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Abstract. The interstellar antiproton flux produced in cos-
mic ray interactions with the interstellar gas is calculated
within the framework of the Leaky Box Model (LBM) and
the Diffusion Halo Model (DHM) including stochastic reac-
celeration and energy changing due to the nonannihilation
process. Results of this calculation will be presented and a
comparison with recent measurements of the antiproton flux
show a good agreement, thus indicating that the antiprotons
are of secondary origin. At low energies there is however a
hint of an overabundance of measured antiprotons.

1 Introduction

The existing data on the antiproton flux in the cosmic radia-
tion appear to be within the conservatively estimated bounds
of theoretical work in which antiprotons are produced as sec-
ondary particles of cosmic ray interaction with the interstellar
gas (Simon, Molnar and Roesler 1998). In recent years more
improvements on the inputs of such a calculation have been
implemented, such as new measurements on the cosmic ray
spectra, the consideration of contributions of heavy particles,
the use of new cross sections and the consideration of nonan-
nihilation processes (see Simon, Molnar and Roesler 1998
and references therein).

We here present results from a calculation which makes
use of these improvements and which provides the expected
antiproton flux in the presence of reacceleration. We perform
this calculation in the framework of two existing and com-
peting propagation models, namely the Leaky Box Model
and the Diffusion Halo Model (Molnar and Simon 2001) and
compare these results with data.
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2 The transport equations for the Leaky Box Model and
the Diffusion Halo Model

In order to obtain the equilibrium spectra of cosmic ray an-
tiprotons one has to solve the following equations for the dif-
ferent models. For the LBM we solved:
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and for the one dimensional DHM we solved:
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These two equations contain similar and different terms. The
quantityNp̄(E) stands for the number density of cosmic ray
antiprotons and in Equation 2Np̄(E, z) denotes the number
density of antiprotons at a given position z, away from the
galactic plane. The first term of the right side in Equation
2 describes the diffusion andD(E, z) means the diffusion
coefficient at positionz. For simplicity we allowD(E) to be
independent of position. The second term on the right side
of Equation 2 accounts for the losses of antiprotons similar
to those in Equation 1, wherēpτint(E) stands for the mean
lifetime of antiprotons against interaction in the interstellar
gas. ∂∂E {. . .} and ∂2

∂E2 {. . .} account in both equations for the
energy changing processes. The losses are due to ionization
and the two energy gain terms, which are due to stochastic
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η[s−1] andα are free parameters. For the LBMη can be writ-
ten asη = ηxnmc wheren[cm−3] denotes the mean inter-
stellar gas density andm[g] the mean mass of an interstellar
gas particle. We assumed for the interstellar gas a mixture of
90% hydrogen and 10% helium. The main parameter in the
LBM ist the mean escape lengthλesc = nmβ c τesc. In both
equations (Equation 1 and 2)Qp̄(E) [cm−3s−1GeV −1] de-
notes the source term for secondaryp̄ and carries all informa-
tion on the interactions of cosmic ray particles with the dif-
ferent target particles of the interstellar gas. Thus the source
termQp̄(E) stretches over two sums:

Qp̄(E) = 2
ISM∑
j

CR∑
i

4πnj
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The indexj stands for the target particle,i for the cosmic
ray projectile and the factor 2 accounts forp̄ produced by
n̄ decay. Ii(Ei) is the flux of cosmic ray particles of type
i with kinetic energyEi and the quantitynj [cm−3] is the
number density of thej-type target particle of the interstellar
gas. The expression(dσijp̄ /dE)(E,Ei) stands for the inclu-
sive differentialp̄ production cross section for an interaction
which involves ani-type projectile of kinetic energyEi and
a j-type target particle at rest producing an antiproton of ki-
netic energyE. The source termQnonp̄ (E) accounts for the
nonannihilation process, that allows antiprotons to emerge
from an inelastic scattering with an interstellar gas particle.
These antiprotons have a lower energy than the incoming an-
tiprotons and the energy spectrum is determined by the dif-
ferential cross sectiondσnonp̄ /dE for this process:
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wheren [cm−3] is the mean interstellar gas density. For a
more detailed description of this term and further information
about the various inputs to the calculation we refer to Simon,
Molnar and Roesler (1998).

3 Results of the Calculation

We solved the above equations under four different situa-
tions: the LBM and the DHM with and without reacceler-
ation. In all four cases one deals with free parameters. We
used for the four models a collection of data for the B/C ratio
(see Molnar and Simon 2001) to determine which parameters
best fit this ratio. We obtained the following results for the
LBM without reacceleration:
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Fig. 1. The two curves show the calculatedp̄-Flux in the framework
of the LBM, with and without reacceleration. Data are as indicated.
The curves are solar modulated with modulation parameterΦ =
350MV

with λ0 = 12.8g cm−2 and for the LBM with reacceleration:

λesc = (64 g cm−2) (R/MV )−0.3 (7)

with the following parameters for the reacceleration terms:
ηx = 0.64(g cm−2)−1 andα = 0.3. In the framework of the
LBM the mean gas densityn of the confinement volume was
derived by matching the calculated ratio of the radioactive
10Be to the stable9Be isotope with data. We obtain a mean
gas density ofn = 0.23cm−3 in the case of no reacceleration
andn = 0.22 cm−3 with reacceleration.

In the DHM without reacceleration the fit to the B/C ratio
only allows to determine the ratio of the diffusion coefficient
D(E) to the halo sizeH. The best fit was obtained with the
following parameters:

D(R)
H

=

{
ν0β

(
R

4.7GV

)−0.8
for R < 4.7GV

ν0β
(

R
4.7GV

)0.57
for R > 4.7GV

(8)

with ν0 = 1.7 · 106 cms−1. ThisD/H ratio can be disen-
tangled by matching the calculated10Be/9Be ratio with data.
For the halo size one obtainsH = 3.5 kpc. In the presence
of reacceleration we also fit the B/C ratio and the10Be/9Be
ratio simultaneously and for the following parameters we ob-
tain the best fit:

D = D0β (R/MV )1/3 (9)

with D0 = 2.52 · 1027 cm2s−1 andη = 3.06 · 10−15 s−1,
α = 1/3 and halo sizeH = 3.8 kpc.

With these various conditions, which fit the B/C ratio and
the 10Be/9Be ratio simultaneously, we calculated the an-
tiproton flux. Figure 1 and 2 show the results of these cal-
culations.
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Fig. 2. The two curves show the calculatedp̄-Flux in the framework
of the DHM, with and without reacceleration. Data are as indicated.
The curves are solar modulated with modulation parameterΦ =
350MV

4 Conclusion

As can be seen in Figure 1 and 2 the data on the measured
antiproton flux are in general in good agreement with the
theoretical expectations. Pursuant to these expectations an-
tiprotons are produced as secondary particles in cosmic ray
interactions with the interstellar gas. The models of prop-

agation which fit the cosmic ray nuclei seem also capable
of fitting the antiprotons, thus particles withZ = 1. The
small differencies between the LBM and the DHM in the
presence of reacceleration we attribute to the different reac-
celeration strengths in the two models, which were adjusted
to reproduce the B/C ratio involving particles withZ/A ≈
1/2. Whether the lower energy data, which lie above the cal-
culated curves, indicate a new source of antiprotons or the
necessity for modifications of the propagation conditions is
subject to further investigations (see also Moskalenko et al.
2001). At higher energies, above 20 GeV, the data do not
exclude either the existence of other sources for antiproton
production (Bergstr̈om, Edsj̈o and Ullio 1999).
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