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In the last decade, the space-borne experiment AMS-02 has determined cosmic-ray spectra with
unprecedented precision, potentially providing new insights into cosmic-ray propagation in our
Galaxy. However, the analysis of this increasingly precise cosmic-ray data requires more careful
modeling of systematic uncertainties. We analyze the recent AMS-02 comic-ray measurements
of the secondaries Lithium, Beryllium, and Boron, and the primaries Carbon, Nitrogen and
Oxygen. The data is used to study five different propagation frameworks, which for example
differ by including or neglecting reacceleration or breaks in the diffusion coefficient. In this work,
we particularly focus on systematic uncertainties related to the fragmentation cross section to
produce secondary CRs. Furthermore, the impact of correlated systematic uncertainties in the
AMS-02 data are studied. The cosmic-ray data from Li to O is well fitted in all the considered
propagation frameworks. However, we find that the uncertainties on the nuclear production
cross sections play a crucial role. Because of these uncertainties we cannot distinguish between
different propagation frameworks. In this sense, cross section uncertainties currently prevent a
deeper understanding of the properties of CR propagation. Nonetheless, we find some common
and robust constraints. Above a few GV, the slope of the diffusion coefficient is determined to be
in the range of § =~ 0.4 — 0.5. Moreover, we find a lower bound on the half-height of the diffusion
halo at z;, 2 3 kpc.
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1. Introduction

Historically, B and the B/C ratio have been the most investigated nuclei to constrain cosmic-ray
(CR) propagation. Nonetheless, the precise CR data in a large energy range between 1 GeV and a
few TeV provided by AMS-02 [1] have triggered a great number of new studies [2-9]. We perform
global fits of CR propagation models to the published AMS-02 data of CR secondaries Li, Be,
and B [10], the primaries C and O [11], and the mixed secondary and primary N [12]. Using the
precise data we investigate five different setups of CR propagation, which differ with respect to
the inclusion of a break in the diffusion coefficient and/or in the injection spectrum at a few GV,
and the presence of diffusive reacceleration. The most important novelty of this work is a rigorous
inclusion of systematic uncertainties related to fragmentation cross-section to produce secondary
CRs. These systematic uncertainties are at the oder of 20 to 30% which is a factor of a few larger
compared to the uncertainties of the AMS-02 flux measurements.

2. Cosmic-ray propagation

In the following, we briefly summarize our general prescription of CR propagation and the
specific assumptions of the five setups. For a more detailed description we refer to [13]. The
propagation of Galactic CRs is described in terms of a chain of coupled diffusion equations of the
form [14]:
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Here ¢; is the number of CR species i per volume and total momentum. In general, we distinguish
between primary and secondary CR nuclei. Primary nuclei are produced at astrophysical sources
like supernova remnants (SNRs) or pulsars. Their source term is modeled as a smoothly-broken
power law in rigidity. The spectral indices above and below the break at the rigidity R = Rjj 0
are labeled y; and y;. The parameters s regulated the amount of smoothing. Spatially it follows
the distribution of SNRs [15]. The overall normalization of the primary source terms is called the
isotopic abundance (in plots abbreviated by Iso. Ab.), which is fixed relative to an arbitrary proton
abundance of 10%. On the other hand, secondary nuclei are mostly produced by the fragmentation
of primary CRs on the interstellar medium (ISM) which leads to a different source term:
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Here the fragmentation cross section of CR species k to i on the ISM component j plays an important
role. It is generally assumed that the kinetic energy per nucleon is preserved during fragmentation
(T /A = T;/ A;). Above a few tens of GV, CR propagation is dominated by diffusion. The diffusion
coefficient D, generally increases with energy. We use a double-broken power law in rigidity with
break positions at R = Rp o and Rp,; to model the diffusion coefficient. The power-law indices
below, in between, and above the breaks are called ¢;, 6, and 6y, and the two parameters sp o and
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sp.1 allow for a smoothing around the breaks. Furthermore, we allow for constant convective winds
that drive the CRs away from the Galactic plane. In some cases, diffusive reacceleration is allowed
in our models. Then, its amount is parametrized in terms of the velocity v of Alfvén magnetic
waves [16, 17]. The last two terms of Eq. (1) describe the fragmentation and decay processes with
the respective timescales 74 ; and 7, ;. We use the GALPROP code! [18, 19] with some custom
modifications for our analysis to solve the diffusion equations of CRs numerically We assume a
steady state solution and cylindrical symmetry of our Galaxy with the Sun located at a distance of
8.5 kpc from the center. Finally, solar modulation is treated in the force-field approximation [20],
which relates the interstellar flux and the flux at the top of the atmosphere through a single parameter,
commonly known as the force-field potential @gp ;. Its strength varies during the 22-year solar
cycle.

