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ABSTRACT

Recent accurate measurements of cosmic-ray (CR) protahsiwatei by ATIC-2, CREAM, and PAMELA
reveal: a) unexpected spectral hardening in the spectr&®dfpecies above a few hundred GeV per nucleon,
b) a harder spectrum of He compared to protons, and c) snfesfithe CR spectra just below the break
energy. These newly-discovered features may offer a clleet@rigin of the observed high-energy Galactic
CRs. We discuss possible interpretations of these spdetalres and make predictions for the CR isotopic
ratios, anisotropy of CRs, and diffuse Galacticay emission in different phenomenological scenariosr Ou
predictions can be tested by currently running or nearréutiigh-energy astrophysics experiments.

Subject headingsastroparticle physics — diffusion — elementary particlegesmic rays — ISM: general —
dark matter — diffuse radiation — gamma rays: ISM — infrark8M — radio continuum:
ISM — X-rays: ISM

1. INTRODUCTION 1998; Ptuskin & Soutolil 1998; Webber & Soutoul 1998), the
so-called halo. Models of CR propagation are in reason-
able agreement with available data (e.g., Stronglet 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).

“ " ; N : The data recently collected by three experiments, ATIC-
s .2 :
ankle” at higher energies (Abbasi etial. 2005), and a spectr ) e o) =008 panoy eflal. 2009), CREAM (Ahn ét al.

steepening abovi)?° eV (Abbasi et al. 2009; Abraham et al. : A
2010). Because of the limited size of Galactic accelerators.z%l.()' Yoorl;et akl. ﬁOJ.dl), and P%AIXIELA (Adrlapft al. 201}3)’
and strength of magnetic fields in the acceleration regian,(e '(;1 |ca(t:eRa reak ( a'l') ening) o _td_e sp]?ctr? 0 the rgosctj aG%”'
in supernova remnants [SNRs]), it is believed that the CRs be Tﬁntb ksp_e%_es a oyeba rigidity o SbeWPAl\ljlréer e
low the knee are Galactic, while above the knee they have anocc?ursfegt ;Eérgi’iﬁ?gté?y t?]?at ;naerﬁ‘:u:% i diti// forand Hgn
extragalactic origin, with the knee itself being due to @op '
gation effects and a transition between the two populatibns Pbr = 240 GV. The PAMELA data forl0 GV 5 p < pi
CRs (Berezinskii et al. 1990; Strong etlal. 2007). agree very well with the earlier data from AMS and BESS
The power-law spectrum below the knee is thought to be the(sde? A_Icaralz etal. 20‘?1‘.)" Haino ei.dal. 2004 anfd Figure 1 of
result of CR acceleration in SNR shocks (see, &.g., Drurli et a Adrianiet ah' 2?11)' WV\/I e Ai\(TICHZ PZEEpI?,IAanS or < ﬁbr
2001), which is steepened by propagation in the interstella &€ SOmewhat lower. We take the ata as the most

medium (ISM) and eventual ieakage from the Galaxy to the accurate fop < py.. Forp > py;, ATIC-2 results agree well
observed index- 2.75. The interstellar diffusion coefficient  With those of CREAM. The change in the spectral index (be-

is typically assumed to be a power-law in particle rigidity, '0W/above the break) is estimatedAs, = (> p:) — (<

based on numerous studies of magnetohydrodynamical tur?bx) = 0-15, and is the same for protons and He.
bulence (see, e.4., Biskamnp 2003). The turbulent cascade of Another important feature of the CR spectra discovered by

ten leads to a distribution of magnetic energy that is well de t€Se experiments is the difference between the spectral in
scribed by a power law. For energies belew20 GeV per dices of CR protons and He. This has been speculated for a
nucleon, the CR spectrum flattens due to the modulation in!oNd time (e.g., Biermann et/al. 1995, and references thgrei

the heliosphere — a combined effect of the solar wind and he-but the experimental uncertainties were too large to beloenc

liospheric magnetic field. Measurements of CR composition SIV€ (S€€ the collection of CR proton and He measurements

below a few GeV per nucleon offer detailed information on " Moskalenko et al. 2002). The new measurements by the

elemental and isotopic abundances (Engelmann et all 1990/T/C-2, CREAM, and PAMELA experiments confirm this

Wiedenbeck et al. 2001), including the peaked shape of thewith high significance. The spectrum of He is found to be

secondary-to-primary nuclei ratio (e.g., B/C, sub-Fe/ie) harder than the spectrum of _protonsfor energies below stt lea
abundances of long-lived radionuclides (sucH%ge, 26Al, &'04 Gev pelr_n(ujpleon. ':'hel dlﬁgrgni\%betvyeenltkl(g‘glrcl)ton and
36Cl, and>*Mn). These measurements are used to derive he %&eﬁgi&r& |ce_ssza culate yd driani et al. {2 l)%s'”
the (model-dependent) diffusion coefficient and the size of "€ ata 1IsAy = 0.10, and it is approximately the

the Galactic volume filled with CR$ (Strong & Moskalehko Sa&me above and belgw,. Within the statistical and system-
) = atic uncertainty, the measurpfHe flux ratio appears to be a

smooth function of rigidity, continuous at,.. This shows that
the difference in the spectral slope of protons and He nuclei

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 time$0'° eV (Kulikov & Khristiansen
1958{Haungs et al. 2003), the second “knee2#0'® eV, the
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data clearly show a spectral softening at the break rigidity the spallation timescale is short compared to the CR difeusi

(which we refer to as the “dip”, below). Adriani etlal. (2011) escape timescale. Our calculations include spallationllof a

have shown the softening to be statistically significanhatt nuclei species, the default with GALPROP. However, as our

95% confidence level for the spectra as functions of particle results forCalculation Rshow (see Sectidd 4), the effect of

rigidity, and the 99.7% level for the same data in terms of ki- spallation on the He spectrum is insignificant, and jthee

netic energy per nucleon. The softening is more pronouncedatio above 10 GV is flat. Still, in order to investigate this

in the He spectrum. hypothesis, we introducgcenario SWith this scenario, we
Rather than proposing a detailed interpretation of the ob-demonstrate that, with some model tuning, fragmentation ma

served features, in this paper we discuss broad categdries dndeed lead to hardening of the He spectrum. We also assess

models, hereafter call&gcenariosand propose their observa- the consequences of the required model modifications.

tional tests. A particular realization of each scenaricaited Scenario S: Ballation effects The fraction of frag-
Calculation The quantitative analysis is done using the GAL- mented CR nuclear species depends on their total inelas-
PROP cod®(Strong & Moskalenkb 1998). tic cross section and the effective grammage encountered by
the CR species in the Galaxy. Inelastic cross section fits
2. SCENARIOS used in[ Blasi & Amato|(2011a), taken from Horandel et al.
2 1. Reference case (2007), are somewhat larger than those used in our calcu-

