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Abstract

We use our numerical code, DRAGON, to study the implicatmfivecent data on our knowledge
of the propagation properties of cosmic ray nuclei in thea®al We show that BC (as well as
N/O and QO) data, including those recently taken by CREAM, auig data, especially includ-
ing recent PAMELA results, can consistently be fitted witainnique difusion-reacceleration
model. The requirement that light nuclei apdlata are consistently reproduced within experi
mental uncertainties places significant limits on the maoppgation parameters. In particular,
we find the allowed range of theftlision codficient spectral index to be®< ¢ < 0.6 at 95%
confidence level and that Kraichnan typéud$ion is favored with respect to Kolmogorov. While
some amount of reacceleration is required, only a limitedjeaof the Alfven velocity value
(10 <va <20 km s?) is allowed by a combined analysis of nuclear and antiprdta, which
we perform here for the first time. If antiproton data are regdito constrain the propagation
parameters, a larger set of models is allowed. In this caselatermine which combinations of
the relevant parameters maximize and minimize the antpréitix under the condition of still
fitting light nuclei data at 95% C.L. These models may thend®uo constrain a possible extra
antiproton component arising from astrophysical or exatigrces (e.g. dark matter annihilation
or decay).

Keywords: Cosmic rays

1. Introduction

The problems of origin and propagation of Cosmic Rays (CR#)é Galaxy are long stand-
ing questions and the combination of severdledent observations in a wide energy range is
required to understand them at least partly.

The most realistic description of CR propagation is giverdiffusion models. Two main
approaches have been developed so far: analytical (or aeahytical) diftusion models (see
e.g. [1] and ref.s therein), which solve the CR transportiqn by assuming simplified distri-
butions for the sources and the interstellar gas, and fulhgerical ditusion models. Well known
realizations of these two approaches are respectivelytbezone modekee e.g.[2,/3,/4]) and
the GALPROP packagel[5 B, [7, 8]. Recently, some of us deedl@new numerical code,
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DRAGON (Diffusion of cosmic RAys in Galaxy modelizatiON) [9]. All thes@dels involve in
general a large number of parameters which need to be fixad asveral types of experimental
data. Their knowledge is crucial not only for CR physics Hsbdor constraining or determining
the properties of an exotic galactic component from indineeasurements.

However, in spite of the strondferts made on both observational and theoretical sides, most
of these parameters are still poorly known. One of the rezlesin the fact that best quality data
on CR spectra (e.g. the ratios of secondary to primary nusfeecies) were available mainly at
low energy E < 10 GeV/n), where several competing physical processes (e.g.reoldulation,
convection, reacceleration) are expected fled significantly the CR spectra by anpriori
undetermined relative amount. Furthermore, the unceigsion the spallation cross sections
and their éfects on the propagated CR composition are still sizableddt lswv energies.

On the other hand, the interpretation of high eneigy (10 GeV/n) CR data s, in principle,
easier since in this range only spatiaffdsion and spallation losses (the latter becoming less
and less relevant with increasing energy) are expectedapesthe CR spectra. Furthermore,
other uncertainties related to the physics of solar moatuiand to poorly known nuclear cross
sections are reduced by considering only data at energiggerldnan several GeX. Hence, the
study of high energy CR spectra allows in principle to caaistthe plain difusion properties of
CR in the Galaxy, in particular the strendil of the difusion codficient at a reference rigidity
and its energy slop& and dters a lever arm to better understand low enefigots (see [10] for
an interesting discussion about this issue). This podyibias been precluded for long time by
the scarcity of observational data.

The experimental situation however improved recently witenCREAM balloon experi-
ment measured the spectrum of light CR nuclei and espedralyporon to carbon ratio (B)
up to~ 1 TeV/n [11]. Besides CR nuclear measurements, valuable complanyedata were
recently provided by the PAMELA satellite experiment whitleasured the antiproton to pro-
ton ratio up to~ 100 GeV with unprecedented accuracy [12]. Other valualjpeemental data
are expected to come from AMS-02 [13] which will soon be illsthon board of the Interna-
tional Space Station. As for other secondary nuclear speai@iprotons are produced by the
spallation of primary CRs (mainly protons and Helium nucieithe standard scenario. There-
fore, their spectrum may provide an independent and conmgriéamy check of the validity of CR
propagation models and a valuable probe of an extra compwarech may arise, for example,
from secondary production in the CR astrophysical souttés 15] andor from dark matter
annihilation or decay (see e.q. [16] 17, 18, 19]).

Whether the measured secondprimary nuclear ratios and antiproton spectra are fully-com
patible within the framework of a standard CR transport mélstill not completely clear. In-
deed, while a discrepancy between the parameters allowingproduce the & and thep/p
was claimed inl[20] (see alsol[8]), a good concordance wasddn other analyses [16, 21].
Furthermore, even the interpretation of nuclear data ail®séll confused: analyses based on
the leaky-box and semi-analyticalfilision models favor values &f significantly larger than
the ones found with the numerical GALPROP package. The cdsguaof such results is not
straightforward due to a number offidirent assumptions. Hence, an independent analysis ac-
counting for most recent available data is timely.

