoked in all models invoking energy-dependent
leakage from the Galaxy in order to fit the B/C ratio. Since all
particles diffusing in the interstellar medium through scattering
of Alfvén waves suffer a modification in their spectra, because
of the diffusion in energy space, the injection of the primary
particles should not be a power law, but one that after
reacceleration is the smooth shape that is observed in Galactic
cosmic rays. Furthermore, these models predict +e and p̄
spectra steeper than the observed spectra (which have an index
of ∼2.7 at energies beyond 10 GeV) and therefore they fall
below the observed intensities at high energies. Thus the
alternative astrophysical or dark-matter sources of p̄ and +e that
are invoked to account for the deficit should put out exactly
such spectra, which after energy-dependent transport and
reacceleration add up with the secondary component to match
the observed +e and p̄ spectra, an unlikely coincidence.
Keeping these comments in mind, we feel that the NLB model
offers a plausible paradigm for understanding the observed
spectra of antiprotons and positrons.

6. DISCUSSION AND CONCLUSIONS

The spectral intensities of antiprotons in cosmic rays and
their ratio with respect to the intensities of their parents, mainly
cosmic-ray protons, are well explained by a combination of
secondary generation in the cocoons surrounding the sources
and secondary generation in the interstellar medium. A crucial
assumption in providing this explanation is that the leakage
lifetime of cosmic rays from the Galaxy is essentially
independent of energy from ∼1 GeV up to several hundred
TeV, while the leakage lifetime from the cocoon decreases with
increasing energy. The flatness of the observed p̄ p ratio at
energies greater than ∼10 GeV provides strong evidence for
this energy-independent residence time for cosmic rays in the
Galactic volume. In our calculations we have not included any
adiabatic losses due to convection or energy gains due to
stochastic or other acceleration processes, or indeed any
process that changes the spectral shape of the antiprotons. In
this sense it is a minimal model. We have adopted this model
earlier (Burch & Cowsik 2010; Cowsik et al. 2014) to interpret
the B/C ratio (see Figure 2), the positron spectra (Figure 1),
and the positron fraction and bounds on anisotropy of cosmic
rays. The model described here is generally referred to as the
NLB model for cosmic rays (Cowsik & Wilson 1973, 1975b).
In this model the spectra of primary cosmic rays in the
interstellar medium are essentially the same as those acceler-
ated by the sources, and provide inputs for the choice of the
source spectra used in the model calculations. Accordingly, the
spectrum of γ-rays expected from the interactions of cosmic
rays with interstellar matter and radiation fields is essentially a
model-independent feature, and the standard interpretations of
γ-ray spectra with contributions from p0 decay and inverse-
Compton scattering are valid.
However, the observed γ-ray intensities have proved useful

in strengthening the ideas presented in this paper: the decay of

Figure 5. Spectra of antiprotons observed with the PAMELA, BESS, and AMS
instruments are shown as filled dots (Adriani et al. 2010), diamonds
(Abe 2008), and half-filled squares (Ting 2015; Ting et al. 2015). In this
paper we have interpreted the antiproton spectrum as the sum of two
components: (1) that generated in the interstellar medium (brown dashed line)
where the residence time of cosmic rays is independent of their energy and (2) a
small component at energies below 10 GeV, with a steep energy dependence at
higher energies, generated in a cocoon-like region (blue dash-dotted line)
surrounding the sources of primary cosmic rays.
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Cocoon

THE MODEL IS BASED ON THE ASSUMPTION THAT THERE ARE 
COCOONS AROUND CR SOURCES WHERE GRAMMAGE (FIT TO THE DATA) IS 
ACCUMULATED. NO PHYSICAL JUSTIFICATION FOR IT.

THE GRAMMAGE IN THE GALAXY IS RIGIDITY INDEPENDENT BY 
ASSUMPTION.

