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ABSTRACT
Recent accurate measurements of cosmic-ray (CR) protons and nuclei by ATIC-2, CREAM, and PAMELA

reveal: a) unexpected spectral hardening in the spectra of CR species above a few hundred GeV per nucleon,
b) a harder spectrum of He compared to protons, and c) softening of the CR spectra just below the break
energy. These newly-discovered features may offer a clue tothe origin of the observed high-energy Galactic
CRs. We discuss possible interpretations of these spectralfeatures and make predictions for the CR isotopic
ratios, anisotropy of CRs, and diffuse Galacticγ-ray emission in different phenomenological scenarios. Our
predictions can be tested by currently running or near-future high-energy astrophysics experiments.
Subject headings:astroparticle physics — diffusion — elementary particles —cosmic rays — ISM: general —

dark matter — diffuse radiation — gamma rays: ISM — infrared:ISM — radio continuum:
ISM — X-rays: ISM

1. INTRODUCTION

The spectrum of CRs has offered few clues to its origin so
far. The only features observed are at very-high and ultra-
high energies (see, e.g., Figure 1 in Swordy 2001): the so-
called “knee” at a few times1015 eV (Kulikov & Khristiansen
1958; Haungs et al. 2003), the second “knee” at∼1018 eV, the
“ankle” at higher energies (Abbasi et al. 2005), and a spectral
steepening above1020 eV (Abbasi et al. 2009; Abraham et al.
2010). Because of the limited size of Galactic accelerators
and strength of magnetic fields in the acceleration region (e.g.,
in supernova remnants [SNRs]), it is believed that the CRs be-
low the knee are Galactic, while above the knee they have an
extragalactic origin, with the knee itself being due to propa-
gation effects and a transition between the two populationsof
CRs (Berezinskii et al. 1990; Strong et al. 2007).

The power-law spectrum below the knee is thought to be the
result of CR acceleration in SNR shocks (see, e.g., Drury et al.
2001), which is steepened by propagation in the interstellar
medium (ISM) and eventual leakage from the Galaxy to the
observed index∼ 2.75. The interstellar diffusion coefficient
is typically assumed to be a power-law in particle rigidity,
based on numerous studies of magnetohydrodynamical tur-
bulence (see, e.g., Biskamp 2003). The turbulent cascade of-
ten leads to a distribution of magnetic energy that is well de-
scribed by a power law. For energies below∼ 20 GeV per
nucleon, the CR spectrum flattens due to the modulation in
the heliosphere – a combined effect of the solar wind and he-
liospheric magnetic field. Measurements of CR composition
below a few GeV per nucleon offer detailed information on
elemental and isotopic abundances (Engelmann et al. 1990;
Wiedenbeck et al. 2001), including the peaked shape of the
secondary-to-primary nuclei ratio (e.g., B/C, sub-Fe/Fe)and
abundances of long-lived radionuclides (such as10Be, 26Al,
36Cl, and 54Mn). These measurements are used to derive
the (model-dependent) diffusion coefficient and the size of
the Galactic volume filled with CRs (Strong & Moskalenko
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1998; Ptuskin & Soutoul 1998; Webber & Soutoul 1998), the
so-called halo. Models of CR propagation are in reason-
able agreement with available data (e.g., Strong et al. 2007;
Trotta et al. 2011), with a few exceptions including the un-
expected rise in the positron fraction observed by PAMELA
(Adriani et al. 2009).

The data recently collected by three experiments, ATIC-
2 (Wefel et al. 2008; Panov et al. 2009), CREAM (Ahn et al.
2010; Yoon et al. 2011), and PAMELA (Adriani et al. 2011),
indicate a break (hardening) of the spectra of the most abun-
dant CR species above a rigidity of a few hundred GV.
The break rigidity,ρbr, is best measured by PAMELA and
occurs at approximately the same rigidity forp and He,
ρbr = 240 GV. The PAMELA data for10 GV . ρ < ρbr
agree very well with the earlier data from AMS and BESS
(see Alcaraz et al. 2000; Haino et al. 2004 and Figure 1 of
Adriani et al. 2011), while ATIC-2 data points forρ < ρbr
are somewhat lower. We take the PAMELA data as the most
accurate forρ < ρbr. Forρ > ρbr, ATIC-2 results agree well
with those of CREAM. The change in the spectral index (be-
low/above the break) is estimated as∆br = γ(> ρbr) − γ(<
ρbr) = 0.15, and is the same for protons and He.

Another important feature of the CR spectra discovered by
these experiments is the difference between the spectral in-
dices of CR protons and He. This has been speculated for a
long time (e.g., Biermann et al. 1995, and references therein),
but the experimental uncertainties were too large to be conclu-
sive (see the collection of CR proton and He measurements
in Moskalenko et al. 2002). The new measurements by the
ATIC-2, CREAM, and PAMELA experiments confirm this
with high significance. The spectrum of He is found to be
harder than the spectrum of protons for energies below at least
104 GeV per nucleon. The difference between the proton and
He spectral indices calculated by Adriani et al. (2011) using
the PAMELA data is∆γ = 0.10, and it is approximately the
same above and belowρbr. Within the statistical and system-
atic uncertainty, the measuredp/He flux ratio appears to be a
smooth function of rigidity, continuous atρbr. This shows that
the difference in the spectral slope of protons and He nuclei
persists into the ultra-relativistic regime.

There is also fine structure in the spectra that may provide
some clues to the nature of the observed features: PAMELA
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data clearly show a spectral softening at the break rigidity
(which we refer to as the “dip”, below). Adriani et al. (2011)
have shown the softening to be statistically significant at the
95% confidence level for the spectra as functions of particle
rigidity, and the 99.7% level for the same data in terms of ki-
netic energy per nucleon. The softening is more pronounced
in the He spectrum.

Rather than proposing a detailed interpretation of the ob-
served features, in this paper we discuss broad categories of
models, hereafter calledScenarios, and propose their observa-
tional tests. A particular realization of each scenario is called
Calculation. The quantitative analysis is done using the GAL-
PROP code4 (Strong & Moskalenko 1998).

2. SCENARIOS

2.1. Reference case

Scenario R: Reference scenario. First, we introduce a refer-
ence CR propagation model based on the pre-PAMELA data.
In this scenario, the CR injection spectrum above 10 GV is a
single power law up to the “knee” in the CR spectrum, with
the same spectral index for all CR species. The rigidity de-
pendence of the diffusion coefficient is also taken as a single
power-law for all energies. The CR source distribution is de-
scribed in Section 3.Scenario Rprovides reasonable agree-
ment with the pre-PAMELA data, but it cannot reproduce the
spectral features evident in the new data discussed in this pa-
per: the difference between proton and He spectra, the spec-
tral break, or the dip. Below, we describe several broad cate-
gories of models that encompass viable explanations for these
new features. Comparing predictions for these other mod-
els for quantities other than CR proton and He spectra with
predictions ofCalculation Rqualitatively illustrate the signif-
icance of the difference between different scenarios.