In this work we use DRAGON [9] to constrain the mairfitdsion parameters against updated
experimental data in the energy rangg E < 10° GeV/n. This code reproduces the results of
the well known GALPROP under the same conditions. Furtheeniballows to test theféects of
a spatially varying dtusion codicient. Here we use the optimized and updated version of this
code, which now accounts for ionization and Coulomb eneoggéds, diusive reacceleration
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and convection, and exploits the performances of moderrpoten clusters to scan a rather
large range of parameters under realistic physical canditiThese upgrades allow to constrain
the difusion codficient normalization and spectral index, as well as the difwelocity va,
with unprecedented accuracy by means of a statistical sisaly the agreement between model
predictions and CR data including recent nuclear and attprdata.

In the following we will present the results of this analysis Sec[2 we briefly review the
framework of CR propagation we adopt. In SEc. 3 we describeapalysis and constrain the
diffusion parameters. In the same section we also discuss hotv theicecondary antiproton
spectrum is allowed to vary under the request that the prestiiC, N/O and GO ratios are com-
patible with the experimental data. In $éc.4 we introduceftective ditusion-reacceleration
model which allows to match all relevant experimental dadamto E ~ 0.1 GeV/n. Finally
in Sec.4b anfll6 we compare them with results from other granggdiscuss diierences and
implications for exotic source searches. Secfibn 6 is @rrttevoted to our final remarks and
conclusions.

2. The CR propagation framewor k

Galactic CRs propagateftlisively in the irregular component of the Galactic magniiticl
undergoing nuclear interactions with the gas present innteStellar Medium (ISM). Simi-
larly to previous treatments, we assume here that CR Gealactirce, magnetic field and gas
distributions can be approximated to be cylindrically syatric. Under these conditions, and
in the energy range we are interested in, CR propagatiorabfeshuclei obeys the well known
transport equation (Ginzburg and Syrovatskii [22])

oNi N N i 0 , 0N
o V-(DV-v)N +8p (p 3V Vc)N 6pp Dppap P2
= QP2+ ) Bgadr, Do N - GBgagrin(EIN' (1)

j>i

HereNi(p,r, 7) is the number density of thHeth atomic specie is its momentumg its velocity

in units of the speed of light; o, is the total inelastic cross section onto the ISM gas, whose
density isngas oij is the production cross-section of a nuclear spefi@sthe fragmentation of
thei-th one;D is the spatial dfusion codficient; v, is the convection velocity3 is the particle
speed in units of. The last term on the I.h.s. of Edl (1) describefudiive reacceleration of CR

in the turbulent galactic magnetic field. In agreement toghasi-linear theory we assume the
diffusion codficient in momentum spadey,, to be related to the spatialftlision codficient by

the relationship (see e.q! [1Dyp = 2/D wherev, is the Alfvén velocity.

Ba-DE_ P
Here we assume thatftlisive reacceleration takes place in the entifeudive halo.

Although DRAGON allows to account also for CR convection, weglect this &ect in the
present analysis showirg posteriorithat it is not necessary to consistently describe all the
available data above 1 GéN (see Se¢.]5). Hence in the following we will set= 0. By this we
do not mean that CR data implies that the physical valug &f actually vanishing but only that
an dfective description of their propagation is possible evawifvection is disregarded (see the
discussion at the end of Sgc.5).

DRAGON [9] solves Eq.[{1) numerically in the stationary ltdiN; /0t = 0 by imposing the
following boundary conditionsN(p, Rmax 2) = N(p, T, Zmin) = N(p, T, Zmay) = 0, corresponding
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to free escape of CRs at the outer limit of the Galaxy; a symyreetndition on the axis = 0,
N(p,0+ €2 = N(p,0 - ¢,2) (e < 1), due to the assumed cylindrically symmetric setup; a null
flux conditiondN/dp = 0 on the momentum boundaries, which stems for the fact thitities at
null momentum should not lose momentum anymore. Even ththeghresence of reacceleration
can dfectively invalidate this condition, by producing a net flugrh low to high momenta, we
remark that this canféect only the part of the spectrum close to the momentum baynéar
this reason, we adopt an energy grid whose extrema are wellaad well above the minimal
and maximal energy of the data set we consider. In such a wayesults are in fact independent
of the momentum boundary conditions we impose. The spatidtisl of our simulation box are
defined byRmax = 20 kpc antzmax = —Zmin. We start the spallation routine frofh= 16, having
verified that the #ect of heavier nuclei on the results of the present analgsiggligible when
compared to other uncertainties, being below the 1% level.

We briefly recall below the main assumptions we make for theseappearing in Eq.1).

2.1. Spatial dfusion cogicient

The dependence of theftlision codficientD on the particle rigidityo and on the distance
from the Galactic plane is taken to be (here we assurbeto be cylindrically symmetric and
independent on the Galactocentric radijs

)
D(p,2) = Do B (pﬁo) expllz/z} . 2)

whereg is the particle velocity in units of the speed of lightAs shown inl[9], a vertically grow-
ing D is physically more realistic than a uniform one and allowgéba more regular behavior
of the CR density at the vertical boundaries of the propagdialo with respect to the case of
uniform diffusion. As far as the analysis discussed in this paper is coadehowever, the sub-
stitution of such a profile with a vertically uniforid only requires a change of the normalization
factorDg. Generally, the valug = 1 is adopted in the related literature. This parameter, how-
ever, is not directly constrained by independent obsarmatand other values have been recently
considered (see e.g. [44]). We neglect here a possible depea on the radial coordinate
which was considered also in [9]. We always &gk = 2 x z in Eq. (2) to avoid borderféects,
andpo = 3 GV in the following. Finally, we assume no break in the povesv dependence dd

on rigidity, and we checked that our results do not dependherchoice oy, but only onz,
which then acts as thefective vertical size of the ffusive halo.