. o i lations (Barashenkov 1993; Barashenkov & Polyanski 1994).
Scenario R: Rference scenarid-irst, we introduce a refer- Besides, the gas number density used in calculations by
ence CR propagation model based on the pre-PAMELA datajg[asi & Amatd (2011a) yields a significantly larger gram-
In this scenario, the CR injection spectrum above 10 GV iS amage than in our standard models. To segregate these effects
single power law up to the "knee” in the CR spectrum, with \ve ‘consider two scenarid® . Calculations representing
the same spectral index for all CR species. The rigidity de- yoth scenarios adapt the cross section fits from Horandel et
pendence of the diffusion coefficient is also taken as asing| (2007). InScenario S, we additionally increased the gas
power-law for all energies. The CR source distribution is de ymper density relative tScenario Roy a factor of 2. Note
scribed in Sectiofl3Scenario Rorovides reasonable agree- that these calculations use the GALPROP code, which was
ment with the pre-PAMELA data, but it cannot reproduce the aqapted to incorporate the above-mentioned inelasticscros
spectral features evident in the new data discussed in #his p sections, whereas the production of fragments (dauglder is
per: the difference between proton and He spectra, the specigpes) is calculated using a standard set of cross sectimhs a
tral break, or the dip. Below, we describe several broad-cate yemains unchanged.
gories of models that encompass viable explanationsfsethe oy calculations show that the required hardening of the He
new features. Comparing predictions for these other mod-(3py, 4 1e) spectrum can be achieved only if we assume a
els for quantities other than CR proton and He spectra with ¢consjderable increase in grammage and simultaneously adop
predictions ofCalculation Rqualitatively illustrate the signif- 5 get of total inelastic cross sections from Horandel et al.
icance of the difference between different scenarios. (2007), Calculation S. However, this leads to an overpro-
. duction of secondary species in CRs, such as antiprotons and
2.2. plHe ratio boron, so that the calculated B/C ratio does not agree with
The confirmation of a significant difference between proton the data. With our standard gas distribution based on astro-
and He spectral indices poses a challenge for theories of CRhomical datal(Moskalenko etlal. 200Zalculation S, the
acceleration and propagation. Whatever the physical aafuse amount of hardening is insufficient to provide agreemertt wit
this difference in spectra may be, it seems to affect heavier  the PAMELA p/He ratio. Thep/He ratios obtained i€alcu-
clei in the same way as it does He (see, €.0., Ahnlet al. 2009]ations § andS, are shown in the top panel of Figlire 1. The
for spectra of nuclei), giving them a harder spectrum thah th  calculated B/C ratio ang flux are shown in the middle and
of protons. bottom panels, respectively. Read on and see Figures[2 and 3
Diffusive shock acceleration indeed predicts the spec-for details on the parameters Ghlculation Ralso shown in
trum of He to be harder than that of protons due to its Figure[].
lower Z/A ratio, but only for non-relativistic energies (e.g.,  Another important point to consider here is that the mea-
Ellison et al. 1997). Ap/He ratio declining with energy at  surements of PAMELA, ATIC-2 and CREAM are not sensi-
ultra-relativistic energies could be produced by shocks ex tive to the isotopic composition of CR fluxes. The He fluxes
panding in a non-uniform medium. This would be the case reported by these experiments and used throughout this pape
if particle acceleration by the shocks is rapid, and the He are, in fact, the sum ofHe and*He species. The dominant
abundance (Ohira & loka 2011) or magnetic field orientation channel of‘He spallation is the reaction
(Biermann et al. 1995) varies in a way that enhances He ac-
celeration in young shocks. Alternatively, propagatideets ‘He 4+ p — *He + X.
could be responsible for thelHe spectral difference. The
second order Fermi process (reacceleration) in the ietlast ~ This reaction leads to a hardening of the interstéli$e spec-
medium makes the He spectrum harder due to its |o%yet trum because lower energy nuclei experience more spaillatio
ratio, but this does not extend to the ultra-relativistiginee events. However, due to productionide in the same reac-
(e.g./Strong et al. 2007). tion, thetotal He spectrum does not harden as muchde
Blasi & Amato (2011k) suggested that spallation of CR nu- alone. Further spallation of seconddiye, as well as frag-
clei (Z > 1) may lead to hardening of their spectra. This is mentation of*He into products other thatHe, eventually
because the lower energy CRs have longer confinement timetead to the total He spectrum hardening. Still, the effect of
in the Galaxy, so the hardening occurs for rigidities where spallation on the total He spectrum is not as strong asHm
alone. Equation (2.1) in Blasi & Amatb (2011a) indicateg tha
# The project web site http://galprop.stanford.edu/ 3He was not included in their calculations. Therefore, their
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results would be relevant only for th*He ratio.

This s illustrated in Figurell, where we also plot the rafio o
pl*He in Calculation S for reference. It can be seen that the
overall shape of the/*He ratio matches the measurgitHe
ratio well, however, a significant fraction of seconddke
changes the shape so that the calculatei ratio can not be
adjusted to match the data simultaneously at all rigidiies
GV-10TV).
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Figure 1. (color in online version) CR proton to He, B/C ratio and ardipn

flux (sources of data as in Figuled B[V, 8), together withutalion results.
Calculation 9 andCalculation R use the same spallation cross sections and
zp /D ratio as those df Blasi & Amé&td (2011a). Galculation &, the gas
density is increased by a factor of 2 with respedCtdculation 9. Results of
Calculation 9 are consistent with the B/C ratio data, but slightly ovedact

p measurements. However, note that the effect of spallatiovot sufficient

to make the slope of thg/He ratio agree with the PAMELA data. I@al-
culation 2, spallation is stronger due to increased grammage, analtee
ratio is reproduced better, but the B/C ratio anfllux are overpredicted.
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Our conclusion is that the adjustments of propagation
model required to reproduce the obseryéde ratio inSce-
nario S, 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 distributio
(same as irCalculation R. To reproduce the/He ratio we
use amd 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
A, me = 0.07. Figure[® shows thg/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 afo,,, and the dip just belowy,,: (i) interstellar
propagation effects, (i) modification of CR injection spec
trum at the sources, (iii) composite Galactic CR spectri, (
effects of local sources at low energigs< py,), and (v) ef-
fects of local sources at high energies* py,,). Particular
realizations of these scenarios (calculations) are dsstlis
det[%il in Sectioh 3]2; their parameters are summarized4n Ta
ble[d.

