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In this paper we note that the spectral intensities of antiprotons observed in Galactic cosmic rays
in the energy range ~ 1 — 100 GeV by BESS, PAMELA and AMS instruments display nearly
the same spectral shape as that generated by primary cosmic rays through their interaction with
matter in the interstellar medium, without any significant modifications. More importantly, in the

3 a constant residence time of ~

interstellar medium, with an assumed mean density, ~ 0.5 cm™
2.3 4 0.7 million years, independent of the energy of cosmic rays, yields the observed intensities.
A small additional component of secondary antiprotons in the energy below 10 GeV, generated
in cocoon-like region of lumpy stellar debris surrounding the cosmic-ray sources, appears to be
present. We discuss this result in the context of observations of other secondary components like
positrons and Boron, and conclude with general remarks about the origins and propagation of

cosmic rays.
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1. Analysis of the spectral intensities of cosmic-ray antiprotons.

The spectral intensities of antiprotons in cosmic rays, measured by the PAMELA [1], BESS
[2] and AMS [3-5] instruments provide a crucial diagnostic tool to understand the origin and prop-
agation of cosmic rays and complement the information obtained by studying the B/C ratio, the
spectrum of positrons, and the anisotropy in the intensity of cosmic rays. The main objective of
this paper is to show that all these observations can be understood in a straightforward manner
within the framework of the nested leaky box (NLB) model [6].

We display in Fig. 1, the observed spectral intensities of the antiprotons and in Fig. 2, the
antiproton to proton ratio as a function of their kinetic energies. An inspection of these figures
shows that at high energies the spectral index of antiprotons is nearly identical to that of the pro-
tons. Below ~ 10 GeV there is a small additional component in the antiproton flux. We interpret
these aspects in the context of the NLB model and to this end we adopt the same features and the
parameters of the NLB model that we used earlier to interpret the B/C ratio, the positron spectral
intensities and the positron fraction [7-8]. The main features of the model are given below:

1. Cosmic rays are accelerated in sources with a spectrum that is the same as that of the observed
spectrum of the primary cosmic rays

qp(E) =~ qoE ™" (1.1)

2. Each of the sources is surrounded by a lumpy shell of stellar debris. Subsequent to their gen-
eration, the cosmic rays are transported across such cocoons, in an energy-dependent fashion
with higher energy particles leaking more rapidly into the general interstellar medium. For
T > 1 GeV, the leakage lifetime is given by

TC(E) ~ TOT(O.OI—C lnT) (12)

Here T is the kinetic energy per nucleon of the nuclei or per et or e, and { ~ 0.1. Note that
this energy dependence is nearly a power law that steepens with increasing energy. During
this transport the cosmic rays suffer collisions with the material of the debris, generating
secondary particles and radiation.

3. The transport of cosmic rays subsequent to their injection into the general interstellar medium
is assumed to be independent of energy at least up to 100 TeV, beyond which it is expected
to decrease with energy. Below this energy the leakage lifetime from the Galaxy is taken to
be

TG = constant (1.3)

The kinematics of the production of p differs from that of the production of B-nuclei, which in
turn is different from that of e*. The threshold for the production of antiprotons is 7m, ~ 6.6 GeV
and even at threshold, the antiproton emerges from the collision with an energy of 2m, ~ 1.88 GeV
in the lab frame. As the primary energy increases, the emerging p spectrum spreads both towards
the low and high energies, as shown in Fig. 3. There are several parameterizations of the Lorentz
invariant product E d*>c/dp?, for the production of antiprotons in high energy collisions [9-10]
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and we have used the prescription by Kappl and Winkler [11] in these calculations. There are
two contributions, one from the interactions in the stellar debris surrounding the sources, where
the primary spectrum has a spectral intensity F. ~ E~%7 7(001=8 InT) apd that in the interstellar
medium with F, ~ E ~27_ These two contributions are shown in Fig. 1 as the chain-dotted line and
the dashed line respectively. Note that their sum fits the observed spectrum well. The p/p ratio is
also reproduced well, as shown in Fig. 2.

