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ABSTRACT

Context. The secondary-to-primarg/C ratio is widely used to study the cosmic ray (CR) propagagimtesses in the Galaxy. It is
usually assumed that secondary nuclei suchi-&e-B are entirely generated by collisions of heavier CR nucléhihe interstellar
medium (ISM).

Aims. We study the CR propagation under a scenario where secondalgi can also be produced or accelerated from galactic
sources. We consider the processes of hadronic interadtiside supernova remnants (SNRs) and re-acceleratioaosfybound
CRs in strong shocks. We investigate their impact in the agagion parameter determination within present and fudata.

Methods. Analytical calculations are carried on in the frameworkshef difusive shock acceleration theory and théudiive halo
model of CR transport. Statistical analyses are performel@termine the propagation parameters and their uncgrtzoninds using

the existing data on thi/C ratio as well as the simulated data expected fromAii&-02 experiment.

Results. The spectra ofi-Be-B nuclei emitted from SNRs are harder than those due to CRsimib with the ISM. The secondary-to-
primary ratios flatten significantly at TeV/n energies, both from spallation and re-acceleration irstheces. The two mechanisms
are complementary to each other and depend on the propefttbe local ISM around the expanding remnants. The secgndar
production in SNRs is significant for dense background media 1cnT3, while the amount of re-accelerated CRs is relevant for
SNRs expanding into rarefied media, < 0.1 cnT2. Due to these féects, the the diusion parametes may be misunderstood by a
factor of ~ 5-15%. Our estimations indicate that an experiment ofAi&-02 caliber can constrain the key propagation parameters
while breaking the source-transport degeneracy, for a wlafes ofB/C-consistent models.

Conclusions. Given the precision of the data expected from on-going expatts, the SNR productigacceleration of secondary
nuclei should be considered, if any, to prevent a possibtedatermination of the CR transport parameters.

Key words. cosmic rays — supernova remnants — acceleration of pastiel@uclear reactions, nucleosynthesis, abundances

1. Introduction at E <10GeV nucleont, where the CR spectra are shaped by
additional éfects such as ffusive reacceleration, galactic wind

The problems of the origin and propagation of the charged c@®nvection, energy losses and solar modulation. Since tiser
mic rays (CRs) in the Galaxy are among the major subjedt8 firm theoretical prediction for the key parameters asgedi

of the modern astrophysics. It is generally accepted phat With these @ects, it is very diicult to disentangle each physi-
mary CR nuclei such a#i, He, C, N and O, are accelerated cal component by the use of the experimental data. The Boron
in supernova remnants (SNRs) vidfdsive shock accelerationto Carbon B/C) ratio is the best measured secondary-to-primary
(DSA) mechanisms, that produce power-law momentum spéatio and it is used to constrain several of the model pararset
tra (Drury, 1983. At relativistic energie$ « p™ ~ E™. After Throughout this paper we cadécondariesall CR nuclei result-
being accelerated, CRs are released in the circumsteltanen ing as products of hadronic interactions, independentlyhen
ment where they diuse through the turbulent magnetic fieldéocation where they originate. The standard approachglfftere
and interact with interstellar matter (ISM$ifong et al.2007). reference model, assumes that the secondary nuclei are absent in
Due to difusion, CRs stream out from the Galaxy with a chara#?e CR sources.

teristic timetescoc E~°. The spectrum of primary CR nuclei pre-  In this paper we examine two mechanisms that produce
dicted at Earth is therefod, ~ Steso Their nuclear collisions a source component of secondary CRs: (i) the fragmenta-
with interstellar gas are believed to be the mechanism miodu tion of CR nuclei inside SNRs and (i) the re-acceleration by
thesecondary CR nuclei, such asi, Be, andB, which are under- SNRs of pre-existing CR particles. The secondary CR pro-
abundant in the thermal ISM. Thus, the equilibrium specfra gduction inside SNRs was studied Berezhko et al.(2003
secondary CRs arg™ times softer than those of their progenand recently reconsidered to describe the positron frac-
itors. At energy above some tenths of GeV per nucleon, wheften (Blasi, 2009 Ahlers etal, 2009. Predictions for the
CR nuclei reach the pureftlisive regime, this picture predictsp/p ratio (Blasi & Serpico 2009 and for the B/C ratio
power-law distributions such as, ~ E™° for primary nu- (Mertsch & Sarkar2009 have also been investigated. An in-
clei andNs/N, ~ E~ for secondary-to-primary ratios at Earthteresting aspect of this mechanism is that, if the secondary
These trends may be straightforwardly derived from theitinal fragments start the DSA, the secondary-to-primary ratiostm
cal solutions inMaurin et al.(200]). Present observations indi-eventually increase. Similarly, the re-acceleration otksa
cates ~0.3-0.7 and’ ~2.0-2.4. The bulk of data is collectedground CRs interacting with the expanding SNR shells may in-
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duce significant transformations of their spectra at higérenynere we have denotet, = /1 +4D;[""!/u2. The solution
gies Berezhko et a).2003 Wandel et al. 1987). In particular, b

the re-acceleration redistributes the spectrum of secgnua can be expressed in the following form:

clei to a spectrun® ~ E™. The main feature of both mech- fo )e‘%le _ Lm0 g)

anisms is that they produce hard spectra of secondary nuclei olP Ay

compared with their standard production from primary CR col f(x. p) = 3)
lisions on the ISM. These source components of secondary CRs fo(p)e’“%”2X + % (x> 0)

may become relevant atTeV energies. Thus, disregarding such . .
effects may provoke a mis-determination of the CR transpavhere the downstream integral tertds, V> andW; are given
parameters. The aim of this paper is to examine their impadt: .

in the CR propagation physics. This task requires a degmmnipt _ “ , Lo (X=X') o

of the CR acceleration processes in SNRs and their intzstel Uz(x p) =+ . QX pe? dx

propagation. In this work we use fully analytical calcubais in X ) )

the frameworks of the linear DSA theory and thé&wkion halo Vao(x, p) = +f Qa(X, p)e 22 X)dx’ (4)
model (DHM) of CR transport. In Se@2 we present the DSA Om

calculations for CR nuclei, including standard injectioorfi the _ / ~1(Aox+koX)

thermal ISM, hadronic interactions and re-accelerati@tct.$3 Wa(x, p) = fo Qa(X', p)e dx

outlines the basic elements of the DHM galactic propagatioI
In Sect§4 we show our model predictions for the CR spectrgg, performing the SUbSHtUtions:= 2, kp — — A1, Ao — —
and ratios at I_Earth; we stud_y th_e impact of the secondarysou ndeo — —o0. The distribution funétion ’atzthe shol;:ki)ositio‘,
components in the determination of the CR transport parani‘?ﬁetermined by the matching conditionsxat 0. We integrEe

ters. In Sect§5 we present our estimates for the Alpha Magneti : ; . .
SpectrometerAMS). We conclude in Sects. ETi 'Bzawemﬁ:]e dglﬁre] 2:?;[?;2?0?:0(:'( front. Assuming at

M the upstream regiort);, V1 andW; are still given by Eg4

S

0
We compute the spectrum of CR ions accelerated in SNRs us- P ) _
ing the DSA theoryDrury, 1983, including the loss and sourceWherea = 3uy/(Uy — Up) is the known DSA spectral index. The
terms the production and acceleration of secondary fragsneiermG denotes the sum of the upstream and downstream source
Our derivation is formally similar to that iNorlino (2011, but  integrals:
the physical problem is that dealedMertsch & Sarka(2009. o .
W|th|n_th.|s formallsm, we also compute the re-acceleratibn G(p) = f Qle%“’dx’ n f Qze’%“ledx’ (6)
pre-existing CR particles. —oo 0