Scenario P: interstellar_Ppagation effects Transport
of CRs in the ISM is a subject to considerable uncertain-
ties, because the properties of interstellar magneticuturb
lence are not very well known_(Elmegreen & Scalo 2004;
Scalo & Elmegreen 2004). This makes CR observations a
valuable indirect probe of quantitative features of péatic
transport (e.g., the diffusion coefficienR)) 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 rigidityy,,.. This scenario is represented Ggl-
culation P, which has a break in the rigidity dependence of
the diffusion coefficient ab = py,,. Forp < py,., we use the
functional form ofD(p) obtained in the earlier comprehensive
analysis of CR data by Trotta et/al. (2011), and gor py,,,
we adjust the rigidity dependence BX(p) 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.d., Caprioli etlal. 2010; Ptuskin &€t 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
asinthe PAMELA data. Note that particle transport, magneti
turbulence generation, and nonlinear feedback of pastarel
magnetic fields on shock structure are not strictly consti
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 J[SM
consistent with the new data. Alternatively, particle dece
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 lof Biermann ét al.
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(2010), the break, or upturn, occurs due to the contribugfon
the SNR'’s polar cap. This case, hereafter referred tBcas
nario | (a), is represented b@alculation |, which features a
Galaxy-wide source spectrum with a hardeninggt 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, ds we

as other CR sources, can combine to produce the observedy

CR spectrum. Generally speaking, different types of CR
sources could have different spatial distributions thioug
the Galaxy. In this work, we make the simplifying assumption
(i) that there are only two types of CR sources, and (ii) thee sp
tial distributions are the same for both types of CR sourifes.
one source dominates the low energy part of the CR spectru
and the other the high energy part, th@alculation |, with a
hardening of the Galactic CR sourcemt, adequately en-
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code via online forms in a web brow8eis 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 &ss
nuclear fragmentation, radioactive decay, and produatfon
secondary particles and isotopes:
I

0 1

0
T ~4Op) V- (DY = V) + 50Dy 50
0
gl B V] - Su- S, 1)

myvherew = Y(r,p,t) is the density per unit total particle

momentumy)(p)dp = 4np?f(p)dp in terms of phase-space
density f(p), q(r,p) is the source termD,,. is the spatial

compasses this Composite source scenario as well. We use tlﬂ@ﬁ:usion CoeffiCient,V is the convection Velocity, reaccelera-

same computational setup to calculate the observed geantit
for Scenario I(a) andScenario I(b), and we call it jusCal-
culation I. A subtle advantage of the composite source inter-
pretation ofCalculation I(i.e., in Scenario (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 Sddfion 4

Scenario L: local low energy sourceThis scenario encom-

passes interpretations that assume that the observedapect

tion is described as diffusion in momentum space with dif-
fusion coefficientD,,,, p = dp/dt is the momentum loss
rate,7; is the time scale for fragmentation, andis the time
scale for radioactive decay. The numerical solution of the
transport equation is based on a Crank-Nicholson (Preds et a
1992) implicit second-order scheme. The spatial boundary
conditions assume free particle escape, e.dB}, z,p) =
Y(R, +z,,p) = 0, whereR), andz;, are the boundaries for a

break is caused by a local source dominating the CR spec£ylindrically symmetric geometry.

trum atlow rigidities, p < pp,. Unlike Scenario 1(b), the

If reacceleration is included,D,, is related to D,

present scenario assumes that the low-energy source is ndBerezinskii et al. 1990; Seo & Ptuskin 1994):

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 p > py,,. Forp < py,, 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 souroe. W
assume the extreme case of a very local low energy sourc

the diffuse Galactiey-ray emission. This scenario contrasts
with Scenario I(b), where the sources of low-energy CRs are
distributed across the Galaxy. The case of intermediatd loc
source extent falls in betwe&tenario LandScenario I(b).

Scenario H: local_Hgh energy source This scenario is
analogous t@&cenario L but with Galactic sources dominat-
ing the CR flux forp < py,, and the spectral break produced
by a localhigh-energysource dominating the observed flux
for p > pp:. 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 idetifica
to how it was done irCalculation L, i.e., the production of
secondaries and the diffuse Galacticay emission is deter-
mined solely by the Galactic CR sources.

3. CALCULATIONS
3.1. GALPROP code

The GALPROP project began in late 1996
(Strong & Moskalenkol 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

4p2v2 .

p2 Alf ’ )
30(4—62)(4 - dw

wherew characterizes the level of turbulence (we take- 1

because only the quantity ,; /w is relevant), and = 1/3 for
a Kolmogorov spectrum of interstellar turbulencejos 1/2

DppDys =

- : €for a Kraichnan cascade (but can also be arbitrary).
This means that we do not calculate propagation of CRs from ( Y)

that source and only the Galactic sources with the hard spec-
trum are used to calculate the production of secondaries and

The source function is

Q(rvp) = QPri(rvp) + ZQScc(rvp)v (3)

whereg,,; represents the primary CR sources, anddhe
term is for the sources of secondary isotopes (i.e., nuckear
actions in the ISM), an@ = pc/Ze is the magnetic rigidity
wherep is momentum ande 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 Equatidn (1) are
obtained assuming the source functions are time-indep¢nde
and integrating the equation over a long enough time interva
The accelerated solution technique is used, where thaliniti
time step,At = 10° yr, is large compared to the propaga-
tion time scale, and afteN, = 20 iterations,At is reduced
by a factor of 2, etc., untiAt 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 lavai
able in[Vladimirov et all.[(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 gpan

for Calculations R, S, P, I, LandH in arbitrary units. The normalization
for the injection spectrum was chosen to match local measemés of pro-
ton and He spectra. For all calculations, the lines reptebenGalactic CR
source injection spectrum. “Local” sources, presenCaiculation Land
Calculation H are not shown here. The “local” source fluxes at Eart@ahk
culation L and Calculation Hwere obtained as the difference between the
observed and propagated Galactic fluxes.
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Figure 3. (color in online version) Diffusion coefficient of CRs in tBalaxy
defined by Equatiori{4). The values of thecoincide forCalculations R, I,

L andH. For Calculation S the value ofD is slightly smaller at all energies.
For Calculation B a break in the diffusion coefficient is assumed, changing
81 /62 = 0.30/0.15 at pg = 300 GV.

3.2. Calculation Setups

where D, is the normalization at rigidity, and 8 = v/ec.
The power-law index¥ = 1/3 corresponds to Kolmogorov
diffusion (see Section 3.1). F&alculation R we used =
0.30, and a normalization for the diffusion coefficiebt, =
2.4 x 10% cm st with py = 300 GV, which is consistent
with the best-fit values obtained by Trotta et al. (2011) from
a Bayesian analysis of a diffusive-reacceleration modebus
the GALPROP code.

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

it ) 00) () g )

.

For a given choice of injection spectrum a break at a few
GV (pinj1) is required in diffusive-reacceleration models to
agree with the observed CR spectra at low energies. Itis also
possible to specify a second spectral breakdgr(r, p) at
higher rigiditiespinjo ~ ppr. This is done inCalculation |
described below. Fo€alculation R we chosey; = —1.9,

g2 = g3 = —2.4 (i.e., no break apin_]-g) andpinjl =11GV

for all nucleons, which is consistent with the findings of
Trotta et al.[(2011). The electron injection spectrum ircalt
culations is similar to that from Ackermann et al. (2010)ttwi
spectral index in rigidityi" =1.60/2.50 below/above a break
rigidity of 4 GV, and a second steepening If&5.0 above
2TV.