2.2. Cosmic ray sources
For the source term we assume the general form

Q(Ear.?) = 15(n 2 6 (’%) -

3)
and impose the normalization conditidg(re,z,) = 1. We assumds(r, 2) to trace the SNR
distribution as modeled in_[23] on the basis of pulsar andjpnitor star surveys [24]. This is
slightly different from the radial distributions adopted|in/[25] and_in4Pwhich are based on
pulsar surveys only. Two-zone models assume a step likendepee offs(r, 2) as function of,
being 1 in the Galactic disk4 < z;) and 0 outside. For each value®in Eq. (2) we fixa; by
requiring that at very high energfy > 100 GeV/n) the equalityy; + § = ¥; holds, as expected
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in a plain difusion regime. Indeed, at such high energies reacceleratidspallation processes
are irrelevant. Here we adopt the same spectral inglex (y, hencea; = «) for all nuclei as
indicated by recent experimental results [26,[27, 28].

The low energy behavior @ is quite uncertain and severaf@dirent dependencies §f on
the velocitys have been considered (see e.g. [2]). In the energy rangerexbpin this work,
however, diferent choices of such behavior have negligiifees. This strengthens further the
importance of relying on high energy data to reduce systematertainties.

The injection abundancqg are tuned so that the propagated, and modulated, spectra of p
mary species fit the observed ones. Here we choose to noetladizsource spectra of Oxygen
and heavier nuclides to reproduce the observed spectrasra@R~ 100 GeVYn. On the other
hand, Carbon and Nitrogen (which, together with Oxygen ipasgiect the BC) injection abun-
dances (with respect to Oxygen) are free parameters, oviehwie marginalize our statistical
variables in our analysis, in a way which we will describe @t®r3. Our data basis for Oxygen
and heavier nuclei is constituted by ACERIS datal[29]. For B, C and N, besides CREAM’s, we
use experimental data provided by the HEAQ-3 [30] and CRN $afellite-based experiments.
HEAO-3 B/C data are nicely confirmed by a recent preliminary analysishS-01 data [32]
which, however, we do not use in this work.

We verifieda posteriorithat the observed Oxygen spectrum (see below), as well as the
subF¢Fe ratiod, are reasonably reproduced by our best-fit model.

For the primary proton local interstellar spectrum (LIS)ad®pt], = 1.6x10* (Ex/1 GeV) 2"
(m? s sr GeVy*! as measured by BESS during the 1998 flight [33]. This specaismprovides
an excellent fit to AMS-01 [34] data and, as we will show belalgp to preliminary PAMELA
proton spectrum data [35].

What is most important here, however, is that we assume nrapéreaks in the source
spectrum of all nuclear species. As we will discuss in Sebisgoint is crucial to understand
the ditference between our results and those of some previous works.

2.3. Nuclear cross sections

The spallation cross sections and the spallation netwalbased on a compilation of ex-
perimental data (when present) and semi-empirical enezggmdent interpolation formulas as
provided e.g. inl[36, 37, 38] (see also GALPROP, [7] and ezfees therein, from which data
and some related routines have been obtained and includRAGON as an external library).

For antiprotons, the main processes responsible for thedyztion arep — pgas P — Hegas
He — pgas and He— Heyasreactions, plus a negligible contribution from other nucimilarly
to [20,/21] we adopt the production cross-section calculated using the paranagimiz given
in Tan & Ng [39]. Inelastic scattering, annihilation andti@ry p (antiprotons which have been
inelastically scattered) are treated as in [20].

In order to test the possible dependence of our results daragsical uncertainties on those
cross sections, we performed several DRAGON runs usingaatiifierent set of nuclear cross
sections as determined in [40] (see BEkc.5).

2.4. Targetgas

The ISM gas is composed mainly by molecular, atomic and &xhlzydrogen (respectively,
H», Hl and HIl). Here we adopt the same distributions aslin/[5V#} checked that other possible
choices do notféect significantly our final results.

1 To compute these ratios, of course we extended our numsiioalations up t& = 28.
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Following [41] we take the H&l numerical fraction in the ISM to be 0.11. We neglect heavier
nuclear species.

