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We revisit the model proposed earlier to account for the observed increase in the positron fraction in
cosmic rays with increasing energy, in the light of new data from the Alpha Magnetic Spectrometer
(AMS-02) experiment. The model accounts for the production and acceleration of secondary electrons and
positrons in nearby supernova remnants which results in an additional, harder component that becomes
dominant at high energies. By fitting this to AMS-02 data we can calculate the expected concomitant rise of
the boron-to-carbon ratio, as well as of the fraction of antiprotons. If these predictions are confirmed by the
forthcoming AMS-02 data it would conclusively rule out all other proposed explanations, in particular,
dark matter annihilations or decays.
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I. INTRODUCTION

Recently the AMS-02 Collaboration has presented pre-
cision data on cosmic ray (CR) protons, helium, electrons,
positrons and the boron-to-carbon ratio from the first two
years of the space mission [1,2]. Some intriguing results
from earlier experiments have not been corroborated;
e.g. there seems to be no “break” in the proton and helium
spectra at ∼200 GeV=n as had been claimed earlier [3].
However, the finding by PAMELA [4] of a rise in the
positron fraction with energy above ∼10 GeV has been
spectacularly confirmed [5].
This is of particular interest as the hardening of the

positron fraction had been widely interpreted as due to the
annihilation [6] or decay [7] of weak-scale dark matter
(DM). Such interpretations, while very exciting as potential
findings of new physics beyond the Standard Model, have
faced intrinsic challenges; e.g. the (velocity-averaged) DM
annihilation cross section is required to be much larger than
the typical value which yields the observed DM abundance
for a thermal relic. Moreover, the expected antiprotons are
not seen so the annihilations or decays must be only into
leptons which is rather unnatural. Subsequently, more
direct constraints have been presented on the associated
energy release [8,9], severely constraining DM interpreta-
tions. Astrophysical explanations (see [10] for a review)
have therefore gained more currency with nearby pulsar
wind nebulae being frequently implicated.
An interesting alternative suggestion is that a hard

spectrum of secondary positrons can be produced by the
standard sources of Galactic cosmic rays (GCRs), i.e.
supernova remnants (SNRs) [11,12] (see also [13] for a
related suggestion). This does not require a new class of
sources and has the added advantage that it is easily

falsifiable due to related signatures in other secondary
species; e.g. a rise is also predicted at higher energies in
the antiproton-to-proton ratio (p̄=p) [14] and the boron-to-
carbon ratio (B/C) [15,16].
Until recently, such tests were hampered both by the lack

of precision in CR data and also the inconsistency between
different data sets. In this paper we consider only the
recently presented AMS-02 data which not only have
unprecedented statistics but also the smallest ever system-
atic uncertainties. Besides fitting to the B/C and e� data we
present our model prediction for the p̄=p. We improve on
earlier studies by computing all observables consistently,
e.g. using the same nuclear cross sections for the source and
propagation part of the calculation. (See e.g. [17] for a
discussion of antiproton production cross sections.)
The remainder of this paper is organized as follows: In

Sec. II we compute the contribution from the production and
acceleration of secondaries in the source, i.e. SNRs. For the
transport of all CR species in the ISMwe use the GALPROP
code, and we explain our approach in Sec. III. In Sec. IV we
present our results for the positron fraction, the lepton fluxes,
proton and helium fluxes, as well as B/C. In addition, for
the antiproton-to-proton ratio where data from AMS-02 are
expected soon, we compare to currently available PAMELA
data. We conclude in Sec. V.