2.2. p/He ratio

The confirmation of a significant difference between proton
and He spectral indices poses a challenge for theories of CR
acceleration and propagation. Whatever the physical causeof
this difference in spectra may be, it seems to affect heaviernu-
clei in the same way as it does He (see, e.g., Ahn et al. 2009,
for spectra of nuclei), giving them a harder spectrum than that
of protons.

Diffusive shock acceleration indeed predicts the spec-
trum of He to be harder than that of protons due to its
lower Z/A ratio, but only for non-relativistic energies (e.g.,
Ellison et al. 1997). Ap/He ratio declining with energy at
ultra-relativistic energies could be produced by shocks ex-
panding in a non-uniform medium. This would be the case
if particle acceleration by the shocks is rapid, and the He
abundance (Ohira & Ioka 2011) or magnetic field orientation
(Biermann et al. 1995) varies in a way that enhances He ac-
celeration in young shocks. Alternatively, propagation effects
could be responsible for thep/He spectral difference. The
second order Fermi process (reacceleration) in the interstellar
medium makes the He spectrum harder due to its lowerZ/A
ratio, but this does not extend to the ultra-relativistic regime
(e.g., Strong et al. 2007).

Blasi & Amato (2011a) suggested that spallation of CR nu-
clei (Z > 1) may lead to hardening of their spectra. This is
because the lower energy CRs have longer confinement times
in the Galaxy, so the hardening occurs for rigidities where

4 The project web site http://galprop.stanford.edu/

the spallation timescale is short compared to the CR diffusive
escape timescale. Our calculations include spallation of all
nuclei species, the default with GALPROP. However, as our
results forCalculation Rshow (see Section 4), the effect of
spallation on the He spectrum is insignificant, and thep/He
ratio above 10 GV is flat. Still, in order to investigate this
hypothesis, we introduceScenario S. With this scenario, we
demonstrate that, with some model tuning, fragmentation may
indeed lead to hardening of the He spectrum. We also assess
the consequences of the required model modifications.

Scenario S: Spallation effects. The fraction of frag-
mented CR nuclear species depends on their total inelas-
tic cross section and the effective grammage encountered by
the CR species in the Galaxy. Inelastic cross section fits
used in Blasi & Amato (2011a), taken from Hörandel et al.
(2007), are somewhat larger than those used in our calcu-
lations (Barashenkov 1993; Barashenkov & Polyanski 1994).
Besides, the gas number density used in calculations by
Blasi & Amato (2011a) yields a significantly larger gram-
mage than in our standard models. To segregate these effects,
we consider two scenariosS1,2. Calculations representing
both scenarios adapt the cross section fits from Hörandel etal.
(2007). In Scenario S2, we additionally increased the gas
number density relative toScenario Rby a factor of 2. Note
that these calculations use the GALPROP code, which was
adapted to incorporate the above-mentioned inelastic cross
sections, whereas the production of fragments (daughter iso-
topes) is calculated using a standard set of cross sections and
remains unchanged.

Our calculations show that the required hardening of the He
(3He + 4He) spectrum can be achieved only if we assume a
considerable increase in grammage and simultaneously adopt
a set of total inelastic cross sections from Hörandel et al.
(2007),Calculation S2. However, this leads to an overpro-
duction of secondary species in CRs, such as antiprotons and
boron, so that the calculated B/C ratio does not agree with
the data. With our standard gas distribution based on astro-
nomical data (Moskalenko et al. 2002),Calculation S1, the
amount of hardening is insufficient to provide agreement with
the PAMELA p/He ratio. Thep/He ratios obtained inCalcu-
lations S1 andS2 are shown in the top panel of Figure 1. The
calculated B/C ratio and̄p flux are shown in the middle and
bottom panels, respectively. Read on and see Figures 2 and 3
for details on the parameters ofCalculation Ralso shown in
Figure 1.

Another important point to consider here is that the mea-
surements of PAMELA, ATIC-2 and CREAM are not sensi-
tive to the isotopic composition of CR fluxes. The He fluxes
reported by these experiments and used throughout this paper
are, in fact, the sum of3He and4He species. The dominant
channel of4He spallation is the reaction

4He + p → 3He + X.

This reaction leads to a hardening of the interstellar4He spec-
trum because lower energy nuclei experience more spallation
events. However, due to production of3He in the same reac-
tion, thetotal He spectrum does not harden as much as4He
alone. Further spallation of secondary3He, as well as frag-
mentation of4He into products other than3He, eventually
lead to the total He spectrum hardening. Still, the effect of
spallation on the total He spectrum is not as strong as on4He
alone. Equation (2.1) in Blasi & Amato (2011a) indicates that
3He was not included in their calculations. Therefore, their

http://galprop.stanford.edu/
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results would be relevant only for thep/4He ratio.
This is illustrated in Figure 1, where we also plot the ratio of

p/4He in Calculation S2 for reference. It can be seen that the
overall shape of thep/4He ratio matches the measuredp/He
ratio well, however, a significant fraction of secondary3He
changes the shape so that the calculatedp/He ratio can not be
adjusted to match the data simultaneously at all rigidities(1
GV – 10 TV).
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Figure 1. (color in online version) CR proton to He, B/C ratio and antiproton
flux (sources of data as in Figures 5, 7, 8), together with calculation results.
Calculation S1 andCalculation S2 use the same spallation cross sections and
zH/D ratio as those of Blasi & Amato (2011a). InCalculation S2, the gas
density is increased by a factor of 2 with respect toCalculation S1. Results of
Calculation S1 are consistent with the B/C ratio data, but slightly overpredict
p̄ measurements. However, note that the effect of spallation is not sufficient
to make the slope of thep/He ratio agree with the PAMELA data. InCal-
culation S2, spallation is stronger due to increased grammage, and thep/He
ratio is reproduced better, but the B/C ratio andp̄ flux are overpredicted.

Our conclusion is that the adjustments of propagation
model required to reproduce the observedp/He ratio inSce-
nario S2 conflict with the production of secondary CR species.
Therefore, in the rest of this work we use the standard prop-
agation parameters, cross section fits, and gas distribution
(same as inCalculation R). To reproduce thep/He ratio we
use anad hocmodification for the CR injection spectra. That
is, in our calculations, we assume that nuclei heavier than H
are injected into the ISM with a harder spectrum than pro-
tons. The difference between the spectral indices of pro-
tons and heavier nuclei is the same for all rigidities and is
∆p/He = 0.07. Figure 5 shows thep/He ratio resulting from
this modification (see below for parameters of other calcula-
tions shown in this figure). The figure shows that the data
reported by PAMELA, ATIC-2, and CREAM can be repro-
duced by this model.

2.3. Spectral break and dip

We consider the following scenarios for an explanation of
the break atρbr and the dip just belowρbr: (i) interstellar
propagation effects, (ii) modification of CR injection spec-
trum at the sources, (iii) composite Galactic CR spectrum, (iv)
effects of local sources at low energies (ρ < ρbr), and (v) ef-
fects of local sources at high energies (ρ > ρbr). Particular
realizations of these scenarios (calculations) are discussed in
detail in Section 3.2; their parameters are summarized in Ta-
ble 1.