2.5. Solar modulation

We describe thefect of solar modulation on CR spectra by exploiting the wideled force-
free approximation [42], prescribing that the modulateelcspumJ(Ey, Z, A) of a CR species is
given, with respect to the Local Interstellar Spectrum {LISs(Ex, Z, A), by

Ex + m)2 — ¥ z
Ecrm > Jus(Ex + %QZ,A), 4)
(Ex+m+ 22)" -

JELZA) =

wheremis the nucleon mass adlis the so called modulation potential. This potential isikno
to change with the solar activity with a period of 11 yearsniist be stressed that the potendial
is not a model independent quantity. Rather, for each pratagmodel it should be obtained by
fitting the CR spectra at low energy. The possibility of resitng our analysis tdyx > 1 GeV/n
will reduce the systematic uncertainties associated souhknown. Above 1 Gekh the dfects
of modulation on the seconddgpyimary CR ratios used in our analysis are tiny and can sately
accounted for by means of the simple force free approximatio

For protons and antiprotons we use a potential which allowveatch BESS98 [33], AMS-
01[34] and PAMELA [35] proton data even well below 1 Ge\(see Figl 5(¢)). Indeed all these
experiments took their data in a period with almost the saamapst minimal, solar activity.
Although a more complicated and realistic treatment ofrsmladulation, accounting for charge
dependentféects, and the 22 year cycle change of polarity associateoldo gfects, might be
needed when dealing withy p ratios forEx <1 GeV/n (see e.g.[43]), we decide to work in the
framework of the force-free field approximation and show ateiori that the data considered
in our analysis can naturally be described in that framework

3. Analysisand results

Our goal is to constrain the main propagation parameteds, z andva entering Eq.[(R). To
this aim, we compare to experimental data our predictiorifferfollowing physical quantities:
the B/IC, NJO, C/O ratios for 1< Ex < 10° GeV/n and thep/p ratio for 1 < Ex < 10° GeV/n. We
will checka posteriorithat also the Oxygen, proton and antiproton absolute spaotrcorrectly
reproduced by our preferred models. In order to test theaake of low energy physics on our
constraints of the diusion-reacceleration parameters, we perform our andtysikree diferent
values of the minimal enerd¥n,in. We will then motivate the choice of the most suitable value
of Enmin.

As long as the propagation halo scale height is allowed tg wadthin the range 2< z <
6 kpc (which is what we assume herB)y andz are practically degenerate so that our results
depend only on the ratiDg/z. Throughout this paper we will always express this quaritity
units of 138 cn? s 1 kpc . We verifieda posteriorithat for this range of; values, the predicted
10B¢/°Be ratio, which constrains the CR propagation time hencedinéical scale height of the
propagation region [1] when combined with secondaniynary stable nuclei data, is consistent
with experimental data.



3.1. Light nuclei ratios

3.1.1. Method

We already showed[9] that in order to constrain correcttyglopagation parameters on the
basis of BC measurements it is essential to take into proper accoatttth main primary parent
species of Bordhare also ected by propagation. This holds not only for the Nitroger=(KN
+ 15N), which gets a significant secondary contribution, bub &s Carbon and Oxygen, since
for Ex < 100 GeV/n their spectra are shaped by spallation losses in a prdpagipendent
way. Therefore, we perform our likelihood analysis in theeeps:

1. for fixed values of the propagation parameigss, andDo/z we vary the @O and NO
source ratios to compute théld (which we caIIXéNyO) of the propagated, and modulated,
C/O and NO ratios against experimental data in the energy rangél < 10° GeV/n;

2. forthe same fixed value gf, we finely sample the parameter spat;dp/z) by using, for
each couple of these parameters, th® &nd NO source ratios which minimizsg%’Nyo; for
each of these realizations we compute gR¢which we caIIXé/C) for the BIC modulated
ratio against data witk > Epp;

3. we repeat the same analysis for several valueg ¢d probe the ffect of difusive reac-
celeration. For each value g@f we then determine the allowed rangesi@ndDg/z for
several Confidence Levels (CL).

In [9] only items (i) and (ii) were performed, fa, = 0 and without accounting for CREAM
data, not yet public at that time.

The wide energy range covered by these recent data allovespesform our analysis using
three diferent energy intervals defined IBtin = 1, 5 and 10 GeYn respectively and by the
sameEmax = 1 TeV/n.

As we already stated in the above, we do not account in ouysigdbr light nuclei and
antiproton data with energy below 1 G#aVas they are féected by poorly known low energy
physics and are not necessary to constrain the high ener@yvioe of the dffusion codficient,
which is the main goal of this work. In Sdd. 4 we will show, heer that specific models which
fit all data even below that energy can be built, adoptirftudion codicients allowed from our
analysis.

3.1.2. Results

In Tab.[1 we report the best-fit model parameters, and théwelminimalx s, as deter-
mined for several values of andEin.

First of all we notice that in the highest energy ranggif = 10 GeV/n) the best-fit model
values of§ and Do/z are weakly dependent on the Alfvén velocity. In particuthe best fit
values ofs stays in the very narrow ranged@+ 0.46 varyingva from 0 to 30 knys. This agrees
with the common wisdom that reacceleration is almodftewive at such high energies (see also
Fig.[2(a)).

The most useful results, however, are those obtainel fgr = 5 GeV/n since that thresh-
old provides the best compromise between the two oppogijtdrements: 1) to include in the

2 A non negligible contribution to th&B comes from the beta decay ¥Be, which is properly accounted for in our
analysis.
3Every time we refer to &2, we mean thg? divided by the number of degrees of freedom, i.e. the sod:atiduced
X
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Figure 1: The 68%, 95% and 99% confidence level regions of DAKNG@nodels, computed fdEn,i, = 5 GeV/n are
represented in the planB§/z, 5). For the 68% confidence level the corresponding value offfigalso shown. The red
crosses show the best-fit position. Each row corresponddtereht values of the Alfvén velocitya = 10, 20, 30 kny/'s
from top to bottom. Each column corresponds tdetient analyses: B (left panels) p/p (center panels) and combined
(right panels).



