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Abstract. In a companion paper, we investigated the question of the spatial origin of the cosmic rays detected in the Solar
neighborhood, in the case of standard sources located in the Galactic disk. There are some reasons to believe that there may
also be a large number of sources located in the halo, for example if the Galactic dark matter is made of supersymmetric
particles or if Primordial Black Holes are present. These exotic sources could enhance the ¯p, d̄ or positrons above the standard
background, indicating the existence of new physics. The spatial distribution of these hypothetical sources, though an important
ingredient to evaluate these exotic signals, is poorly known. The aim of this paper is to point out that this discussion should
not be disconnected from that of the propagation properties in the Galaxy. More precisely, we determine the regions of the
halo from which a significant fractionf of cosmic rays antiprotons and antideuterons detected in the Solar neighborhood were
emitted (we refer to these regions asf -volumes), for different sets of propagation parameters consistent with B/C data, as
derived in Maurin et al. (2002). It is found that some of them lead to rather smallf -volumes, indicating that the exotic cosmic
rays could have a local origin (in particular for a small diffusive halo or a large Galactic convective wind), coming from the
Solar neighborhood or the Galactic center region. It is also found that the dark matter density enhancement (spike) due to the
accretion around the central supermassive black hole gives a negligible contribution to the exotic charged particle signal on
Earth. The case of electrons and positrons is also discussed.
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1. Introduction

A great amount of work has been done these last twenty years
on the astrophysical signatures that could unravel new physics.
In the eighties, there were great hopes that the antiproton sig-
nal, which showed an excess at an energy of a few hundreds
of MeV in the first balloon experiments, could be such a sig-
nature. However, this hope was swept away by the progress in
measurements – see e.g. (Orito et al. 2000; Maeno et al.
2001) or (Beach et al. 2001) and (Boezio et al.
2001) at higher energy – and a better determination of the cos-
mic ray propagation parameters (see e.g. Maurin et al. 2002). It
was shown that the measured antiproton flux was indeed com-
patible with the sole secondary standard spallative production
(Bergström et al. 1999b; Donato et al. 2001) (see the first pa-
per for a comprehensive historical discussion and a panel of
references dealing with exotic antiproton production).

Donato et al. (2000) showed that the antideuteron (d̄ )
signal could lead to a clearer signature of SUSY. However,
as discussed in many other studies on SUSY antiprotons
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(Rudaz & Stecker 1988; Stecker & Tylka 1989; Jungman
& Kamionkowski 1994; Bottino et al. 1995, 1998; Wells
et al. 1999; Bergstr¨om et al. 1999b), the indeterminacy in
the dark matter distribution, as well as its possible clumpi-
ness (Bergstr¨om et al. 1999a), might severely change the con-
clusions. In contrast, the Hawking evaporation of Primordial
Black Holes (PBH) could also yield a new source of cosmic
rays (Maki et al. 1996), but the precise shape of the dark
matter in this case is not crucial (Barrau et al. 2002, 2003).
Nevertheless, in the latter case, it was shown that even con-
sidering only the propagation parameters giving a good fit to
B/C data, the remaining degeneracy for example in the diffu-
sive halo height has sizeable effects on the primary flux (Barrau
et al. 2002).

Hence, at least two different phenomena can affect the
conclusions reached in papers dealing with exotic flux cal-
culations. The first one, related to the spatial distribution of
SUSY sources, is usually thoroughly discussed (Bergstr¨om
et al. 1999b), but the second point – namely the influence of
various propagation parameters – is generally skipped, due to
the simplicity of the propagation models used. The aim of
the paper isnot to compare the predicted ¯p, D̄ fluxes with
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observations for different series of models, but rather to point
out which characteristics of the models actually play a role, in
order to give some physical insights and milestones for studies
specifically devoted to exotic flux evaluations.

We apply the method described in Taillet & Maurin (2003)
to determine the volumes from which a fractionf of cosmic
rays reaching the Solar neighborhood were emitted, or equiva-
lently the volumes that contribute to the fractionf of the total
flux detected in the Solar neighborhood. These volumes will be
referred to as thef -volumes throughout the paper.