THESE TWO ASSUMPTIONS CAN BE TUNED TO FIT THE DATA

and L3–L8. This residual background is < 3% for the
boron sample and < 0.5% for carbon.
The background from carbon, nitrogen, and oxygen

interactions on materials above L1 (thin support structures
made by carbon fiber and aluminum honeycomb) has been
estimated from simulation, using MC samples generated
according to AMS flux measurements [32]. The simulation
of nuclear interactions has been validated using data as
shown in Fig. 3 of the Supplemental Material [31]. The
background from interactions above L1 in the boron
sample is 2% at 2 GV and increases up to 8% at 2.6
TV, while for the carbon sample it is< 0.5% over the entire
rigidity range. The total correction to the B=C ratio from
background subtraction is −2% at 2 GV, −3% at 20 GV,
−7% at 200 GV, and −10% at 2 TV.
After background subtraction the sample contains

2.3 × 106 boron and 8.3 × 106 carbon nuclei.
Data analysis.—The isotropic flux ΦZ

i for nuclei of
charge Z in the ith rigidity bin ðRi; Ri þ ΔRiÞ is given by

ΦZ
i ¼ NZ

i

AZ
i ϵ

Z
i TiΔRi

; ð1Þ

where NZ
i is the number of events of charge Z corrected

for bin-to-bin migrations, AZ
i is the effective acceptance, ϵZi

is the trigger efficiency, and Ti is the collection time.
The B=C ratio in each rigidity bin is then given by
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In this Letter the B=C ratio was measured in 67 bins from
1.9 GV to 2.6 TV with bin widths chosen according to the
rigidity resolution.
The bin-to-bin migration of events was corrected

using the unfolding procedure described in Ref. [4]

independently for the boron and the carbon samples.
This results in a correction on the B=C ratio of −2.4%
at 2 GV, −0.5% at 20 GV, −5% at 200 GV, and −13%
at 2 TV.
Extensive studies were made of the systematic errors.

These errors include the uncertainties in the two back-
ground estimations discussed above, in the trigger effi-
ciency, in the acceptance calculation, in the rigidity
resolution function, and in the absolute rigidity scale.
The systematic error on the B=C ratio associated with

background subtraction is dominated by the uncertainty of
∼10% in the boron sample background estimation for
interactions above L1, see, for example, Fig. 3 of the
Supplemental Material [31]. The total background sub-
traction error on the B=C ratio is < 1% over the entire
rigidity range.
The systematic error on the B=C ratio associated with the

trigger efficiency is < 0.5% over the entire rigidity range.
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FIG. 2. The B=C spectral index Δ as a function of rigidity.
The dashed red line shows the single power law fit result to the
B=C ratio above 65 GV; see Fig. 1.
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FIG. 3. The boron to carbon ratio as a function of kinetic energy
per nucleon EK compared with measurements since the year 1980
[12–21]. The dashed line is the B=C ratio required for the model
of Ref. [7].
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FIG. 1. The AMS boron to carbon ratio (B=C) as a function of
rigidity in the interval from 1.9 GV to 2.6 TV based on 2.3 million
boron and 8.3 million carbon nuclei. The dashed line shows
the single power law fit starting from 65 GV with index Δ ¼
−0.333 % 0.014ðfitÞ % 0.005ðsystÞ.
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GRAMMAGE AROUND SOURCES
IN NORMAL CONDITIONS THE ISM IS INSUFFICIENT TO GUARANTEE ANY DECENT 
NEAR-SOURCE GRAMMAGE

THE ONLY CHANCE TO DO SO IS IF THE CR TRANSPORT NEAR SOURCES IS 
STRONGLY NON-LINEAR (large CR density and density gradients) WHICH MAKES 
CONFINEMENT TIME LONGER (COCOON)

FOR A STANDARD SN THIS MAY IN FACT BE THE CASE (D’ANGELO, PB & AMATO 2017)
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FIG. 2: Escape time of CRs from the near-source region for
Lc = 100 pc in the three cases: (1) nn = 0, ni = 0.45cm�3;
(2) ni = 0.45cm�3 and nn = 0.05cm�3; (3) nn = 0, ni =
0.01cm�3. The dotted line refers to the escape time calculated
using the Galactic di↵usion coe�cient Dg.