Table 1: Best fit parameters, and the correspongifigalues resulting from comparing our model predictions with
nuclear experimental data alone/Banalysis) and with nuclear amg p combined data (combined statistical analysis),
as described in text. The values correspondingt@ = 5 GeV/n for the combined analysis, which are used to constraint
our models, are reported in bold.

B/C analysis joint analysis

valkm/s] | Emin[GeV/n] | 6 Do/z [ x* |6 Do/z | x*
1 0.57| 0.60 | 0.38| 0.47| 0.74 | 3.25
0 5 0.52| 0.65 [ 0.33] 041|085 | 204
10 0.46| 0.76 | 0.19| 0.44| 0.82 | 157
1 0.52| 0.68 | 0.32| 0.49| 0.71 | 1.47
10 5 0.49|0.71 | 0.28| 041 | 0.85 | 1.69
10 0.44] 0.82 | 0.20| 0.44| 0.82 | 0.12
1 0.46| 0.76 | 0.33| 0.47| 0.76 | 0.94
15 5 0.49|0.73 | 0.26| 044 | 0.82 | 0.12
10 0.44| 0.84 | 0.18| 0.41| 0.98 | 0.16
1 0.41| 0.90 | 0.47| 0.47| 0.79 | 2.28
20 5 0.44)| 0.84 | 0.22| 044 | 0.84 | 0.85
10 0.44| 0.87 | 0.20| 0.44| 0.85 | 0.98
1 0.33] 1.20 | 0.40| 0.33| 1.20 | 5.84
30 5 0.38| 1.06 | 0.20| 0.36 | 1.09 | 247
10 0.41|0.98 | 0.16| 0.38| 1.04 | 1.61

analysis more experimental data and 2) to work in an enemgerathere propagation is as less
as possible fected by poorly known low energy physics. For example, pdessiharge de-
pendent drift €ects in the solar modulation (see e.g.|[43, 20]) can be safedjected in that
energy range. Best fit parameters and confidence level asnbdtained for that value d&pin
are showed in Tabl 1 and in FIg. 1 respectively.

From both we notice that all considered valuesvgfare almost equally permitted by the
B/C x? analysis, and that the— Dy/z allowed region slightly moves towards la¥s and large
Do/z’s asvy is increased from 0 to 30 kfa. While Kraichnan dfusion is clearly favored in the
case of low values ofa, Kolmogorov becomes favored, fox > 30 km/s. The choice among
those model, however, isfticult in the absence of an independent estimate, o¥We will show
that the antiprotofproton data break such degeneracy.

In Fig.[2(@) we show thefect on the BC ratio of varyingva keepings andDy/z fixed to
the value (045, 0.8) which will be motivated below.

3.2. Antiprotons

The statistical analysis for thg/p ratio is rather simpler than the one fof@® Indeed, the
secondaryp production depends, besides Bg/z, § andva, only on the source abundance
ratio Hgp. This last unknown quantity can be easily fixed by lookinthatmeasured spectrum
of He at Earth, which is relatively well known. Therefore, @e not need to fit the source
abundance ratio here and can directly proceed to ma,p%l} én the Do/z, ) space, for several
Va, Similarly to what described in items (ii) and (iii) of theguious subsection.

In the second column of Figl 1 we show the statistically alldwegions in the plan®g/z, 6)
for several values of, and compare them with the corresponding regions deternfinedthe
light nuclei analysis (first column in the same figure). ThHewaéd CL region is significantly
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larger than that determined from the light nuclei analydis(to the larger experimental errors)
and they overlap only for some values of the Alfven veladityfact, it is remarkable that the,
varying behavior of those regions is almost opposite sortbiall values of/4 are allowed by a
combined analysis (see S€c.13.3).

3.3. Combined analysis and constraints on the propagataameters

A combined analysis of light secondgpyimary nuclei and antiprotgproton data can be
performed under the working hypothesis that CR antiprotmanly of secondary origin.

' . 1 .
We define the combined reducetiasZ,, = 5 (xBc + x2yp)- The CL regions for several

values ofvy are reported in the third column of F[g. 1 and the correspumbiest-fit parameters
in Tab[1. Again, here we use only data wiEh> En,i, = 5 GeV/n.

As we anticipated in the previous subsection, in generaCiheegion allowed by the com-
bined analysis is smaller than thg@Bone.

Indeed, while the parameter regions constrained by jeaBdp/p data nicely overlap for
10 <va <20 km s, models outside this range do not allow a combined fit of baita dets at
the required level of statistical significance (higher tB&#0). The fact that only a limited range
of the Alfven velocity values are allowed is consequenabefdiferent behavior of the & and
p/p ratios withva due to the dierent spectral shapes of these ratios. This is a new and quite
interesting results.