2. Acceleration in SNR Shock Waves = —afo(p) — aj(p) + UKG(p), (5)
1

The function j(p) is linked to the destruction termi™®. It is
2.1. DSA Calculations defined as:

We consider the case of plane shock geometry in test-particl i(p) = %(Al -1)+ 2_1r(A2 -1) @
approximationj.e., ignoring the feedback due to the CR pres- o )

sure on the shock dynamics. The shock front is in its reshéra After defining the function:

atx = 0. The un-shocked upstream plasma flows in frora O P i)

with speedu; (densityn;) and the shocked downstream plasma x(p, p) = af &dp", (8)
flows out tox > 0 with speed., (densityn,). These quantities p P’

are related by the compression ratic= u;/uy = np/n;. The
particle spectra are described by the phase space défgity).
The equation that describes thefdsive transport and convec- p
tion at the shock for g-type nucleus (charg& and mass num- fo(p) = af (
berA)) reads:

the solution of Eg5 can be expressed in the simple form:

E)a G e x(P.p) ap’ (9)
p Uz P

of 2f 1du of ' From Eq3 one recovers the standard DSA solution setting

u— = Dj—’ + __p_J _ ]“'_“e|fj +Qj, (1) r'nel = 0 (no interactions) and assuming that the injection occurs
ox ox?  3dx ap ! only at the/%hock frontd; = Vi = W = 0): one findsf, = f, and

e ; - f; = foe"*P1, while Eq.9 gives a spectrunp™, provided that

yvhereD,_(p) IS th_e df;fs"’” Coﬁig"?”t near the SNR S.hOCk" the source tern®(p) is softer thanp™ (see Sec§2.4). Some

is the fluid velocny,l"j = Bjcno; IS the total destruction rate simplifications can be made by analyzing the time-scalebef t

for fragmentation (see Se¢R.3), o is the cross section for problem. The DSA acceleration rate for particles of momentu

the process, an®j(x, p) represents the source term. Solutiona in a stationary shock iE° ~ g where we assumed Bohm
of Eg.1 can be found, separately, in the regions upstream@)  qifusion O o« p) and strong g%%,cksr(z 4). For a SNR of
and downstreank(> 0) to the shock front, by rngrm@;f/@x = agersm, the condition ™ = 7.1 defines the maximum momen-
0 for x — Feo. We drop the labe| characterizing the nuclear,, hmax attainable by DSA. In the presence of hadronic inter-
species, and make use of the subsdriptl (i = 2) to indicate ,.tions. the requirement™ < 2 must be fulfilled. These re-
the quantities in the upstream (downstream) region. We elefi;,ng fmply 200D /U2 <« 1 andxI'™™'/u < 1 at all the ener-
the quantities: gies considered. Under such conditions, we can linearlpesp
Ui A ~ 1+2'MeD /U2, so thatl ~ 2I"¢'/uandk ~ 2u/D + 2! /u.
Ai = E(Ai -1 ki = E(Ai +1), () The exponential terms of E8, Eq.4 can also be expanded as
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Fig. 1. Energy spectra of the CR elementsBe, B, C, N, O, Ne, Mg andSi. The solid lines represent theference model prediction. The dashed
lines indicate the secondary CR component arising by ¢afigsin the ISM of the heavier nuclei. The model parametegsliated in Tabld.
Data are from HEAO3-C2Engelmann et a1.1990, CREAM (Ahn et al, 2009, AMS-01 (Aguilar et al, 2010, TRACER Ave et al, 2008
Obermeier et al.2011), ATIC-2 (Panov et a].2009, CRN (Muller et al, 1991), Simon et al.(1980, Lezniak & Webber(1978 and Orth et al.
(1978. TheLi-Be-B data from CREAM andAMS-01 are combined with our model to obtain the spectra frorit #eEondary-to-primary ratios.

e~ 1 rl"f'x andez** ~ /P (1 + %e'x) Thus, the function The upstream profiley €/, indicates that the plasma is con-
i(p) of Eq.7 reads: fined near the shock within a typical distane®/u;. Due to ad-
vection, the particles are accumulated in the downstregiome

mel inel
i(p)~a(l+r ) D(p) , (10) where destruction processes give rise to the t%llflx. The mo-
U1 mentum spectrum at the shock positiorfgs< e p~, which is
; . the known DSA power-law behaviour times an exponential fac-
d the int | of E@ leads to: ; ‘ "

and the integral of Eq leads to tor, ~ 7, given byy ~ oI'"!/T'3 The condition*® < 1%,

) , el ) impliesy < 1.
x(p. ) ~ a1+ 1) —5-[D(p) - D(P], (11)
1

that recoverslertsch & Sarka2009. Below we show the DSA 2.3. Production and Acceleration of Secondary Nuclei

solutions for primary nuclei (ir)jected at the shock), the@c-  Secondary nuclei originate in the SNR environment from-spal
ondary fragments (generated in the SNR environment) and fation of heavier nuclei on the background medium. The ssurc
pre-existing CR particles that undergo re-acceleration. term for aj-type CR species arises from the sum of all heavier

k-type nuclei Q> = Y. | Qrag Each partial contribution reads:
2.2. Acceleration of Primary Nuclei

1 “ / / /
The injection of ambient particles is assumed to occur inimed Qk, (x.p) = s f Nk(x, p )l"frag(p )o(p—&gp)dp’, (14)
ately upstream the shock at momentpfh. The source term for P Jpn

primary nuclei reads: whereNk(x, p’) = 47rp’2fk(x p’) is the progenitor number den-

Q™(x, p) = Y&(X) s(p— p™). (12) sity and I“erg ﬂkcno-kfg is thek — j fragmentation rate,
which is implicitly summed over the circumstellar abundasic
enough to cross the shock thickness. Thus, we assume a r drogen and Helium components). We have assumed that the
ence injection rigidity for all nucleiR™, so thatp™ — ZR" | IMetic energy per nucleon is conserved in the prodessthe

The constant¥] reflects the particle abundances in the ISM ar;?é‘agments are ejected with momenteim= A;/A times smaller
g

an that of their parents. The presence of short-livecsed
mglagjaec_}_lﬁg g‘lg:eng'g:céndtehrllssi\f[\)//ogfo;irr:?saésgnetbe;mmEd P¥ghost nuclei) such as'Li or 11C is reabsorbed in the definition

of o, while long-lived isotopes such a%e or %Al (lifetime

Particles can be injected only when thiearmor radiusis large

fo(p)esX/P(P) (x < 0), ~1Myr) are considered as stable during the acceleration pro-
f(x, p) ~ rine (13) cess (time-scalespr ~ 10kyr). The source spatial profile takes
fo(p) (1— U—ZX) (x>0) the form of the progenitor nucleus of Etp. In the upstream
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region, one ha@fjfg = Okj€"/P, whereDy is the difusion co- 3. Interstellar Propagation

efficient of the proggnltor nucleus at the momentpfiq .AFZ?r We use a DHM to describe the CR transport and interactions in
D oc p/Z, one can writdDk(p/ék;) = Lk;Dj(p), whered; = z=.  the ISM in a 2D geometry. We disregard thieets of energy
In practicels; ~ 1 for all processek — j with Zj, > 2. The losses, diusive reacceleration and convection. The Galaxy is

terms at the shocky, jx andqy i, are given by: modeled as a disc of half-thicknebs containing the gas and
3 frag the CR sources. The disc is surrounded by a cylindridélsive
0ikj(P) = & fok(P/&)T ) s (15)  halo of half-thickness, radiusrmax and zero matter density. CRs

diffuse into both the disc and the halo. Thukion codicientis
(D) taken to be rigidity dependent_ and position indt_apendefR)_ =
f25(% p) = fo;(p) + [qll P rfzra}gfo’j(p)] X, (16) BKO(R/RO)J._The number densiti; of the nucleug is a function

Uz of the kinetic energy per nucleok, and the 2D positionr(2).