Matching the B/C ratio below 1 GeV in diffusive reacceler-
ation models is known to require large valuesuvgf;. We
chosevar = 32 km s7!, the halo sizez, = 4 kpc, and
the normalization of the propagated CR proton spectrum was
tuned to the observed fluy, = 10.7 x 1072 cm™2 s™*
sr—! MeV~! for p = 103 GV. These values were obtained by
slightly adjusting the best-fit values obtained|by Trottalet
(2011) to achieve a good agreement with the PAMELA pro-
ton spectrum fop < pinj1. 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 repregant
input and output quantities pertaining@alculation R

Calculation Phas the same parameters as the refer€ate
culation Rexcept: (i) the injection spectrum of protons above
pinj1 has a softer power-law index to give agreement with the
PAMELA data belowpy,,; (ii) the injection spectra of He and
heavier elements4 > 1) have a power-law index harder than
that of protons byA,, . for all rigidities; (iii) the rigidity
dependence of the c{iffusion coefficient, Equatibh (4), has a
break at rigidityp, (i.e., 01 # d2). The break in the rigidity

g1 for p < pinj1
g2 for pinj1 < p < pinj2
g3 for p > pinj2

The parameters of our calculations are summarized in Ta-dependence of the diffusion coefficientis introduced toatmat
ble[d. Figure§l2 and 3 show the diffusion coefficients and thethe observed break in the CR spectrum. Besides, we choose

injection spectra used for the different scenarios.
Calculation R is the reference case for this study.

po = ppy SO thatpg is slightly larger thapy, for better agree-
ment with the data fop > p,,. The normalization of the

We choose the diffusive-reacceleration model, which hasproton flux has been adjusted@alculation P, along with the

been used in a number of studies utilizing the GAL-

abundance of He, to agree with PAMELA data at all energies

PROP code (e.g.[ Moskalenko et al. _2002; Stronglet al. (the abundances of heavier nuclei were changed by the same
2004 Ptuskin et al. 2006b; Abdo et al. 2009, and referencedfactor as He). The results f@alculation Pare shown with

therein). In this and other calculations the spatial difins
coefficient is given by

5
Do = 8D, (—p )
Po

(4)

blue lines in all figures.

Calculation | differs from Calculation Rin the following
ways: (i) the index of the proton injection spectrum is softe
than inCalculation Rfor pinj1 < p < pinj2; (i) the injection
spectrum has two breaks, i.gs # g3, and (iii) nuclei are
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Table 1
Summary of model parameters

Calculations
Parameter Description R S (&) P T C H
INJECTION

g1 (protons) Injection index fop < pinj1 -1.90 -1.90 -190 -1.90 -2.31 -1.90
Pinj1 First break in CR injection spectrum, GV 11 11 11 11 50 11

g2 (protons) Injection index fopinj1 < p < pinj2 -2.40 -240 -250 -250 -2.10 -2.50
Pinj2 Second break in CR Injection spectrum, GV e 300 150

g3 (protons) Injection index fopinjo < p e e e -2.35 -1.98

Ay He For nuclei,g;(A > 1)=g;(protonsj-A,, /e e e 0.07 0.07 0.07 0.07

Np Flux of protons atp = 102 GV, in units 10.7 10.7 8.56 8.56 8.50 7.28

10712 ecm 2 srl s7t Mev—1

n(H)/no(H)  Multiplication factor for the gas number den-
sity relative to standard gas maps

“He/'H Abundance of‘He relative to'H in CR 0.0685 () . 0.0840 0.0935 0.0980 0.0826
sources at 1DGeV/nucleon. Abundances of ’
other isotopes are proportional téle.

1.0
(2.0)

PROPAGATION

VALE Alfvén speed 32 25 32 32 e 32
Dy Diffusion coefficient at pp, in units 21 16 21 21 1.3 21
1028 cm? s~ 1
o1 § in Equation[(#) forp < po 0.30 0.30 0.30 0.30 0.00 0.30
00 Diffusion coefficient reference rigidity, GV 300 300 300 300 4.0 300
52 5forp > po . 0.15 iy 0.67

injected with a harder spectrum than protons, similaCab- very different from all others, because & energyCRs are
culation P. This calculation produces a CR spectrum at Earth a mix of particles which have undergone Galactic propaga-
with a break afp,,, closely matching that o€alculation B, tion and recently accelerated particles from the local caur
but due to a different physical assumption. Namely, it is the Because of that, the propagation parameters for this @alcul
spectral break in the CR injection spectrum that produces th tion should be estimated simultaneously with the paramseter
break inCalculation |, whereas inCalculation B, it occurs of the local source, as in Moskalenko et al. (2003).
because of a break in the diffusion coefficient. The resdlts 0 Assuming that CRs from the local source are produced so
this calculation are shown as green lines. recently that they contain no secondary nuclei, one camealc
Calculation Hcombines two components. One component late the B/C ratio foScenario Lin the energy range where the
is produced by the Galactic CR sources and propagated usindgpcal source contribution is non-negligible. Matching B/€
GALPROP with the same parametersGalculation L This ratio in the diffusive-reacceleration model is quite caadiing
component does not have a break in the CR injection spec{see below), so we have chosen a plain diffusion model for
trum at pinj2 and its normalization was tuned to match the this case, which required significant modifications of fiest
proton and He spectra for < pinj2. Another componentis  parameters. Mostimportantly, to maintain the agreemetht wi
produced by a hypothetical local source, which contribtdes B/C at highand low energies, the diffusion coefficient has
the total flux only forp > pi,. We do not calculate CR propa- a stronger rigidity dependence for > pg = 4 GV with
gation for the local source; instead, we calculate its spett o = 2/3, and a flatter rigidity dependence for< po. The
at Earth by subtracting the Galactic source spectrum fram th injection spectrum was adjusted accordingly to agree wuigh t
data of ATIC-2 and CREAM fop > pn,. As discussed in  PAMELA proton spectrum and the B/C measurements below
Sectiori 4, this represents the assumption that the locatsou 1 GeV per nucleon. Fo€alculation L, lines in all plots are
is nearby and not very powerful. To compute secondary par-orange.
ticles and isotopic ratios in this calculation, we assurna th To illustrate the rationale for our choice of propagation pa
isotopic abundances in the local and Galactic sourcesmare si  rameters foCalculation L, we also introduc€alculation L*,
ilar, and that the local source supplies no secondary pestic which has the same parameters aaiculation R except
at Earth. This lowers, for instance, the B/C ratio and aotipr  g» = g3 = 2.35, andA,, /. = 0.07. The local source spec-
tons forp > py,. The diffusey-ray emission from the Galaxy trumis determined by subtracting the spectrum of propagate
is calculated using only CR fluxes from the Galactic source. particles from the Galactic sources from the observed spec-

Gray lines represent this calculation in plots. trum of CR species, as iBcenario L Calculation L* is only
Calculation Lfeatures a local source that contributes to the illustrated in Figur€l7 with light yellow lines.

