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Abstract

I consider the impact of recent measurements of positron and antiproton
spectra in cosmic rays on our understanding of the origins and propagation
of cosmic rays, as well as on the annihilation and decay characteristics of
particles of Galactic dark matter, from the perspective of current models
postulating energy-dependent leakage of cosmic rays from the Galaxy and
of the nested leaky-box model, in which the leakage from the Galaxy is inde-
pendent of energy. The nested leaky-box model provides a straightforward
and consistent explanation of the observed spectral intensities, and finds no
compelling need for a contribution from the annihilation or decay of Galac-
tic dark matter. Improved observations and modeling efforts are needed to
probe the properties of dark matter deeply enough to be significant to par-
ticle physics and cosmology.
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1. INTRODUCTION

The origin and propagation of cosmic rays, and the nature and properties of dark matter in our
Galaxy, are outstanding questions in the field of astroparticle physics. During the last several years,
the space missions PAMELA and AMS have measured the fluxes of positrons and antiprotons with
unprecedented energy coverage, extending up to almost 1,000 GeV, and have helped us address
these questions. Details of these measurements, carried out with very high statistical precision and
wide energy coverage, have been presented by Ting (1).

The fields of cosmic-ray and dark matter research began with momentous discoveries in the first
half of the twentieth century. In 1912, Hess’s (2) observation that the ionization rate increases as
one moves up in the Earth’s atmosphere led to the discovery of cosmic rays, and in 1933, Zwicky’s
(3) observation that the random motions of galaxies in the Coma Cluster were too large to be
bound to the cluster by the gravitational forces exerted only by visible matter led to the discovery
of dark matter. Many excellent articles, including several in earlier volumes of Annual Reviews
journals, have comprehensively covered these two topics (4-12). The main purpose of this review
is to focus on recent observations on positrons and antiprotons in cosmic rays, and to discuss
their implications to the fields of cosmic rays and dark matter in a self-contained manner and with
minimal formalism or computational complexity. This review also emphasizes the discrete nature
of the sources of cosmic rays in the Galaxy, which helps us understand some of the puzzling aspects
of the observations.

1.1. Cosmic-Ray Astrophysics: The Beginnings

The advent of the space age in the 1960s enabled measurements of cosmic-ray spectra and com-
position down to ~100 MeV per nucleon without the modifications introduced by the Earth’s
atmosphere. At the same time, researchers realized that the field of cosmic rays would provide
insight into high-energy astrophysics in general and nonthermal phenomena in particular. Two
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masterly and prescient books on this subject were published, the first by Ginzburg & Syrovatskii
(13) in 1964 and the second, with a slightly different emphasis, by Hayakawa (14) in 1969.

The early observations started with a puzzle: The spectral intensities of Li, Be, and B, called
the L nuclei, and those of C, N, and O, called the M nuclei, were measured over the energy
range from ~100 MeV per nucleon to 3 GeV per nucleon. Because the universal abundances of
Li, Be, and B are extremely low, their much higher ratio with respect to C, N, and O in cosmic
rays was immediately interpreted as a result of spallation of the latter nuclei during their traversal
of interstellar matter following the generation of cosmic rays. The interpretation was that this
intervening matter took the form of a slab with sufficient thickness to produce the observed ratio
(Li4+Be+B)/(C+0) generated by steeply declining spectra of primary nuclei at low energies.
No single thickness yielded both the right ratio and the right spectra. To remedy this problem,
researchers developed the leaky-box (LB) model, which postulates that cosmic rays injected into
the Galactic volume by their sources diffused through the volume and then escaped into the
intergalactic space randomly, with an effective time constant 7, irrespective of where and when
they were created (15). The broad distribution of path lengths through interstellar matter enabled
simultaneous fitting of both the spectra and the ratios with the same value of r (15, 16). This
model was also used to interpret the then-available spectra of cosmic-ray electrons and the newly
discovered universal microwave background in order to estimate the value of 7 to be approximately
2-3 My (17). As the data accumulated, the LB model was generally adopted to interpret the
data (4).

The correspondence between the LB model and models that explicitly use the diffusion equa-
tion with boundary conditions assuming that the cosmic-ray density vanishes at the boundary
has been discussed by Jones (18) and succinctly summarized by Maurin et al. (19). It is generally
recognized that the diffusion term V - (DVN) in the context of partially reflecting boundaries
can be approximated by —N /7, as long as the density and other properties of the diffusion vol-
ume are replaced by appropriate average parameters. Following Ginzburg & Syrovatskii (13) and
Berezinskii et al. (20), we may write

N@) = / ¢ () G(r, ¥)dr, 1.

so that the function G(r, ) encodes all aspects of propagation and the boundary conditions. In their
formulation of the LB model, Cowsik etal. (15) approximated the function G (r, r') ~ G (Jr — r'|) ~
G (Bct) and called it the vacuum path-length distribution, in which all the interactions, such as
spallation and energy loss, are switched off. Various processes that take place during propagation
specific to any particle can later be allowed to modify the function G. Cowsik et al. exemplified
this approach with the simplest and most convenient possibility,

G ~ exp(—t/1), 2.
or, equivalently, in terms of the grammage, x = Bcpt,
G ~ exp(—x/1). 3.

In the early 1970s, these observations were extended to higher energies (up to ~100 GeV
per nucleon), which indicated that the ratios of Li, Be, and B to C and O decreased with energy
(21-23), necessitating modifications to the simple LB model. Juliusson et al. (21) and Audouze &
Cesarsky (24) suggested a straightforward modification wherein the leakage lifetime 7 from the
Galaxy is a decreasing function of energy, matching the decrease of the B/C ratio:

(E) ~ nE~°, 4.
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where § ~ 0.7. Because the observed spectrum F(E) of primary cosmic rays such as C is given
essentially by

F(E) = —q¢(E)t(E) ~ B, 5.
4
the injection spectrum ¢ (E) emerging from the sources should be relatively flat:
q(E) ~ E-¢779, 6.