Scenario P: interstellar Propagation effects. Transport
of CRs in the ISM is a subject to considerable uncertain-
ties, because the properties of interstellar magnetic turbu-
lence are not very well known (Elmegreen & Scalo 2004;
Scalo & Elmegreen 2004). This makes CR observations a
valuable indirect probe of quantitative features of particle
transport (e.g., the diffusion coefficient,D) in the Galaxy.
Therefore, in this scenario, the break in the observed pro-
ton and He spectra is attributed to a change in CR transport
properties at rigidityρbr. This scenario is represented byCal-
culation P, which has a break in the rigidity dependence of
the diffusion coefficient atρ = ρbr. Forρ < ρbr, we use the
functional form ofD(ρ) obtained in the earlier comprehensive
analysis of CR data by Trotta et al. (2011), and forρ > ρbr,
we adjust the rigidity dependence ofD(ρ) to match the ob-
servations of PAMELA, ATIC-2, and CREAM, as discussed
above.

Scenario I(a): CR Injection effects, source with a spec-
tral break interpretation. Existing models of CR production
by SNR shocks (e.g., Caprioli et al. 2010; Ptuskin et al. 2010)
predict a smooth spectrum of CR particles injected by a SNR
into the Galaxy. Such models usually consider a shock in
the semi-infinite medium or assume spherical symmetry. The
spectrum predicted by these models may gradually harden
with energy between 10 GeV and 100 TeV, but not as rapidly
as in the PAMELA data. Note that particle transport, magnetic
turbulence generation, and nonlinear feedback of particles and
magnetic fields on shock structure are not strictly constrained
in these models. The spectrum of particles leaking from a
SNR shock has never been observed directly. It is therefore
conceivable that with some parameter tuning, present mod-
els of particle acceleration may predict a more pronounced
hardening in the spectrum of particles injected into the ISM,
consistent with the new data. Alternatively, particle acceler-
ation models that take into account the asymmetry of SNRs
may predict a break in the particle spectrum produced by a
single SNR. For example, in the model of Biermann et al.
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(2010), the break, or upturn, occurs due to the contributionof
the SNR’s polar cap. This case, hereafter referred to asSce-
nario I (a), is represented byCalculation I, which features a
Galaxy-wide source spectrum with a hardening atρbr. The
diffusion coefficient does not have a break in this scenario.

Scenario I(b): CR Injection effects, composite source in-
terpretation. While SNRs (isolated or in superbubble regions)
are believed to be the primary sources of Galactic CRs, dif-
ferent classes of supernovae and their environments, as well
as other CR sources, can combine to produce the observed
CR spectrum. Generally speaking, different types of CR
sources could have different spatial distributions throughout
the Galaxy. In this work, we make the simplifying assumption
(i) that there are only two types of CR sources, and (ii) the spa-
tial distributions are the same for both types of CR sources.If
one source dominates the low energy part of the CR spectrum,
and the other the high energy part, thenCalculation I, with a
hardening of the Galactic CR source atρbr, adequately en-
compasses this composite source scenario as well. We use the
same computational setup to calculate the observed quantities
for Scenario I(a) andScenario I(b), and we call it justCal-
culation I. A subtle advantage of the composite source inter-
pretation ofCalculation I(i.e., inScenario I(b)) is its ability
to explain the dip more naturally than the source with an in-
herent break scenario (see discussion of the dip in Section 4).

Scenario L: local Low energy source. This scenario encom-
passes interpretations that assume that the observed spectral
break is caused by a local source dominating the CR spec-
trum at low rigidities, ρ < ρbr. Unlike Scenario I(b), the
present scenario assumes that the low-energy source is not
typical for the Galaxy as a whole. This scenario is formu-
lated asCalculation L, in which the Galactic CR spectrum is
hard, matching the observations of PAMELA, ATIC-2, and
CREAM for ρ > ρbr. Forρ < ρbr, the flux of Galactic CRs
is lower than the observed flux, and we assume that the dif-
ference is accounted for by the hypothetical local source. We
assume the extreme case of a very local low energy source.
This means that we do not calculate propagation of CRs from
that source and only the Galactic sources with the hard spec-
trum are used to calculate the production of secondaries and
the diffuse Galacticγ-ray emission. This scenario contrasts
with Scenario I(b), where the sources of low-energy CRs are
distributed across the Galaxy. The case of intermediate local
source extent falls in betweenScenario LandScenario I(b).

Scenario H: local High energy source. This scenario is
analogous toScenario L, but with Galactic sources dominat-
ing the CR flux forρ < ρbr, and the spectral break produced
by a localhigh-energysource dominating the observed flux
for ρ > ρbr. The calculation representing this scenario is re-
ferred to asCalculation H. The assumption of the high-energy
source being very local is made in this calculation identically
to how it was done inCalculation L, i.e., the production of
secondaries and the diffuse Galacticγ-ray emission is deter-
mined solely by the Galactic CR sources.

3. CALCULATIONS

3.1. GALPROP code

The GALPROP project began in late 1996
(Strong & Moskalenko 1998) and has been in continu-
ous development since. The code is available from the
dedicated website where a facility for users to run the

code via online forms in a web browser5 is also provided
(Vladimirov et al. 2011).

The GALPROP code solves the CR transport equation for
a given source distribution and boundary conditions for all
CR species. This includes diffusion, a galactic wind (con-
vection), diffusive reacceleration in the ISM, energy losses,
nuclear fragmentation, radioactive decay, and productionof
secondary particles and isotopes:

∂ψ

∂t
= q(r, p) +∇ · (Dxx∇ψ −Vψ) +

∂

∂p
p2Dpp

∂

∂p

1

p2
ψ

−
∂

∂p

[

ṗψ −
p

3
(∇ ·V)ψ

]

−
1

τf
ψ −

1

τr
ψ , (1)

whereψ = ψ(r, p, t) is the density per unit total particle
momentum,ψ(p)dp = 4πp2f(p)dp in terms of phase-space
densityf(p), q(r, p) is the source term,Dxx is the spatial
diffusion coefficient,V is the convection velocity, reaccelera-
tion is described as diffusion in momentum space with dif-
fusion coefficientDpp, ṗ ≡ dp/dt is the momentum loss
rate,τf is the time scale for fragmentation, andτr is the time
scale for radioactive decay. The numerical solution of the
transport equation is based on a Crank-Nicholson (Press et al.
1992) implicit second-order scheme. The spatial boundary
conditions assume free particle escape, e.g.,ψ(Rh, z, p) =
ψ(R,±zh, p) = 0, whereRh andzh are the boundaries for a
cylindrically symmetric geometry.

If reacceleration is included,Dpp is related toDxx

(Berezinskii et al. 1990; Seo & Ptuskin 1994):

DppDxx =
4p2v2Alf

3δ(4− δ2)(4− δ)w
, (2)

wherew characterizes the level of turbulence (we takew = 1
because only the quantityv2Alf/w is relevant), andδ = 1/3 for
a Kolmogorov spectrum of interstellar turbulence orδ = 1/2
for a Kraichnan cascade (but can also be arbitrary).