The grammage encountered by cosmic rays in the stellar debris surrounding the sources and
in the general interstellar medium are estimated by fitting the measured B/C ratio in cosmic rays.
It may be noted by an inspection of Fig. 4 that around ~ 1 GeV /nucleon about 75% of the Boron
nuclei are generated by spallation in the stellar debris and about 25% in the interstellar medium. As
the energy increases the grammage in the shell of stellar debris decreases according to the energy
dependence given in Eq. 2, whilst the interstellar contribution remains constant and dominates at
the highest energies. The simple kinematics of the production of B-nuclei in spallation reactions of
heavier nuclei makes this procedure transparent: The B nuclei emerge from the spallation reactions
with almost exactly the same energy per nucleon as their parent nuclei, thereby establishing a one
to one correspondence between the B/C ratio and the grammage. The NLB fit to the B/C ratio is
shown in Fig. 4. The value of the residence time in the Galaxy thus derived corresponds to 2.3 Myr
for an assumed mean density, ng =~ 0.5 cm 3.

The kinematics of the production of positrons is significantly more complicated: the first step
is the production of positive pions that carry away typically ~ 10% of the energy of the primary
nucleons. The 7t decay into u* + v, and subsequently u ™ decays into et + v, + V,, . The positrons
will thus have a broad spectrum and the weighted mean of their energy fraction is ~ 5% of that of
the primary. Similarly, p production also requires primary particles of considerably higher energy.
Thus the parent particles of et and p, mostly protons, leak rapidly away from the cocoon into
the interstellar medium, where bulk of high-energy p and e™ are produced. Approximate scaling
of the cross sections accords them the same spectra, ~ E~27, as their parents. The positrons
will thereafter suffer radiative losses of energy that will steepen their spectrum, and at energies
beyond ~ 300 GeV their spectrum reaches an asymptotic form ~ E~37 i.e. with an index steeper
by one unit compared with that of the protons [8,12]. We may refer to Fig. 5 to see that the
spectrum of positrons is smooth and is nearly identical to that of the primary nucleonic component
that generates it. The complex behavior of the observed e™ /(e + ¢™) ratio is attributable to the
evolving shape of the primary electron spectrum and the steepening of the e spectrum beyond
300 GeV. The details are found in our earlier paper [7,8]; as noted earlier the positron fraction is
expected to reach a value ~ 0.6 at energies beyond ~ 2 TeV, when the primary electrons suffer
significant energy losses and are unable to reach the solar system with these energies even from the
nearest cosmic ray sources [13].

With a lifetime of ~ 2.3 Myr up to hundreds of TeV, the expected anisotropies (see Fig. 6)
in the cosmic-ray fluxes are small and are consistent with the upper bounds established by the
observations[7].

2. Discussion

Even though our approach in this paper has been mainly phenomenological, we briefly com-
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ment on the basic assumptions of the NLB model:

1. The injection spectrum E~27, for the primary cosmic rays, is significantly steeper than the
E~? spectrum expected for cosmic rays accelerated in high Mach number plane parallel
shocks. However, recent theoretical developments [14] show that steeper spectra even be-
yond E —31 can be achieved [15]. In the alternate models which are currently in vogue [16],
s (E) ~ E~03, which requires the source spectrum to be E~>%, again steeper than the
initial expectation in acceleration by shocks.

2. Can the diffusion constant in the interstellar medium be independent of (or very weakly de-
pendent on) the energy as postulated by the NLB model? It is possible that the diffusion
of the flux tubes could lead to a constant diffusion constant. Also if the scattering occurs
due to static magnetic inhomogeneities, such as those generated by flux freezing in an in-
homogeneous interstellar medium, the guiding centers will randomly move around and can
generate diffusion nearly independent of the energy of the particle, without any concomitant
diffusion in energy space. The energy dependence of the diffusion constant in the range of
energies of interest may be suppressed by a suitable choice of the spectrum of these magnetic
inhomogeneities.