This energy-dependent leakage (EDL) model proposed by Juliusson et al. (21) and by Audouze
& Cesarsky (24) had many attractive features. The relatively flat source spectrum of approximately
E~2, necessitated by rapid leakage of cosmic rays at higher energies from the Galaxy, fitted well
with the spectrum expected of particles accelerated in high-Mach number shocks (25-28). First,
research by Bell (27) and others showed that nearly planar shocks in the expansion of debris from
supernova explosions could efficiently transfer a significant fraction of the kinetic energy of the
debris into energetic particles in a process similar to first-order Fermi acceleration. Second, the
theory of scattering of energetic charged particles in random magnetic fields was being developed
(29-31) from the perspective of both laboratory plasmas and cosmic rays propagating in the
interstellar medium (ISM). These studies suggested that the diffusion constant had varied with
the rigidity of the particles in a way that depended on the spectral density of the inhomogeneities
in wave-number space. This theoretical interplay between scattering theory and modeling on one
hand and the progressively improving observations of cosmic-ray spectra and composition on
the other hand stimulated further development of models with EDL or, equivalently, an energy-
dependent diffusion constant.

On the basis of the same data, Cowsik & Wilson (32) and Meneguzzi (33, 34) suggested that
cosmic rays may suffer spallation in the matter immediately surrounding the sources, generating
secondary nuclei predominantly at lower energies, as higher-energy cosmic rays escape more
freely. Cowsik and Wilson argued further that the values of § in the range ~ 0.5 to ~ 0.7 required
to fit the available observations would imply a very short lifetime and rapid streaming of cosmic
rays at high energies, leading to unacceptably large anisotropies (35, 36). In the alternate model,
they made several assumptions:

1. The Galactic disc was sprinkled randomly with a large number of sources.

2. All cosmic-ray nuclei were accelerated to the same spectral form of ~E~?7 at high energies.

3. Subsequent to the acceleration process, cosmic rays diffused across a lumpy shell of stellar
debris and other material in an energy-dependent fashion, generating the energy-dependent
excess of secondary nuclei, such as B, observed at lower energies.

4. Further transport in the general ISM and leakage into the intergalactic medium were nearly
independent of the energies of cosmic rays, up to almost ~10% GeV. The spallation in the
ISM generated a baseline for the B/C ratio to which the energy-dependent contribution
from the sources was added to yield the observed ratios. The energy-independent constant
lifetime in the ISM should be sufficient to meet the observed bounds on anisotropy of
cosmic rays.

5. During this residence time in the Galaxy, cosmic rays generated secondary nuclei (and, of
course, positrons, antiprotons, and others) whose spectra dominate at high energies as the
spectra of secondary particles from production in the source regions taper off rapidly at high
energies.

For high energies (E > 1 GeV per nucleon), where the energy losses due to ionization losses
are small and the spallation cross sections are independent of energy, Cowsik & Wilson (32)
provided a simple matrix method to calculate the abundances of all nuclei, taking into account
interaction effects to all orders (e.g., primary, secondary, tertiary). By using this formalism in
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a single operation, one can calculate the abundances at the sources given the observed fluxes
of nuclei, or obtain the fluxes expected to be observed for any given source composition. This
formalism is valid, including for radioactive nuclei, as long as appropriately averaged values of the
density of the ISM and other parameters were adopted, as in the case of the LB model. At the
Fourteenth International Cosmic Ray Conference, held in 1975 in Munich, Germany, the same
authors (37) presented further details of their nested leaky-box (NLB) model and suggested that
positrons at E > 10 GeV should have nearly the same spectrum (~E~%7) as the protons at E >
100 GeV that generated them.

At the same conference, Lachieze-Rey & Cesarsky (38) showed that in their EDL models the
positron and antiproton spectra fall steeply at high energies. Accordingly, they suggested that
future observations of positron and antiproton spectra in cosmic rays would provide good tests
to distinguish between NLB and EDL models, and that antiprotons would provide the better
test. Cesarsky (5) reiterated this last point in her article on models of cosmic-ray propagation.
Thus, the precise observations of positrons and antiprotons that were recently made with the
BESS, PAMELA, and AMS instruments are providing us with the requisite data to apply the
test suggested by Cesarsky, which will enable us to answer a fundamental question in cosmic-ray
physics that underlies the more general problem of the origins of cosmic rays. These and other
recent observations are also having a broad impact on fields such as cosmology and particle physics.

1.2. A Quick Overview of Relevant Cosmic-Ray Observations

Since the publication of Cesarsky’s 1980 review (5), there has been considerable progress in the
field of cosmic rays, and new areas of interest have emerged, involving antiparticles in cosmic
rays serving as probes of the nature of Galactic dark matter. Most importantly, the instruments
used to observe cosmic rays have become progressively more sophisticated, and we now have very
good spectra of the total electronic component, resolved into electrons and positrons (39) as well
as protons and antiprotons (40-43). Before delving into these topics, I describe the most recent
observations of cosmic rays relevant to this review. Figure 1 displays the spectral ratio of positrons
and antiprotons to protons; Figure 2 presents the ratio of B to C nuclei as a function of energy;
and Figure 3 shows the bounds on the anisotropy of cosmic rays. Most of the discussion in this
section is based on these observations. When looking at these ratios, one should keep in mind the
generic interconnections among the various components.

1.3. A Perspective on Dark Matter

Knowledge of the existence of unseen gravitating matter dates to 1933, when Zwicky (3) measured
the speeds of galaxies in the Coma Cluster, revealing an apparent violation of the virial theorem:

Gmim;

Zm,v >7Z|r,—r] 7.
Zwicky suggested that the presence of some unseen matter, which he named dark matter, should
be present in the cluster to account for this virial discrepancy. Around the same time, Oort (53)
studied the motions of stars, transverse to the Galactic plane and close to the solar neighborhood,
and suggested that there could exist more matter than what was observed, contributing to the
gravitational potential of the Galactic disc. Separate confirmations of the existence of such unseen
matter came in the 1970s. First, Rubin & Ford (54) observed the rotation of the Andromeda
Galaxy by following an early suggestion by Babcock (55); Bosma (56) posited that this rotation
was due to an extensive halo of dark matter surrounding the galaxies. Second, Rood et al. (57)
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Figure 1

The ratios of the spectral intensities of positrons (39) and antiprotons (41-43) to that of protons (40) in
cosmic rays. The near flatess of this ratio at high energies highlights their generic connection and suggests
that the leakage lifetime of cosmic rays from the Galaxy is nearly independent of energy.

confirmed the virial discrepancy in the Coma Cluster of galaxies. Immediately thereafter, Cowsik
& McClelland (58) suggested that this unseen matter was in fact made up of weakly interacting
particle relics from the Big Bang and that these dominated the formation of large-scale structure
in the dynamics of the Universe. These considerations also implied a bound on the masses of
weakly interacting particles such as the neutrinos (59-61) of less than a few eV.