The source functionq is

q(r, ρ) = qpri(r, ρ) +
∑

qsec(r, ρ), (3)

whereqpri represents the primary CR sources, and theqsec
term is for the sources of secondary isotopes (i.e., nuclearre-
actions in the ISM), andρ ≡ pc/Ze is the magnetic rigidity
wherep is momentum andZe is the charge. The distribution
of primary Galactic CR sources used in this work is based on
the supernova distribution from Case & Bhattacharya (1998).

In this work, the steady-state solutions of Equation (1) are
obtained assuming the source functions are time-independent
and integrating the equation over a long enough time interval.
The accelerated solution technique is used, where the initial
time step,∆t = 109 yr, is large compared to the propaga-
tion time scale, and afterNs = 20 iterations,∆t is reduced
by a factor of 2, etc., until∆t becomes small compared to
the shortest time scale in the system (in our case, 10 yr, to
accommodate the rapid energy losses of leptons).

The details of physical processes and data used in the GAL-
PROP code, as well as the numerical scheme, can be found
elsewhere. A complete list of relevant publications is avail-
able in Vladimirov et al. (2011); the aforementioned GAL-
PROP web site contains additional information and publica-
tions.

5 http://galprop.stanford.edu/webrun/
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Figure 2. (color in online version) Galactic CR source injection spectrum
for Calculations R, S, P, I, L,andH in arbitrary units. The normalization
for the injection spectrum was chosen to match local measurements of pro-
ton and He spectra. For all calculations, the lines represent the Galactic CR
source injection spectrum. “Local” sources, present inCalculation L and
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3.2. Calculation Setups

The parameters of our calculations are summarized in Ta-
ble 1. Figures 2 and 3 show the diffusion coefficients and the
injection spectra used for the different scenarios.

Calculation R is the reference case for this study.
We choose the diffusive-reacceleration model, which has
been used in a number of studies utilizing the GAL-
PROP code (e.g., Moskalenko et al. 2002; Strong et al.
2004; Ptuskin et al. 2006b; Abdo et al. 2009, and references
therein). In this and other calculations the spatial diffusion
coefficient is given by

Dxx = βD0

(

ρ

ρ0

)δ

(4)

whereD0 is the normalization at rigidityρ0 andβ ≡ v/c.
The power-law indexδ = 1/3 corresponds to Kolmogorov
diffusion (see Section 3.1). ForCalculation R, we useδ =
0.30, and a normalization for the diffusion coefficientD0 =
2.4 × 1029 cm s−1 with ρ0 = 300 GV, which is consistent
with the best-fit values obtained by Trotta et al. (2011) from
a Bayesian analysis of a diffusive-reacceleration model using
the GALPROP code.

In this work, we assume the primary CR source function is
a broken power law in particle rigidity:

qpri(r, ρ) ∝ Q(r)

(

ρ

ρinj1

)g

, (5)

g =

{

g1 for ρ < ρinj1
g2 for ρinj1 ≤ ρ < ρinj2
g3 for ρ ≥ ρinj2

For a given choice of injection spectrum a break at a few
GV (ρinj1) is required in diffusive-reacceleration models to
agree with the observed CR spectra at low energies. It is also
possible to specify a second spectral break forqpri(r, ρ) at
higher rigiditiesρinj2 ≈ ρbr. This is done inCalculation I,
described below. ForCalculation R, we choseg1 = −1.9,
g2 = g3 = −2.4 (i.e., no break atρinj2) andρinj1 = 11 GV
for all nucleons, which is consistent with the findings of
Trotta et al. (2011). The electron injection spectrum in allcal-
culations is similar to that from Ackermann et al. (2010), with
spectral index in rigidityΓ =1.60/2.50 below/above a break
rigidity of 4 GV, and a second steepening toΓ=5.0 above
2 TV.

Matching the B/C ratio below 1 GeV in diffusive reacceler-
ation models is known to require large values ofvAlf . We
chosevAlf = 32 km s−1, the halo sizezh = 4 kpc, and
the normalization of the propagated CR proton spectrum was
tuned to the observed fluxNp = 10.7 × 10−12 cm−2 s−1

sr−1 MeV−1 for ρ = 103 GV. These values were obtained by
slightly adjusting the best-fit values obtained by Trotta etal.
(2011) to achieve a good agreement with the PAMELA pro-
ton spectrum forρ < ρinj1. These adjusted values are still
within one mean square deviation of the posterior mean found
by Trotta et al. (2011). In all figures, black lines representthe
input and output quantities pertaining toCalculation R.

Calculation Phas the same parameters as the referenceCal-
culation Rexcept: (i) the injection spectrum of protons above
ρinj1 has a softer power-law index to give agreement with the
PAMELA data belowρbr; (ii) the injection spectra of He and
heavier elements (A > 1) have a power-law index harder than
that of protons by∆p/He for all rigidities; (iii) the rigidity
dependence of the diffusion coefficient, Equation (4), has a
break at rigidityρ0 (i.e., δ1 6= δ2). The break in the rigidity
dependence of the diffusion coefficient is introduced to match
the observed break in the CR spectrum. Besides, we choose
ρ0 ≈ ρbr so thatρ0 is slightly larger thatρbr for better agree-
ment with the data forρ > ρbr. The normalization of the
proton flux has been adjusted inCalculation P, along with the
abundance of He, to agree with PAMELA data at all energies
(the abundances of heavier nuclei were changed by the same
factor as He). The results forCalculation Pare shown with
blue lines in all figures.

Calculation I differs from Calculation Rin the following
ways: (i) the index of the proton injection spectrum is softer
than inCalculation Rfor ρinj1 < ρ < ρinj2; (ii) the injection
spectrum has two breaks, i.e.,g2 6= g3, and (iii) nuclei are
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Table 1
Summary of model parameters

Calculations
Parameter Description R S1 (S2) P I L H

INJECTION

g1 (protons) Injection index forρ < ρinj1 –1.90 –1.90 –1.90 –1.90 –2.31 –1.90
ρinj1 First break in CR injection spectrum, GV 11 11 11 11 50 11

g2 (protons) Injection index forρinj1 < ρ < ρinj2 –2.40 –2.40 –2.50 –2.50 –2.10 –2.50
ρinj2 Second break in CR injection spectrum, GV · · · · · · · · · 300 150 · · ·

g3 (protons) Injection index forρinj2 < ρ · · · · · · · · · –2.35 –1.98 · · ·

∆p/He For nuclei,gi(A > 1)=gi(protons)+∆p/He · · · · · · 0.07 0.07 0.07 0.07
Np Flux of protons atρ = 103 GV, in units

10−12 cm−2 sr−1 s−1 MeV−1
10.7 10.7 8.56 8.56 8.50 7.28

n(H)/n0(H) Multiplication factor for the gas number den-
sity relative to standard gas maps

· · · 1.0
(2.0)

· · · · · · · · · · · ·

4He/1H Abundance of4He relative to 1H in CR
sources at 103 GeV/nucleon. Abundances of
other isotopes are proportional to4He.

