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The measurement of the boron to carbon flux ratio provides relevant insights on the propagation
of cosmic rays in the Galaxy. There is a common misconception about the fact that high-energy
B/C data from AMS-02 directly provides the slope of the diffusion coefficient, implying that
additional effects at play (convection, reacceleration, and destruction) can be neglected.

Using the USINE code and taking into account all the relevant processes, we show that this
assumption is not supported: the B/C data slope is not constant, its rigidity dependence being
shaped in particular by inelastic interactions up to TeV energies. Heavier species are expected to
be more impacted than lighter ones, and this should reflect in AMS-02 data, for which a softening
of the slope with Z is predicted.
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1. Introduction

The current generation of space-based cosmic-ray (CR) experiments has been providing for the
first time percent level precision measurements [1]. These new observations have revealed subtle
and unexpected spectral features [2] that require to reexamining or at least improving the theoretical
framework used to describe the CR origin and propagation. The most promising observable to study
cosmic-ray transport consists in the study of secondary species, or of the flux ratio of a secondary
species, like Boron, to a (mostly) primary one, like Carbon. Recent measurements of the ratio
between the Boron and the Carbon flux (B/C in the following) were provided by the PAMELA [3]
as well as by the AMS-02 experiment [4]. Based on the B/C measurement published by AMS-02,
the first evidence for a break in the diffusion coefficient [6] was inferred: this break is due to the
diffusion effects rather than to source effects.

This work is organized as follows: in section 2 we give a short description of the general
framework used for our study, while in section 3 we discuss the method and the results for the
B/C, both in a (simplified) pure diffusion scenario, and in the full transport model. In section 4 we
extend our study to all CR nuclei species, from H to Fe, while in 5 we present our conclusions.

2. Transport models

In this section we introduce the transport equation that we solve semi-analytically with the
USINE code [7]. The general formalism that describes the CR transport in the galaxy [8] relies
on the following diffusion-advection equation for a CR species of index ¢, extensively discussed
in [9]. In the steady-state approximation and in energy space (rather than rigidity or momentum
space) the transport equation reads:
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This equation describes the spatial and energy evolution of the differential interstellar CR den-
sity per unit energy Wy = dngy/dE, assuming a net primary injection rate of g4, and a secondary
injection rate arising from inelastic processes converting heavier species of index f3 into & species
(with a production rate 0g_,qVvgnism on the ISM density njspn, or a decay rate I'g_, ). This source
term is balanced by several other terms, among which the decay rate I'y, (if relevant). The central
piece of the propagation equation is the spatial diffusion coefficient K, that we discuss in more
detail in the following. The other processes are mostly relevant at low rigidity, but may still affect
the determination of higher-energy parameters: convection is featured by a velocity V., diffusive
reacceleration is parameterized by the energy-dependent coefficient K),,, and the inelastic destruc-
tion rate is given by Oy Vghism Vo, With the ¢°s being energy-dependent nuclear cross sections;
energy losses are characterized by the rate by, = dE /dt, which includes ionization and Coulomb
processes as well as adiabatic losses induced by convection and reacceleration. Following the work
presented in [9], we assume a 1D propagation model, where the magnetic halo confining the CRs
is an infinite slab in the radial direction and of half-height L, whose value is fixed to 10 kpc, and
was found to have a negligible impact on the results. In this frame, the vertical coordinate z is
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Free parameters / Models H BIG ‘ SLIM ‘ QUAINT ‘

Kio v v v
0 v v v
n lorv 1 v
o] v v N/A
1 0.05 0.05 N/A
R v v N/A

Va v N/A v
Ve v N/A v

Table 1: Free parameters of the three benchmark models BIG, SLIM, and QUAINT, presented in [9]. The
first block of parameters is associated with the diffusion coefficient in the intermediate regime, and is com-
mon to all models. The second block is related to a potential low-rigidity break in the diffusion coefficient,
or to purely non-relativistic effects. The last block is related to reacceleration and convection.

the only relevant spatial coordinate, and the galactic disk, where the sources of CRs as well as the
interstellar medium gas lie has an effective half-height 4 = 100 pc; the observer is located at z =
0. Energy losses are also considered to be localized in the disk, based on the approach initially
presented in [10].