10
-6

10
-5

10
-4

10
-3

10
-16

10
-15

10
-14

10
-13

10
4

10
3

10
2 10

F

k(cm
-1

)

p(GeV/c)

F0

t = 10 4
 yr, n

n =0

t = 10 5
 yr, n

n =0
t = 2.5x10 4

 yr, n
n =0.05

FIG. 3: Normalized power spectrum of waves for Lc = 100 pc,
at distance z = 50 pc from the source, 104 and 105 years after
CR release in the ISM. The solid and dotted lines correspond
to the fully ionized medium with ni = 0.45cm�3, while the
dashed line corresponds to the warm ionized medium with
ni = 0.45cm�3 and nn = 0.05cm�3. The dot-dashed line
shows the Galactic power spectrum, corresponding to the dif-
fusion coe�cient that provides a good fit to the GALPROP
grammage [11].

start escaping the near-source region, the gradients di-
minish and F(k) approaches again F0(k), starting from
low values of k.

The e↵ect of particle self-confinement is illustrated in
Fig. 4, where we show the density of particles (or more
correctly the quantity 4⇡p3f(p)) with momentum p = 10
GeV/c as a function of the distance from the escape sur-
face, for three times after release (104, 105 and 106 years).
The top and bottom panels refer to the cases with no
neutrals and ion density ni = 0.45cm�3, and ion density

FIG. 4: Particle density 4⇡p3f(p) for p = 10 GeV/c as a
function of distance from the source. The curves refer to
times 104, 105 and 106 years, as labelled (we used Lc = 100
pc). Top Panel: ni = 0.45cm�3 and nn = 0. Bottom Panel:

ni = 0.45cm�3 and nn = 0.05cm�3.

ni = 0.45cm�3 with neutral density nn = 0.05cm�3 re-
spectively. In the latter case the e↵ect of IND is that
of limiting wave growth and reducing the time needed
for particle escape from the near-source region. One can
clearly see that on time scales of order 104 years, compa-
rable with the di↵usion time on a scale Lc = 100 pc with
Galactic di↵usion coe�cient Dg, the density of particles
in the near-source region (⇠ 1�2 pc) remains more than
one order of magnitude larger than the Galactic back-
ground in the case with no neutrals, and about one order
of magnitude larger in the case with nn = 0.05cm�3.
Even after 106 years the density of particles in the near-
source region (⇠ 30 � 50 pc) remains appreciably larger
than the Galactic mean density in the case of no neutrals
(or neutrals consisting of He alone).

Eventually all particles injected by the source escape
the region, the density of CRs drops to the mean Galactic
value (assumed to be the one observed at the Earth) and
the wave power spectrum drops to F0(k) at all values of k.
One should notice that even if the e↵ect of CR streaming
is that of increasing the energy density of waves by orders
of magnitude, typically it remains true that F(k) . 1,
hence the use of quasi-linear theory remains well justified.

Discussion – We calculated numerically the grammage
traversed by CRs while propagating in the disc of the
Galaxy in the region immediately outside the source, as-
sumed to be a typical SNR with a total energy of 1051

erg and a CR acceleration e�ciency of 20%. On scales
of order the coherence scale of the Galactic magnetic
field, Lc ⇠ 100 pc, the problem can be considered as
one-dimensional. At larger distances di↵usion becomes
3-dimensional and the density of CRs contributed by the

4

field coherence length is taken to be Lc = 100 pc and
the CR acceleration e�ciency is ⇠CR = 20%. In terms
of properties of the medium around the source, the four
cases mentioned above are considered (see labels on the
curves). The thick dashed line shows the grammage esti-
mated from the measured B/C ratio, assuming standard
CR propagation in the Galaxy with turbulence described
a la Kolmogorov [11]. The thick solid curve represents
the grammage as calculated in the model of non-linear
CR propagation of Ref. [8] (see also [9]), while the hori-
zontal (thick dotted) line shows an estimate of the gram-
mage traversed by CRs while still confined in the down-
stream of the SNR shock [21]. In all cases we assumed
injection / p

�4, but for case (2) above we also considered
the case of steeper injection (thin dotted (red) line).

In case (1), in the energy region E . few TeV, the
grammage contributed by the near-source region due to
non-linear e↵ects is comparable (within a factor of ⇠ few)
with that accumulated throughout the Galaxy if the stan-
dard di↵usion coe�cient is adopted. When neutral atoms
are present, the IND severely limits the waves’ growth: in
case (2) the grammage in the energy range E . few hun-
dred GeV is about ten times smaller. However, since the
importance of IND decreases with decreasing wavenum-
ber k, particles at energies above ⇠ 1 TeV are again al-
lowed to generate their own waves and the grammage in
the near-source region increases, thereby becoming com-
parable with the one accumulated inside the source.