Itis reassuring to notice that the results of the analysiopmed forEni, = 5 and 10 GeYn
are practically coincident, which makes us confident thatdabmbined analysis performed for
Emin = 5 GeV/n probes already the purelyfilisive CR regime. It is also remarkable that the
best fit values 06 andDg/z stay almost unchanged when varywg In particular §, Do/z) ~
(0.4 - 0.45,0.8) for all allowed values of/y = 10— 20 kms? of the Alfven velocity. This
makes us confident that the combined analysis performeBfar= 5 GeV/n best probes the
diffusion-reacceleration parameters .

Among those considerag, = 15 km s is the Alfvén velocity value which minimizes the
x? of the combined analysis, hence it gives rise to the bestaveetween the light nuclei and
the p/p confidence regions. This is also visible from Fig.s P(a)[afif] @here the BC and the
p/p ratios computed with¥ Do/z) ~ (0.45,0.7) are plotted for severah’s. Itis also interesting
to notice that the dependence of iy ratio onv, is driven by that of the proton spectrum since
the absolute spectrum is practically uigected by re-acceleration (see Fig.R(c)). We stress that
Fig.s[2(a),2(d) are given here mainly for illustrative mas since, below few GeX some other
physics needs clearly to be introduced to reproduce fRedata (see SeCl 4).

Since theva = 15 kms* combined analysis CL region is the largest, it also provilesnost
conservative constraints @nandDy/z. They are B <6 <0.6 and 06 <Dg/z <1 at 95% CL.

It should be kept in mind that our analysis accounts only fatigtical experimental errors.
Several systematic uncertainties, however, mi@gca our constraints too. Among them, sys-
tematic errors in the experimental data, uncertaintieénGalactic gas density and hydrogen
fraction distributions and nuclear fragmentation crossisas play a major role. A detailed dis-
cussion of the possible impact of these uncertainties odéktermination of the CR propagation
parameters is beyond the aims of this work. A thorough aisalyas recently performed in [44]
showing that, if low energy data are accounted for (whichunesg to introduce several unknown
parameters with respect to those considered in this wolksystematic uncertainties on the
Dy, 6 andva can be comparable, or even larger, than the statistical dthesever, the former
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uncertainties are significantly smaller if one considellg arsubclass of models without convec-
tion and keeping fixed other parameters which only mattevs/&hergies, as we do in this work.
For example, it was shown ih [44] that for models with= O the dfect of considering dierent
cross-section sets amounts te 40 % uncertainty variation af which reduces te- 10 % if one
considers only the most updated cross section sets.

We verified with DRAGON that changing the GALPROP nucleagfmntation cross sec-
tions with those given in_[40] produces only a marginfieet on the BC ratio. The relative
effect of cross section uncertainties on the antiprfgaoton ratio is negligible here due to the
high statistical errors on those data.

3.4. Maximal and minimal antiproton spectra

The previous results clearly favor a standard interpmtati the measured antiproton spec-
trum in terms of purely secondary production from CR nudlés still possible, however, that a
subdominant antiproton component arises from unconvealtigrocesses. In order to constrain
such “exotic” component(s) with experimental data, onetb@®mpare antiproton data with the
predictions of the theoretical models validated againsn@&lei data alone.

For this purpose we define, for each valuesgtonsidered in the above, a pair of MAX and
MIN models which maximize and minimize respectively theigmtton absolute flux integrated
in the range - 100 GeV under the condition to be compatible with secongaimary light
nuclei data down to 1 Gem within 95% CL.

In Fig.[3 we show the allowed ranges of the antiproton absapectrum for several values
of va. Among the models considered here the absolute MAX and MINetsoare those defined
by the parameters$(Do/z,va) = (0.68,0.46,0) and (030, 1.2, 30) respectively. Therefore, we
conclude that, under the hypotheses adopted in this wotknstraints on an exotic component
should not use, as propagation models, any model whdsekground prediction is lower than
our MIN (or larger than our MAX) model, as it would be in corgtavith B/C data at 95% CL.
Hence, the most conservative constraint, under our hypefharises from the request that the
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sum of the backgrounp predicted by the MIN model plus the exopicomponent do not exceed
the experimental data, within some CL.

4. A comprehensive model describing all data setsdown to 0.1 GeV/n

The aim of this section is to test the consistency of our peviresults with CR data below
few GeV/n and to identify an #ective model allowing to fit all available data.

It is evident from Fig[2(@) that while the best fit model ob&d forp = 1 provides an
excellent fit of experimental data above few Gaybelow that energy it overshoots thé(B
observations. As we discussed, such a discrepancy mayriiritble to a number offeects
which, at low energies, introduce degeneracies among teearg parameters. For this reason,
a statistical analysis aimed to fit those low energy parammetgainst presently available data
would be hardly interpretable (see e!g./[44]) and it is bele aims of this work.

Here we follow a more phenomenological approach tuning tmyparametey (see Eq[R)
which sets the dependence of th&usion codicient on the particle velocity (a similar approach
was followed in|[44]). Interestingly we find that the choige: —0.4 allows to match light nuclei
as well as antiproton data well below 1 GaVfor almost the same range &&ndDg/z values
found forp = 1. Indeed, we checked that the= —0.4 andn = 1 CL regions computed for
Emin = 5 GeV/n almost coincide (which is not the case fafin = 1 GeV/n. In Fig.§4(@) [ 5(¢)
we show as our best fit model obtained fot —0.4,6 = 0.5, Dg/z = 0.7, andva = 15 knys™
nicely reproduces all relevant data sets. They includethlsd/O and GO ratios (with~ 6 %
and~ 75 % injection ratios respectively) as well as the absolutgen spectrum.