We find that depending on the diffusion parameters (eval-
uated from a systematic study of standard CR, Maurin et al.
2002) as well as on the source spatial distribution, the spatial
origin of cosmic rays may be quite local, the particles detected
in the Solar neighborhood having mostly been created a few
kpc away from the Solar neighborhood in some cases, or a few
kpc away from the Galactic center in others.

2. Evaluation of the f -volumes

In a companion paper (Taillet & Maurin 2003), we presented a
method to compute the region from which a cosmic ray de-
tected in the Solar neighborhood has a given probability of
originating. This method was applied to standard sources lo-
cated in the disk, and we now use it for (exotic) sources in the
halo. A schematic view of our model is presented in Fig. 1
where the isothermal dark matter profile has been superim-
posed on the Galaxy to compare their typical scales (the reader
is referred to Taillet & Maurin 2003 for all the details concern-
ing the model, such as the functional form of the galactic wind
and the geometry of the box). The probability that a particle
detected in the Solar neighborhood was emitted from any finite
volumeV can be computed as

P {V|ro} =
∫
V w(rs)Nrs(ro)d3rs∫
Vtot
w(rs)Nrs(ro)d3rs

, (1)

where the source distributionw(rs) has been introduced
and Nrs(ro) is the density inro resulting from a point source
located inrs. In this paper, we are interested in determining
f -volumes, i.e. volumesV( f ) from which a given fractionf of
cosmic rays detected in the Solar neighborhood were emitted.
They are defined by

P {V( f )|ro} = f . (2)

Actually, even for a given value off , there are many differ-
ent volumes, delimited by different closed surfaces, fulfilling
this condition. We focus on the smallest of these volumes, pre-
cisely delimited by an isodensity surface. Monte Carlo inte-
gration is then particularly well adapted to evaluate the inte-
grals in Eq. (1). In a typical run,∼106 points are required to
reach a<∼0.5% convergence and the integral is performed in-
side all isodensity surfaces at once, so that thef -volume de-
fined by Eq. (2) are simple to recover.

2.1. Influence of the propagation parameters

The quantityNrs(ro) appearing in Eq. (1) is evaluated by solv-
ing the diffusion equation with a point-like source, in the

geometry depicted in Fig. 1. Propagation is affected, at differ-
ent levels, by three effects: escape, galactic wind and spalla-
tions. First, escape happens when a particle reaches one of the
boundaries of the diffusive volume. As discussed in the com-
panion paper, this limits the range from which cosmic rays can
travel to the Solar neighborhood. It was also shown that the
side boundary plays only a minor role, and one can assume that
the box has an infinite radial extension. Second, a convective
wind Vc directed out from the Galactic plane blows the charged
nuclei away, so that it is more difficult to reach the plane from
highzsources. Finally, spallations may happen when a nucleus
crossing the thin disk interacts with the interstellar matter. The
nuclei are then destructed at a rateΓinel = 2hnISM.v.σinel. A
particle emitted from a remote source is more affected by spal-
lations as it is likely to have crossed the disk many times before
reaching the Solar neighborhood. In the companion paper, this
effect was shown to be important for heavy species created in
the disk. Here, we focus on very light species, having smaller
cross-sections, which are mostly created in the halo. They are
affected by the wind in the whole halo, i.e. from the moment
of their creation, whereas they are only affected by spallations
when they cross the disk, which is less likely for halo sources
than for disk sources. As a result, spallations play only a minor
role in the present study (this effect is nevertheless included in
our treatment).

When these three effects are taken into account, the density
in O due to a Dirac sourceδ(r − rs) can be computed. Because
of the cylindrical symmetry present for an infinite disk, it is
equivalent to consider a source termδ(z − zs)δ(r − rs)/2πrs,
which leads to

N(rs,zs)(0) = e−zs/rw

∞∑
i=1

J0 (ζi rs/R)

πJ2
1(ζi)R2Ai

× sinh [Si(L − zs)/2]
sinh(SiL/2)

(3)

with

Si =

√
4
rw
+

4ζ2i
R2

and Ai = K

(
2
rsp
+

2
rw
+ Si coth

[SiL
2

])
(4)

and where the parameters
rw ≡ 2K

Vc
≈ 5.87 kpc× K(E)