2.1 Secondary production cross section

Secondary nuclei are mostly produced by fragmentation of primary nuclei on the ISM. Here
we consider the secondary nuclei Li, Be, and B. While Carbon and O make up the largest fraction
of their production, we consider nuclei up to Si in the GALPROP simulation. For each species there
are several reactions and isotopes that contribute. For example, B has two stable isotopes, 1(5)B
and ! éB with a relative contribution of 1/3 and 2/3, which originate mostly from the fragmentation
of the stable C (about 90% '2C and 10% '2C) and O (mostly 'SO) nuclei. The large number
of fragmentation cross sections with scarce and often not very precise measurements constitute a
major uncertainty in the prediction of the secondary CR fluxes [21]. We found that it is essential to
take these uncertainties into account to avoid biased conclusions. From Ref. [21] we identified the
16 most important reactions and introduced nuisance parameters to capture the uncertainty. The
nuisance parameters allow to change the normalization of the cross section, labeled Ayeaction, and
its slope below a kinetic energy of Tier = 5 GeV/nuc, labeled O;eaction:
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ISM component j to produce the CR species i. This would correspond to a huge number of 32

is the default cross section GALPROP for the fragmentation of a CR species k on the

nuisance parameters and it is technically not feasible to add such a large number of parameters to
the fit. Instead, we group the nuisance parameters according to the five fragmentation product (Li,
Be, B, C, and N) and vary only one single parameter to capture the overall effect. This leads to a
total of 10 nuisance parameters. More details are given in [13] (¢f. Tab. II).

2.2 Five specific setups of CR propagation

The general setup of CR propagation is described at the beginning of Sec. 2. In the following,
we will consider five specific scenarios, which are special cases of the general one. The simplest
setup is called BASE. Here we use a simple (unbroken) power law for the injection spectrum, i.e.
Y1 = 2. Thus, the break parameters R;,; o and s become uninfluential. Furthermore, reacceleration

More specifically, we use GALPROP version 56.0.2870 and GALTOOLLIBS 855, both available here.


http://galprop.stanford.edu/
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is not included. This setup contains a total of 23 free parameters, 13 parameters describing CR
propagation and ten nuisance parameters related to the uncertainties of the fragmentation cross
sections. We then consider the following extensions of the BASE setup: The BASE+v,4 setup
includes reacceleration, the BASE+inj setup includes a break in the injection spectrum, and the
BASE+inj+v 4 setup includes both. This leads to one, three, and four additional fit parameters,
respectively. Finally, the setup dubbed BASE+inj+v 4—diff.brk includes both reacceleration and a
break in the injection spectrum, but it does not have the break in the diffusion coefficient. It has
one parameter more than the BASE setup. In all cases, we fix the radial extension of the diffusion
halo to 20 kpc and, unless stated differently, its half-height to a value of 4 kpc. The latter is justified
by the well-known degeneracy between the half-height of the diffusion halo and the normalization
of the diffusion coefficient. We will explore constraints on the halo height at the end of the results
section.

2.3 Fit method

We use the MULTINEST algorithm [22] to sample the CR log-likelihood? defined as the sum of
the y?s of the individual species:

~2 log(Lew) = xég = 2, 2 (804 = 4™ (R))) (((vm)_l) (oM w)) @
s i,j ij

Here ¢ ; is the flux of the CR species s measured by AMS-02 at the rigidity R; and (;ng) is the
corresponding model prediction taken from GALPROP. V(%) is the covariance matrix containing the
uncertainty of the flux measurement. Unless stated explicitly, we assume uncorrelated uncertainties,
ie., (Vl.S.S) =0;j (O’S,i)z, with o ; being the error reported by AMS-02, more precisely, with statistical
and the systematic error added in quadrature. The solar modulation potential is a free parameter in
the fit, but we add a Gaussian prior with a mean of 600 MV and a width of 30 MV. As an additional
cross check, we will explore the impact of correlated systematics in the experimental uncertainties
(labeled corr in plots). The correlations are not provided by the AMS-02 collaboration, so we
follow the approach of Ref. [23] to model the correlation matrix. For more details we refer to the
Refs. [13, 23, 24]. All results are shown and interpreted in a frequentist framework. We derive our
results both for a fit to a reduced data set of B, C, N, and O, called BCNO and for the full data set,
labeled LiBeBCNO.

3. Results

We obtain a good fit of the Li to O data for each of the five propagation setups, which is a
remarkable result given the extremely precise AMS-02 data. The spectra of the best-fit point are
compared to the measured AMS-02 data in Fig. 1. The good quality of the fit is apparent by looking
at the residuals. Note that we do not show the residuals for the cases of correlated uncertainties
(dashed lines). The correlations in the data points can allow for small re-normalizations and/or
tilts. Therefore, looking at the residuals might be misleading and one should directly look at the