low-energy part of the CR spectrum (< py,). The local The results ofCalculation LandCalculation L* are shown

source is included in the same way a€lculation H i.e., its in FigureT. Because the local source does not produce boron,

propagated spectrum is calculated as the difference betweethe B/C ratio in the range 1-10 GeV per nucleon is too low
the observed CR spectrum and the propagated Galactic com{Calculation L*). Matching the B/C data requires a larger
ponent. As inCalculation H we do not calculate the propa- GCR confinementtime, which, in turn, requires a lower value
gation of CRs from the local source, and assume that its fluxof the diffusion coefficient at these energies (or a largéo ha
contains no secondary species. However, this calculasion i size). Correspondingly, to maintain good agreement wigh th
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data above 10 GeV per nucleon, the CR confinement time attheir errors, and by calculating théHe ratio on a grid. For
these energies cannot be increased too much, which requiresimplicity, solar modulation for all spectra is taken into- a
a larger value ob,. With a larger confinement time below count using the force-field approximation (Gleeson & Axford
10 GeV per nucleon, the diffusive reacceleration becomes to 11968) with a modulation potentidl = 450 MV.
strong resulting in too many energetic protons around 1 GeV, While the reference cas&alculation R provides satis-
and thusva)r should be reduced. In fact, we found that in factory agreement with pre-PAMELA data by construction,
this scenario the best agreement with the PAMELA data for it naturally misses all newly discovered features: an diera
protons is achieved witha ;s = 0 (i.e., no reacceleration) and harder He spectrum, the spectral break,at along with the
01=0 below a few GV. This is because any finitg;; hard- dip just belowpy,,. The difference between the spectrum of
ens the proton spectrum below 1 GeV too much to matchHe and protons at all energies was phenomenologically in-
the PAMELA data. Because the B/C ratio below 1 GeV per cluded in all other calculations excepalculation R which is
nucleon is reduced by the local source contribution, match-reflected in the considerably better agreement withpilie
ing the ACE data requires that the flux of the local source to ratio data in Figurgls.
be relatively small. This dictates the choice of the concave Calculation P A break in the rigidity dependence of the
Galactic source spectrum, i.g;, > g» > g3 (see Tabléll), diffusion coefficient leads to a corresponding break in the C
which is similar to the theoretical predictionsiby Ptuskimke spectrum at Earth. In order to match the data, we assumed the
(2010), and explains the choice of parametersQGatcula- change in the value af (see Equatiori]4]) fromi; = 0.30 to
tion L. 02 = 0.15atpg = pp,- Two corresponding physical quantities
Note thatCalculation L* cannot be considered physical be- can be derived from these values. Assuming that the change
cause it does not reproduce the B/C data. Itisincluded anly a in ¢ is caused by a difference between the properties of in-
an illustration. To understand the implications of a locR C terstellar MHD turbulence on scales smaller and larger than
source producing the observed spectral break in the protorcertain length scald;,., we can estimate this length to be of

and He spectra one should only use the result€altula- order of the gyroradius of 300 GV particles. The gyroradius
tion L. of a particle of rigidityp in magnetic fieldB is

Finally, in Calculation S all parameters are the same as
in Calculation R except for the diffusion coefficier®, and B \!
the Alfvén speed ;. Dy is reduced by approximately 25%, rg =4 x1072 (L) (_) AU. (6)
which makes the ratiay /Dy equal to that in the calcula- ‘ 1GV/ \5uG

tions ofiBlasi & Amato|(2011a)wv,¢ is reduced accordingly Lo .
to avoid a large bump in the proton spectrum at low ener- For a characteristic interstellar magnetic field of ordea few

gies. In addition, the propagation calculations use a @iffe 4G this implies a change in turbulence properties on length
ent set of total inelastic cross sections (equations [§Jif8  Scales of the order ok, ~ 10 AU. If the quasilinear the-
Horandel et dll 2007)Calculation $ has the same parame- Ory of turbulent particle diffusion applies to CR transpiort
ters asCalculation S, but the density of all gas components the ISM, the value, = 0.15 corresponds to turbulence spec-
in the Galactic disk (i.e., H, H 1l and H,) is multiplied by ~ tral index,a = —2 4 4, = —1.85, which is harder than a

2. The results o€alculation S » are compared witiCalcu- ~ Kolmogorov spectrumy = —5/3. Note that the direction in
lation Rin Figure[l. which the indexx changes across the transition wavenumber
k= Al;l is opposite to the transition of the turbulent cascade

4. RESULTS from the inertial to dissipative regime. In our case, th&tur

The results ofCalculations R, S, P, I, landH, as specified  lence spectrum hardens, rather than softens, ab@vexb‘rl.
in Table[1, are summarized in Figlide 1 (discussed above) and Calculation lassumes a change of the power-law index of
Figured 4 through 10. Figuré$ 4 and 5 show the proton andCR injection spectrum agii,j> = 300 GV, which produces a
He spectra and their ratio. Figurk 1, illustrati®genario Sis break ato,, =~ pinj2 in the CR spectrum at Earth. The dip is
discussed in detail in Sectibn 2.2 and in the figure captiom. W not produced in this calculation.
do not discuss the origin of the difference between the slope Calculation L(dashed orange lines in Figlide 4 &hd 5) agrees
of the proton and He spectra in Sectldn 4 (e.g., the effect ofwith thep/He ratio and spectral break, and also reproduces the
spallation on CR spectra), instead concentrating on siwenar dip just belowpy,,. This is possible because of the combina-
explaining the spectral breakalculations P, I, LandH were tion of the hard spectrum from Galactic sources that matches
designed to reproduce the observed proton and He spectrurthe data forp > py,, (solid orange lines in Figulg 4) with a
and, therefore, cannot be used to constrain any of these scdecal low-energy source having a sharp turnover just below
narios. However, their predictions for CR anisotropy arel th py,, (dotted orange lines in Figuké 4). Note that despite repro-
production of secondary species (B/C rafidlux andp/p ra- ducing the proton and He spectra and resembling other calcu-
tio) differ and are shown in Figurés[@,[7, 8, and 9. Predigtion lations,Calculation Lhas a very different set of propagation
for the diffuse Galactiey-ray emission at intermediate lati- parameters. It does not include reacceleration, has a- diffu
tudes (0° < |b| < 20°) are compared with the data collected sion coefficient with a break frony, = 0 to §; = 0.67 at
by theFermiLAT in Figure[10. po = 4 GV, and assumes a concave Galactic source spectrum.
These parameters are chosen to provide good agreement with
4.1. Proton and He spectra the observed B/C ratio over the wide energy range spanned by
Proton and He spectra calculated for the different scenar-the data.
ios and their ratio are plotted in Figurgk[4, 5. The bins in In Calculation H the spectral break at,, is produced
rigidity for protons are different from the bins for He in all by the local source beginning to dominate the CR spectrum
experiments. Because of this, the experimental data pofnts abovep,,. We assume that the Galactic source has the same
PAMELA, ATIC-2 and CREAM shown in Figuriel5 were ob- power-law index fop > py,, as the low-energy CR spectrum.
tained by interpolating the proton and He spectra, along wit  The observed continuity of the’'He ratio and its slope at
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Figure 4. (color in online version) CR proton and He spectra: data dfIEAA (Adriani et alll2011), ATIC-2[(Wefel et al. 2008: Panot/a|[2009), and CREAM