)
where fy; is given from Eq9 usingG(p) by the following ex- The steady-state transport equation can be written as:
pression: tot _ 1 w2\ N - Qtot
D . (WP =K V2)N; = S} (22)
ki(P) = Gii(P) Uy (gki r ) (17) The loss termW'*, describes the decay rate of unstable nuclei,
We solve all equations starting from the heaviest elemedt aﬁ’jad = 1/(yv7j) (yL is the usual Lorentz factor) and the total

proceeding downward in mass. We are interested in the toital C yestruction rate for collisions in the disch(zz)fijnel_ The source

tribution of SNRs to the galactic CR population. We take ithees ot ; I )
integral of the downstream solution over the SNRs volume |dprm. ST, is the sum of contributions from SNRs (the DSA solu

and the downstream solution reads:

behind the shock: tion of Eq.18), and secondary production in the ISM frdatype
. Ximax progenitors:
S - 4ﬂp2RS”rfo achi(x pdx, - (18) S = 2hs(2)S(r)SHE) 23)
where Xmax = UxTsnr andRspr is the supernovae explosion rate Sijsm = 2hé(2) Z (ffkrag . fLej\d) N, . (24)
per unit volume in the Galaxy. Sk

The functions(r) expresses the SNR radial distribution in the
2.4. Re-Acceleration of Background CR Nuclei disc, that we take as uniform. For primary CR§52is normal-

Together with the thermal ISM particles of Sei2.2. SNR ized by theY constants of EdL2. In our study, secondary nuclei

may have a nonzerg®aterm. The termi’a = N7t de-
shock waves may also accelerate the background CRs at e w—y ki (rimi)

librium (Berezhko et a).2003 Wandel et al. 1987). We refer cribe the contributioris — j from unstable progenitors Of]:agfe'

: =i j ~f
to this mechanism ase-acceleration of CRs in SNRs. For a time ;. “'_‘_EQ-24 rljnel = ﬁicnismo"jn6| andr;?g_z BjCNism0y ;- _
prescribed distribution function of background CRJ?ﬂ(p), the The conditionsN; = O at the halo boundaries and the conti-

DSA solution at the shock is simply: nuity condition across the disc completely characterizest
b e , lution of Eq.22 The full solution is reported iMaurin et al.

f¢(p) = af‘ b f_bg(p,)d_p (19) (2009. Agair_1, we splve the transport equz_itions for all the CR
g m\p) o4 nuclei following their top—down fragmentation sequendes@

_ _ _ second iteration to account for tA88e—1°B decay. The dfer-
Assuming, for illustrative purpose, a power-law forfr,?P(p) = ential fluxes as a function of kinetic energy per nucléare
Yj(p/p;")"®, the resulting re-acceleration spectrum is: obtained from: |

N; Be
(07 iNj\—a (E) = = —N; E» s V)s 2
(5 = —— [1- A %) @) ¢iB) = FanadE = 27 E 0 (25)
. A o where the equilibrium solutions are computed at the solstesy
g s

Since th(_a CR equilibrium spectrtijnrjfﬁ xp ',S softer than the position ¢, 2) = (8.5kpc 0). The basic DHM predictions can be

test-particle oneg(> «), for p > p;” one obtains: seen, for illustrative purpose, in the 1D limita — 0. The

e L X, inj\— solution for a pure primary CR reads:
fosi(p) T a,YJ (p/ Pj ) (21) gdsa gdsa
That is, the &ect of re-acceleration is to re-distribute the CR Np ~ K/L + f*i'?el T KL’ (26)

spectrum top™®. Interestingly, in the opposite cass & «)

the re-accelerated spectrum maintains its spectral spape Where the spallation rate is neglected for simplicity. lappar-
while its normalization is amplified by the factar/(s — ). €ntthe &ect of the propagation in steepening the spectrum: for
In our model, however, the background spectréff is com- @ source spectru@™4E) « E™ and a galactic diusion codi-
puted as discussed in Seg3.and takes the SNR spectra as incient of the typeK (E) o« E°, the model predict8I(E) o« E™°.

put. Therefore, EdL9 is an integro-dierential equation where To resolve the two parametersand 5, one has to consider
the DSA-mechanism is fed by its DHM-propagated solution ari#re secondary species. The solution for a one-progerétor s
vice-versa. On the other hand, the bulk of re-accelerates CRndary CR reads as E26, with the replacement 8“2 with
comes from the low-energy part of the spectrum (belad® GV~ S™ = FI89N,, so that the ratidNs/N, o< L/K allows the simul-

of rigidity), where the equilibrium CR spectra are fixed by thtaneous determination @fand Ko/L. These simple trends are
observations so they cannot vary so much. It can be safely wald for thereference model, i.e. when only primary CRs have
sumed that re-accelerated CRs are a sub-dominant composentce term. In the case of a secondary SNR component, de-
of the total (integral) flux. Hence, we proceed using an fieea pending on its intensities, the parameter determinatioy bea
method as outlined in Se§4.5. more complicated.
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4. Analysis and Results Table 1. Source and transport parameter sets.
Below we provide a review of the model parameters and test Acceleration Parameters Propagation Parameters
the reference model setup. Then we analyze the secondary CR Ur 1Foms?t Ko 0.089 kp&Myr T
production and re-acceleration in SNRs under some simple sc g 50.04G 5 0.50
narios. v 27 Ry 4GV
n lent® L 5kpc

Zmax 14 I'max 20 kpC
4.1. Model Parameters Tanr 20 kyr h 0.1kpc

Rsnr 125 Myrikpc? Nism lcms

The DSA mechanism of SeéR provides power-law spectra

S92 o E7 with a unique spectral index = « — 2 for all the Ri

primary CRs, where, in turn, is linked to the compression ratio

r which is specified by and by the observed log-slope To o o _

matchy ~ 2.7 with § < 0.7, one has to adopt a compressio@ndary component (dashed lines) arising by collisions & th

factor ofr < 4 in contrast to the value = 4 required for strong ISM. The key quantities for propagatioky and ¢, are de-

shocks. Despite this tension between DSA and observatians,termined from theB/C ratio above 2 GeV nucleoh, using all

regard as an €ective quantity describing the compression ratithe data reported in the last two decades, by the space

actually felt by the particles, which is not necessary eglab the based experiments HEAO3-CErfgelmann et al.1990, CRN

physical strength of the SNR shockgt(skin et al.2010. The (Swordy et al. 1990 andAMS-01 (Aguilar et al, 2010, and by

diffusion codicient around the shock is taken to be Bohm-likealloon borne projects CREAMAQIN et al, 2009 and ATIC-2

D = 2%. The ambient magnetic field may reach~ 100G or (Panov et al.2007. The primary nuclei spectra have been nor-

more due to amplificationféects, except in the very late SNRMalizes using data from CREAM (f@, N, O, Ne, Mg andSi)

evolutionary stages, where the magnetic field may be dampdtl HEAO3-C2 (for all elements). Given thg — L degeneracy

(B < uG). In our steady-state description, the SNR parametdgee Sec§3), in the following we will adopt the quantiti(o/L

have to be considered affextive time-averaged quantities repas the physical parameter, where the halo heigit fixed at

resenting a more complex situation where the shock streictérkpc.