0.03 kpc2 Myr−1

10 km s−1

Vc
,

rsp ≡ 2K
2hΓinel

≈ 3.17 kpc
β

× K(E)

0.03 kpc2 Myr−1

100 mb
σ
,

(5)

give the order of magnitude of the typical distance over which
the associated process affects propagation. In practice, large
values ofR have been used in Eq. (3) so that the hypothesis
R → ∞ is actually recovered. The effect of escape, wind and
spallations are compared in Fig. 2, which shows the shape of
the isodensity surfaces for two valuesL = 5 kpc (left panels)
and L = 10 kpc (right panels), and for typical values ofrw

andrsp. The valuersp = 3.17 kpc has been retained because it
corresponds to the antideuteron destruction cross section for a
typical value of the diffusion coefficientK = 0.03 kpc2 Myr−1.
In the upper panels, one can see the shrinking of the con-
tours in the vicinity of the disk, due to the effect of spalla-
tions. The effect of the wind is rather to flatten the contours,



D. Maurin and R. Taillet: Spatial origin of cosmic rays in diffusion models. II. 951

δ (rs,zs)q(rs,zs) =

R =8.0 kpc

R=20 kpc

L=115 kpc

2h=0.2 kpc

z

(axial symmetry around z)

ΓinelSpallation 

ρ
DM

(r,z=0)

ρ
DM

(r,z=0)

r

Isothermal profile
Dark Matter

Convection Vc

Diffusion K(E)

(ISM)

2

A
rbitrary unit

(kpc)

Fig. 1. Schematic view of our Galaxy: diffusive and convective prop-
agation plus spallations in the thin disk. Effective primary exotic
sources follow either the dark matter profile or its square (isothermal
profile is depicted).

as can be seen in the lower panels. The probability density also
decreases more rapidly when convection or spallations are in-
cluded than when diffusion alone is considered. As a result,
the 99%-volumes are reduced, as indicated by the thick lines. It
is thus of importance to use realistic values forK(E), L andVc

in order to give confidentf -volumes for real situations (σinel

is not a free parameter, it solely depends on the species we
consider).

To summarize the previous results about the origin of ex-
otic primaries in diffusion/convection/spallation models: i) the
pure diffusive regime provides an upper limit that is strongly
dependent on the halo size; ii) the Galactic wind lessens
the f -volumes: either propagation is convection-dominated –
in this case, the origin depends only on the value ofL andrw,
i.e. Vc andK(E) – or it is escape-dominated and the geomet-
rical upper limit (sole dependence onL, not K) is recovered;
iii) spallations also systematically lessen thef -volumes: the
heavier the nucleus, the larger its destruction rate, the closer
it comes from. However, as a particle created in the halo is less
likely to cross the disk, this effect is negligible compared to the
wind for rw & rsp. We show below that all these effects are more
pronounced for annihilating SUSY than for evaporating PBH
because the density profilehDM(r, z) appears with a square.

2.2. Dark matter distribution

The dark matter distribution in our Galaxy is poorly known,
and several dark matter profiles can be used. The first con-
straint is that the observed rotation curve of our Galaxy is al-
most flat beyond a few kpc from the center. For a spherical halo,
it follows that the density decreases as 1/r2 outside the cen-
tral regions. In the inner regions, the situation is far from clear.
Numerical simulations indicate that the central distribution of
dark matter is cuspy, with ar−γ dependence withγ ∼ 0.5−1.5
(Ghez et al. 1998), but this seems to be in contradiction with
observations (Binney & Evans 2001).

Fig. 2. Isodensity surfaces in the (r, z) plane for L = 5 kpc and
L = 10 kpc (side boundaryR = 20 kpc). Inner contours correspond
to dP(rs, zs|O)/d3rs = 0.01 kpc−3 and the contours are spaced by a
factor 1/4. From top to bottom,rsp = 3.17 kpc (no wind), no wind
and no spallations,rw = 2.935 kpc (no spallations). These numbers
correspond, respectively, for a reasonable choice ofK(E) at 1 GeV, to
σsp ≈ 100 mb andVc ≈ 20 kpc Myr−1. The additional thick line in
each panel delimitates contoursP(V( f )|O) = 99%.