The crucial connection to much of the current interest in dark matter, including its possi-
ble contribution to the energetic positrons and antiprotons in cosmic rays, was made by Lee &
Weinberg (62), who noted that the assumption by Cowsik & McClelland (58) that neutrinos do
not annihilate in their evolution subsequent to decoupling is valid only for light neutrinos. By con-
trast, for hypothetical heavy neutrinos, annihilation plays a role in diminishing their cosmological
number density, and weakly interacting particles with masses of several GeV could be contributing
as much as the critical density of the Universe. Such particles that were nonrelativistic at the epoch
of decoupling and that survive today with significant density are called weakly interacting massive
particles (WIMPs), and they constitute the cold dark matter (CDM) in the Universe. Steigman
etal. (63) have calculated the average density of WIMPs. Following accepted practice, we present
all the cosmological densities as their ratios with respect to the critical density, p.:

o
- 8 GN
Here, the Hubble constant H, = 100 » km s~! Mpc~!. For convenience, we take b = 0.678,

obtained by fitting Planck data (64) to ACDM cosmology (65), in quoting other values. The mean
dark matter density in the Universe, 2pyy, in units of the critical density, is

Qpum = 0.267, 9.

=1.05 x 107° h* GeVem ™. 8.

Pe

which corresponds to ppy &~ 2.8 x 107° GeV ecm™>. In order to yield this density, the rate of
annihilation (63) for dark matter particles should be

(oqv) ~ 2.1 x 1072 ecm® s, 10.
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model (113, 114). The solid line represents the prediction of the NLB model, whose parameters are
determined by fitting exclusively to AMS data. The dash-dotted line represents the contribution of the
cocoon, and the dotted line represents the contribution from spallations in the interstellar medium (ISM).
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Measurements of the cosmic-ray anisotropy compiled by Cowsik & Burch (52). Also plotted are the
predictions from energy-dependent leakage models by Strong et al. (10) and the scaled values for the nested
leaky-box (NLB) model from Cowsik & Burch (52, equation 7). The light blue region shows the predicted
anisotropy for the NLB model from Cowsik & Burch (52, equation 8).
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Here enters the main theme of this discussion: the positrons and antiprotons in cosmic rays.
The formation of galaxies, including our own, was triggered by the initial growth of density
enhancements in dark matter. Subsequent to decoupling from radiation at a redshift of ~1,100,
normal matter fell into the gravitational potential wells generated by dark matter concentrations
(see, e.g., Reference 65). Accordingly, the density of dark matter in galaxies, including our own
Milky Way, is enhanced considerably with respect to the mean value ppy in the Universe:

py ~0.3GeVem ™. 11.

With such a high density of dark matter permeating and enveloping our Galaxy, there is a
significant rate of annihilation and possibly decay; this process produces the familiar particles of
the Standard Model, including positrons and antiprotons. Because these are charged and energetic
particles, they diffuse in the Galactic volume and build up their density over millions of years, in
a manner similar to cosmic rays, and constitute a background that can be searched for by direct
and indirect detection experiments in order to probe the nature and mass of dark matter particles.
As the Galaxy is made up of matter, we expect a negligible amount of antiparticles in the primary
cosmic rays, and the only background to contend with is that generated by the interactions of
primary cosmic rays. Accordingly, the energetic positrons and antiprotons constitute a highly
accessible channel for the study of Galactic dark matter. Any positive identification of a signal
would have a transformative impact on our understanding of several fields of study, ranging
from cosmology and Galactic dynamics to cosmic rays and particle physics beyond the Standard
Model.

1.4. Distribution of Dark Matter in the Galaxy

In order to estimate the contribution of the decay and annihilation of the particles constitut-
ing Galactic dark matter to the fluxes of positrons and antiprotons in cosmic rays, we need
to know how dark matter is distributed across the Galaxy. There are basically two approaches
to determining the distribution of dark matter in our Galaxy, and both have been extensively
investigated.

1.4.1. Mass density models of the Galaxy. In determining the distribution of dark matter—
especially in the context of its direct and indirect detection—the mass and luminosity distribution of
various baryonic components of the Milky Way and the kinematics of their motion play important
roles. Studies in this area were begun by Jeans (67) in 1922, followed by Oort (68) in 1932; Schmidt
(69) developed a full-fledged model in 1956. Following the realization of the importance of dark
matter for structure formation and Galactic dynamics, researchers began systematically developing
mass models. This research culminated in work by Binney & Dehnen (70), who focused on the
spheroidal nature of the Galactic halo and its ability to accommodate a variety of astronomical
observations, including rotational velocities in the inner Galaxy, Oort constants, the local surface
density of the disk (71, 72), and the satellites of the Milky Way. More recently, Weber & de Boer
(73) and McMillan (74) used Bayesian and Markov chain Monte Carlo analyses to fix the parameters
of the mass models. Improvements in the computational capacity to address structure formation in
the Universe, leading up to the Millennium Simulation (75), have led to parameterized fits to the
density distribution [e.g., fits by Navarro et al. (76) and others], which often showed a central cusp.
Whether or not a cusp in the density distribution at the center of our Galaxy exists is not settled.
In order to analyze the observations pertaining to the decay of dark matter particles, the following
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set of parameters that is consistent with the rotation curve of the Galaxy has been chosen:

[ U
v(r) =/ Ir | 12.
or

Here, U is the total gravitational potential of the Galaxy, including the contributions of both
baryonic and dark matter. Some of the frequently used forms of the density profiles for dark
matter can be written in the generalized form

7o v 1_}_(1.0/7})01
Py () = po (7) {71“7/7:)&

In these density profiles, » is the galactocentric radius; po is the density parameter; 7 is the
galactocentric distance of the Sun; and 7;, , B, and y are adjustable parameters.

B=y)/a
} 13.