0.0685 0.0870
(0.1075)

0.0840 0.0935 0.0980 0.0826

PROPAGATION

vAlf Alfvén speed 32 25 32 32 · · · 32
D0 Diffusion coefficient at ρ0, in units

1028 cm2 s−1
21 16 21 21 1.3 21

δ1 δ in Equation (4) forρ < ρ0 0.30 0.30 0.30 0.30 0.00 0.30
ρ0 Diffusion coefficient reference rigidity, GV 300 300 300 300 4.0 300

δ2 δ for ρ > ρ0 · · · · · · 0.15 · · · 0.67 · · ·

injected with a harder spectrum than protons, similar toCal-
culation P. This calculation produces a CR spectrum at Earth
with a break atρbr closely matching that ofCalculation P,
but due to a different physical assumption. Namely, it is the
spectral break in the CR injection spectrum that produces the
break inCalculation I, whereas inCalculation P, it occurs
because of a break in the diffusion coefficient. The results of
this calculation are shown as green lines.

Calculation Hcombines two components. One component
is produced by the Galactic CR sources and propagated using
GALPROP with the same parameters asCalculation I. This
component does not have a break in the CR injection spec-
trum at ρinj2 and its normalization was tuned to match the
proton and He spectra forρ < ρinj2. Another component is
produced by a hypothetical local source, which contributesto
the total flux only forρ > ρbr. We do not calculate CR propa-
gation for the local source; instead, we calculate its spectrum
at Earth by subtracting the Galactic source spectrum from the
data of ATIC-2 and CREAM forρ > ρbr. As discussed in
Section 4, this represents the assumption that the local source
is nearby and not very powerful. To compute secondary par-
ticles and isotopic ratios in this calculation, we assume that
isotopic abundances in the local and Galactic sources are sim-
ilar, and that the local source supplies no secondary particles
at Earth. This lowers, for instance, the B/C ratio and antipro-
tons forρ > ρbr. The diffuseγ-ray emission from the Galaxy
is calculated using only CR fluxes from the Galactic source.
Gray lines represent this calculation in plots.

Calculation Lfeatures a local source that contributes to the
low-energy part of the CR spectrum (ρ < ρbr). The local
source is included in the same way as inCalculation H, i.e., its
propagated spectrum is calculated as the difference between
the observed CR spectrum and the propagated Galactic com-
ponent. As inCalculation H, we do not calculate the propa-
gation of CRs from the local source, and assume that its flux
contains no secondary species. However, this calculation is

very different from all others, because thelow energyCRs are
a mix of particles which have undergone Galactic propaga-
tion and recently accelerated particles from the local source.
Because of that, the propagation parameters for this calcula-
tion should be estimated simultaneously with the parameters
of the local source, as in Moskalenko et al. (2003).

Assuming that CRs from the local source are produced so
recently that they contain no secondary nuclei, one can calcu-
late the B/C ratio forScenario Lin the energy range where the
local source contribution is non-negligible. Matching theB/C
ratio in the diffusive-reacceleration model is quite challenging
(see below), so we have chosen a plain diffusion model for
this case, which required significant modifications of all other
parameters. Most importantly, to maintain the agreement with
B/C at highand low energies, the diffusion coefficient has
a stronger rigidity dependence forρ > ρ0 = 4 GV with
δ2 = 2/3, and a flatter rigidity dependence forρ < ρ0. The
injection spectrum was adjusted accordingly to agree with the
PAMELA proton spectrum and the B/C measurements below
1 GeV per nucleon. ForCalculation L, lines in all plots are
orange.

To illustrate the rationale for our choice of propagation pa-
rameters forCalculation L, we also introduceCalculation L*,
which has the same parameters as inCalculation R, except
g2 = g3 = 2.35, and∆p/He = 0.07. The local source spec-
trum is determined by subtracting the spectrum of propagated
particles from the Galactic sources from the observed spec-
trum of CR species, as inScenario L. Calculation L* is only
illustrated in Figure 7 with light yellow lines.

The results ofCalculation LandCalculation L* are shown
in Figure 7. Because the local source does not produce boron,
the B/C ratio in the range 1–10 GeV per nucleon is too low
(Calculation L*). Matching the B/C data requires a larger
GCR confinement time, which, in turn, requires a lower value
of the diffusion coefficient at these energies (or a larger halo
size). Correspondingly, to maintain good agreement with the
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data above 10 GeV per nucleon, the CR confinement time at
these energies cannot be increased too much, which requires
a larger value ofδ2. With a larger confinement time below
10 GeV per nucleon, the diffusive reacceleration becomes too
strong resulting in too many energetic protons around 1 GeV,
and thusvAlf should be reduced. In fact, we found that in
this scenario the best agreement with the PAMELA data for
protons is achieved withvAlf = 0 (i.e., no reacceleration) and
δ1=0 below a few GV. This is because any finitevAlf hard-
ens the proton spectrum below 1 GeV too much to match
the PAMELA data. Because the B/C ratio below 1 GeV per
nucleon is reduced by the local source contribution, match-
ing the ACE data requires that the flux of the local source to
be relatively small. This dictates the choice of the concave
Galactic source spectrum, i.e.,g1 > g2 > g3 (see Table 1),
which is similar to the theoretical predictions by Ptuskin et al.
(2010), and explains the choice of parameters forCalcula-
tion L.

Note thatCalculation L* cannot be considered physical be-
cause it does not reproduce the B/C data. It is included only as
an illustration. To understand the implications of a local CR
source producing the observed spectral break in the proton
and He spectra one should only use the results ofCalcula-
tion L.

Finally, in Calculation S1 all parameters are the same as
in Calculation R, except for the diffusion coefficientD0 and
the Alfvén speedvAlf . D0 is reduced by approximately 25%,
which makes the ratiozH/D0 equal to that in the calcula-
tions of Blasi & Amato (2011a).vAlf is reduced accordingly
to avoid a large bump in the proton spectrum at low ener-
gies. In addition, the propagation calculations use a differ-
ent set of total inelastic cross sections (equations [6]–[8] in
Hörandel et al. 2007).Calculation S2 has the same parame-
ters asCalculation S1, but the density of all gas components
in the Galactic disk (i.e., HI, H II and H2) is multiplied by
2. The results ofCalculation S1,2 are compared withCalcu-
lation R in Figure 1.

4. RESULTS

The results ofCalculations R, S, P, I, L, andH, as specified
in Table 1, are summarized in Figure 1 (discussed above) and
Figures 4 through 10. Figures 4 and 5 show the proton and
He spectra and their ratio. Figure 1, illustratingScenario S, is
discussed in detail in Section 2.2 and in the figure caption. We
do not discuss the origin of the difference between the slopes
of the proton and He spectra in Section 4 (e.g., the effect of
spallation on CR spectra), instead concentrating on scenarios
explaining the spectral break.Calculations P, I, LandH were
designed to reproduce the observed proton and He spectrum
and, therefore, cannot be used to constrain any of these sce-
narios. However, their predictions for CR anisotropy and the
production of secondary species (B/C ratio,p̄ flux andp̄/p ra-
tio) differ and are shown in Figures 6, 7, 8, and 9. Predictions
for the diffuse Galacticγ-ray emission at intermediate lati-
tudes (10◦ < |b| < 20◦) are compared with the data collected
by theFermi-LAT in Figure 10.