In the absence of a clear answer to this problem, we use sev-
eral profiles for the Dark Matter distribution, with the generic
form

hDM(r, z) =

(
R�√

r2 + z2

)γ  Rαc + Rα�
Rαc + (

√
r2 + z2)α

ε (6)

where spherical symmetry has been assumed. Numerical sim-
ulations point toward singular profiles withγ = 1.5, α = 1.5,
ε = 1 andRc = 33.2 kpc (Moore et al. 1999) orγ = 1, α = 1,
ε = 2 andRc = 27.7 kpc (Navarro et al. 1996, hereafter NFW).
We also considered an isothermal profile withγ = 0, α = 2,
ε = 1 andRc = 3 kpc (the modified isothermal profile would
give very similar results).

As already said, exotic SUSY particles (resp. PBH) are sup-
posed to fill (resp. follow) the dark matter halo profilehDM(r, z).
However, the nature of the cosmic ray creation process is differ-
ent in these two cases, leading to very different effective source
terms, i.e. different weightw(r, z) in Eq. (1). For evaporating
Primordial Black Holes, the particle production is proportional
to the density of the objectswPBH(r, z) ∝ hDM(r, z). In con-
trast, the production term for supersymmetric particles is pro-
portional to the square of the density because two dark matter
particles must be present for annihilation to occur. In this case
wSUSY(r, z) ∝ hDM(r, z)2.

They are displayed in Fig. 3 both for SUSY and PBH
weight (see above). The Moore and NFW profiles are sin-
gular at the Galactic center, so that the source term is much
stronger there. The probability that a cosmic ray detected in
the Solar neighborhood was emitted from this region is en-
hanced for these profiles. A crude estimate of this effect is
obtained by a mere count of the effective (PBH or SUSY)
source numbers in this critical region. For example, in the
range [0−2] kpc, a Moore profile leads to an enhancement×2.7
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Fig. 3. Effective source weight (PBH or SUSY) for several profiles
(see text).

for PBHs and×90 for SUSY annihilations, compared to the
isothermal case. Stretching this interval decreases the enhance-
ment factor, and for [0−4] kpc, it is respectively×1.5 and×25,
and finally for [0−8] kpc, the numbers are×1.1 and×20. The
enhancement is far smaller for PBH than for SUSY particles.
Notice that the upper limits on the PBH density derived from
antiproton flux measurements in Barrau et al. (2002) were of
the same order of magnitude for an isothermal halo and for
cuspy halos. This result is definitively not transposable to the
SUSY case.

This is not the final word. The center of our Galaxy con-
tains a supermassive black hole (SBH) of a few 106 M�. During
its formation, it probably accreted the surrounding dark matter,
leading to a local enhancement of the density. Gondolo & Silk
(1999, hereafter GS) found that if the SBH grows adiabatically
in the center of the Galaxy, the cuspy profile (ρ(r) ∝ r−γ with
0 < γ < 2) becomes spiky andρ(r) ∝ r−A with 2.25< A < 2.5
in a region of a few parsecs around the black hole. The presence
of the spike would have dramatic consequences for several pre-
dictions of the signal from annihilating dark matter particles,
e.g. γ and neutrinos (Gondolo & Silk 1999) or synchrotron
emission ofe+e− pairs (Gondolo 2000; Bertone et al. 2001).
The signal coming from the direction of the Galactic Center
is obtained by integrating along the line of sight, and the con-
tribution of the central region is very different with or without
a spike. In the case of the isothermal profile, the central region
(around the SBH) contributes at the level of∼10−9 whereas this
contribution is greater than∼105 for a Moore profile (Gondolo
& Silk 1999). However, these results are expected to be overop-
timistic, and it is doubtful that such a spike exists in our Galaxy,
as indicated by a more careful dynamical modelling of the SBH
growth (Ullio et al. 2001). These authors review several effects
(adiabatic growth versus instantaneous growth, models with
off-centered black holes) and recover some results that were

known before the Gondolo & Silk paper: only the peculiar case
in which the SBH forms adiabatically at the exact center of
the dark matter profile can lead to an enhancement such as de-
scribed in GS. Finally, in a recent study, Merritt et al. (2002)
have observed that, taking into account the quite large prob-
ability that the Milky Way experienced a major merger in its
history, the ensuing dark matter profile and resulting annihila-
tion fluxes could be several order of magnitudes smaller than
obtained with dark matter profile not disturbed by a SBH.