(Ahn etal[2010[Yoon et &l. 2011) together with calculatiesults. ForCalculations LandH, dashed lines show the net CR flux comprised of the Galactic
source contribution (solid lines) and a “local” source citmition (dotted lines). “Local” source spectra were ohéal by subtracting the Galactic source fluxes
from an interpolation of data (the CR propagation calcatativas not done for the “local” source component). Solar radiun in all spectra is taken into
account using force-field approximation with a modulatiateptial® = 450 MV. See discussion in Sectign #.1.
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Figure 5. (color in online version) CR proton to He flux ratio: data Figure 6. (color in online version) CR flux anisotropy: data from
of PAMELA (Adriani et al.[20111), ATIC-2[(Wefel et &l. 2008 Rav et al. Ptuskin et al.[(2006a), together with calculation resulie anisotropy was
2009), and CREAML(Ahn et al. 2010; Yoon el @al. 2011), togethih cal- calculated as the ratio of diffusive flux in the radial direntto the isotropic
culation results. The/He points for experimental data were obtained by flux at the corresponding energfalculations R, S, I, landH all predict
interpolating the measured fluxes of protons and He alonh wepective the same value of anisotropy, and their respective linedagpeThe result of

errors and calculating the/He ratio on a grid. See discussion in Secfiod 4.1. Calculation Pis different due to a different form of the CR diffusion coeffi
cient. See discussion in Sectfon4.2

pbr Within statistical and systematic uncertainties is very im

portant. InScenario R this property of the/He ratio comes  [Blasi & Amato/2011b), but is not very well defined and de-
about naturally. Indeed, if the injection spectrum is coenti  pends on the assumed distances to the sources and their ages.
uous, then protons and He nuclei experience the change iffowever, if the diffusive component of the anisotropy domi-
diffusion coefficient in the same way, and th#e ratio is nates in a certain energy range, two conclusions may be drawn
unaffected. However, matching this observation in the #gam from this plot. The first one is th&cenario Pcan be distin-

work of a composite source spectrugtgnario . ScenarioH  guished from the others with improved CR proton anisotropy

or Scenario I(b)) requires an additional assumption of the H data. The second pointillustrated by our calculation iste

to He ratio to be the same at the sources producing the low-diffusion regime ofCalculation Pwith D « p° andé = 0.15
energy and high-energy particles. agrees with the available data better than= 0.30. Cal-

For the analysis of all calculations discussed above, fhe di culation L, due to a harder dependence of the diffusion co-
in the spectrum, if it is significant, may lead to importantim efficient on rigidity, predicts a higher degree of anisojrop
plications. One possible explanation for the dip may be pro- which disagrees with the data more than the other calcula-
vided in the framework oScenario LandScenario 1(b). It tions. However, this may be not conclusive given that the
can naturally appear if the spectrum of the low-energy CR choice of the propagation model in this scenario is quité arb
sources (Galactic or local) turns sharply over just belgw trary. In case ofCalculation H the plotted line corresponds
rather than continuing as a power law up to the knee in the CRto only the Galactic source, while the direction and magtgtu
spectrum. Indeed, it is trivial to prove that for any two powe  of the local source flux anisotropy abomg is unknown.
law spectra, their sum always hardens with energy. Thus, for
the softening belowsy,, to occur, the low-energy source spec- 4.3. Boron to carbon ratio

trum may not be a pure power law; the sharpness of the dip  the B/C ratio for all scenarios discussed in the paper is
suggests that it must steeply turn over belayw, where the  gown in FiguréT7. Predictions @alculation Rand Calcu-

dip occurs. The dip may also be explained in the framework 54ion | coincide at all energies, whilalculation Ppredicts

of Scenario Rif a corresponding dip in the spectrum of MHD 4 larger B/C ratio for» > pu,, which is a consequence of
turbulence responsible for CR confinement in the Galaxy is the smaller diffusion coefficient iGalculation P, In the case
assumed. Itis not possible to explain the dip vBttenario Hl - ot calculation Land Calculation H the results include the
because the low-energy source is assumed to have a powegsect of the local CR source. CR boron is produced by frag-

law spectral shape extending all the way to the knee. mentation of heavier elements and decay’@e. If the local
5 . source is very nearby, its flux should contain no boron. But,
4.2. Anisotropy the abundance of (primary) carbon should be close to the in-

For all scenarios, we calculated the anisotropy of the high-terstellar value, which results in a lower B/C ratio in the ne
energy CR flux at the location of the Sun due to diffusive es- flux than without the local source.
cape of CRs from the Galaxy. The results are presented in Fig- To find the the B/C ratio foCalculation Hand Calcula-
ure[@, along with data. References to individual experiment tion L, we assume that the local source produces no boron,
may be found in Ptuskin et al. (2006a); see also Strong et al.and assume the flux of local source carbon to be proportional
(2007) for a color version of the plot. The anisotropy, dom- to that of He, with the same carbon and He abundance as
inated by the radial component, is highly sensitive to the in the Galactic sourceCalculation H predicts a lower B/C
choice of the diffusion coefficient and the spatial disttibo for p > pyr, because the local high-energy source supplies
of CR sources. Our calculation ignores the effect of nearby primary carbon, but not secondary boron at these energies.
CR sources, which may be significant (Ptuskin et al. 2006a; 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. BatDavis et al.[(2000) (ACE),_ Engelmann et al. (1990) (HEAQZNN et al. [2008)
(CREAM), and Panov et al. (2008) (ATIC-2). PredictionsCxlculation RandCalculation Icoincide at all energies. The prediction@élculation Pis larger
abovep,, due to a break in the rigidity dependence of the diffusionffadent. ForCalculation Land Calculation H dashed lines show the ratio of just the
Galactic source, while solid lines show the B/C ratio inahggdthe contribution of the “local” source compone@alculation Hpredicts a lower B/C ratio above
ppr due to the “local” source contributionCalculation Lwas designed to match the B/C ratio at all energies. It isisterg with the high-energy data, but
predicts a lower B/C at high energies due to a harder slopbéatiffusion coefficient. The yellow line€glculation L*) illustrate B/C obtained if the parameters
of Calculation Lwere identical to those dfalculation |, but without a break in the injection spectrum, including tlocal” source contribution. Additional
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— ICa]culelltion I
HEAO
CREAM
ATIC-2
ACE

B/C Ratio

E, GeV/nucleon

B/C Ratio

=== Cal cul ati on H, gal 4
— CIZaI cullat i on H, tpt a]l

S HEAO
O CREAM
A ATIC-2
O ACE

E, GeV/nucleon



Testing the origin of HECRs 11

good agreement with the B/C measurements at all energiesBESS-Polar Il data from Abe etlal. (201 Qalculations R, P,

differs from all other calculations above 100 GeV per nusleo
due to the harder rigidity dependence of the diffusion ceeffi
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 eltial. 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 anyhef t
scenarios considered in this paper, but data collectedtbyefu
experiments, such as AMS-2 may be more constraining.