3. Alternate models and future work

In the alternate scenario where scattering exclusively by Alfven waves is postulated, the spatial
diffusion is accompanied by diffusion in energy space. In fact, this diffusion in energy is evoked
in these models [16] to fit the B/C ratio. Since all particles diffusing in ISM through scattering
of Alfven waves suffer a modification in their spectra, because of the diffusion in energy space,
the injection of the primary particles should not be a power law, but one that after reacceleration
is the smooth shape that is observed in Galactic cosmic rays. Furthermore, these models predict
et and p spectra very different from the smooth spectra which have an index of ~ 2.7. Thus the
alternate astrophysical or dark matter sources of p and e™ should put out such spectra, which after
energy dependent transport and reacceleration add up with the secondary component to match the
observed e™ and p spectra, an unlikely coincidence. Keeping these comments in mind, we feel that
the NLB model offers a plausible paradigm and it is important that further work should focus on
placing it in a proper astrophysical setting and on firm theoretical grounds.

4. Summary

We note that production of secondary particles (boron, antiprotons, and positrons) in the NLB
model can explain not only the observations of the B/C ratio, which decreases with increasing
energy up to a few hundred GeV/nucleon, but also the antiproton/proton and positron/proton ratios,
which in contrast are observed to be essentially energy-independent from 10 GeV to a few hundred
GeV. In the model currently in use [16] and in fact in any model in which the secondary boron,
antiprotons, and positrons are all produced in the same region - the general interstellar medium of
the Galaxy, the falling B/C ratio implies energy-dependent leakage for all particles, thereby forcing
the antiproton/proton, and positron/proton ratios also to fall with energy, contrary to observations.
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On the other hand, the NLB model exploits the differences in the kinematics of the spallation
reactions and that of high-energy interactions producing antiprotons and pions to ensure that the
energy-dependent part of the B/C ratio is generated in a local region surrounding sources, without
generating too many positrons or antiprotons. The interactions of cosmic rays in the interstellar
medium, where leakage is energy-independent, generate all the secondary particles, B, e and p,
with energy independent ratios with respect to their parent particles. The NLB model also provides
a natural explanation for the low level of anisotropy for the cosmic rays[7].
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Figure 1: The spectrum of antiprotons observed with the PAMELA and BESS instruments are shown as
filled dots [1] and diamonds [2]. In this paper we have interpreted the antiproton spectrum as the sum of
two components: (1) that generated in the ISM (red dash-dotted line) where the residence time of cosmic
rays is independent of their energy and (2) a small component at energies below 10GeV, with a steep energy
dependence at higher energies, generated in a cocoon-like region (blue chain dotted line) surrounding the
sources of primary cosmic rays.
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Figure 2: The solid line represents the ratio of the theoretically estimated antiproton flux to the empirical
fit to the observed proton flux. The observations from PAMELA, BESS and the AMS-02 instruments [1-5]

are shown. The flatness of the j/p ratio implies that the leakage lifetime is independent of energy for the
Galactic cosmic rays.
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Figure 3: The kinematics of the production of p in high-energy collision of cosmic-ray protons is shown.
Beyond the threshold at £, ~ 7m,,, p — bar is produced in the finely gridded region between the maximum
kinetic energy of T, and a minimum kinetic energy of 7,,, for any given energy of the primary proton.
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Figure 4: The observed B/C ratio is plotted along with the spectra expected nested leaky-box (NLB) model.
The B/C data presented was taken from previous[17-24] and recent AMS experiments [4-5].
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Figure 5: The spectra of e and p are compared in the upper panel with that of their progenitors, the primary
cosmic ray protons. At energies beyond ~ 10GeV they have nearly identical spectral characteristics except
for the effects of energy losses suffered by the positrons. In these spectra or in the spectral ratios (lower

panel) there is no indication of the presence of multiple components.
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Figure 6: Measurements of the cosmic-ray anisotropy from various compilations [16, 25-27]. Also plotted
are the predictions from models in M-S [16] and the results from Eq. (7) of Cowsik and Burch [7], which
are labeled as CB. The gray region shows the predicted anisotropy from Eq. (8), of Cowsik and Burch [7].