The points discussed above are mostly relevant for particles
travelling in straight lines. For charged particles, due to the dif-
fusive nature of propagation, the probability to come from a
sphereS of radiusr = 10 pc around on the Galactic center
(∼8 kpc away) is

∫
S(dP/d3rs)d3rs, which is<∼10−10 (dP/d3rs

is given for example in Fig. 2). Due to the very narrow scale
where the SBH may affect the distribution, even enhancement
such as obtained in Gondolo & Silk (1999) – and which is
not very realistic – cannot yield a significant contribution for
charged particles. Eventually, the dark matter profile remains
of importance (isothermal or cuspy). In the following, most re-
sults will be presented for the isothermal case, the influence of
the cusp being discussed at the end.

2.3. f -volumes for SUSY and PBH weights
and different values of L

We now have all the elements to compute thef -volumes, in-
serting the source distributions described above in Eq. (1). The
function entering the integral does not possess cylindrical sym-
metry, so that the full three-dimensional integral must be com-
puted. We first neglect spallations and galactic wind to con-
sider only the effect of L. This parameter is expected to play
an important role, as the charged particles created outside of
the magnetic halo of our Galaxy do not penetrate inside it and
are not detected (Barrau et al. 2002, 2003). Figure 4 shows the
99%-volumes in the Galactic planezs = 0 (upper panel), for the
PBH and SUSY case. Their shape reflects the fact that the prob-
ability density has a maximum atrs = R�, while the effective
source distribution peaks at the Galactic centerO. Because of
the quadratic dependence onhDM(r, z),VSUSY(99%) is smaller
thanVPBH(99%). Three halo sizes are displayed (L = 2, 5
and 10 kpc): for larger halos, the surfaces are more deformed
towards the Galactic center (the contribution of this region to
the flux is larger), whereas they remain grossly unaffected in
the anti-center direction. This effect is less pronounced in the
case of a PBH-like source distribution. The same contours are
also plotted forys = 0 in the lower panel. The shapes are almost
maximally distorted towards rectangular contours. This is less
and less pronounced, as eitherL is enhanced, or larger powers
of hDM(r, z) are chosen.

The figures above show clearly that we are only sensi-
tive to a well-defined region of the source distribution: first to
the region which is embedded in the diffusive halo, and then,
even within this region, to a sub-region between the Galactic
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Fig. 4. ContoursP(VSUSY, PBH|R�) = 99% origin for L = 2, L = 5
and L = 10 kpc. f -volumes have been respectively evaluated with
weightwPBH(r, z) ∝ hDM(r, z) (solid lines) andwSUSY(r, z) ∝ h2

DM(r, z)
(dashed lines) forR � L, but the results remain mostly unchanged
usingR = 20 kpc (but in case of a halo sizeL = 10 kpc that requires
R = 30 kpc). Upper panel:VSUSY(99%) andVPBH(99%) in thexs − ys

plane (zs = 0). Lower panel: same quantities but in thexs − zs plane
(ys = 0). In both panels, the dot marks the Galactic center, and�
denotes the Sun location (it is set toR� = 8 kpc).

center and the Solar neighborhood. These sub-regions repre-
sent a fraction of the total number of sources given by

f tot(L) =

∫
V(99%)

w(r, z) d3r∫
w(r, z) d3r

,

where
∫
w(r, z) d3r is the total number of sources. It is also of

interest to compare the number of sources located in the same
sub-regions to the number of sources in the diffusive halo

f cyl(L) =

∫
V(99%)

w(r, z) d3r∫
Vcyl
w(r, z) d3r

;

whereVcyl is the volume of the diffusive halo. The correspond-
ing numbers are given in Table 1 for various halo sizes. The
fraction f cyl(L) decreases withL, much faster for PBH than
for SUSY. This can be understood as the number of contribu-
tors outside of the dark halo core radius rapidly vanishes for
SUSY particles (see Fig. 1). As regards the results forf tot(L),
we remark that this number is particularly small for PBH, i.e.
only a very small fraction of primordial halos distributed in the
Galaxy contribute to the charged primary cosmic rays detected
in the Solar neighborhood.