4.4. Antiproton flux ang/p ratio
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Figure 8. (color in online version) CR antiprotons: data from Adriabal.
(2010) and Abe et al. (20111) together with calculation rssiBee discussion
in Sectio 4%
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Figure 9. (color in online version) CR antiproton to proton ratio: al&tom
Adriani et al. (2010) together with calculation resultse $&scussion in Sec-

tion[4:4

The antiproton flux, another probe of CR propagation,
is plotted in Figurd 8, ang/p ratio in Figure[®, together
with the PAMELA data fronl_Adriani et al.l (2010) and the

I, andH are in good agreement with data below 100 GeV. Dif-
ferences between all calculations are apparent abdvéeV,
but no data are currently available.

Calculation L, due to a larger particle confinement time,
predicts a factor ofv 2 excess o 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 eliminat
some of the scenarios, and the AMS-2 mission may provide
these data.

4.5. Diffusey-ray emission

Predictions of they-ray emission at intermediate Galactic
latitudes (0° < |b| < 20°) are plotted in Figuré10 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) componentwas increased by
a factor of 2 to obtain a good fit to the data. Our calculations
include y-ray emission produced by hadronic and leptonic
components of CRs (i.ez’-decay, IC, and bremsstrahlung
channels), as well as point sources, and the isotropic-extra
galactic emission. The relative differences in th&al ~-ray
flux between the considered scenarios are quite small and are
considerably smaller than if only the-decay channel is con-
sidered (as in. Donato & Serpico 2011).

Predictions of all calculations, excepalculation L, agree
with the publishedrermiLAT data, within the uncertainty
band. Calculation Lpredicts a slightly lowety-ray emission
below 10 GeV. Note that even the referer@alculation R
which does not agree with the PAMELA data, satisfactorially
reproduces the-ray data.

For all scenarios we calculated theray spectrum up to
1 TeV, but theFermiLAT team has not published on the data
above 100 GeV so far. At these energies, the softer spec-
trum of protons (abovey,,) from Galactic sources i€alcu-
lation H produces less pions resulting in a smaller flux of pio-
nic y-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 ditfere
between theotal ~v-ray emission inCalculation Hand other
calculations is significantly smaller than the differencehe
wY-decay channel alone. UnsurprisingGalculation Pcan-
not be distinguished fror@alculation lusing they-ray data
alone, because calculations for both scenarios resultdariyne
the same spectrum of CR protons, even though it is achieved
via different mechanisms.

As the Fermi mission continues, the statistical uncenaint
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 diffuse
ray emission is complicated by many factors, including the
uncertainty in the spatial distribution for the CR sourced a
the loosely constrained spectrum of CR electrons over the
Galaxy responsible for inverse Compton emission that domi-
nates high-energy-rays.

5. DISCUSSION

In this paper, we used the diffusive-reacceleration mazlel t
describe the CR transport. Alternatively, we could have em-
ployed a plain diffusion model, where the diffusive reaecel
ation is inefficient {41 = 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 RS Scenario P Scenario(k) Scenario I(b) Scenario L Scenario H
The break (hard- No Yes, due to a break Yes, due to a break Yes, due to the as- Yes, due to the as- Yes, due to the as-
ening ofp and He in the diffusion in the injection sumption of acom- sumption of a local sumption of a local
spectra at py,), coefficient spectrum posite source low energy source high energy source
Figure[4
The ‘dip’ (soften- No No, unless the dif- No No, but the ‘dip’ Yes No
ing of CR spectra at fusion coefficient can be explained
p < por), Figurdd has a correspond- by assuming that

ing ‘dip’ the low-energy

Galactic source
turns over below

Pbr-

Difference between Yes, if parameters Yes, phenomenolo- Yes, phenomenolo- Yes, phenomenolo- Yes, phenomenolo- Yes, phenomenolo-
p and He spectra, are tuned to in- gically introduced gically introduced gically introduced gically introduced gically introduced
see Figuregl4 arld 5 crease grammage

and cross sections,

as inScenario S

Continuity of p/He Yes, but does not Yes, no additional Yes, no additional Yes, but only if Yes, butonly ifthe Yes, butonly if the

ratio at py,,, Fig- match the value of assumptions assumptions the different source local and Galactic local and Galactic
ure[d pl/He ratio classes inject with sources classes in-sources classes in-
the samev/He ratio  ject with the same ject with the same
at py, p/He ratio atpy,, p/He ratio atp},,
CR anisotropy due Overpredicts Overpredicts, butOverpredicts Overpredicts, butOverpredicts Overpredicts; the
to diffusive escape less than other the possibility of local source, if
of CRs above scenarios different  spatial it extends above
1 TeV, Figurd distributions of the 1 TeV, may affect
two source classes anisotropy
must be considered
B/C ratio above Yes Yes, but differs Yes Yes Yes, by design Yes
1 GeV/nuc, Fig- from other sce-
ureld narios abovepy,,;

possible discrimi-
nation with more
accurate data

p flux (PAMELA), Yes, above a few Yes, but differs Yes, above a few Yes, above a few No Yes, above a few
Figure[8 GeV from other scenar- GeV GeV GeV
ios abovepy,,
~-ray observations Yes Yes Yes Yes No Yes
by Fermi-LAT, Fig-
ure[10

dependence for higher rigidities ¢ 2/3). Using this kind of ~ 10 TeV.
model would have the following effect on our calculations. The B/C ratio can be reproduced with a plain diffusion
The proton and He spectra can be reproduced with appromodel, even at low energies with the introduction of ad hoc
priate adjustments of the source spectra injection indizes breaks in the diffusion coefficient. For the rigidity depende
gether with the rigidity dependence of the diffusion coeffi- of the diffusion coefficient, the high energy data are cdesis
cient. However, only for the diffusive-reacceleration mabd for either model due to the large error bars.
(with some adjustments, see Secfiod 2.2) is it naturallgipos The p flux andp/p ratio at high energies calculated in the
ble to reproduce the rigidity dependence of pftde ratio. For plain diffusion model would be steeper than the diffusive-
Scenario $and that considered by Blasi & Amato 2011a), the reacceleration model because of the strong rigidity depen-
escape time at low energies is too short in the plain diffusio dence for diffusion coefficient in the former. For eitigre-
model to provide the required hardening, and hence to repro-nario | (a) or Scenario I(b) for the case of the plain diffu-
duce the observeadHe ratio. sion model they could be obtained by shifting the prediction
The CR anisotropy measurements seem to f&emnarioP  for Scenario Ldown by a factor~ 2 (see the discussion in
with its weak rigidity dependence for the diffusion coeffict. Ptuskin et al. 2006b), which would then be consistent wigh th
But, the hard-to-estimate effect(s) of local CR sources may PAMELA p measurements within the error bars. However, at
change this conclusion. The diffusive-reacceleration @hod higher energies it would give a steeper spectrum foptiex.
predicts anisotropy which is a factor of a few higher than the Unfortunately, the diffusey-ray emission cannot be used
data. For the case of distributed Galactic sources, thag#ro  to distinguish between the diffusive-reacceleration aladhp
rigidity dependence of diffusion required in a plain diffus diffusion models because the ambient CR spectra are tuned to
model would give a predicted anisotropy even higher than thethe same local measurements.
diffusive-reaccleration model, by orders of magnitudevabo
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6. SUMMARY —. 2010, Physical Review Letters, 104, 101101
. . Abe, K., et al. 2011, ArXiv: 1107.6000
We have presented scenarios reproducing the spectral feaabraham, J., et al. 2010, Physics Letters B, 685, 239
tures in CR proton and He spectra (fiiele ratio dependence  Ackermann, M., etal. 2010, Phys. Rev. D, 82, 092004