evolves with time and may be influenced by the back-reactiés apparent from the figure, theference model calculations

of accelerated CRs. The average shock spgésl of the order give a good description of the CR elemental spectra withén th

of 10°cm ™. The upstream gas density, is poorly known and Pprecision of the present data. It should be noted that, under

may well vary from~ 103 to ~ 10 cnt2, depending on the SNR this pure difusion model, the BC data betweer 10 GeV and

progenitor star or its local environment. The SNR explosaia ~ 1 TeV per nucleon suggest~ 0.4, while the data at lower en-

per unit volume is expressed as a surface dendiff,2 thatwe ergies ¢ 1-100 GeV nucleort) favors higher valuess( ~ 0.6).

fix to 25 Myr-tkpc 2 (Grenier 2000. These uncerta?nties are related on both the model unknotvns a
The parameters describing the interstellafusion codi- ~GeV/n energies and the lack of dataza100 GeV nucleon'

cient are fixed to5 = 0.5 and Ko =0.089kpéMyr-! (see (I\_/Ia_urln et a!, 201()_. We also note that thesference model pre-

Sect§4.2). Below the reference rigiditg, =4 GV, we ses =0. dictions are insensitive tp_the source parameters; and B: the

However our analysis is always applied to rigiditRs R,. The ~source spectra are specified only by tffetive compressionra-

halo radius isrmax = 20kpc and its half-height it = Skpc. tior (viay ands) and by the abundance consta¥itsT his setup

As per the propagation in the ISM, the quantity that entees tis equivalent to that of many filusion modelse.g. Maurin et al.

model is surface densityx nism, Where we také = 0.1 kpcand (200J), that make use of rigidity power-law parameterizations as

Nism =1cnT3. We assume a composition of 9094 10%He Source functions.

for the ISM gas densitynism, and we assume that this compo-

sition, on average, is found in the SNR background media to

We also include the solar modulatiofiext though it is relevant #3. SNR Models

only below few GeV nucleort. The modulation is described Similarly to Morlino (2011), we consider two ideal situations

in the force-field approximation3leeson & Axford 1969 by represented by typéd (important for fragmentation, Segtt.4)

means of the parameter taken to be 500 MV, to characterizeand core-collapse supernovae (important for re-accéerat

a medium-level modulation strength. Our nuclear chaintstaSect$§4.5). In the type Ja scenario, the supernova explodes

with Zmax = 14 and processes all the relevant isotopes dovimthe regular ISM with typical density and temperatuie ~

to Z = 3. Nuclei withZ > 14 do not contribute significantly to 1 cn® and Ty = 10*K. In the core-collapse scenario, the SNR

theLi-Be-B abundances. The spallation cross sections are takepands into a hot diluted bubble (< 1 cn2 andTy > 10°K)

from Silberberg et al(199§. Cross sections oHe targets are that may be generated either by the progenitor’'s wind or by

obtained by means of the algorithm presenteBeémrando et al. precedent SNR explosions occurred in the same region. m bot

(1998. scenarios the circumstellar densities are assumed as lgmog

The reference model parameters are listed in Table neous and constant during the SNR evolution. Two SNR evo-

lutionary stages are relevant for our study: the ejecta datad

ED) phase, when the shock front expands freely and accumu-

4.2. Reference Model I(ateg E[)he swept-up mass in the SNR interior, and the Sedov-

Before analyzing the impact of SNR production and refaylor (ST) expansion phase, which is driven by the thermal

acceleration of secondary CRs on the parameter determiREgssure of the hotgas. The phase transition ED—-ST occtines at

tion, we test thereference model predictions for the parame-time 75, when the swept-up mass equals the mass of the ejecta

ters in Tablel. Predictions at Earth for the CR elemental sped/lej- The CR acceleration ceases at the tige

traLi, Be, B, C, N, O, Ne, Mg andSi are presented in Fid, For all the models we assurig,, = 5- 10°* erg,Mej = 4M,,

where the total spectra (solid lines) are shown togethérdbee- andrsp, = 20 kyr, whereEgy, is the SNR explosion energy (not

1GV P 0.5GV
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Table 2. Case studies of typgd and core-collapse SNRs. g F i6é + ‘1‘1‘9"”” T T T 3
_ &2 . e — ISM 2
SNR Model n; (cm™3) ¢ (yr) U (cms?) £ E A E
l/a#l 05 330 1310 5 w'g E
typela Ya#2 15 230  1.R1C° g oob B
l/a #3 3.0 183 8.910 o % ........ =
& 10'3§ /__——"_/
core CC#1 0.003 1829 3A0° w WF
collapse CC#2 0.01 1225 X&0° gL IR BRI
CC#3 0.1 568 1.810° S A A T
% “F7Be+°Be+Be —Tor E
Nﬁ 1;7 — ISM ,;
converted in neutrinos) anill,, is the solar mass. The case of E 10'15 ;
differentrsy,, values is considered in Seg#.6. During the ED 3
stage the SNR radius grows with a constant Rygt) = uit, g 10* E
1/2 . x 3 [
at the speedy = (2Esn/Me)) "2 _10Pcms?, until it reaches 20

the swept-up radius Rsw = Rsi(7s). For a given SNR model 104
characterized by and rsn, We parametrize the shock evo-
lution (Rsyh and u;) using the self-similar solutions derived in
Truelove & McKee(1999 for a remnant expanding into a ho-
mogeneous medium. These solutions connect smoothly the ED
phase R, « t) with the ST stageRsh o t°). The CR accelera-
tion ceases at the time,,, from which we compute the average
velocity U; = Rsy(Tsn)/Tsnr- Thus, we usel; as input parameter
for our steady-state DSA calculations (S&&t.1) to compute the
spectra for all the CR elements. The considered SNR models ar 10*
listed in Table2. T T e e
We always assume that the total CR flux is produced by Kinetic energy (GeV/n)
SNRs of one type only: for each SNR model, the parameters em-
ployed have to be regarded dBeetive ones representing the avfig, 2. Energy spectra of secondary elemelitse andB. The source
eraged population of CR sources. Note that this simplifiedkr components from fragmentation occurring inside SNRs ditis the
down is somewhat artificial, because the total CR flux may b@term (dot-dashed lines) ar8-term (dotted lines). The dashed lines
due to a complex ensemble of contributing SNRs. indicate the ISM-induced components. The solid lines regmethe to-
tal spectra. Source parameters are reported in the texiprbipagation
parameters are as in TaldleData as in Figl.

10

10"

102

10°

E? x ® (GeV/amu/m?/s/sr)

7
il

[T T T T 1Ty

4.4. Secondary CR Production in Type I/a SNRs

The secondary production is relevant for SNRs that expatiod in

ambient densities of the orderf ~ 1 cn3, where the quantity .

n. represents the average SNR background density. Such a v&ige9 Mertsch & Sarkar2009. While the 8—term depends on
may be larger than that of the average ISM, duetp, contribu- '€ SNR ambient density, and its agersn;, the A-term also
tions from SNRs located in high density regions of the ga'iiactre“es on the dtusion properties, as its strength is proportional

. . f . .
bulge, inside the dense cores of molecular clouds or those &~ Ty;’D/uj. However, the parameter combinatiofy (Buz)
panding into the winds of their progenitors. required for having aA—term dominance at TeV energies can