4.1. Proton and He spectra

Proton and He spectra calculated for the different scenar-
ios and their ratio are plotted in Figures 4, 5. The bins in
rigidity for protons are different from the bins for He in all
experiments. Because of this, the experimental data pointsof
PAMELA, ATIC-2 and CREAM shown in Figure 5 were ob-
tained by interpolating the proton and He spectra, along with

their errors, and by calculating thep/He ratio on a grid. For
simplicity, solar modulation for all spectra is taken into ac-
count using the force-field approximation (Gleeson & Axford
1968) with a modulation potentialΦ = 450 MV.

While the reference case,Calculation R, provides satis-
factory agreement with pre-PAMELA data by construction,
it naturally misses all newly discovered features: an overall
harder He spectrum, the spectral break atρbr, along with the
dip just belowρbr. The difference between the spectrum of
He and protons at all energies was phenomenologically in-
cluded in all other calculations exceptCalculation R, which is
reflected in the considerably better agreement with thep/He
ratio data in Figure 5.

Calculation P: A break in the rigidity dependence of the
diffusion coefficient leads to a corresponding break in the CR
spectrum at Earth. In order to match the data, we assumed the
change in the value ofδ (see Equation [4]) fromδ1 = 0.30 to
δ2 = 0.15 atρ0 ≈ ρbr. Two corresponding physical quantities
can be derived from these values. Assuming that the change
in δ is caused by a difference between the properties of in-
terstellar MHD turbulence on scales smaller and larger thana
certain length scaleΛbr, we can estimate this length to be of
order of the gyroradius of 300 GV particles. The gyroradius
of a particle of rigidityρ in magnetic fieldB is

rg = 4× 10−2
( ρ

1GV

)

(

B

5µG

)

−1

AU. (6)

For a characteristic interstellar magnetic field of order ofa few
µG, this implies a change in turbulence properties on length
scales of the order ofΛbr ≈ 10 AU. If the quasilinear the-
ory of turbulent particle diffusion applies to CR transportin
the ISM, the valueδ2 = 0.15 corresponds to turbulence spec-
tral index,α = −2 + δ2 = −1.85, which is harder than a
Kolmogorov spectrum,α = −5/3. Note that the direction in
which the indexα changes across the transition wavenumber
k = Λ−1

br is opposite to the transition of the turbulent cascade
from the inertial to dissipative regime. In our case, the turbu-
lence spectrum hardens, rather than softens, abovek = Λ−1

br .
Calculation Iassumes a change of the power-law index of

CR injection spectrum atρinj2 = 300 GV, which produces a
break atρbr ≈ ρinj2 in the CR spectrum at Earth. The dip is
not produced in this calculation.

Calculation L(dashed orange lines in Figure 4 and 5) agrees
with thep/He ratio and spectral break, and also reproduces the
dip just belowρbr. This is possible because of the combina-
tion of the hard spectrum from Galactic sources that matches
the data forρ > ρbr (solid orange lines in Figure 4) with a
local low-energy source having a sharp turnover just below
ρbr (dotted orange lines in Figure 4). Note that despite repro-
ducing the proton and He spectra and resembling other calcu-
lations,Calculation Lhas a very different set of propagation
parameters. It does not include reacceleration, has a diffu-
sion coefficient with a break fromδ1 = 0 to δ2 = 0.67 at
ρ0 = 4 GV, and assumes a concave Galactic source spectrum.
These parameters are chosen to provide good agreement with
the observed B/C ratio over the wide energy range spanned by
the data.

In Calculation H, the spectral break atρbr is produced
by the local source beginning to dominate the CR spectrum
aboveρbr. We assume that the Galactic source has the same
power-law index forρ > ρbr as the low-energy CR spectrum.

The observed continuity of thep/He ratio and its slope at
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Figure 4. (color in online version) CR proton and He spectra: data of PAMELA (Adriani et al. 2011), ATIC-2 (Wefel et al. 2008; Panov et al. 2009), and CREAM
(Ahn et al. 2010; Yoon et al. 2011) together with calculationresults. ForCalculations LandH, dashed lines show the net CR flux comprised of the Galactic
source contribution (solid lines) and a “local” source contribution (dotted lines). “Local” source spectra were obtained by subtracting the Galactic source fluxes
from an interpolation of data (the CR propagation calculation was not done for the “local” source component). Solar modulation in all spectra is taken into
account using force-field approximation with a modulation potentialΦ = 450 MV. See discussion in Section 4.1.
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ρbr within statistical and systematic uncertainties is very im-
portant. InScenario P, this property of thep/He ratio comes
about naturally. Indeed, if the injection spectrum is contin-
uous, then protons and He nuclei experience the change in
diffusion coefficient in the same way, and thep/He ratio is
unaffected. However, matching this observation in the frame-
work of a composite source spectrum (Scenario L, Scenario H
or Scenario I(b)) requires an additional assumption of the H
to He ratio to be the same at the sources producing the low-
energy and high-energy particles.

For the analysis of all calculations discussed above, the dip
in the spectrum, if it is significant, may lead to important im-
plications. One possible explanation for the dip may be pro-
vided in the framework ofScenario LandScenario I(b). It
can naturally appear if the spectrum of the low-energy CR
sources (Galactic or local) turns sharply over just belowρbr,
rather than continuing as a power law up to the knee in the CR
spectrum. Indeed, it is trivial to prove that for any two power-
law spectra, their sum always hardens with energy. Thus, for
the softening belowρbr to occur, the low-energy source spec-
trum may not be a pure power law; the sharpness of the dip
suggests that it must steeply turn over belowρbr, where the
dip occurs. The dip may also be explained in the framework
of Scenario P, if a corresponding dip in the spectrum of MHD
turbulence responsible for CR confinement in the Galaxy is
assumed. It is not possible to explain the dip withScenario H,
because the low-energy source is assumed to have a power-
law spectral shape extending all the way to the knee.