- Adriani, O., et al. 2009, Nature, 458, 607
on energy, the dip, and spectral break) observed by ATIC-_" 5415 Physical Review Letters, 105, 121101

2, CREAM, and PAMELA. For each scenario, we performed —. 2011, Science, 332, 69 _ _

CR propagation calculations in the framework of diffusive- A—hnz’o%gsASS al, 2008, Astroparticle Physics, 30, 133
reacceleration model (excefcenario [}, using the GAL- — 2010, ApJ’714’ L89

PROP code. Differences between scenarios are reflected iicaraz, J., et al. 2000, Physics Letters B, 490, 27

the CR anisotropy and fluxes of secondary CR species: theBarashenkov, V. S. 1993, Cross Sections of Interactionsudidies and

; ; ; ; ; Nuclei with Nuclei, JINR, Dubna, Russia, p. 346, in Russian
B/C ratio at high energies, the antiproton flux and antipnoto Barashenkov, V. S.. & Polyanski, A. 1994, CROSEC code, Jotttute for

to proton ratio, as well as the diffuse Galacticay emission. Nuclear Research, JINR E2-94-417
Tablel2 summarizes our results. We find the following: Be/&esﬁgsms}éss& Egﬁ\fq‘igvr,a?gé Dogiel, V. d/;-rh&NPé;f]k%f— 1990,
(a) He spallation $cenario $ may be involved in mak- edited by Ginzburg, V. L. ~ ' '

ing the spectrum of He and heavier nuclei harder than pro-Biermann,P. L., Becker, J. K., Dreyer, J., Meli, A., SeoE, & Stanev, T.
A . 2010, ApJ, 725, 184

tons. However, a S|gn|f|cantly_|ncreased grammage traderse Biermann P, L. Gaisser, T. K., & Stanev, T. 1095, Phys. Re®1, 3450

by CRs in the Galaxy is required to explain tle obser- Biskamp, D. 2003, Magnetohydrodynamic Turbulence, eckdsim, D.

vations with spallation. This makes it problematic to match Blasi, P., & Amato, E. 2011a, ArXiv: 1105.4521

; : .- —. 2011b, ArXiv: 1105.4529
stable secondary CR isotope observations (B/C and anupro—Capriom D.. Amato, E.. & Blasi, P. 2010, Astroparticle Ris, 33, 160

tons). Case, G. L., & Bhattacharya, D. 1998, ApJ, 504, 761

(b) Experimental uncertainty in the data on high energy B/C Davi?, A J., et a||. 2000, in %merican Inst}tute of Physicm%nce Sderies,
- . . Vol. 528, Acceleration and Transport of Energetic Parsiclbserved in
ratio does not allow us to rigorously reject any of the sce- ¢ Heliosphere, ed. R. A. Mewaldt, J. R. Jokipii, M. A. Lee MBbbius,

narios for the origin of the spectral break. However, more &T. H. Zurbuchen , 421-424

accurate measurements of high-energy B/C, expected fronfponao, F, & Serpico, P. D. 2011, Phys. Rev. D), 83, 023014
. . . rury, L. O., et al. 2001, Space Sci. Rev., 99, 329

planned CR experiments, may be used for model rejection.  Ejison, D. C., Drury, L. O., & Meyer, J. 1997, ApJ, 487, 197

(c) Antiproton flux andpo/p ratio seem to disfavor the local Elmegreen, B. G., & Scalo, J. 2004, ARA&A, 42, 211

source hypothesi$genario ). Measurements gfand/orp/p Enge mann: &.;)-» Ferando, P., Soutoul, A., Goret, P, faskan, E. 1990,
above 1 TeV may help differentiate between the other scenarGieeson, L. J., & Axford, W. I. 1968, ApJ, 154, 1011
ios. Haino, S., et al. 2004, Physics Letters B, 594, 35

(d) Radial component of diffusive anisotropy of CR flux "&m9s; A Rebel, H., & Roth, M. 2003, Reports on Progrestsics,

is too high in all scenarios, but the discrepancy is larger in Horandel, J. R., Kalmykov, N. N., & Timokhin, A. V. 2007, Aeparticle

Scenario |, while Scenario Poredicts the lowest anisotropy.  EWSIeS: 85258 ¢ 8 105g, Soviet PhysicsTFE 35, 635

Local sources may significantly affect the CR anisotropg, an  moskalenko, 1. V., Strong, A. W., Mashnik. S. G., & Ormes, 2603, ApJ,

therefore our simple analysis applies only to energy ramge u 586, 1050 ,

affected by local sources. Mcfkflggéo,zlég, Strong, A. W., Ormes, J. F., & Potgieter, 312002,
(e) Finally, they-ray data is in agreement, within the uncer- Ohi%,’v,, & loka, K. 2011, ApJ, 729, L13+ .

tainty range, with all scenarios, includirfBcenario Reven Panov, A. D., et al. 2008, in International Cosmic Ray Ccerfee, Vol. 2,

- ! 3-6
though the reference scenario does not agree with the nevp,. 0 A b.. etal. 2009, Bulletin of the Russian Academyaésice,

measurements for the CR proton and He spe&rznario L Phys., 73, 564 _
slightly underpredicts the-ray flux below a few GeV. Press, W. H., Teukolsky, S. A, Vetterling, W. T, & FlanneBy P. 1992,
. . .. . Numerical recipes in FORTRAN. The art of scientific compgtin
Most specific physical models explaining thée ratio, Ptuskin, V., Zirakashvili, V., & Seo, E. 2010, ApJ, 718, 31

spectral break and the dip fall into one of the scenarios-stud Ptuskin, V. S., Jones, F. C., Seo, E. S., & Sina, R. 20062, Aghsin Space

ind i ; ; i ; ; Research, 37, 1909
ied in this paper., or their combination. Data from e_xp.erlmlen Ptuskin, V. S., Moskalenko, I. V., Jones, F. C., Strong, A, &Zirakashvili,
such as thé&ermi-LAT and AMS-2 can be used to distinguish V. N. 2006b, ApJ, 642, 902
p
between some of these scenarios. Ptuskin, V. S., & Soutoul, A. 1998, A&A, 337, 859
Scalo, J., & Elmegreen, B. G. 2004, ARA&A, 42, 275
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