As pointed out above, following [19], it seems plausi-
ble that most of the neutral gas in the warm-hot phase
is made of helium, whose charge exchange cross section
with ionized hydrogen is very small. Ref. [19] suggests
an upper bound to the density of neutral hydrogen of
⇠ 0.03cm�3. This case is accounted for as Case (3)
above.

Case (4) corresponds to a small grammage (due to the
low gas density) but it is important to realize that in
fact Cases (1) and (4) correspond to roughly the same
propagation time in the near-source region. This might
have important observational consequences in the case in
which a dense target for pp collisions, such as a molec-
ular cloud, is present in a region where the gas density
(outside the cloud) is very low and IND is absent: the
long escape times and the correspondingly enhanced CR
density will reflect in enhanced gamma-ray emission.

The time needed for CR escape from the region of size
Lc = 100 pc around a source is shown in Fig. 2 for the
four cases of interest, compared with the di↵usion time
in the same region estimated by using the Galactic dif-
fusion coe�cient Dg (dotted line). This plot shows once
more that the escape time is weekly dependent upon the
density of ions provided there is no appreciable IND. The
small di↵erence between the two cases (dash-dotted and
dashed lines) is to be attributed to the weak advection
with Alfvén waves, since the waves’ velocity is somewhat
di↵erent in the two cases.

In the absence of neutrals, the near-source grammage
increases with increasing Lc and with increasing CR ac-
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FIG. 1: Grammage accumulated by CRs in the near-source
region for Lc = 100 pc in the three cases: (1) nn = 0,
ni = 0.45cm�3; (2) ni = 0.45cm�3 and nn = 0.05cm�3;
(3) nn = 0, ni = 0.01cm�3, as labelled. The thin dotted
(red) line corresponds to case (2) but with slope of the injec-
tion spectrum 4.2. The thick dashed line (labelled as XPSS09)
shows the grammage inferred from the measured B/C ratio
[11], while the thick solid line (labelled as XAB13) shows the
results of the non-linear propagation of Ref. [8]. The hori-
zontal (thick dotted) line (labelled as XABS15) is the source
grammage, as estimated in Ref. [21].

celeration e�ciency ⇠CR, proportional to ⇠ L
2/3
c and

/ ⇠
2/3
CR respectively. It is interesting to notice that these

trends are the same shown by the self-similar solution
obtained in Ref. [6] for a similar problem, though with
di↵erent boundary conditions and under the assumption
of impulsive CR release by the source. In the cases in
which neutral atoms are absent, for particles with ener-
gies up to ⇠ 1 TeV, the grammage decreases with energy
in roughly the same way as the observed grammage [11],
as a result of the dependence of the NLD rate on k in
Eq. 6.

The enhanced grammage illustrated in Fig. 1 is the re-
sult of streaming instability excited by CRs leaving the
source. This e↵ect is particularly important for particles
with energy. 10 TeV, because of the large density of par-
ticles at such energies, that reflects into a correspondingly
high growth rate of the instability (see Eq. 4). In Fig. 3
we show the power spectrum F(k) at z = 50 pc for a case
with Lc = 100 pc. On the top x-axis we show the mo-
mentum of particles that can resonate with waves of given
wavenumber k (bottom x-axis). The solid (dashed) line
refers to case (1) at time t = 104 (t = 105) years. In Case
(2), the presence of neutrals decreases the level of self-
generated waves (see dotted line, computed at t = 104

years), which however remains appreciably higher than
the Galactic turbulence level F0(k), also shown in Fig. 3
as a thick dot-dashed curve. Particles di↵using away from
the source keep pumping waves into the environment for
about 105 years. At later times, higher energy particles
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GRAMMAGE AROUND SOURCES

THE FEASIBILITY IF THIS SCENARIO DEPENDS STRONGLY ON THE AMOUNT OF NEUTRAL 
GAS

THE PROXIMITY OF A CLOUD INCREASES THE GRAMMAGE IN THE NEAR SOURCE REGION 

THE EMISSIVITY INTEGRATED ALONG A LINE OF SIGHT IS SENSITIVE TO WHETHER THIS 
PHENOMENON IS TAKING PLACE (MORLINO ET AL. 2017)

WHEN PRESENT IT STOPS BEING IMPORTANT FOR E>1 TeV, AS WOULD BE REQUIRED TO BE 
A “COCOON”

THERE ARE SEVERAL INDICATIONS ALREADY THAT THE DIFFUSION 
COEFFICIENT CLOSE TO SOURCES IS MUCH SMALLER THAN AVERAGE (SEE 
FERMI OBSERVATIONS OF MOLECULAR CLOUDS, HAWC EVIDENCE FOR 
DIFFUSE EMISSION, …)
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IS IT POSSIBLE TO HAVE ENERGY 
INDEPENDENT DIFFUSION?