The diffusion coefficient is a key physical ingredient to describe CR transport. It describes the
scattering of CRs off magnetic turbulence. It depends on the rigidity, and we assume that it can be
described as a scalar function, homogeneous and isotropic all over the magnetic slab. In this work
we use the general form presented in [9], that features a break in both the low and high rigidity

range:
_ S1 — —Sh
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non—relativistic regime
intermediate regime
low—rigidity regime high—rigidity regime

A new propagation model (dubbed BIG in the following) was first proposed in [9]. It includes
a diffusion coefficient with a double break, as well as convection and reacceleration. The corre-
sponding propagation parameters are displayed in table 1, together with the propagation parameters
for two limiting cases (called SLIM and QUAINT). The SLIM model is a subpart of BIG, in which
the low energy effects, convection and reacceleration, are discarded. The QUAINT model is also a
subpart of the BIG model, but it describes the low energy data by means of a strong reacceleration,
as well as a non-trivial, negative, value of the parameter 11. For the nuclear production and spal-
lation cross section we use as reference the set of tables from the Galprop package, following the
approach described in [11].

3. Is the B/C data slope the same as the diffusion coefficient slope?

In the simplest transport model, not anymore supported by the high precision AMS-02 data [4] [5],
the propagation is a purely diffusive process, described by a feature-less diffusion coefficient. The
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Free parameters / Models H BIG ‘ BIG Pure diff

Kio[kpc?] 0.30 0.30
5 0.48 0.48
n 1or 1
5 -0.69 -0.69
51 0.05 0.05
R [GV] 247 247
Va [km/s] 0 N/A
V. [km/s] 67 N/A
An 0.18 0.18

Table 2: Free parameters of the benchmark model BIG, together with the parameter values used in our
study. The first block of parameters is associated with the diffusion coefficient in the intermediate regime,
and is common to all models. The second block is related to a potential low-rigidity break in the diffusion
coefficient, or to purely non-relativistic effects. The last block is related to reacceleration and convection.

primary CR fluxes can be described as wp o< R-*~9_ q being the source spectral index and & the
diffusion coefficient spectral index. The fluxes of secondary species are expected to be shaped by
diffusion, being softer by a factor 8, i.e. Yo R~%29_ The secondary-to-primary flux ratios, as the
B/C are thus expected to provide direct insights on the diffusion coefficient spectral index, being
¥ o R=%. In view of the recently reported evidence for a spectral break of diffusive origin, above
the break the fluxes become harder by a quantity AS.

The measured CR fluxes and flux ratios can be described as a power law in rigidity, i.e.
¢ o R~ Yo»s_the spectral index Ypps being defined as:

Yobs = d[log¢] /d [logR] (3.1

In this section ¢ indicates the B/C, since our goal is to compare this quantity to the diffusion
coefficient spectral index &, that is fixed once the propagation model is selected, in order to assess
whether or not these two quantities are equal. We define the following quantity:

Aslope = Yobs — Yrh (3.2)

In the simplest pure diffusion transport model, we expect yr, = & below the break, leading to
Agiope = 0. Above the break Ag,p. = Ay, 18 expected. Figure 1 shows the USINE result for the B/C
(top plot), together with the Ay, ,, behaviour (bottom plot), as a function of rigidity. The B/C pre-
diction is obtained with the parameters described in right column of table 2 for the pure diffusion
model. We can see that our result is in contrast with the expected behaviour for Ay, ., especially
below the break, as a consequence of the production of secondary nuclei, while it reaches the ex-
pected Ay,pe = A above the break, around 1 TV. This simplified scenario already allows us to
point out the fact that the B/C and the diffusion coefficient spectral index are not interchangeable
quantities. Figure 2 is obtained in the frame of the full transport equation. It shows the AMS-02
data together with B/C predictions for the three benchmark models, in which convection, reaccel-
eration, and destruction are properly taken into account. The bottom panel shows the Ay, for
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Figure 1: Pure diffusion propagation model. Top panel: The B/C flux ratio prediction as a function of
rigidity. Bottom panel: Ay, p. as a function of rigidity. The position of the vertical dashed line indicates the
high rigidity break in the diffusion coefficient.

the three benchmark models. This confirms the findings obtained already with the purely diffusive
scenario, and shows that the slope of the B/C should be disregarded as a direct indicator of the dif-
fusion coefficient, because additional physical processes, in particular inelastic interactions, play a
major role up the TV region.