From Eq.16, one sees that the secondary CR flux emittdak realized only in the latest evolutionary stage of a SNRt th
by SNRs has two components. By analogy v8tasi & Serpico is characterized by damped magnetic fiels< 1 uG) and low
(2009 andKachelrieR et al(2011), these are referred to @& shock speedsif{ <10®cms1). On the other hand, the local flux
and 8. The A-term, proportional tdp, describes the particlesof stable CR nuclei depends on the large-scale structureeof t
that are produced within a distaneeD/u from both the sides galaxy (some kpc) and reflects the contribution of a relgtive
of the shock front and are still able to undergo DSA. Frotarge population of SNRs and their histori@ai{let & Maurin,
Eq.17, the A-spectrum isf ~ p=*1, reflecting the spectrum 2003. Furthermore, from EQ and Eq11, the A-term induces
of their progenitors { ~ p~®) and the momentum dependencan exponential cutft at momentunp®, given byy(p®) ~ 1,
of the difusion codficient,D « p. The 8—term,f ~ ¢, de- which is not observed in present data of primary or secondary
scribes those secondary nuclei that, after being prodwured, CR spectra. Since our aim is to estimate theBecés in the sce-
simply advected downstream without experiencing further anario where the considered SNRs produce the whole observed
celeration. Their spectrum maintains the same behaviothedf CRs flux, the associated parameters have to be able to acceler
of their progenitorsg, ~ p™®. These components are illus-ate all CR nuclei up to, sapp™/Z ~10° GV. Thus, from the
trated in Fig2 for the spectra at Earth dfi, Be andB for a requiremenj < 1 for anyp up to p™® (see Sec§2.1), the A-
SNR withn; = 2cnt?, u; =5-100cms?! andB = 0.1uG. term is always infiective at the energies we consider and will
The figure compares the standard ISM components (solid)liné® not discussed in the following. Given the absence of a clea
with the source componen® (short-dashed lines) ar#8l(long-  spectral feature in th8—term, the spectral deformation induced
dashed lines) within the same propagation parameter s#t. Bby interactions in SNRs may be challenging to be detected at
the source components are harder than those expected feom~tfiieV energies, because it can be easily mimicked byffardi
standard CR production in ISM; in particular ttfe-term leads ent choice ofs and Ko/L. This is illustrated in Fig3. The to-
to increasing secondary-to-primary ratios at high ensr@ksi, tal Boron spectrum (solid line) is plotted showing its startt
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Fig. 4. Fit results for the parametetsand Ko/L of our models with fragmentation in typgal SNRs. Results are shown f&p,, =2, 5 and
10 GeV nucleont (top to bottom), for theeference model and for the SNR modelgd # 1, #2 and # 3 (left to right) of Tab® The shaded areas
represent the 1-, 2- and@<contour limits. The markers¢” indicate the best-fit parameters for each configuratioayfidf ratio is reported in
each panel.

component arising from ISM collisions (dashed line) and thelues ons vary well from~ 0.3 to~ 0.7. The markers describe
source component coming from hadronic interactions in SN best-fit parameters for each configuration. Fhealues re-
(dotted line). The SNR model is thgak3 of Tabl€. Note that ported in each panels are divided by the degrees of freedom:
also the Carbon flux contains a small amount of secondary fratf =26, 21 and 16 for the considered energy thresholds. It can
ments € 5%), produced both in ISM and SNRs. TR ratiois be seen from Figl that the source component has a littfeeet

also plotted for theeference model (dashed line) under the samefor model ya#3 ;. =0.5cnT3). When denser media are con-
propagation parameter settinge. when hadronic interactions in sidered, the secondary source component flattenB/theatio,
SNRs are turnedfi The dfect of including secondary produc-so that higher values @ are requested to match the data. This
tion in the sources translates into a slight increase at 180 Gtrend is clearly apparent in Fig.(from left to right). Similar
nucleorr?, while it reaches a factor 2.5 at 1 TeV nucleband conclusions, though weaker, can be drawn forkpg. parame-
one order of magnitude at 10 TeV nucleén ter ratio. To first approximatioB/C « L/Kp, so that the presence

of a SNR component of Boron requires a highgyL ratio to
From theB/C ratio data, we have determined the parammatch the data.

eters Ko/L and ¢ for thez type Ja SNR models of Tabl2 In summary, for the SNR models considered, the fragmenta-
We have performed & analysis using our model inter-jion in SNRs #ects the parameterof ~ 5-15% (andKo/L of
fa;ced with MINUTT. Thle dr?lta are fit above a minimal energx 2-10%), but these models cannot be discriminated by present
of Emin =10GeVnucleon’, as a compromise between thej,a pecause of the large uncertainties in the data.fifhésde-

diffusion—dominated regime and the availability of experimefaneracy is anparent by thé/df—values. which are almost in-
tal data. We have also repeated the fits down to |dwygt to test %ensitiveyto thF()epSNR pr())/plgft/ies. ’

the relevance of low energyfects under our model. The results
are shown in Figd for Eqpin =2, 5 and 10 GeV nucleot (from
top to bottom), forreference model and Ja models of Tabl@ 4.5 Re-Acceleration in Core-Collapse SNRs

(left to right). The shaded areas represent the 1-, 2— and 3-

contour limits of they?. We stress that such parameter unce-he amount of re-accelerated CRs depends on the total volume
tainties are those arising from the fits and they are conééxtwccupied by the SNRs (per unit time) and their explosion rate
to our models. Due to the complexity of the physics process@er unit volume). The fraction of re-accelerated CRs to the
involved together with the possible mis-knowledge of salertotal background CRs can be roughly estimatedNEgN9 ~
astrophysical inputs, the actual parameter uncertaini@gbe VsnRsnmese WhereVgy,is the SNR volume anglscis the charac-
much larger Kaurin et al, 2010. For instance, the publishedteristic escape time of CRs in the Galaxy. At few GeV nucfépn
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Fig. 3. Top: individual CR spectra d andC. Solid lines are the model Fig. 5. Top: individual CR spectra d& andC. Solid lines are the model
predictions for Jla#3 SNR model of Tabl2 Model parameters are aspredictions for CC #2 SNR model of Tat#eModel parameters are as
in Tablel except forg and Ko/L that are fitted to data. The Boronin Tablel except for§ andKo/L that are fitted to data. The Boron SNR
SNR component (dotted line) and the ISM component (dasmed)i component (dotted line) and the ISM component (dashed)laresre-
are reported. Bottom: thB/C ratio from the above model (solid line) ported. Bottom: theB/C ratio from the above model (solid line) and
and when fragmentation in SNR is turneff @ashed line). Data are when re-acceleration is turnef ¢dashed line). Data as in Figj.

from HEAO3-C2 Engelmann et 811990, CREAM (Ahn et al, 2009,
AMS-01 (Aguilar etal, 2010, TRACER (Obermeier et a). 2011),
ATIC-2 (Panov et al. 2007), CRN (Muller et al, 1991), Simon et al.
(1980, Lezniak & Webbel(1978 andOrth et al.(1978. vergence is reached. At each iteration, the injection @onst

Y, are re-adjusted. The resulting CR flux (standard plus re-
accelerated) is therefore determined by Ejand it is fully
specified by the source parametafsand g, In practice 5 it-

Tese ~ 2hL/K ~5Myr. The Venr is mainly determined by its €rations ensure a stable solution. Tlfieet of re-acceleration is
expansion during the ED phase; the SNR reaches a sph&iown in Fig5 for the SNR model CC #2 of Table At ener-

cal volumeVs, = Mg/(Mny), wheremis the mean mass of 91€S of~1TeVnucleon”, the re-accelerated component dom-
the ambient gas. Thus"®/N « 1/n;, which is an opposite inates over the ISM-induced component for secondary nuclei
trend with respect to the fragmentation scenario of Sdce. L Should be noted that the sources of re-accelerated CRs may
One can see that for a densily ~ 1 cnv the re-acceleration have a complex spatial distribution depending on the SNR spa