Table 1. Fraction of the number of exotic primaries emitted in
VPBH(99%) andVSUSY(99%) for variousL, compared to the total num-
ber of exotic primaries emitted either in the bounded geometry (halo
sizeL and radial extensionR = 20 kpc) – denotedf cyl(L) –, or in the
whole dark halo – denotedf tot(L).

f cyl(L) f tot(L)
PBH / SUSY PBH/ SUSY

L = 10 kpc ∼ 1. ∼ 1. 0.023 0.76
L = 5 kpc 0.70 0.85 0.010 0.54
L = 2 kpc 0.31 0.60 0.002 0.21

Table 2. Fraction of primariesf esc emitted from the (50-90-99)%-
volumes of the cylindrical geometry (see above) that escape through
upper and lower boundary located atL = 10 kpc orL = 2 kpc (for
PBH and SUSY effective source distribution), before they can reach
the Solar neighborhood.

L = 10 kpc L = 2 kpc
f esc
PBH : V(50-90-99%) 40-55-64% 45-75-88%

f esc
SUSY : V(50-90-99%) 49-52-55% 59-92-95%

Finally, it is also interesting to give the fraction of primaries
that escape before reaching the Solar neighborhood. It is de-
fined as

f esc(V) ≡ 1− f detect(V) = 1−
∫
V w(r, z)Ncyl(r|R�) d3r∫
V w(r, z)N∞(r|R�) d3r

, (7)

whereNcyl(r|R�) andN∞(r|R�) are respectively related to the
flux of particles detected atR�, in the cylindrical geometry and
in an unbounded space, from the same sources emitting from
inside the volumeV. Estimations forL = 10 kpc andL = 2 kpc
are compiled in Table 2. The trends are conform to intuition.
Forming greater fractions of the detected flux requires more
distant sources, the latter more easily escape through bound-
aries. For large diffusive haloL, the fraction that escape in-
creases more quickly for PBH sources than for SUSY sources,
whereas the converse is true for small halos. This is related to
the fact that one has to compare the shape and typical exten-
sion of the source distribution to the parameterL. The fraction
of primaries which are emitted insideV but which never reach
the solar neighborhood is actually greater thanf esc, as even in
the case of diffusion in unbounded space, there are many trajec-
tories which start inV and never reach the Solar neighborhood
(diffusion in three dimensions is a transient process).

3. Realistic propagation parameters

The previous section considered simplified diffusion situations
with a typical valueK ∼ 0.03 kpc2 Myr−1. Actually, K(E) is
energy dependent, and more precisely,

K(E) = K0βRδ.
Here,δ is the diffusion slope andK0 the normalization of the
diffusion coefficient. In a previous study (see Papers Ia, Ib), we
show that various combinations of parametersK0, δ, diffusive
halo heightL and Galactic wind magnitudeVc are equivalent,
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in the sense that they give a B/C spectrum that is consistent
with the observations. In this section, we use these combina-
tions to provide a realistic range of values forrw andrsp and to
explore the consequences on the origin of exotic primary an-
tiprotons and antideuterons. The heavier antinuclei will not be
considered here, as it was shown by Chardonnet et al. (1997)
that their formation is suppressed because of the low probabil-
ity of coalescence of many antinucleons.

3.1. Parameter range allowed

To compute the parameters introduced in Eqs. (5), the spalla-
tion cross sections of antiprotons and antideuterons are taken
from the Particle Data Group1. In this work, we only consider
spallation on pure hydrogen. It would be straightforward to take
into account the spallations on the Helium component of the
interstellar medium, but the effect is too small to be worth the
complication. The four parametersK0, δ, L andVc are taken
from our comprehensive study of standard secondary to pri-
mary B/C ratio (Maurin et al. 2002). Three values (two ex-
tremes and a medium value) have been retained for both the
diffusion slopes (δ = 0.35, 0.60 and 0.85) and the halo sizes
(L = 2 kpc,L = 6 kpc andL = 10 kpc). We emphasize that
the values of all these parameters come from the study of stan-
dard sources of cosmic rays and do not depend on the exotic
sources, which do not produce B nor C. We do not take reac-
celeration and energy losses into account in this work. These
effects, though necessary to study the spectra of cosmic rays,
are not so crucial here as they only amount to a redistribution
of the cosmic rays at different energies. A particle detected at
an energy of 1 GeV/nuc was just created at a slightly different
energy and its origin is not drastically different.