1.4.2. Models based on phase-space distributions. These models assume an appropriate form
of the distribution function f (v, ) for particles of dark matter, such as lowered isothermal dis-
tribution (77). This distribution is characterized by two independent parameters, one related to
the density of dark matter and the other related to its velocity dispersion; the distribution satisfies
the stationary collisionless Boltzmann equation. One solves the Poisson equation to obtain the
potential U, due to dark matter and, thus, the density distribution as a function of position:

VU, = 4nGp,, 14.

m(r)sz(v,r)zz%. 1s.

As the lowered isothermal distribution function f depends on the total potential Ui, which is the
sum of U, due to dark matter and U, due to visible matter, the Poisson equation is a self-consistent
nonlinear coupled equation that is solved by numerical methods. This approach was initiated by
Cowsik and his collaborators (see References 78 and 79 for details). Recently, Burch & Cowsik
(80) presented an extensive compilation of the density distributions of all forms of baryonic matter
in the Galaxy for use in deriving the potential U, (r) generated by visible matter. After solving for
the potential U, (r) as a function of the two parameters characterizing f; (v, 7), the authors made a
detailed comparison between the consistency of the total potential and the observed kinematics,
such as the rotation curve of the Galaxy and stellar velocity distributions, including those of the
blue horizontal-branch stars situated at large distances in the dark matter halo of the Galaxy.
Figure 4 shows the density distribution p, () as a function of the galactocentric radius 7, along
with the Navarro-Frenk—-White (NFW) profile (76), obtained by settingoe = 1,y = 1,and g = 3
in Equation 13, which matches the theoretical curve surprisingly closely.

2. COSMIC-RAY MODELS WITH ENERGY-DEPENDENT LEAKAGE
SPECTRA OF POSITRONS AND ANTIPROTONS

The observed decrease of the ratio of secondary nuclei (such as B) to the primary cosmic-ray nuclei
that produce them (such as C and O), combined with the fact that spallation cross sections are
independent of energy, naturally led to the suggestion that primary cosmic rays spend less time
with increasing energy in the ISM, where all the spallation reactions were assumed to take place.
This suggestion is the essence of the EDL models (24) and has been developed extensively over the
years. A direct and almost inseparable consequence of this assumption of EDL of cosmic rays from
the Galaxy is that the ratio of other secondary particles (such as positrons and antiprotons) to their
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Figure 4

The theoretical estimate of the density profile of dark matter in the Galaxy, derived self-consistently from
considerations of phase space by Burch & Cowsik (80). Here, X refers to the column density of the Galactic
disk at the solar circle (in units of Mpc™2), pppo is the density of dark matter at the center of the Galaxy (in
units of GeV em™?), and o is the dispersion parameter but not the dispersion in the velocities of dark matter
particles. These profiles are also consistent with all the measured motions of stars and gas in our Galaxy. The
solid purple line represents the Navarro—Frenk—White (NFW) profile (76) based on a fit to numerical
simulations of galaxy formation.

progenitors (such as protons) also falls with energy, contrary to recent observations (Figure 1).
Accordingly, the discussion of these models is brief, and I focus on suggestions for ways to make
them conform to the observations.

As mentioned above, the EDL model for cosmic-ray propagation proposed by Audouze &
Cesarsky (24) stimulated considerable interest, prompting the development of the GALPROP
code and its application to interpret the spectra of protons and electrons produced by cosmic
rays (81). The GALPROP code incorporates in detail a variety of astronomical observations of
the Galaxy, making it a powerful tool for the study of cosmic-ray propagation and the spectra
of various secondary components, including secondary nuclei, antiprotons, and positrons. The
GALPROP code has also been very useful in providing a good description of the diffuse y-rays
arising from 7° decay, bremsstrahlung, and inverse Compton scattering in the Galaxy. An alternate
code, DRAGON, has been written (82) and semianalytical methods have been used to solve the
propagation equations (19), both in the context of EDL. I refer to these models collectively as the
EDL model.

On the basis of theoretical inputs from Parker (83, 84), Gleeson & Axford (85), and many others
[as elegantly summarized by Berezinskii et al. (20)], the following general transport equation is
solved under the assumption of steady-state conditions:

WG, p1) vy 2ep b
T VDY Vo) = 59 Dy
. P 1 1
o 9V = 5O Vv ]+ v
=q@#, p,1). 16.

Cowsik



Annu. Rev. Nucl. Part. Sci. 2016.66:297-319. Downloaded from www.annualreviews.org
Access provided by 124.40.244.106 on 12/20/22. For persona use only.

Tetlg — — — g
te+0 [ 2 AMS02¢* ]
PAMELA e*
r — NLBe* ]
_ Te-1 3 -— Moskalenko & Strong (1998) EDL 3
T F 3
o le2L N
w - 4
= i ]
~ 1e—3§— .
£ : 3
% te-d
(= £ 3
: E 3
(] F 4
Te-5 = E
te-6L -
Te-7L ) Ll N L]

1 10 100 1,000

Energy (GeV)
Figure 5

The predictions of the spectrum of positrons in cosmic rays by the energy-dependent leakage (EDL) model
(10) and the nested leaky-box (NLB) model (112), compared with observations (39, 154). The increasing
leakage loss predicted by the EDL model leads to steeper spectral intensities, below the observations at high
energies. The NLB model fits the observations well up to ~200 GeV, beyond which the theoretical
spectrum steepens due to radiative energy losses.

Here, ¥(r, p, t) is the density of particles at momentum p, and ¢ (7, p, t) is the source function that
is usually solved under steady-state conditions by taking into account diffusion and convection in
7 and p, losses due to spallation in collisions with interstellar gas included as a time constant 7,
and radioactive decay with a time constant 7,. This versatile equation, containing many parame-
ters allowing the spatial and momentum dependence of the transport parameters and the source
functions to be specified, is solved in a cylindrical volume whose dimensions can be specified as
desired, and the condition that ¢ (7, p, 7) vanishes at the boundary is imposed. The momentum
dependence D,, ~ Dyp® for rigidities p > po, and possibly a different dependence below py, along
with appropriate choices of all other parameters, is chosen to fit the observed B/C ratio, thereby
defining the model. This model has been discussed extensively in the literature (10, 19, 81, 86-98),
so I limit this discussion to examples of the predictions of the spectra of positrons and antiprotons
in the EDL model (Figures 5 and 6). Note that both of these spectra are significantly steeper
than the observed spectra; this is a generic feature of the EDL model and, indeed, of any model
assuming that spallation products such as B nuclei are generated exclusively in the ISM, where
most of the positrons and antiprotons are produced by high-energy interactions of cosmic rays.
A consensus view of the best values for these parameters has not yet emerged. However, the
EDL model has provided a good fit to the observed spectra of the primary nuclear and total
electronic components to the B/C ratio, as well as good estimates of the diffuse y-ray emission
observed from the Galaxy. A weakness of the model, as pointed out by Strong et al. (10), is
that it predicts large anisotropies violating observational bounds (Figure 3). In other words, the
mean free path A for the scattering of cosmic rays in the ISM is given by A = 3Dy(p/po)/c® ~
4kpc at 5 x10° GV for Dy ~ 2 x 10° cm™2 at py = 4 GV and § = 0.75 (92). With such a
large mean free path, the cosmic rays arrive at the Earth with high probability without having
suffered any scattering at all from the sources that lie at distances d < A. Such scattering-free
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Figure 6