: - tial profile. In our model we used a uniform distributics(r,) = 1,
gives a small contribution to the total CR flux. On the cor)x,rarWhiCh does not limit the predicting power offflision models

for n; <0.01cnT3, the re-acceleration fraction grows signifi- . ;
cantly & few percent). However it is also important the subs LS long as the key parameters are _regardedfastlae quanti-
quent ST phase, where the SNR shock expands adiabaticall %%ntuned to agree with the dal‘qeéurln etal, .200])' However,
Ren(t) o t2/5, slowing down at the ratey(t) = t-%/5. urther elaborat|0n§ could require more refined descmgtidn

S Fig.6 we plot the fit results on the parametérandKy/L for

Using the SNR parameters of TaBlewe compute the re-
. . the core-collapse SNR models of TaBland for thereference
accelerated CR spectra as in S§2t2, usingQ'®** = f*9(p)(x), model. Compaeed to the scenario of Se@t.4, the results are

_ BN ; L . .
where f*(p) = AHASZ' Since CRs are already supra-thermafess trivial to interpret because the background CR flux tisc

we assume that all CR particles abgy® are suitable for (re- subjected to re-acceleration depends itself on the paexsiet
Jundergoing DSA. Note thad(p) is the DHM solution of Eg22 andKg/L. As consequence of this non-linearity, tkg/L best-
which, in turn, is fed by the total DSA spectra. Hence, we solfit values result less sensitive tg. The results fow are qual-

the DSA and DHM equation systems iteratively. At the first ititatively similar to those of Sec§4.4, showing an opposite de-
eration, only the standard injection term is considered {8y pendence om;. For the SNR model CC# In{ = 0.003¢cnt3,

to compute the interstellar fluX for all CR nuclei. The subse- left column), the source component dominates the secondary
quent iterations make use of the previous DHM solutidds, CR flux at~ 100 GeV nucleon' so that, at higher energies, the
to update the term®P" and Q™#° and to re-compute the to- B/C ratio becomes appreciably flat. Th&ext becomes less

tal interstellar fluxes. The procedure is iterated until do@m- significant for higher background densitiesy., CC#1 f; =
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Fig. 6. Fit results for the parametefsandKo/L of our models with re-acceleration in core-collapse SNRsURs are shown fdg,, =2, 5 and
10 GeV nucleont (top to bottom), for the SNR models CC#1, #2, #3 of Tabbnd for thereference model (left to right). The shaded areas
represent the 1-, 2- anda@-contour limits. The markers¢” indicate the best-fit parameters for each configuratioayfydf ratio is reported in
each panel.

0.1cnt3, right column) where the best-fit parameters are closiferent minimal energie€mi, =10, 5, and 2 GeV nucleoh
to those arising from theeference model fit. As for the sce- respectively. For each group, we repéytko/L and y?/df as
nario of Sect§4.4, results are limited by the sizable uncertainfunctions ofn; (from bottom to top, solid lines). The two mech-
ties in the parameters that preclude quantitative cormhgsior anisms are presented separately: the sub-panels on thsidieft
Emin = 10 GeV nucleon'. Nonetheless, the figure shows cleashow the &ect of re-acceleration in CC type SNRs, while the
trends, especially fof. They?/df values reported in each pan-right side plots are referred to the secondary productiospay-
els indicates that good fits can be done for all the considerdations in type la SNRs. The complementarity of the ti@ets
configurations, though they do not vary significantly amdmey t is apparent from the figure. In the region where they overlap,
various SNR models. n ~0.5¢cnT3, neither is relevant. The horizontal (dotted) lines
indicate the best-fit parameters under tteference model. Their
dependence ok, resembles that found iDi Bernardo et al.
4.6. Summary and Discussion (2010, which also consider fiusive reacceleration models, but
we used a dierent set of data for the parameter determination.

Our breakdown into two typga and core-collapse SNR scenara g discussed, thesference model is insensitive ton, or other

ios is motivated by the complementary dependence of the N&RUR parameters. The dashed lines indicate the paramet@runc

effects onn;. As seen in Secf4.4 and Sect§4.5 the CR re- tainties (at one of CL) arising from the fits.

acceleration is found to be important for SNRs exploding int

rarefied media which are typical of super-bubbles (inclgdiar It is interesting to note the evolution of the bast-

own local bubble), while the secondary production in SNRs istructures when the minimal enerdmin is decreased from

relevant for ambient densities similar to those of the ragi8M. 10 GeV nucleont (Fig. 7a) down to 2 GeV nuclect (Fig. 7c).

Our calculations for thé/C ratio are in substantial agreemeniyhen the low-energp/C data are included in the fits, thé/d

with the work ofBerezhko et al(2003 in the cases where the gjstribution exhibits two minima. In fact tf&/C ratio data at low

comparison can be made, though they uséigidiint approaches energies favor a slopé (~ 0.6) which is rather steeper than that

for modellng t_he acceleration as well as for the interst@tap- gphserved in high energy daté (~0.4): these two regimes are

agation. The fit results for the SNR models of Tabénd for the  matched by models of SNRs that emit secondary nuclei. In some

reference mode! are listed in Tabl@. works, e.g. Trotta et al.(2011), it is found that the secondary-
Figure7 gives a summary of our findings, showing the beste-primary ratios can be reproduced well at all energieagisi

fit parameters as functions of the SNR circumstellar denBity ¢ = 1/3 and a strong diusive reacceleration (the interstellar

panel groups (a), (b) and (c) are referred to fits performed Alfvénic speed is of the order of 30 km s*). However this de-
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Fig. 7. Best-fit parameters andK,/L and the corresponding?/df as function ofy (solid lines) for models with re-acceleration in core-apke
SNRs CC, left sub-panels) and with hadronic interactions in tyf@eSNRs l/a, right sub-panels). The panel groups (a), (b) and (c) shewith
results for data aE;, =1, 10, 5 and 2 GeV nuclech respectively, forrs,, =20 kyr. Panel (d) shows the results fay, =10, 20, 40, 60 and
80 kyr in the case OE;, = 2 GeV nucleont. The horizontal dotted lines indicate theference model parameters.

scription cannot be satisfactorily conciliated with the 0§ pure In all these scenarios the acceleration ceaseg,at 20 kyr,
power-law functions for the CR sources. On the other hared, ttvhich may not be the case given theiffdrent SNR evolution-
trends we observe suggest a possible role of SNR-fragni@mtatary properties. For instance, since the ST phase duratalassc
or re-acceleration in conciliating the low-eneiC data with as n14/7 (Truelove & McKee 1999, one may expect that core-
those at higher energies under a putéusion picture. collapse SNRs have larges,, than type Ja SNRs. However the
) ) ] ] parameterrs,, represents the time for which the SNR is active

As we stressed, the physicatects discussed in this workas CR factory and it can be highly non trivial to be estimated.
should be tested at high energies, where most of the contlexthys, in Fig7d, we give the fit results for dierent values of
of the. low-energy CR propagation can be neglected. Due to the from 10 kyr to 80 kyr Emin =2 GeV nucleon?). The dfect
scarcity of CR data above 10 GeV nuclegrthe parameter con- of ysing diferentrs, is clear. Longer is the time for which the
straints reported in Fig7a do not allow any firm discrimination sNR is active, more are the fragments produced in its interio
among the dferent SNR quels_. However the main trends aifractice the secondary CRs production in tyf@3NRs is char-
apparent. On the propagation side, all the non-standarthsce gcterized by product; rsn. For re-acceleration, a larger lifetime
ios point toward larger values fa;, which is in some tensions 5jjows the SNR to occupy larger volumes. To first approxiorati
with expectations for the interstellar turbulenc&rong etal. the intensity of re-accelerated nuclei increases agn/ni. As
2007 and with indications arising from CR anisotropy studieghown in the figure, for larger values of., the re-acceleration

(Ptuskin et al.2008. On the acceleration side, large values of gffect becomes important also for relatively high density raedi
reduce the source spectral index closer to the vaka@, which

is favored by the DSA theory for strong shocks.
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Table 3. Summary of the fit results to the propagation parameterstigdext in Sect§4.6.