The values ofrsp and rw are plotted in Fig. 5 for antipro-
tons and antideuterons. The left panel shows that propagation
is convection-dominated (rw � 1) at low energy when largeδ
values are considered and escape-dominated at all energies for
smallδ. Notice that although at a givenδ, the quantityrw/L is
fairly independent ofL, the origin is definitely not the same for
L = 2 kpc as forL = 10 kpc. The right panel shows that spal-
lation is not the dominant effect for the light nuclei considered
here. Only for large diffusion slopesδ and more particularly for
antideuterons this effect becomes sizeable and comparable to
the diffusive escape. The comparison of the two panels shows
that spallations are always less efficient than convective wind
or boundary escape. Finally, whatever the value ofδ, propaga-
tion is escape-dominated above a few tens of GeV/nuc and the
origin of primary cosmic rays is solely dependent on the halo
size.

3.2. Antiprotons and antideuterons

We are now able to draw thef -volumes for the realistic prop-
agation parameters being considered. We focus on the an-
tideuteron signal as it seems to be the most promising species to
look for in cosmic rays. An interstellar energy of 1 GeV/nuc is
chosen; the nuclei that reach the detector are solar modulated so

1 http://pdg.lbl.gov/

pbar

dbar

pbar

dbar

Fig. 5. Left panel: evolution ofrw as a function of kinetic energy per
nucleus for primary ¯p andd̄; from top to bottom,δ = 0.35, δ = 0.60
andδ = 0.85. The parameterrw/L ≡ χw, as well asrsp/L ≡ χsp, are not
very sensitive to the halo sizeL (for d̄, only L = 6 kpc is displayed) but
rw andrsp do. Right panel:rsp/L as a function ofEk/nuc for the same
δ values and for the halo sizeL = 6 kpc. The values ofrw are different
between ¯p andd̄ because they depend on rigidity (throughK), i.e. on
Z/A (it is 1 for p̄ and 1/2 for d̄). For rsp, there is an additional strong
dependence on the species because of the destruction cross sections.

Table 3. rw andrsp for three halo sizesL and three diffusion slopesδ:
these numbers are for 1 GeV/nuc (interstellar energy) antideuterons.

(kpc) δ = 0.35 δ = 0.60 δ = 0.85
L = 10 kpc rw = ∞ 8. 2.9

rsp = 21. 7.6 3.5
L = 6 kpc rw = ∞ 5.5 2.1

rsp = 15.5 5.5 2.6
L = 2 kpc rw = ∞ 2.1 0.85

rsp = 6. 2.2 1.05

that they are detected with a final energy of 400−800 MeV/nuc,
where the signal is the more interesting. Table 3 summarizes
the values ofrw and rsp at this energy for antideuterons. The
situation is very different for small or largeδ. For small values
(corresponding roughly to a Kolmogorov power spectrumδ =
1/3), only spallations affect the propagation (Vc = 0, rw = ∞)
and this effect was shown to be weak; for largeδ – the value
δ = 0.85 is the one preferred in our B/C analysis (Paper Ib) –
models are convection-dominated thoughrsp andrw have about
the same strength.