4. Flux slope behavior for different species

In this section we investigate whether our findings also apply to other CR species. For all
nuclei the injection is assumed to follow a universal power law of the rigidity, with & the common
source spectral index. The results obtained for the pure diffusion scenario are shown in figure 3 as a
function of the atomic number Z. The green dashed line indicates the expected behavior for primary
species, while the brown dotted line indicates the expected (softer) behavior for secondary species.
The observed behaviour is due to the fact that only H, Si and Fe are close to be fully primary
species, while all other species including He, C and O, have a non negligible secondary component,
coming from inelastic interactions of heavier species. Secondary components are expected to be
softer than primaries, such that the spectral indices of all species are shaped by these phenomena.
Moreover, the secondary production can take place in one or multiple steps, shaping the spectral
index even strongly. The higher the fractional contribution of multi-step secondary production, the
higher the deviation with respect to the expected behavior. Figure 4 shows the relative contributions
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Figure 2: Full transport equation. Top panel: The B/C flux ratio prediction as a function of rigidity, for the
three benchmark models, together with the AMS-02 data [5]. Bottom panel: Ag,,. as a function of rigidity,
for the three benchmark models. The position of the vertical dashed line indicates 200 GV.

per production process for elemental fluxes (from H to Fe). The species with the highest primary
content are H, O, Si, and Fe (black), while Li, Be, B, F, and CI to V have the highest secondary
component from both single (red) and multi-step production (blue and green). When all transport
effects are accounted for, we find that inelastic collisions play the most relevant effect, further
reducing the differences in the CR fluxes slopes. Figure 5 shows the behavior of the observed flux
slope (at 50 GV) as a function of the atomic number Z, for the BIG model, together with AMS-02
results [5] (green squares). The difference with AMS-02 points might be related to the fact that
AMS-02 points are from a fit to data above 50 GV whereas our calculation is the local slope, so
they are not exactly the same quantity. Proton and iron are not expected to have the same slope. Fe
is expected to be harder, by ~ 0.2, because the inelastic cross-section is larger [12]. Furthermore,
sub-Fe elements are expected to be harder than Li, Be and B by roughly the same amount.

5. Conclusions

Assuming a 1D propagation model, we computed the B/C with the USINE code, assuming
the BIG, SLIM and QUAINT propagation models. We found that the B/C spectral index should
not be interpreted as the diffusion coefficient spectral index, since additional physical processes,
especially inelastic collisions with the ISM, play an important role and cannot be neglected. More-
over, we computed the spectral index of the fluxes as a function of the atomic number for the BIG
model, and found that the flux spectral index differs significantly from the expected values, for both
primaries and secondaries. While in the pure diffusion scenario Yy, is softer than the predictions,
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BIG: Diffusion and secondary production at 50 GV
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Figure 3: Behavior of the observed flux slope, computed at 50 GV, as a function of the atomic number Z, in
the frame of the simplified pure diffusion model. The green dashed line indicates the expected behavior for
primary species, while the brown dotted line indicates the expected behavior for secondary species.
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Figure 4: Relative contributions per production process for elemental fluxes (isotopes not shown) at 50 and
2000 TV (isotopes not shown): primary (black), secondary (1, 2, and > 2 steps in red, blue, and green),
radioactive (orange).

adding convection, reacceleration and inelastic collisions results in a flux hardening, compatible
with the spectral indices estimated by the AMS-02 collaboration. The forthcoming publications of
heavy nuclei (Z > 9) measured by AMS-02 will be very helpful to further probe the model.



Is the B/C data slope related to the diffusion coefficient slope? M. Vecchi

AMS-02 at 50GV

yObs
&

1
N
(o]
|IIII|IIII|IIII|IIII|IIII|IIII

-3.1

bW
w N

N
SN

5 10 15 20 25
Atomic Number, Z

d
o1

o IIII|IIII|IIII|IIII

Figure 5: Behavior of the observed CR flux slope, computed at 50 GV, as a function of the atomic number
Z, in the frame of the BIG model. The red dots show the AMS-02 results [5].
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