Fit E >2 GeVn E >5 GeVn E > 10 GeVn

Model 5 Ko/L (kpgMyr) — x?/df 5 Ko/L (kpgMyr)  x?/df 5 Ko/L (kpgMyr) — x?/df
Ref. Model 0.50-0.03 0.01781:0.00069 15.626 0.45+0.04 0.01982-0.00149 12.3@21 0.40+0.05 0.0227@-0.00270 8.76.6
SNRa#1 0.51+0.03 0.018130.00071 15.226 0.46+0.04 0.02008& 0.00153 12.121 0.41+0.05 0.02296-0.00280 8.8M116
SNRl/a#2 0.52:0.03 0.018950.00075 14.326 0.48+0.04 0.020730.00165 11.921 0.43+0.06 0.0235%4 0.00304 8.9/16
SNR /a#3 0.55:0.03 0.02022-0.00083 13.326 0.52+0.05 0.02164-0.00185 11.821 0.47+0.06 0.02432-0.00346 9.3B.6
SNRCC#1 0.620.03 0.0189%40.00082 13.426 0.60+0.04 0.0200%0.00179 12.221 0.56+0.07 0.022140.00343 10.146
SNRCC#2 0.540.03 0.0184%40.00076 13.926 0.53+0.04 0.020030.00165 11.921 0.49+0.06 0.02258& 0.00308 9.3A.6
SNRCC#3 0.520.03 0.01798& 0.00070 15.1#26 0.47+0.04 0.0198& 0.00152 12.121 0.42+0.05 0.02269 0.00279 8.8/L6

= T TTTTTH 0.6F T T T J F T T L=
) =
@ @ . © d)
&
(@]
% 1 3
% ; 055F 30@12 m°srday | [ .
% 10_1 | 30 @36 m’sr day
o .
= 3 3 150 d
=% J . o@ msraay, Q true model (CC #2)
X T 05F 1r N
W102E o cream & Orthetal 1978 5 \ X best it (CC #2)
A HEAO3-C2 o Simon et al 1980 E Y best fit (ref. model)
s v CRN x Lezniak et al 1978 ]
10 * ATIC2 E 045 Io 0|18I — 0 :)2 — Io 0|22 Io 0|18I — 0 (I)z — Io 0|22
= AMS-01 . 2 3 ’ X \ ' ) X
AMS (150 m” sr day) ] Ko /L (kpc /Myr) Ko /L (kpc / Myr)
Lol !
7 : —
£ 2 1k g
® 1 £ 1F CE
%) < A TR ~ =-=+ 12 m° sr day B
@ S C N ]
) 5 08 — -36 m®srday —
10° - 4
C — 150 m” sr day 7
0.6 — ]
o CREAM & Orthetal 197 : 0.4 ]
- * ATIC2 o Simon et al 1980 1 r ]
i A HEAO3-C2  x |ezniak etal 1978 ] - -
= AMS-01 5 0.2 —
v CNR * AMS (150 m* sr day) C ]
10-2 L L Ll L MR | 0 1 1 P | 1
10 102 10° 0 5 10 15 20
kinetic energy (GeV/n) systematic error (%)

Fig.8. AMS-02 mock data for the elemental fluxgs and¢c (a) and their ratio (b), using the input model CC #2 of Tébnd assuming a
detector exposure factoeFL50 n? srday. The error bars are only statistics. The constrairtiset transport parameters provided by AMS-02
mock data are reported by thes3eontour levels for exposure factors®f= 12, 36 and 150 #sr day in (c) and (d). The data are fitted within the
reference model (star in panel c and dotted line in panel #dthin the model CC# 2 (cross in panel d and solid line in paheThe AMS-02
discrimination probability between the two models as a fiomcof the systematic error in the measurement is shown)iiofdF= 12, 36 and
150 n? srday. The systematic errors are assumed to be energyeindept.

5. The Projected AMS-02 Sensitivity capabilities in determining the CR propagation propeftethe
considered scenarios.

We switch now to some estimations for tA&S experiment,

that is devoted to direct measurements of galactic CRs irde wi )

range of energy. Prime goals of tAéS project are the direct 5-1. Projected data

search of "’.‘m"nUCI.G' and the |nd|re_ct search of dark MAlEl-  he AMS-02 sensitivity to CR nuclei measurements is studied
cles. The first version of the experimeAMS-01, operated in a by the generation ofnock data for a given input model. The

test flight on June 1998. The final version of experimams- . ; } L
02, was successfully installed in thaternational Space Sation ggrenrzgsogjetxg:ﬁfzﬁgésiSr%?\%?]egyw S-02 at the kinetic

on May 2011 and will be active for at least 10 yeak#S-02

is able to identify CR elements frod = 1 to Z = 26 and E,
determine their energy spectra fron0.5GeV to~ 1 TeV per AN; = ¢i(E)-&;-G;-T;-dE, (27)
nucleon with unprecedented accuracy. We estimatahg-02 E

whereg; is the input spectrung; is the detector geometric fac-
1 http://www.ams02.org tor, &; is the detectionféiciency andr; is the exposure time. All
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these quantities are in general energy-dependent andlparti 08
dependent. Relevant for our estimates is the exposurerfacto
F = EGT that we take as energy and particle independent. We
consider the cases ¢f =12, 36 and 150 fsr day. For values

of, eg., G =0.45nfsr and& =90%, our choices correspond
to 1 month, 3 month and 1 year of time exposures, respectively
We adopt a log-energy binning using 9 bins per decade between 0.6
10 GeV and 1 TeV per nucleon. TA&1S-02 mock data for th&
andC fluxes and their ratio are shown in F&a and8b. The CR
fluxes,¢s and¢c, are calculated using the SNR model CC#2
(Table?) as input model. This “true” model is characterized by
SNR parameters; =0.01cnT® and gy, =20Kkyr, and trans-
port parameter&y/L =0.01847 kpc Myr! ands =0.57. From
Eq.27, we compute the statistical error of ea®IC data point as

1/ VANg + 1/ VANc. Nonetheless, CR measurements are also
affected by systematic errors, that become more and more im- 0.3
portant as the precision increases with the collectedstitzgi

AMS sensitivity @ 95% CL

0

o
3

o
3

OT»““\““\““\““\““

I
N

12 m? sr day [ 5% sys

[ 36 m?srday 0 5% sys
I 150 m? sr day O 5% sys ]
L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L J
1 2 3 4 5

n, (cm?)

Fig. 9. AMS-02 discrimination power for models with secondary pro-
duction in SNRs. Each point in then( 6)—plane represents an input

. . . model with fragmentation inside SNRs witk,, = 20 kyr. The parame-
We fit the B/C ratio mock data IeaVIngo/_L and(_i as free pa- ter Ko/L is taken to match the existirg/C ratio data. The shaded areas
rameters. These parameters are determined withirete@nce  coyer the parameter region whek#1s-02 is sensitive at 95% CL for

model (re-accelerationf®) and within the “true” re-acceleration the exposure” =12, 36 and 150 fsr day. The systematic errors are
model CC#2 of Tabl@. As shown in Fig8b, both the mod- assumed to be 5% of the measuB#@ and constant in energy.

els can be tuned to reproduce thk!S-02 mock data, but they

exhibit different functional shapes and deviate at high energies.