II. PRODUCTION AND ACCELERATION OF
SECONDARIES IN THE SOURCE

It is generally believed that collisionless shock waves in
SNRs are the dominant agent for acceleration of GCRs
[18]. After the shock cannot contain particles anymore they
diffuse through the interstellar medium (ISM), producing
secondary particles by spallation on the interstellar gas. The
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production of secondary particles inside SNRs has largely
been ignored (see, however, [19]) since the total grammage
of ambient matter that primary CRs traverse therein is much
smaller than the grammage they traverse in the ISM.
However, it was realized [11,12] that charged secondaries
like positrons, antiprotons or boron nuclei partake in shock
acceleration in much the same way as their parent pri-
maries. However, whereas primaries are injected from the
background thermal plasma only at the shock, secondary
particles are produced up to Oð1Þ diffusion scale length
away. This leads to a different spatial distribution for their
injection and is reflected in a secondary spectrum harder
than the primary one due to the energy-dependent diffusion
coefficient. Therefore, although subdominant in total num-
ber, secondaries produced in the SNR can have observable
consequences at high enough energies.
Here, we consider the acceleration of primary and

secondary CRs in the test-particle approximation of dif-
fusive shock acceleration. In its own rest frame, the shock
is at x ¼ 0 and the Rankine-Hugoniot conditions deter-
mine the compression factor r which fixes the ratio of
gas densities and velocities nþ=n− ¼ r ¼ u−=uþ on either
side of the shock. The evolution of the gyro-phase and
pitch-angle averaged phase space density fi ≡ fiðx; pÞ of
species i is governed by the transport equation

∂fi
∂t ¼ −u

∂fi
∂x þ ∂

∂xDi
∂fi
∂x −

p
3

du
dx

∂fi
∂p − Γifi þ qi; ð1Þ

where from left to right, the terms on the right-hand side
describe convection, spatial diffusion, adiabatic losses/
gains, inelastic losses and injection by spallation of heavier
species, qi ¼

P
j>icβjngasσj→ifj.

We solve for the steady-state solutions, f�i ≡ fiðx≷0Þ,
separately in the upstream (x < 0) and downstream (x > 0)
regions where du=dx≡ 0, and impose the boundary con-
ditions fþi < ∞ and ∂f−i =∂x → 0 for x → ∞ as well as
f−i → Yiδðp − p0Þ for x → −∞, where Yi is the injected
abundance of species i and p0 the injection momentum.
Assuming that ΓiDi=u2� ≪ 1 and xΓi=u� <xmaxΓi=u� ≪ 1
(which amounts to requiring efficient acceleration of nuclei
[15]), we find for the downstream solution

fþi ðx; pÞ ¼ f0i ðpÞ þ rðq0i ðpÞ − Γ−
i f

0
i ðpÞÞ

x
uþ

; ð2Þ

where q0i ðpÞ≡ q−i ðx ¼ 0; pÞ is the upstream injection term
at the shock, and

f0i ðpÞ ¼
Z

p

0

dp0

p0

�
p0

p

�
γ

e−γð1þr2ÞðDiðpÞ−Diðp0ÞÞΓ−
i ðpÞ=u2−

×

�

γð1þ r2ÞDiðp0Þ
u2−

q0i ðp0Þ þ γYiδðp0 − p0Þ
�

ð3Þ

is the phase space density at the shock. Without spallation
and inelastic losses, i.e. for qi ¼ 0;Γi ¼ 0, the well-known

test-particle solution of diffusive shock acceleration,
fi ∝ p−γ , is recovered, with the spectral index
γ ¼ 3r=ðr − 1Þ, i.e. γ ¼ 4 for a strong shock (r ¼ 4).
For nonzero spallation and assuming that the diffusion
coefficient is proportional to momentum DiðpÞ ∝ p (i.e.
Bohm diffusion), f0i ðpÞ will be harder than the source
spectrum q0i ðpÞ by one power in momentum. This results
in an increase of the fraction of positrons with energy, and
this will also be the case for other secondary species like
boron or antiprotons.
We make the simplifying assumption that after a time

τSNR, the effective lifetime of the SNR, all downstream
particles are released in a time much shorter than the time
needed for the particles to reach the observer at Earth. The
integrated downstream spectrum is

dNi

dp
¼ 4π

Z
τSNRuþ

0

dx x24πp2fiðx; pÞ

¼ 4πp2V

�

f0i þ
3

4
rτSNRðq0i − Γ−

i f
0
i Þ
�

; ð4Þ

where V ¼ 4π
3
ðτSNRuþÞ3 is the downstream volume. We

note that the term − 3
4
rτSNRΓ−

i f
0
i ðpÞ in Eq. (4), as well as

the exponential in Eq. (3), will lead to a suppression of the
secondary contribution at very high energies.