The observed spectral intensities of the antiprotons in cosmic rays (41-43), compared with the predictions of
the energy-dependent leakage (EDL) model (111) and the nested leaky-box (NLB) model (114). The
predicted EDL spectrum is steeper than that observed. The NLB model provides a good fit, indicating that
¢ is constant, independent of energy. Because the antiprotons do not suffer radiative loss of energy during
their transport, they provide a better test of the constancy of 7 at these energies. The dashed green line
represents the contribution of the cocoons to the antiproton intensities (113, 114).

propagation causes the cosmic-ray intensity to display narrow peaks in the directions of such
sources, contrary to observations. The predictions related to positrons and antiprotons resulting
from these models are taken as the background for assessing contributions from sources other
than cosmic-ray interactions, such as annihilation or decay of dark matter, or emission from
astrophysical sources, such as pulsars and supernova remnants.

The finding that even early observations of positrons and antiprotons clearly disagreed with the
well-developed EDL model stimulated investigations of alternate sources (88-98), such as nearby
pulsars or million-year-old supernova remnants, or additional effects during acceleration of cosmic
rays in supernova shocks. The basic explanation for this discrepancy (88, 90, 92, 93) rests on an
early result showing that when secondary particles are produced by primary cosmic rays during
their acceleration process, the ratio of secondary to primary particles increases monotonically with
energy (99, 100). It was suggested that such acceleration of secondary positrons and antiprotons
took place in supernova shocks, and the expected increase might compensate for the more rapid
leakage from the Galaxy in EDL models at high energies and thereby reproduce the observations.
The mechanism inducing this increase in the secondary-to-primary ratio would, of course, operate
equally well with other ratios, such as B/C, contrary to observations (101). To overcome these
objections, Mertsch & Sarkar (92) introduced a cutoff at E, up to which such acceleration of
secondary particles may proceed in supernova remnants, even though the acceleration of primary
particles is expected to go on or up to much higher energies. These authors showed that, although
adequately good fits to the e /(e* + ¢ ™) and B/C ratios are possible, the predictions for the ratio
of antiprotons to protons tend to exceed the observed ratios even for the lowest choice of the
parameter, E,,,, = 1,000 GeV.

The other idea for obtaining the current positron fraction is that the primary sources of elec-
trons are inhomogeneously distributed (102-104), for example, with a concentration of supernova
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remnants toward the spiral arms in contrast to the secondary positrons generated in the ISM.
Cowsik & Lee (105) and Nishimura et al. (106) investigated the effect of such finite distances of
the sources, as did Cowsik & Burch (52) in the context of the positron fraction in the NLB model.
Several possible ways to generate the missing flux include leakage of the relativistic electron—
positron plasma from pulsar magentospheres, local inhomogeneities in the Galactic structure,
and an ancient supernova in the solar neighborhood. For a review of some of these suggestions
and additional references, see Israel (107); see Yuan et al. (104) for an analysis showing that it is
generally difficult to fit simultaneously the total spectrum of the electronic component and the
positron fraction with the same set of parameters in these alternate source models. Critical assess-
ments by Katz et al. (108) and Blum et al. (109) suggest that positrons could be simply cosmic-ray
secondaries and that no new sources are needed. This idea is also endorsed by Kruskal et al. (110).

3. NESTED LEAKY-BOX MODEL: CURRENT PERSPECTIVE

The NLB model fits the observed B/C ratio and the spectral intensities of the positrons and
antiprotons without invoking dark matter or any other new sources (52, 112-114). The essential
physics exploited in the NLB model is that B nuclei produced in spallation reactions emerge with
the same energy per nucleon as their parents, such as C and O; by contrast, positrons and an-
tiprotons are produced in interactions of protons of much higher energies. We now have excellent
measurements of the Li/C and B/C ratios extending to energies beyond ~100 GeV per nucleon,
as well as bounds on cosmic-ray anisotropies. These observations complement the information
obtained from the spectral intensities of the electronic component, positrons and antiprotons.
Before discussing how the differences in the kinematics of the production of secondary nuclei
such as B, positrons, and antiprotons allow a consistent interpretation of the decreasing B/C ratio,
together with the nearly flat positron-to-proton and antiproton-to-proton ratios, we describe and
comment on the basic assumptions of the NLB model:

1. Cosmic-ray sources are born across the Galactic disc, randomly in space and time once in
1, years, and function as sources for a period of ~7; years. Thus, at any time an average
of N; = 1;/1; sources are active in the disc. If Galactic cosmic rays fill a volume /5, then
the number density of these sources is 7, = N/ V. For example, supernova remnants with
T, ~ 50 years and Tj ~ 10° years yield N, ~ 2,000 across the entire Galaxy. Therefore, the
effects of the temporal discreteness of the sources are not particularly important here.

2. The sources accelerate primary cosmic rays with spectra very similar to those observed at
~E™7 at energies above ~10 GeV per nucleon. Suppose each of the sources generates
primary cosmic rays at a rate s;(E) of the form

S,‘(E)ZS,',(,E_[). 17
These nuclei come out without much loss, and contribute an average source term
¢i(E) = n,s;, E7? em s GeV . 18.
If 7 is the leakage lifetime of cosmic rays from the Galaxy, then there is a flux of primary
cosmic rays, given by
Betg Bectg
47 7i- 4
In order to match the observations, the spectral index p in the source term ¢;(E) must be
chosen to be 2.7 or 2.6 at high energies, the same as that observed in the interstellar space.