We notice that the modified dependence of théudion codficient upon rigidity, which is
the consequence of adopting a valuepdifferent from 1, can be considered as diecive
modelization of physics taking place at low energy, inahgdéome non-linear phenomena such
as the dissipation of magneto-hydrodynamics (MHD) waveshieyr resonant interaction with
CRs [46]. Since this is the same interaction responsible&CRrdiffusion in the ISM, such an
effect is unavoidable at some level. Interestingly, the valué ased in [45] to fit the BC in
the presence of MHD wave dissipation is 0.5, which is coasistvith what we found here
(differently from what we do here, however, a break in the injecitaex was invoked in that
work).

5. Discussion and comparison with previousresults

As we mentioned above, our numericaffdsion code DRAGON reproduces the same re-
sults of GALPROP|[[7] under the same physical conditions. &halysis and main conclusions,
however, difer significantly from those reported in several papers bagdtat code.

In order to clarify the reasons of such a discrepancy, infg) and 5(a) we compare the
predictions of our referenceftlision-reacceleration model Do/z, va, ) = (0.5,0.7, 15, -0.4),
which for brevity we calKraichnan modelwith those obtained using the propagation parameters
(and source distribution) of tt&lmogorov modediscussed in [6], namely(Do(4 GV)/z, Va, n) =
(0.33,1.45,30, 1)B. For the latter combination of parameters we consider twants, repre-
sented by the solidashed red lines, whichftier for the presen¢absence of a break agreax =

4In [€] a spatially uniform difusion codficient @ = znax = 4 kpc) was assumed. As we already noticed, for the
purposes of the present analysis adopting a verticallyotmifather than varying ffusion codicient only amounts to a
rescaling ofDg/z. We verified that this does noffact any other result of our analysis.

13



0.4F

0.4 E

E | e HEAO-3
ACE m CREAM
® HEAD-3
m CREAM x CRN

X CRN

107 10" 10° 10° 10° 10 10° 10 107 10" 10° 10° 10° 10 10° 10
Kinetic Energy [GeV/nucleon] Kinetic Energy,[GeV/nucleon]

(@ (b)

@ HEAD-3
m CREAM

X CRN

107" I I I I vl

- o | 2 s .
107 10° 10' 10? 10° 10* 10° 10 1(? . 10 10 10 10
Kinetic Energy,[GeV/nucleon] Kinetic Energy [GeV/nucleon]

Figure 4: The BC (panel a), XO (panel b), @O (panel ¢) and the oxigen absolute (panel d) spectra comhpuith our
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was used only to match/B ACE data which were taken in a very low activity solar phase.

9 GV in the CR nuclei source spectra. TKelmogorov modetonsidered in |6] adopts such a
break. It is evident from Fid. 5(c) as this is needed in ordereproduce the low energy tail of
the observed proton spectrum which otherwise could not herfény choice of the modulation
potential. It is important to notice, that this problem agsn all models with strong reacceler-
ationva > 20 kms™t. On the other hand our Kraichnan reference model requirescalified”
behavior of the dfusion codficient at low energy{ = —0.4 rather tham = 1) which, however,
may be motivated by independent physical arguments assdiediln Secl4.

From Fig.4 4(3) the reader can see that while both the Kraitlamd Kolmogorov models
reproduce the B equally well, the former model provides a significantlytbetiescription of
the NO ratio measured by HEAO-3 [30] and CREAM [11] (see [Fig. K(B)yrthermore, what
mostly favors our Kraichnan reference model are BESS [32|PRICE [47] and especially
the PAMELA measurements of thg/p [12] and antiproton absolute spectrum![35]. Indeed,
the discrepancy between low energy antiproton data and riaighion of the “conventional
GALPROP model”, which was already noted iin [6], becomes ntorapelling due to the new
PAMELA data, as shown in Fifj. 5(b).

The comparison of our results with those of semi-analyticatlels is more diicult for ob-
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vious reasons. One of theffiiculties lies in the simplified gas and source distributioodd in
those models (see Sé&¢. 2). We verified, however, that sifiehatices onlyfect the constraints

to Do/z with almost no &ect on the determination & We also need to take into account
that semi-analytical models (see elg.[2, 3]) assurffagive reacceleration to take place only in
the thin Galactic disk (whose heightdg), while in the numerical models, as the one presented
here, it takes place in the entireffdision halo. Therefore, in order to compare the values of
the Alfven velocity in those papers with those reportedhia above it is necessary to perform
a proper rescaling. This is approximatively given by (see Eq. (18) in[4])va = viA VZ4/z,

with v3* being the Alfvén velocity in the semi-analytical modelsianthe half scale height of
the Galactic disk.

In spite of these dierences, and that CREAM and PAMELA data were not includeddsé
analyses for chronological reasons, it is comforting tbatdw values of the convective velocity
Ve = 0 the preferred value af estimated inl[2,.3] is in remarkably good agreement with that
found in this work:é ~ 0.45. Interestingly, the rescaled valuewvafdetermined in/[2] is/a ~ 10,
for v. = 0, which is also in good agreement with our results. It is ingat to notice that,
similarly to what we did in our analysis, no break in the seuspectral index was assumed in
[2,13].