RECALL THAT THE D(E) THAT ARE USUALLY QUOTED ARE, 
STRICTLY SPEAKING, PARALLEL D

THIS NEEDS RESONANCES! IT HAS TO BE ENERGY 
DEPENDENT…

…UNLESS THERE ARE PECULIAR TURBULENCE SPECTRA 
(e.g. k-2) WHICH WOULD IMPLY D(E)=CONST
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Fig. 9 Indirect measurements of the all particle CR energy spectrum below 1018 eV. Also shown
are the combination of high energy direct measurements, and the energy spectrum for the light (i.e.
proton + helium) component. Plot taken from [89].

reduced at higher energies, due the possibility to detect fluorescence light emission
along the whole shower development in the atmosphere (see next session).

2.2.4 Flux anisotropies

A complementary approch to the study of CR surces and propagation, with respect
to the analysis of energy spectra and composition, is given by the measurement
of anisotropy signals. This also possibly leads to some information on the galactic
magnetic field, which is mainly responsible for the highly isotropic CR flux. Even
though the first evidences for anisotropies (resulting from the CR intensity varia-
tions with sidereal time) dates back to Hess and Steinmaurer in 1932 [92], in recent
years the huge event statistics collected by several experiments with good pointing
accuracy allowed a detailed analysis of two dimensional arrival direction distribu-
tions maps (right ascension and declination) and their evolution with time. As a
consequence, anisotropy signals at the level of 10�4 �10�3 were found at different
angular scales in both emispheres (see for instance [91] and refs. therein).

A so-called Large Scale Anisotropy (LSA) has been evidenced by several experi-
ments (e.g. Tibet-ASg [93], Milagro [94], ARGO-YBJ [95], IceCube [96]) showing
an approximate dipole-like feature with an excess region between 40� �90� in right
ascension (around the heliospheric tail) and a deficit between 150� � 240� (in the
direction of the galactic north pole), referred to as tail-in and loss cone regions re-
spectively. These observation are not compatible with a simple hypothesis due to
the motion of the heliosphere with respect to the local ISM, as resulting from a pure
Compton-Getting effect [97]. The amplitude of the observed signal is of the order
of 10�4 � 10�3 with a wide maximum in the multi-TeV region and a stable phase

UNDERSTANDING WHAT IS GOING 
ON AROUND THE KNEE REMAINS 
CRUCIAL TO FIGURE OUT WHERE 
GALACTIC CR END

IF THE KNEE IS MADE BY LIGHTER 
ELEMENTS ➟ GALACTIC CR END 
WITH HEAVY ELEMENTS AROUND A 
FEW 1017 eV

I F T H E K N E E I S M A D E B Y 
INTERMEDIATE ELEMENTS (ARGO-
YBJ) THE ISSUE OF THE OVERALL 
SPECTRUM HAS TO BE DEBATED

THE ISSUE OF THE TRANSITION TO EXTRAGALACTIC CR 
IS TIGHTLY CONNECTED WITH THE ORIGIN OF THE KNEE 
AND THE END OF  GALACTIC CR 

44



TRANSITIONS

Dip                                        Mixed Composition
Berezinsky et al. 
chemical composition not  
immediately compatible with  
Auger data 

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

DATA FORCE US TO A CONTINUOUS REVISITATION OF 
OUR IDEAS (DYNAMIC FIELD)

T H E S TA N D A R D M O D E L C E RTA I N LY N E E D S 
MODIFICATIONS

WHETHER SUCH MODIFICATIONS ARE A SYMPTOM THAT A 
MAJOR REVISITATION OF THE PARADIGM IS NEEDED 
REMAINS TO BE SEEN
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