For all the results quoted here, p is taken to have a nominal value of 2.7. Note that this
choice of the spectral index differs from the requirement of the EDL model, which requires

F(E) = (E)= ny5:, E7Pem s lsr ' GeV 19.
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p to be in the range from 2 to 2.4 to compensate for the more rapid leakage of particles
at higher energies. To connect these different requirements of the two models with the
theories of cosmic-ray origins, we note that the acceleration of cosmic rays in plane parallel
shocks (25-28) yields p = (x + 2) / (x — 1), where « is the compression ratio. For a high—
Mach number shock, x = 4, which yields p = 2. By contrast, recent research (116-119) has
shown that the value of x could be smaller. For example, Blasi et al. (116) have suggested
that neutral atoms present in the shocks can transfer the mass and momentum across the
shock to lower the compression ratio; for x ~ 2.8, spectra with the requisite spectral indices
in NLB models could be generated.

3. The cosmic-ray sources are surrounded by a clumpy shell of stellar debris, termed the
cocoon, as indicated by several observations and theoretical considerations (120-123). The
residence time of cosmic rays in this region is a decreasing function of energy (112-114),

1(E) = o7~ 20.

where ¢ ~ 0.1 for T' (in GeV per nucleon). This energy-dependent transport was chosen
to fit the energy-dependent part of the B/C ratio (Figure 2) and is similar to the increase
in the diffusion constant of cosmic rays in the solar wind (124). The functional form is also
supported by the y-ray spectra observed from several Galactic sources (125).

4. Once cosmic rays leak from the cocoon, they diffuse in the general ISM and leak out of
the Galaxy into the intergalactic medium. This transport is taken to be independent of the
cosmic-ray energy up to almost 10° GeV, and is characterized by a lifetime, 7¢, given by

76 ~ 2.3My. 21.

This energy-independent lifetime, implying constancy of the diffusion constant, is consis-
tent with observations of the density inhomogeneities in the ISM. An extensive review and
analysis by Armstrong et al. (126) provides information about spectral densities over a wide
range of wave numbers k. For a typical magnetic field strength of ~5 pG, the wave numbers
that are relevant for cosmic-ray transport in the energy range from a few GeV to a few TeV
are in the band 1071 m~! < £ < 107" m~". In this band, the observed spectral densities fit
very well with

Flyd’k ~ k™ 5d*k ~ k*d’k. 22.
Accordingly, the dependence of the diffusion constant (3) on rigidity p is given by
D(p) ~ Bp** ~ Bp® ~ constant. 23.
Lewandowski etal.’s (127) observations of the variation of pulsars’ pulse width with frequency
also support the £~ form of the spectral intensities.

In the following section, I compare the fluxes and flux ratios expected in the NLB model with
those from observations. I begin with the B/C ratio, which is used to determine the parameters of
the model.

3.1. The B/C Ratio in Cosmic Rays

The kinematics of the production of B nuclei through the spallation of heavier nuclei is very simple:
B emerges with very nearly the same kinetic energy per nucleon as its parent nuclei. Furthermore,
at energies above a few GeV per nucleon, the spallation cross sections are independent of energy,
and the energy loss due to ionization can be neglected. Consequently, the B/C ratio is proportional
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to the sum of the grammages A traversed in the cocoon and in the ISM:
B/C o Bemp(np o te(E) + niismte) ~ (he + Aq). 24.

Here, 7y, and 7 1sm are the mean number densities of H atoms (which act as targets for spallation)
in the cocoon and in the ISM. Figure 2 compares this form of the B/C ratio expected in the NLB
model with observations. The fit is very good up to ~250 GeV per nucleon, and reproduces
the dependence of the ratio on energy, including the tendency of the ratio to level off beyond
~60 GeV per nucleon. At ~300 GeV per nucleon and above, there are five data points with larger
uncertainties that do not show any clear trend. Data acquired with improved statistics and smaller
systematic uncertainties will more accurately fix the value of 7 postulated in the NLB model.
These data should become available in the next few years from the AMS and CALET instruments
(128), as well as from ISS-CREAM (129), which will also be located on the International Space
Station. The charge resolution of AMS (1) ensures that Li fluxes are free from contamination
by neighboring elements. Accordingly, the observed spectrum of Li nuclei (1) with an index of
—2.7 at high energies lends strong support to the NLB model with 7 constant. As both Li and
B are spallation products of C and heavier elements, the NLB model predicts similar energy
dependences for Li/C and B/C ratios.

3.2. Cutoff in the Spectrum of Electrons

In the NLB model, the discrete nature of the sources implies that particles emitted from those
sources will take a finite amount of time to diffuse up to the Earth, depending on their distance.
"This finite time interval between production and observation induces a cutoff in the spectrum of
electrons, of the form ~exp (=776 E/4D), where 7; is the distance to the source, (—bE?) is the
rate of radiative energy loss in the Galaxy, and D is the diffusion constant, taken to be independent
of energy in the NLB model. For typical numbers, the loss of energy through the emission of
radiation leads to a cutoff at ~1 TeV in the spectrum of electrons arriving from even the nearest
source at7, ~ 400 pc, as shown by Cowsik & Lee (105), Nishimura et al. (106), and more recently
Cowsik et al. (52, 112) in the context of the e™/ (e* + ¢7) ratio. The relevance of such effects on
the positron fraction in the EDL model is noted in Section 2, above.