III. TRANSPORT OF GALACTIC COSMIC RAYS

For the transport of CRs in the ISM we employ the
GALPROP code [20] which numerically solves a transport
equation similar to Eq. (1) but with the total downstream
spectrum from Eq. (4) as the source term and with transport
parameters (diffusion coefficient, gas densities, energy
losses) appropriate for the ISM. The spallation on inter-
stellar gas of primary CRs, which are already softer than the
source spectrum due to escape losses, leads to further
injection of secondaries. These secondaries themselves
suffer escape losses and are therefore further softened.
At low energies, where the secondaries produced and
accelerated in the SNRs are subdominant, secondary-to-
primary ratios such as the positron fraction, B/C and p̄=p,
are therefore expected to fall with energy, as is in fact
observed. However, at higher energies the harder secon-
daries begin to dominate and the secondary-to-primary
ratios should start to rise with energy.
Given that SNRs occur at random in the Galaxy, the flux

from a distribution of burstlike and pointlike sources will,
in general, differ from the flux assuming a smooth source
density. This is particularly important for high energy
electrons and positrons which have limited propagation
lengths due to synchrotron and inverse Compton losses. We
have therefore performed the propagation of light nuclei
and leptons in the three-dimensional, stochastic SNR mode
of GALPROP and recorded the fluxes for a statistical
ensemble of 25 different realizations of a pulsarlike [21]
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source distribution. For lepton fluxes, the envelope of the
fluxes is shown by the shaded bands in the following
figures, while for nuclei they are sufficiently narrow and are
therefore suppressed—we show this for illustration for the
proton flux alone.

IV. RESULTS

There are several free parameters in our model that
determine the source spectra, namely r, u�, τSNR, ngas
as well as the diffusion coefficient D ¼ βcrLðpÞ=3≃
3 × 1022KB ðpc=GeVÞZ−1B−1

μG cm2 s−1, where rLðpÞ is the
Larmor radius. Here, KB ∼ B2=δB2 parametrizes deviations
from the Bohmvalue, arising e.g. because at late stages of the
SNRevolution field amplification is less efficient. (Moreover
the adopted test-particle limit is then a good approximation.)
However, of these parameters, only the combination
KB=ðu2−BÞ enters into the secondary terms, so we fix
BμG ¼ 1 and u− ¼ 5 × 107 cm s−1, values typical of old
SNRs, and vary onlyKB. Similarly, we fix ngas ¼ 2cm−3 and
test different values of τSNR.
In choosing the parameters that describe the propagation,

we cannot rely on studies which do not consider the
contribution from secondaries as this can be important
even at the lowest energies for the B/C or p̄=p ratio. We
therefore fit the relevant parameters in the following order.
First, varying the source parameters τSNR and D as well as
the propagation parameters κ (the ISM diffusion coefficient
at a reference rigidity 4 GV), δ (its spectral index) and
dv=dz (the gradient of the galactic wind), we attempt to
simultaneously reproduce B/C and the positron flux. The
proton spectral index and normalization are then fixed by
fitting to the AMS-02 proton flux. Nuclear abundances
relative to protons are adopted from earlier studies [22];
however, fitting helium data requires a spectral index γHe
harder by ∼0.1 compared to that of other nuclei, γ, which
is a known issue [3]. We fix the electron spectral index
both above and below a fixed break energy of 7 GeV as is
required by radio observations [23], and the normalization
by fitting to the AMS-02 electron flux. The positron
fraction, B/C, and p̄=p are then predictions of the model.
We adopt the force-field approximation of Solar modula-
tion [24], allowing for different modulation potentials for
the various species within the commonly adopted range
0.2–0.8 GV. The half-height of the diffusion volume, zmax,
is always fixed to 3 kpc.
We can thus fix most of the model parameters; however,