4.2. Anisotropy

For all scenarios, we calculated the anisotropy of the high-
energy CR flux at the location of the Sun due to diffusive es-
cape of CRs from the Galaxy. The results are presented in Fig-
ure 6, along with data. References to individual experiments
may be found in Ptuskin et al. (2006a); see also Strong et al.
(2007) for a color version of the plot. The anisotropy, dom-
inated by the radial component, is highly sensitive to the
choice of the diffusion coefficient and the spatial distribution
of CR sources. Our calculation ignores the effect of nearby
CR sources, which may be significant (Ptuskin et al. 2006a;
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Figure 6. (color in online version) CR flux anisotropy: data from
Ptuskin et al. (2006a), together with calculation results.The anisotropy was
calculated as the ratio of diffusive flux in the radial direction to the isotropic
flux at the corresponding energy.Calculations R, S, I, LandH all predict
the same value of anisotropy, and their respective lines overlap. The result of
Calculation Pis different due to a different form of the CR diffusion coeffi-
cient. See discussion in Section 4.2

Blasi & Amato 2011b), but is not very well defined and de-
pends on the assumed distances to the sources and their ages.
However, if the diffusive component of the anisotropy domi-
nates in a certain energy range, two conclusions may be drawn
from this plot. The first one is thatScenario Pcan be distin-
guished from the others with improved CR proton anisotropy
data. The second point illustrated by our calculation is that the
diffusion regime ofCalculation Pwith D ∝ ρδ andδ = 0.15
agrees with the available data better thanδ = 0.30. Cal-
culation L, due to a harder dependence of the diffusion co-
efficient on rigidity, predicts a higher degree of anisotropy,
which disagrees with the data more than the other calcula-
tions. However, this may be not conclusive given that the
choice of the propagation model in this scenario is quite arbi-
trary. In case ofCalculation H, the plotted line corresponds
to only the Galactic source, while the direction and magnitude
of the local source flux anisotropy aboveρbr is unknown.

4.3. Boron to carbon ratio

The B/C ratio for all scenarios discussed in the paper is
shown in Figure 7. Predictions ofCalculation RandCalcu-
lation I coincide at all energies, whileCalculation Ppredicts
a larger B/C ratio forρ > ρbr, which is a consequence of
the smaller diffusion coefficient inCalculation P. In the case
of Calculation L andCalculation H, the results include the
effect of the local CR source. CR boron is produced by frag-
mentation of heavier elements and decay of10Be. If the local
source is very nearby, its flux should contain no boron. But,
the abundance of (primary) carbon should be close to the in-
terstellar value, which results in a lower B/C ratio in the net
flux than without the local source.

To find the the B/C ratio forCalculation HandCalcula-
tion L, we assume that the local source produces no boron,
and assume the flux of local source carbon to be proportional
to that of He, with the same carbon and He abundance as
in the Galactic source.Calculation Hpredicts a lower B/C
for ρ > ρbr, because the local high-energy source supplies
primary carbon, but not secondary boron at these energies.
Calculation L, in which the parameters were tuned to provide
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Figure 7. (color in online version) CR boron-to-carbon flux ratio. Data: Davis et al. (2000) (ACE), Engelmann et al. (1990) (HEAO-3), Ahn et al. (2008)
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good agreement with the B/C measurements at all energies,
differs from all other calculations above 100 GeV per nucleon
due to the harder rigidity dependence of the diffusion coeffi-
cient.

Experimental data at low energies (below 1 GeV per nu-
cleon) were collected by ACE (Davis et al. 2000), and for
high energies by HEAO-3 (Engelmann et al. 1990), CREAM
(Ahn et al. 2008) and ATIC-2 (Panov et al. 2008). The un-
certainties in the data are still too large to rule out any of the
scenarios considered in this paper, but data collected by future
experiments, such as AMS-2 may be more constraining.

4.4. Antiproton flux and̄p/p ratio
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Figure 8. (color in online version) CR antiprotons: data from Adrianiet al.
(2010) and Abe et al. (2011) together with calculation results. See discussion
in Section 4.4
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Adriani et al. (2010) together with calculation results. See discussion in Sec-
tion 4.4

The antiproton flux, another probe of CR propagation,
is plotted in Figure 8, and̄p/p ratio in Figure 9, together
with the PAMELA data from Adriani et al. (2010) and the

BESS-Polar II data from Abe et al. (2011).Calculations R, P,
I, andH are in good agreement with data below 100 GeV. Dif-
ferences between all calculations are apparent above∼1 TeV,
but no data are currently available.

Calculation L, due to a larger particle confinement time,
predicts a factor of∼ 2 excess of̄p below 100 GeV. InCal-
culations LandH, the local source was assumed to be com-
pletely devoid of primary or secondary antiprotons. More ac-
curate data covering a larger energy range may help eliminate
some of the scenarios, and the AMS-2 mission may provide
these data.

4.5. Diffuseγ-ray emission

Predictions of theγ-ray emission at intermediate Galactic
latitudes (10◦ < |b| < 20◦) are plotted in Figure 10 along
with the data reported by Abdo et al. (2010, see the online
supplementary material). Following Abdo et al. (2010), the
flux of the inverse Compton (IC) component was increased by
a factor of 2 to obtain a good fit to the data. Our calculations
include γ-ray emission produced by hadronic and leptonic
components of CRs (i.e.,π0-decay, IC, and bremsstrahlung
channels), as well as point sources, and the isotropic extra-
galactic emission. The relative differences in thetotal γ-ray
flux between the considered scenarios are quite small and are
considerably smaller than if only theπ0-decay channel is con-
sidered (as in Donato & Serpico 2011).

Predictions of all calculations, exceptCalculation L, agree
with the publishedFermi-LAT data, within the uncertainty
band.Calculation Lpredicts a slightly lowerγ-ray emission
below 10 GeV. Note that even the referenceCalculation R,
which does not agree with the PAMELA data, satisfactorially
reproduces theγ-ray data.

For all scenarios we calculated theγ-ray spectrum up to
1 TeV, but theFermi-LAT team has not published on the data
above 100 GeV so far. At these energies, the softer spec-
trum of protons (aboveρbr) from Galactic sources inCalcu-
lation H produces less pions resulting in a smaller flux of pio-
nic γ-rays compared to other scenarios. However, the contri-
butions of comparable IC component and isotropic emission
in the range 100 GeV – 1 TeV are not affected by the pro-
ton spectrum. Therefore, even at these energies the difference
between thetotal γ-ray emission inCalculation Hand other
calculations is significantly smaller than the difference in the
π0-decay channel alone. Unsurprisingly,Calculation Pcan-
not be distinguished fromCalculation Iusing theγ-ray data
alone, because calculations for both scenarios result in nearly
the same spectrum of CR protons, even though it is achieved
via different mechanisms.

As the Fermi mission continues, the statistical uncertainty
will be reduced as data accumulates, and systematic errors
are likely to be brought down by improved data analysis. It
should be noted, however, that the analysis of the diffuseγ-
ray emission is complicated by many factors, including the
uncertainty in the spatial distribution for the CR sources and
the loosely constrained spectrum of CR electrons over the
Galaxy responsible for inverse Compton emission that domi-
nates high-energyγ-rays.

5. DISCUSSION

In this paper, we used the diffusive-reacceleration model to
describe the CR transport. Alternatively, we could have em-
ployed a plain diffusion model, where the diffusive reacceler-
ation is inefficient (vAlf = 0), the diffusion coefficient is con-
stant below a break rigidity∼ 10 GV, along with a stronger
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Table 2
Do the scenarios agree with CR observations?