3.3. The Positron Spectrum and the Positron Fraction

Positrons are generated by high-energy interactions of cosmic rays producing energetic 7 *, which
yield positrons through the decay chain 7+ — pt +v,, ut — e* + v, +v,. The rate of positron
generation has been calculated by several authors; we adopt the calculation by Moskalenko &
Strong (81). An essential kinematical feature of the production process is that positrons typically
carry away only ~5% of the energy of the primary protons. As a consequence, the energy of
the primary particles needed to generate positrons above 10 GeV is in excess of ~200 GeV per
nucleon. At such high energies, as shown by Equation 20, the cosmic rays rapidly diffuse across
the cocoon without producing a significant number of positrons. Given that we are interested in
higher energies, we may neglect the production of positrons in the cocoon and focus on their
production in the ISM. Negatively charged electrons are also produced by the interactions of cos-
mic rays, but because protons dominate over neutrons in the cosmic-ray flux, the flux of electrons
generated is approximately one-half that of positrons, when we take into account multiplicity in
pion production.
The source function for the positrons in the ISM is given by

g+ (B)=q.E", 25.
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where g, ~ 5 x 107 em™ 57! GeV™! (H atom)™! when E is expressed in GeV, and the spectral
index p ~ 2.7 is equal to that of the protons in primary cosmic rays. If we assume that the ISM, on
average, is nearly uniform and surrounds the Solar System, it is easy to show (17) that the positron
flux in cosmic rays is given by

Fe+ (E) = /l/bE L7’l]_| ISMqi (1 — bEt)p72 E_i/rcdt,
0 4 ’ Er

= 4671’(;71}[1151\4% fOI‘ E << 1/171’(;,
_ CTghHISM - 4+ .
Dl -1 Bl for E >> 1/btg. 26.

For the choice 73 = 0.5 em™ (H atom)~! and 7 =2.3 My, we have performed a numerical in-
tegration of Equation 33, below, and applied a small correction to account for the solar modulation
effects atlow energies in order to obtain the positron spectrum expected in the NLB model. The fit
to the observations shown in Figure 5 is good up to ~150 GeV; beyond this value, the theoretical
curves show a gentle transition toward a steeper spectrum and have an asymptotic form E~37.

Because the positron spectrum is reproduced faithfully in the NLB model, the increase in the
positron fraction can be understood in terms of the spectra of primary electrons accelerated in the
sources and observed with a spectral slope of ~3.2 beyond 10 GeV and a sharp steepening beyond
~1 TeV, leading to a cutoff in the spectrum. At these high energies, the secondary positrons and
electrons generated in the nearby regions of the ISM will have a spectral index of ~3.7 and will
dominate the observed intensities. Because these are secondary cosmic rays, they are generated
with a positron fraction of ~0.66, and accordingly, we expect the observed intensities to reach this
value at energies well beyond a few TeV.

3.4. Cosmic-Ray Antiprotons in the Nested Leaky-Box Model

The observed antiproton-to-proton ratio is independent of energy beyond ~10 GeV (Figure 1).
"This similarity in their spectra implies a generic connection between the protons and antiprotons
and indicates that the residence time of cosmic rays is essentially constant, independent of energy.
The kinematics of the production of antiprotons by energetic protons is interesting for several
reasons: The threshold energy of the primary particle is 72, ~ 6.5 GeV, and the antiproton
emerges from the interaction with a kinetic energy of mz, ~ 0.94 GeV. As the energy of the
primary particle increases, the spectrum of the emerging antiproton spreads toward both lower
and higher energies. As a consequence of the increase in multiplicity and the power-law spectrum
of cosmic rays, the observed spectrum has a peak just above the threshold, at ~2 GeV.

Many researchers have presented the cross sections for the production of antiprotons by cos-
mic rays in terms of analytical fits to the Lorentz-invariant product G = E ‘f—‘; obtained from
accelerator experiments (87, 130-135). Two aspects of these analytical fits are cﬁstinctive for cos-
mic rays: The decay of antineutrons and antihyperons has to be added in, and the contributions
of nuclei such as helium must be accounted for, both in the primary beam and in the target
(132, 133). Given the parameterized form of G, the differential cross section for the produc-
tion of an antiproton of energy E by a primary proton with energy £, colliding with a target
proton is

do(E.E,) (™ ("G ,dp .
—JE _A /0 old IE -sinfdbd g, 27.

O
= 27 G pr d@,
0
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where p =\ JE? —m; % = %; and pt = psind, the transverse momentum of the antiprotons.

The upper limit 6, arises from kinematics and is given by

0, = co —1{ (Ep +my)E —my) + 4, }

28.
(B, + Y P(Ey =m) 7 p

In the NLB model there are two source terms. The first is due to production in the cocoons
75.c(E), and the second is due to production in the ISM, ¢; 1sm(E):

00 do(E,, E)

75.(E) = n, f xp(E,,)ch(E[,)nH,CT -dE,,
E[I\(E)
:/ qp(Ep)fc(Ep)”H,cM -dE,. 29.
Eg(E) dE

Here, 7, is the mean number density of sources in the Galactic disc; 5,(F,) is the injection rate
of protons per source; ¢,([,) is the mean injection rate per unit volume of the Galactic volume
(as defined in Equations 17 and 18, above); and ©.(£,) is the EDL lifetime from the cocoon,
leading to the grammage A. = ¢ty 7721, which is obtained by fitting the observed B/C ratio.
The threshold energy Ey(E) is obtained by solving for E, after setting 6, = 0 in Equation 28.
This source function for antiprotons, contributed by the interactions in the sources, yields an
antiproton flux F; ((E) in the ISM:

F; (E) = #qﬁyc(E) X (E) - tgem s st 1 GeV T 30.

Here, X (E) is an energy-dependent factor representing the contribution of He and other nu-
clei, both in the primary cosmic rays and in the target material (132, 136). This contribution
(Figure 6) is significant in the energy range 1-5 GeV but is not as large as the contribution of
cocoons to the B/C ratio because of the high threshold for antiproton production and the rapid
decrease of the grammage in the cocoon at higher energies, as 7.(E). Similarly, the contribution
of cosmic-ray interactions in the ISM generates a flux of antiprotons that may be calculated as

follows (Figure 6):

o0 do(E,, E
gpasm(E) = / qp(Ep)“GnH,ISMM -dEp, 31.
En(E) dE
¢
Fsism(E) = EQ[}ISM(E) - X (E) - G- 32.

Note that this contribution dominates the spectrum at high energies. The sum of the two con-
tributions F;(E) fits the observed antiproton spectrum well at high energies but falls short of the
flux observed below ~1 GeV. This very low energy component is attributed to the scattering of
low-energy antiprotons and to the effects of adiabatic deceleration in the solar wind.