due to the limited energy range of available data, there
remains some freedom concerning the maximum energy
Emax (or, equivalently, rigidity Rmax). In DSAmodels where
the maximum energy is age limited, it would be determined
by the diffusion coefficient and shock velocity, but in
models where it is escape limited, it is a complicated
function of the age of the source. Since we expect the
biggest contribution from mature supernova remnants

where the diffusion coefficient is relatively large (as
magnetic field amplification is no longer efficient) and
the shock speed is relatively low [cf. Eq. (3)], we allow
Rmax to range between 1 and tens of TV.
We adopt a benchmark model with Rmax ¼ 1 TV. The

other model parameters adopted are shown in Table I
(which also lists two other models we considered). In
Figs. 1–3 our results are compared with AMS-02 data [2].
A point of difference with earlier studies [11,12,14,15] is

that our model parameters are chosen to reproduce the
shallower rise of the AMS-02 positron fraction (compared
to PAMELA or Fermi-LAT data) at high energies which
also allows a fit to the tempered rise in the positron flux

FIG. 1 (color online). Electron and positron fluxes measured by
AMS-02 (circles and squares, respectively) and for the accel-
eration of secondaries model with maximum rigidity of 1 TV. The
shaded band reflects the uncertainty of the spatial and temporal
distribution of the SNRs.

TABLE I. Parameter values of the models adopted in our
analysis, both for the source (Rmax, KB, τSNR, γ, γHe, γe;1 and
γe;2) and for the galactic propagation [δ, κ and ðdv=dzÞ].
Rmax 1 TV 3 TV 10 TV
KB 16 5 8
τSNRð104 yrÞ 5 4 4
γ 4.15 4.05 4.10
γHe 4.05 3.95 4.00
γe;1 3.6 3.6 3.6
γe;2 4.55 4.50 4.50

δ 0.65 0.75 0.70
κ (1028 cm2 s−1) 2.80 2.00 2.10
ðdv=dzÞ (km s−1 kpc−1) 5 15 15
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shown in Fig. 1. We emphasise that reproducing this as well
as the electron flux shown in the same figure is directly
constrained by the fit to the proton and helium fluxes in
Fig. 2. As seen in Fig. 3, both models provide good fits to
the positron fraction measured by AMS-02.
To illustrate the spectral dependence on the maximum

rigidity, we have varied the latter in the range 1…10 TV.
Figures 4 and 5 show our results for Rmax ¼ 3 and 10 TV
together with those shown earlier for Rmax ¼ 1 TV. In

Fig. 6, we compare the AMS-02 measurements with our
prediction for B/C; we also show two recent balloon-borne
measurements, viz. CREAM [25] and TRACER [26]. This
displays the same behavior as the positron fraction—a fall
at low energies where the (softer) boron flux produced by
CR primaries in the ISM dominates, and a hardening at
higher energies where the (harder) flux of borons produced
and accelerated inside SNRs dominates. We also compare
in Fig. 7 our antiproton-to-proton ratio to PAMELA
data [27].
The other parameters for Rmax ¼ 3 and 10 TVare shown

in the third and fourth columns of Table I. Note that while
Rmax and KB may be (anti)correlated, this depends in detail

FIG. 3 (color online). The positron fraction eþ=ðeþ þ e−Þ
measured by AMS-02 (circles) and for the acceleration of
secondaries model with maximum rigidity of 1 TV. The shaded
band reflects the uncertainty of the spatial and temporal distri-
bution of the SNRs.

FIG. 4 (color online). Electron (circles) and positron (squares)
fluxes measured by AMS-02 and predicted by the acceleration of
secondaries models with maximum rigidities of 1, 3 and 10 TV.