We remind the reader that in the above we always asswned0 as higher values of that
parameter are not required to interpret CR nuclei and asttprdata. Models with a finite
V¢, which may also allow to fit low energy data though with &elient combination of some
parametersr, the modulation potentiab, or any other), will be considered elsewhere. We
already tested, however, that takimgn a reasonable range of values do nidéet significantly
our constraints on most relevanfidision codicient parameters, namedyandva. Indeed, we
verified that for various choices of the convective velqatyd of its vertical gradient, it is always
possible to rescale theftlision codicient normalizatiorDy/z so that both the B and the
antiproton-to-proton ratio remain almost tdiected above 5 GeMm, i.e. the energy range we
considered in our analysis. Our tests confirm what is claimé&]: namely, that the contribution
of convection to the BC energy slope is negligible, especially in the intermesigatd high energy
regions.

6. Conclusions

We used recent data on CR light nuclei and antiprotons taméte the conditions of prop-
agation of high energy CRs in the Galaxy, exploiting our nrioa code, DRAGON. In the
framework of a dffusion-reacceleration model, we performed a thorough aisabf the agree-
ment of our predictions with experimental information, atmat constraining, in a statistical
sense, the most important model parametBxg'z, 6 andva. The amount and quality of data
is enough to allow us to perform our analysis in a wide eneampge, from 1 to 19GeV/n,
and also to check the evolution of our results varying theinnéth energy at which data are con-
sidered. This is essential to reduce the uncertaintiesectl®d possibly unknown low energy
physics, including solar modulation, and to disentangéedtects of reacceleration from those
of diffusion.

One of the most important results of this analysis is thétligiclei (especially BC) data and
antiproton data can fit into a unique, coherefidiion-reacceleration model of propagation, as it
can be readf Fig.[1. Indeed, the confidence regions obtainedor 5 GeV/n (where only the
effects of difusion and re-acceleration matters), light nuclei and amitiqm CL regions nicely
overlap to produce combined constraints @z, §. While this was also shown in previous
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works (which however did not exploit the new CREAM data), anbined statistical analysis
of nuclear and antiproton data has been performed hereddirth time. We showed that such
an analysis allows to narrow significantly the allowed valeés and Do/z: our constraints
0.3< 8§ <0.6and 06 < Dg/z < 1, as obtained at 95% C.L., are significantly more stringesut t
those previously determined in the related literature.ti@armore we found, for the first time,
that only a relatively narrow range (£020 knvys) of the Alfvén velocity values are allowed.
Even well below 5 GeYn, we showed that it is possible to findfective models which, still
fulfilling those constraints, allow to nicely reproduceralevant data.

We also found that the preferred values of th®Nnd QO ratios at injection are 6 % and
~ 75 % respectively. These results, and in particular theyaisabf data withEn,i, = 5 GeV/n,
clearly favor a Kraichnan like CR flusion ¢ = 0.5) respect to Kolmogorow(= 0.33). It is
worth noticing that a relatively large value &fas that preferred by our analysis, would give rise
to a too large CR anisotropy if our results are extrapolatdgts> 10° GeV/n (see e.gl[48] and
ref.s therein). Our results, therefore, may call for somengfes in the standard CR propagation
scenario.

While the dtects of systematic uncertainties on fragmentation cresiems are not studied
in details in this work, recent results suggests that theukhbe smaller than the quoted-2
statistical uncertainties on the transport parametetedd we performed DRAGON runs using
a different set of nuclear cross-sections as determined in [4@]infj the same & and NO
ratio found in the above within few %’s.

Given that anyway nuclei data alone are able to provide caings onDy/z andé, we use
this information to establish a range for the maximal andimdh flux of antiprotons expected
from CR interactions in the gas and still compatible witthtigiuclei observations within 95%
CL. This range information can be used as a CR backgroundalyses aimed at constraining
or finding some exotic signal in antiproton data.

Forthcoming data from several running or scheduled exparia) as PAMELA (both for an-
tiprotons and light nuclei), CREAM-11.[26], TRACER [27, 28and AMS-02 |[13] which will
measure both CR nuclei apdfluxes from hundreds MeM up to TeVn, will soon allow tighter
constraints. Especially AMS-02 is expected to provide \atgurate data and, what is most
relevant here, it will allow simultaneous and consistendiibrated measurements of several nu-
clear species and antiprotons (as well as electrons antigrosivhich will also provide valuable
complementary inputs). The AMS-02 potential to pinpoi @R propagation was also recently
showed inl[49] where, however, the power of a combined aisabfsCR nuclei and antiproton
data was not discussed.

Note added

When this paper was in its final refereeing process, PAMELKaboration published up-
dated data of thp/pratio andp absolute spectrum [45]. Th® p data difer very little from those
we used in our statistical analysis (discussed in Sec. 3jwere taken from [12] (PAMELA
2009). Therefore, their update should nfieat significantly our constraints on the propagation
parameters. In Fig. 5(a) ahd §(b) we display the new PAMEL#ipaoton data. It is evident
as our best fit model, which was determined ugnBAMELA 2009 data, nicely matches also
PAMELA 2010.
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