4. POSITRONS AND ANTIPROTONS IN COSMIC RAYS AS PROBES
OF THE NATURE OF DARK MATTER PARTICLES

Even though there is no compelling need for a contribution from the decay or annihilation of
dark matter in the NLB model, from the perspective of Galactic dynamics, particle physics, or
cosmology, one cannot overestimate the importance of understanding the interaction, decay, and
annihilation of these particles. The interconnection between the annihilation rate (o v), which is
close to the weak-interaction strength, and the density of dark matter, established in 1977 by Lee
& Weinberg (62), stimulated astrophysical discussions aiming to identify the consequences of such
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annihilation and searches for observable signals arising from them. Two of the earliest suggestions
were to search for energetic antiprotons (137) and to search for y-rays from astronomical systems
(138). The same strategies and techniques suggested for the study of annihilation also apply to the
study of decaying WIMPs, and these studies clearly complement efforts to directly detect scattering
of Galactic dark matter particles off nuclei in the laboratory. Other reviews have summarized
these wide-ranging efforts (139-142). The annihilation and decay are assumed to occur through
W+W =, ZZ, bb, and other channels, and the positron, antiproton, y-ray, and neutrino spectra
emerging from these processes have been calculated with a state-of-the-art understanding of
particle physics (143).

Currently, the best available limits of (ov) arise from Fermi-LAT’s (144) y-ray observations
of dwarf spheroidal galaxies associated with our Galaxy and fall below 2 x 10726 em™ s7! for
this channel for 7z, < 100 GeV. Observations from HESS provide the best bounds in the TeV
domain of ~1072° ecm~ s7! (145). Here, I focus on the antiparticles in cosmic rays, positrons
and antiprotons, which may be stored in the Galactic volume for millions of years, enhancing the
chance of their detection. Studies using the charged decay products, positrons and antiprotons,
complement those using the neutral decay products, neutrinos and y -rays. Each of these channels
has its own advantages and uncertainties.

The search for positrons and antiprotons in cosmic rays arising from the decay and annihilation
of dark matter has the advantage of the buildup of their intensities over millions of years. To
interpret the observations of antiprotons and positrons, we need to calculate the contributions
from the dark matter halo at the Earth that is situated close to the Galactic plane. Herein lies the
difficulty: The halo of dark matter enveloping the Galaxy extends up to ~100 kpc or more. By
contrast, all our knowledge about propagation of energetic particles in the Galaxy comes from
observations of cosmic rays generated by sources close to the Galactic plane. It is in no way
certain that the propagation parameters that are applicable close to the plane will hold true over
such extended distances, where the strength and power spectrum of fluctuations of the magnetic
field are expected to be quite different. There are two other reasons contributing to the difficulty
of precisely estimating the fluxes of annihilation products of dark matter. The first involves the
so-called boost factor, B, which represents the possible effects of local concentrations in the density
of dark matter within the overall profile of the cloud of dark matter surrounding the Galaxy:

B, = (p2()) /o, () - 33.

The boost factor can, in principle, enhance the source function by a large factor (146). The
second reason involves the Sommerfeld enhancement, which represents the increased rate of
annihilation due to the possible existence of long-range attractive interactions on the annihilation
of nonrelativistic particles (147).

Several groups have attempted to derive bounds on the decay lifetime and annihilation pa-
rameters of WIMPs in the EDL models (148-152). Here, I briefly summarize the findings of
Hamaguchi et al. (153). These authors interpreted recent measurements of AMS-02 experiments
on antiprotons as arising from decaying or annihilating dark matter with mass ~1 TeV or higher,
in the context of an EDL model with propagation in a volume of radius ~20 kpc, a total halo
thickness of 8 or 30 kpc, and a diffusion constant increasing with momentum as p?, with § ~ 0.7
or 0.46. The estimated annihilation cross sections (o v) needed to fit the antiproton spectrum in
the EDL model are ~2 x 1072* em™ s7! and 6 x 107%° cm ™ s7!, or decay lifetimes of 5 x 10% s
and 2 x 10?7 s, respectively. The observed positron fluxes do not conflict with this interpretation.
However, the annihilation cross sections needed are larger than (ocv) ~ 2.1 x 10726 cm™ s71,
required for the interpretation of dark matter particles as thermal relics in the standard ACDM
cosmology (63). Perhaps the higher rate is attributable to the Sommerfeld enhancement or boost
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effects. However, the cross sections are consistent with the upper bounds placed by Fermi-LAT’s
observations of dwarf spheroidal galaxies for 7, > 1 TeV. The high value of § ~ 0.7 or § =
0.46 used in these models poses a concern because it implies a high level of anisotropy in cosmic
rays, as does the large number of parameters that are assigned widely varying values by different
analyses of the EDL models. Similar studies within the context of the NLB model have not yet

been performed but would be useful.

5. EPILOGUE

During the last decade, a major effort has been launched to measure with high precision various
cosmic-ray spectra, including those of antiprotons and positrons. The NLB model proposed by
Cowsik & Wilson (32, 37) fits these observations in a simple and straightforward way. By contrast,
the EDL model proposed by Audouze & Cesarsky (24) predicts positron and antiproton spectra
that are steeper than the observations. Over the last few decades, researchers have devoted con-
siderable effort to making the EDL model more sophisticated by including rigidity-dependent
diffusion, convection, adiabatic deceleration, and stochastic acceleration in a multizone model for
the Galaxy, along with spatially dependent source distributions. To date, there is no consensus on
the values of the large set of parameters of the model, and the predicted positron and antiproton
spectra are generally steeper than the observations. As a result, there have been extensive efforts
to assess the contributions from new astrophysical sources, such as pulsars and old and nearby
supernova remnants, and contributions from the decay and annihilation of Galactic dark matter
particles. The estimated values of the lifetime and annihilation cross sections derived in these stud-
ies should be tentatively treated as bounds, in the absence of a consensus on models of cosmic-ray
propagation and because the propagation parameters have been derived for sources concentrated
in the Galactic plane, whereas the distribution of dark matter that permeates the Galaxy extends
to ~100 kpc, with nearly equal source strength in each shell up to such distances. The NLB model
provides a good explanation of the spectral intensities of positrons and antiprotons entirely as
cosmic-ray secondary particles; nevertheless, because of the uncertainties in the cosmic-ray fluxes
and interaction cross sections, there is still room for the discovery of new astrophysical phenomena
and for an investigation of the properties of dark matter. The experimental and theoretical efforts
needed to make these discoveries are the great challenge facing cosmic-ray scientists today.
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