FIG. 2 (color online). Proton and helium fluxes measured by
AMS-02 (circles and squares, respectively) and for the accel-
eration of secondaries model with maximum rigidity of 1 TV. The
shaded band reflects the uncertainty of the spatial and temporal
distribution of the SNRs.

FIG. 5 (color online). The positron fraction eþ=ðeþ þ e−Þ
measured by AMS-02 (circles) and predicted by the acceleration
of secondaries models with maximum rigidities of 1, 3 and 10 TV.
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on how the cosmic rays escape from the SNRs—in the
absence of a firm understanding we have treated these as
independent parameters (and let the fit to the data determine
the value of KB). Also we have not done a comprehensive
scan of all the parameters; hence, the curves do not always
vary monotonically.
Given their limited energy range and uncertainties, the

presently available electron and positron data (see Fig. 4)
cannot pin down Rmax. However, Fig. 5 illustrates that
higher energy measurements of the positron fraction with
better statistics can distinguish between maximum rigidities
of 1 TV and tens of TV. This is an important point as
Rmax—if it is the same for all secondary species as is
assumed here—leads to qualitatively different behaviors
for B/C: While for Rmax ¼ 1 TV, B/C shows only a
slight hardening just below the cutoff, it flattens out for
Rmax ¼ 3 TV and even shows a characteristic rise for
Rmax ¼ 10 TV. The minimum in the latter case is close
to the highest energy bin for which AMS-02 has presented
data. Note that this minimum is at a different energy for B/C
and for the positron fraction. This is due to the different
kinematics (positrons are on average produced at ∼1=20 of
the parent primary energy, whereas in spallation the energy
per nucleon is roughly conserved) and also to the spectral
softening in the primary electron spectrum.
However, as seen in Fig. 7, the p̄=p fraction shows a

flattening between tens and hundreds of GeV, unlike the
positron fraction or B/C. At these energies, the antiproton
flux is dominated by the secondary contribution which has
the same spectrum as the primary species [cf. the term
4πp2Vð3=4rτSNRq0i Þ in Eq. (4)]; the effect of the upper
rigidity cutoff becomes apparent only at higher energies
where the term 4πp2Vf0i starts to dominate.

V. CONCLUSION

We have presented results for the (absolute) electron
and positron, proton and helium fluxes, as well as B/C
and p̄=p, in the framework of the acceleration of secon-
daries by SNR shock waves models. The only free
parameter that cannot be fixed by fitting to available data
from AMS-02 is the maximum rigidity to which cosmic
rays are accelerated by the SNR shock wave. Depending
on whether it is high (e.g. 10 TV) or low (e.g. 1 TV), the
positron fraction will keep increasing beyond a TeV, or cut
off shortly above the highest energy bin for which results
have been shown by AMS-02. This behavior should be
reflected by a cutoff or a rise after a shallow minimum in
B/C. For p̄=p, we have found a plateau between tens and
hundreds of GeV.
Our results differ significantly from Ref. [28] since these

authors fixed δ ¼ 0.43 for the energy dependence of the
ISM diffusion coefficient, whereas we have considered
larger values in the range δ ¼ 0.65–0.75 as is expected in
diffusion-convection models of CR transport [29]. This is
essentially why we are able to consistently fit both the
positron fraction and the B/C ratio. We await the release of
AMS-02 data on the p̄=p and B/C ratios, which will
definitively test all models proposed to account for the
rising positron fraction.
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FIG. 7 (color online). The antiproton-to-proton ratio measured
by PAMELA (circles) and predicted by the acceleration of
secondaries models with maximum rigidities of 1, 3 and 10 TV.

FIG. 6 (color online). The boron-to-carbon ratio measured by
AMS-02 (circles), CREAM (open squares), TRACER (open
diamonds), and predicted by the acceleration of secondaries
models with maximum rigidities of 1, 3 and 10 TV.
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