Observation Scenario R/S Scenario P Scenario I(a) Scenario I(b) Scenario L Scenario H

The break (hard-
ening of p and He
spectra at ρbr),
Figure 4

No Yes, due to a break
in the diffusion
coefficient

Yes, due to a break
in the injection
spectrum

Yes, due to the as-
sumption of a com-
posite source

Yes, due to the as-
sumption of a local
low energy source

Yes, due to the as-
sumption of a local
high energy source

The ‘dip’ (soften-
ing of CR spectra at
ρ < ρbr), Figure 4

No No, unless the dif-
fusion coefficient
has a correspond-
ing ‘dip’

No No, but the ‘dip’
can be explained
by assuming that
the low-energy
Galactic source
turns over below
ρbr.

Yes No

Difference between
p and He spectra,
see Figures 4 and 5

Yes, if parameters
are tuned to in-
crease grammage
and cross sections,
as inScenario S.

Yes, phenomenolo-
gically introduced

Yes, phenomenolo-
gically introduced

Yes, phenomenolo-
gically introduced

Yes, phenomenolo-
gically introduced

Yes, phenomenolo-
gically introduced

Continuity of p/He
ratio at ρbr, Fig-
ure 5

Yes, but does not
match the value of
p/He ratio

Yes, no additional
assumptions

Yes, no additional
assumptions

Yes, but only if
the different source
classes inject with
the samep/He ratio
atρbr

Yes, but only if the
local and Galactic
sources classes in-
ject with the same
p/He ratio atρbr

Yes, but only if the
local and Galactic
sources classes in-
ject with the same
p/He ratio atρbr

CR anisotropy due
to diffusive escape
of CRs above
1 TeV, Figure 6

Overpredicts Overpredicts, but
less than other
scenarios

Overpredicts Overpredicts, but
the possibility of
different spatial
distributions of the
two source classes
must be considered

Overpredicts Overpredicts; the
local source, if
it extends above
1 TeV, may affect
anisotropy

B/C ratio above
1 GeV/nuc, Fig-
ure 7

Yes Yes, but differs
from other sce-
narios aboveρbr;
possible discrimi-
nation with more
accurate data

Yes Yes Yes, by design Yes

p̄ flux (PAMELA),
Figure 8

Yes, above a few
GeV

Yes, but differs
from other scenar-
ios aboveρbr

Yes, above a few
GeV

Yes, above a few
GeV

No Yes, above a few
GeV

γ-ray observations
by Fermi-LAT, Fig-
ure 10

Yes Yes Yes Yes No Yes

dependence for higher rigidities (δ ∼ 2/3). Using this kind of
model would have the following effect on our calculations.

The proton and He spectra can be reproduced with appro-
priate adjustments of the source spectra injection indicesto-
gether with the rigidity dependence of the diffusion coeffi-
cient. However, only for the diffusive-reacceleration model
(with some adjustments, see Section 2.2) is it naturally possi-
ble to reproduce the rigidity dependence of thep/He ratio. For
Scenario S(and that considered by Blasi & Amato 2011a), the
escape time at low energies is too short in the plain diffusion
model to provide the required hardening, and hence to repro-
duce the observedp/He ratio.

The CR anisotropy measurements seem to favorScenario P
with its weak rigidity dependence for the diffusion coefficient.
But, the hard-to-estimate effect(s) of local CR sources may
change this conclusion. The diffusive-reacceleration model
predicts anisotropy which is a factor of a few higher than the
data. For the case of distributed Galactic sources, the stronger
rigidity dependence of diffusion required in a plain diffusion
model would give a predicted anisotropy even higher than the
diffusive-reaccleration model, by orders of magnitude above

∼ 10 TeV.
The B/C ratio can be reproduced with a plain diffusion

model, even at low energies with the introduction of ad hoc
breaks in the diffusion coefficient. For the rigidity dependence
of the diffusion coefficient, the high energy data are consistent
for either model due to the large error bars.

The p̄ flux and p̄/p ratio at high energies calculated in the
plain diffusion model would be steeper than the diffusive-
reacceleration model because of the strong rigidity depen-
dence for diffusion coefficient in the former. For eitherSce-
nario I (a) or Scenario I(b) for the case of the plain diffu-
sion model they could be obtained by shifting the predictions
for Scenario Ldown by a factor∼ 2 (see the discussion in
Ptuskin et al. 2006b), which would then be consistent with the
PAMELA p̄ measurements within the error bars. However, at
higher energies it would give a steeper spectrum for thep̄ flux.

Unfortunately, the diffuseγ-ray emission cannot be used
to distinguish between the diffusive-reacceleration and plain
diffusion models because the ambient CR spectra are tuned to
the same local measurements.
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Figure 10. (color in online version) Diffuseγ-ray emission from intermediate Galactic latitudes: data from Abdo et al. (2010) together with calculation results.
The data are the diffuseγ-ray intensities averaged over all Galactic longitudes andintermediate Galactic latitudes10◦ < |b| < 20◦, as reported by Abdo et al.
(2010) (available in the online supplementary material to the article). See discussion in Section 4.5
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6. SUMMARY

We have presented scenarios reproducing the spectral fea-
tures in CR proton and He spectra (thep/He ratio dependence
on energy, the dip, and spectral break) observed by ATIC-
2, CREAM, and PAMELA. For each scenario, we performed
CR propagation calculations in the framework of diffusive-
reacceleration model (exceptScenario L), using the GAL-
PROP code. Differences between scenarios are reflected in
the CR anisotropy and fluxes of secondary CR species: the
B/C ratio at high energies, the antiproton flux and antiproton
to proton ratio, as well as the diffuse Galacticγ-ray emission.
Table 2 summarizes our results. We find the following:

(a) He spallation (Scenario S) may be involved in mak-
ing the spectrum of He and heavier nuclei harder than pro-
tons. However, a significantly increased grammage traversed
by CRs in the Galaxy is required to explain thep/He obser-
vations with spallation. This makes it problematic to match
stable secondary CR isotope observations (B/C and antipro-
tons).

(b) Experimental uncertainty in the data on high energy B/C
ratio does not allow us to rigorously reject any of the sce-
narios for the origin of the spectral break. However, more
accurate measurements of high-energy B/C, expected from
planned CR experiments, may be used for model rejection.

(c) Antiproton flux and̄p/p ratio seem to disfavor the local
source hypothesis (Scenario L). Measurements of̄p and/orp̄/p
above 1 TeV may help differentiate between the other scenar-
ios.

(d) Radial component of diffusive anisotropy of CR flux
is too high in all scenarios, but the discrepancy is larger in
Scenario L, while Scenario Ppredicts the lowest anisotropy.
Local sources may significantly affect the CR anisotropy, and
therefore our simple analysis applies only to energy range un-
affected by local sources.

(e) Finally, theγ-ray data is in agreement, within the uncer-
tainty range, with all scenarios, includingScenario R, even
though the reference scenario does not agree with the new
measurements for the CR proton and He spectra.Scenario L
slightly underpredicts theγ-ray flux below a few GeV.

Most specific physical models explaining thep/He ratio,
spectral break and the dip fall into one of the scenarios stud-
ied in this paper, or their combination. Data from experiments
such as theFermi-LAT and AMS-2 can be used to distinguish
between some of these scenarios.
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