2A few parameters do not depend on the GALPROP run. To save computing time we profile over these parameters
on-the-fly. More details are given in [13].
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Figure 1: Comparison of a selection of AMS-02 measurements with the best-fit spectra for the LiBeBCNO
data set. We show the best-fit model for each of the five propagation frameworks (solid lines) and the
interstellar spectra which can be compared to the Voyager data at low energies (dashed lines). Dotted lines
are the best-fit models in the scenario with correlated systematic uncertainties in the AMS-02 data. The
figure is taken from Ref. [13].
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Figure 2: Best-fit values and 20~ uncertainties for all CR propagation, cross-section nuisance, and solar
modulation parameter. The values of different CR propagation setups are distinguished by color. Circles
(squares) refer to the BCNO (LiBeBCNO) data set. Filled data points refer to the standard case of uncorrelated
AMS-02 systematic uncertainties, while open data points are used for the cases where correlated systematics
are considered. The figure is taken from Ref. [13].

x>-values, reported in the first column of the comparison plot of Fig. 2. The remaining 3 columns of
Fig. 2 show the best-fit parameter values for all the fits using different data sets and CR propagation
setups. In the following we focus on the three main results and refer to [13] for a more detailed
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Figure 3: Diffusion coefficient as  Figure 4: y? profile as function of halo half-height z;,. The blue
function of rigidity for three dif- lines correspond to the full data set from Li to O while the black lines
ferent fit configurations. The half- correspond to the reduced data set using only B, C, N, and O. The left
height of the diffusion coefficient panel refers to the BASE framework, while the right one refers to the
is fixed to zp = 4 kpc. The shaded BASE+inj+v 4 —diff.brk framework. Dashed lines are used when the
band shows the 20 uncertainty. fit assumes correlations in the AMS-02 data. The figure is taken from
The figure is taken from Ref. [13].  Ref. [13].

discussion.

All five CR propagation setups provide a very good fit to the data and result in a similar
minimal y? value. The most general setup BASE+inj+v 4 has a best-fit y> value of 159 and has 17
free propagation parameters, while BASE and BASE+inj+v 4 —diff.brk with 13 and 14 propagation
parameters have best-fit y? values of 170 and 169, respectively. The other y? values are in between.
We note that the models BASE and BASE+inj+v 4—diff.brk are not nested models, however, all
models are nested in BASE+inj+v4. In this sense, we concluded that no model is statistically
significantly preferred. A similar conclusion holds for the BCNO data set. The inclusion of
cross section uncertainties are crucial to obtain this result. For the BASE setup the cross section
nuisance nuisance parameters converge to their default values (Axs — 1 and dxs — 0), while the
BASE+inj+v 4 —diff.brk systematically prefer 0xs values incompatible with O and around 0.2. These
are well within the current measurement uncertainty of the cross section. This discussion shows
that with a better knowledge of cross section we would be able to distinguish between the setups.

Figure 3 shows that the diffusion coefficient is very well constrained above 10 GV. If a break in
the diffusion coefficient is allowed, D, increases below a few GV leading to significant differences
at 1 GV. At low energies these differences can be compensated by other propagation phenomena
like convection and/or reacceleration.

We perform additional fits for the BASE and the BASE+inj+v 4—diff.brk setup in which we
leave the half-height of the diffusion halo zj as a free parameter varied between 2 kpc and 10 kpc.
From these fits we obtain the y? profile as function of z, as shown in Fig. 4. We conclude that small
halo heights below ~ 3 kpc are strongly disfavored when the LiBeBCNO data set is used, while
the BCNO data set does not give constraints. This behavior is expected because of the radioactive
isotope 1f‘)Be which decays to B with a lifetime of about 1 My. Therefore, a comparison between
B and Be can lift the degeneracy between D and zj. The conclusions are slightly weakened when
correlated AMS-02 data are considered.
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4. Conclusion

We perform a fit of AMS-02 CR data from Li to O. We have considered five different propagation
frameworks. They differ with respect to the inclusion of breaks in the injection spectrum or in the
diffusion coefficient at a few GV, and the presence of reacceleration. From a physical point of
view, the two most different setups considered in this work are BASE and BASE+inj+v 4 —diff.brk.
The first setup contains a break in the diffusion coefficient at a few GV and does not include
reacceleration while the latter allows for reacceleration and has no break in the diffusion. We
note that these two setups are also the ones with the smallest number of free parameters. It is a
remarkable result that both setups are able to fit the precise AMS-02 data equally well. However,
we stress that this conclusion critically depends on the inclusion of the sizable uncertainties in the
fragmentation cross sections which are at the level of 20-30%. To this aim we make use of Monte
Carlo scanning techniques in order to handle the large (> 20) dimensionality of the parameter
space. This allows us to vary and fit CR propagation parameters and nuisance parameters of the
cross section at the same time. Thus, a crucial conclusion of this work is that further experimental
efforts are mandatory to reduce cross section uncertainties so that to exploit in full the precision of
CR data. Nonetheless, despite the sizable uncertainties we find some important robust conclusions.
Atintermediate energies the slope of the diffusion coefficient is constrained at 6 =~ 0.4—0.5 pointing
towards a Kraichnan model of turbulence. Furthermore, the combination of Be and B data strongly
disfavors very small values below 3 kpc for the half-height of the diffusion halo zy,.
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