The contour plots in panels (c) and (d) correspond to the best

fit parameters of the two models. Contour levels are showia data. Then we define the true model using 7sn;} as source
for 3-o uncertainty corresponding to the three exposure factgrgrameters anfd, Ko/L} as transport parameters. From the true
¥ . As expected, the re-acceleration model fit (d) returns bagkodel, we generate th&vVS-02 mock data for a given exposure
the correct parameters, while tiheference model fit (c) mis- factor, 7, and 5% of systematic error. Thus, we re-fit the mock
estimates parameters due to our inaccurate assumptiome orB/C ratio, leavingKo/L andé as free parameters, within tief-
source properties. In fact, when theference model is forced erence model and within the true SNR scenario (fragmentation
to describe the data, the spectral distortion induced byrehe specified byn;). Finally, we estimate th&MS-02 discrimina-
acceleration is mimicked by the use of a lower valuestagiven tion probability for the two models. The shaded areas of %ig.
the precision of théAMS-02 data, this represents the dominaripdicate the parameter region where #S-02 discrimination
“error” in the parameter determination. As apparent from trsucceeds at 95% CL fof =12, 36 and 150 fhsr day. The figure
figure, theAMS-02 data set tight constraints to the propagatioshows thahAMS-02 is sensitive to a large region of the parameter
parameters. For instancgjs determined with a precision bet-space, except for smail} values (small secondary SNR compo-
ter than< 10% within 3-e of uncertainty. Thes—n; degener- nent) angor smalls values (hard ISM component), when the in-
acy may be lifted as done iBastellina & Donatq2005, i.e, tensity of the secondary source componentis too weak taadu
by a statistical test to discriminate the two fits. As long alyo appreciable biases in the propagation parameters. THishe
statistical errors are considered, we find that the disc@ton case of Kolmogorov-like diusion ¢ =1/3) which, however, is
between the two scenarios is always possible for the three cdisfavored by our analysis of the real data. These congides
sidered exposures at 90 % of CL. Theeet of systematic errors can be much strengthened if one considers the independent co
in the data is shown in Fige, where we plot th&MS-02 dis- straints that may be brought by oth&@S-02 data such as, for
crimination probability versus the relative systematimerOur example, the ratiop/p, Li/C, F/Ne or Ti/Fe. In summary, our
calculation assumes constant systematic errors (addeddra- estimates show thaiMS-02 has good performances in deter-
ture to the statistical ones), but these consideratioondalkl for mining the CR transport parameters, providing tight caists
energy-dependent systematic errors if their energy ridess and considerable progress in understanding the CR actietera
pronounced that than the statistical errors. The solichethand and propagation processes.

dotted lines represent the cases/of 12, 36 and 150 rfsr day

respectively. In order to achieve a discrimination of 90% ie )

systematic error has to be lower thar#%, 8% and 10% for the 6- Conclusions

three considered exposures. A 95% CL req_uirement also ,neWéhave studied the CR propagation physics under the sosnari
that# to be larger than 12 frsr day. We consider these requireyhere secondary nuclei can be produced or re-accelerated fr
ments as reasonable fAMS-02, because the measurements Qfa|actic sources. We have considered the processes oftsgon
elemental ratios are only mildly sensitive to systematiorsr:. productions inside SNRs and re-acceleration of backgr@Rsl
Similar conclusion can be drawn for models with fragmernin strong shocks. The two mechanisms are complementary to
tation in SNRs. In this case we have explored a large regionedch other and depend on the properties of the local ISM droun
the parameter spagge—o, with § =0.3-0.8 andy =0-5cnT®.  the expanding remnants. The secondary production in SNRs is
Our estimate is carried on as follows. For edeh 5} parameter significant for dense background medig,> 1 cnv3, while the
combination, we determin€/L from fits to the existindgd/C ra- amount of re-accelerated CRs is relevant for SNRs expanding

5.2. Discrimination Power
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into rarefied mediap; < 0.1cnT3. Consequence of both mech-Obermeier, A., Ave, M., Boyle, P. J., Hoppner, C., Hordnde R., & Miiller, D.,
anisms is a slight flattening of the secondary-to-primatipsaat o timcl' DAIOJ,t7?2,13‘; éT/iUng;% 471161

energies above 100 GeV nucleon’. For B/C ratio the increse P;m’N, 'A_;’DP: gt"al_’ ZobgypBl’J"_ Russian Acad. Sci., 73BR—605 (ATIC)
may be a factor of few at 1 TeV nucledrand reach an order of po 00 A D, et al. 2007 Proc. of 30th ICRC (Mérida), 2, 31@)
magnitude at 10 TeV nuclech Modeling these fects intro- ptuskin, V., Zirakashvili, V. & Seo, E. S., 2010, ApJ, 718,36

duce an additional degeneracy between the source and ise tr&tuskin, V., Jones, F. C., Seo, E. S., & Sina, R., 2006, AdvRes., 37, 1909
port parameters. The filision codficient indexs, determined _ 1912

. Silberberg, R., Tsao, C. H. & Barghouty, A. F., 1998, ApJ, 5811-919
from the B/C ratio measurements abovel0 GeV nucleont, Simon, M, et al., 1980, ApJ, 239, 712724

turns out to be mis-estimated by a factordE5 % if the underly-  sirong, A. W., Moskalenko, I. V., & Ptuskin, V. S., 2007, Aiev. Nucl. & Part.
ing model does not account for the hadronic production in SNR  Sci., 57, 285-327
with n; >2cm3 or for re-acceleration wittn; <0.02cnt3.  Swordy, S. P., Miller, D., Meyer, P., L'Heureux, J. & Gruelsf, J. M., 1990,
Nonetheless, the current uncertainty is much larger as the ex- Taiﬁgt:]';“‘% &2?1;?\3%((:;%)3 AGA. 402, 971-983
Isting data stfer for lack Pf precision ak > 10 GeV nucleont. _Trotta, R., Johannesson, G., Moskalenko, I. V., Portef.TRuiz de Austri, R.
We have shown that this degeneracy may be at least partially Strong, A. W., 2011, ApJ, 729, 106-122
broken with data collected by high precision experimenthsuTruelove, J. K. & McKee, C. F., 1999, ApJ, 120, 299-326
asAMS-02. Would propagation in the Galaxy be described Wandel, A., Eichler, D., Letaw, J. R., Silberberg, R. & Ts@oH., 1987, ApJ,
a Kolmogorov spectrums&0.33), it will not be mis-understood 316, 676-690
with possible sourcefiects described in this work, because they
are expected to give small distortions to the har@ ratio. On
the other side, we have shown that for 0.4 — 0.8 anAMS-
02 like experiment will be able to discriminate pure progaga
trends from a source contribution. Data around TeV nuciéon
energies will be clue at this aim. Systematic errors coethin a
~ 10% level will not prevent a clear discrimination betweef
erence model propagated CRs and a non negligible source pro-
duction.
Data from single elements and antiprotons will contribute
to identify the possible sourcdfects studied in this research.
Further inspections, including the revision of the role ofe
vection and dfusive reacceleration, require more data at high
energies. They may be released soon by a number of ac-
tive experiments. The long duration balloon projects CREAM
and TRACER, and the space missiohgS-02 and PAMELA
are currently exploiting unprecedented sensitivities andrgy
ranges. Their data will provide valuable pieces of inforioat
about the CR acceleration and propagation physics.
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