Figure 6 displaysPcyl(V( f )|O) = 99% for the values re-
ported in Table 3. Forδ = 0.35 (external contours), thegeomet-
rical (upper limit) contours are recovered. However, for largerδ
(internal contours), these contours shrink. All comments made
in Fig. 4 as regards halo size, or SUSY and PBH behavior,
remain valid. Actually, the diffusion coefficient slopeδ, asL
for the geometrical limit, is a key parameter to trace back the
CR origin, because of the values ofrw it implies, throughVc

andK0.
It is also of interest to have a closer look at the first % that

contribute to the flux. As thef -volumes with f <∼ 50% cor-
respond to isodensity contours that are quite insensitive to the
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Fig. 6. 99%-volumes for exotic primaries (no side boundaries). Upper
panels: cut in thezs = 0 kpc plane; lower panels: cut in theys = 0 kpc
plane. Left panels correspond toL = 2 kpc, middle panels toL = 6 kpc
and right panels toL = 10 kpc. In each panel, we plot either the PBH
case (solid lines) or the SUSY case (dotted lines). From external lines
to internal lines correspond the values of the diffusion coefficient slope
δ = 0.35,δ = 0.60,δ = 0.85.

Fig. 7.Pcyl(V( f )|O) = 10%− 25%− 50%− 75% for L = 10 kpc in
thezs = 0 plane (except for the 75%-volumes, otherf -volumes with
f . 50% are not deformed by the boundaries so that they present
symmetry around thexs axis). Upper panels correspond toδ = 0.85,
and lower panels toδ = 0.35. Both the PBH case (solid lines) and the
SUSY case (dotted lines) are plotted.

boundaries (or to other effects) they present the axial symmetry
around thexs axis, so that a single cut through, e.g. thexs − zs

plane, delivers all the information about their shape. Figure 7
displays thef -volumesf = 10-25-50-75% forL = 10 kpc. The
difference observed in Fig. 7 between small (lower panels) and
largeδ (upper panels) is readily explained: a large value ofδ
also corresponds to a large value ofK0 (see Maurin et al. 2003
for details), so that a greater wind is needed in order to pre-
vent from too many spallations occurring at low energy. The
net result is that the wind blows the particles away, reducing the
effective zone from where they come. This is not the case for
small δ where thegeometricallimit (pure diffusion) is almost
reached. The consequences for indirect dark matter searches
are important. In the case of an isothermal profile (left pan-
els), the particles created in the Galactic center have a small

probability to reach the detector for largeδ, whereas the con-
verse is true for smallδ. In the latter case, the predictions and
the limits that can be put on a supersymmetric signal depend
heavily on the central shape of the dark matter halo, which is
precisely the part we know the least about. These contours for
smaller diffusive halo sizesL have not been presented; they
have a smaller extent, meaning that we are less sensitive to the
distribution of dark matter far from the Solar neighborhood. As
a result, the question of the dark matter density profile cusp is
less crucial for smallL.

Similar contours for the NWF profile are drawn in the right
panels of Fig. 7. Combining information from the above sur-
faces to the relative enhancement of sources going from the
isothermal case to the cuspy case allows several complemen-
tary remarks: for smallδ, about half the SUSY Cosmic rays
come from the range [0−3] kpc. Thus, the∼50 enhancement
factor on the production provided by the cusp translates directly
into a factor×50 in the detected flux. For PBH case, the origin
is less localized and the enhancement factor is smaller, so that
the net gain is more probably about 10−20%. For largeδ, con-
tours look like boxes encompassing both the Solar position and
the Galactic center. In the SUSY case, the addition of a cusp
strongly deforms the box towards the Galactic center, but it is
not straightforward to estimate the enhancement without con-
sidering specific values for the diffusion parameters. For PBH,
the contours, and hence the flux, are not expected to be very
sensitive to the parameters. This discussion is of less impor-
tance for small halo sizes.

From the above discussion, it appears that the most im-
portant parameters areL and Vc/2K. The valueδ = 1/3
(Kolmogorov spectrum) corresponding toVc = 0, has been
preferred these last years (see e.g. Strong & Moskalenko
1998). However, our previous studies (Maurin et al. 2001,
2002, 2003) show that large values ofδ, and non-null values
of Vc, are preferred. This trend is confirmed the most recent
results of Moskalenko et al. (2002) who now tend to prefer
δ = 0.42−0.52. To conclude, if the value ofδ happens to be
large or more precisely if a strong Galactic wind is preferred,
the discussions about the dark matter profile, including about
the existence of a spike, are not so crucial. If converselyδ is
small (no wind), the dark matter cusp as well as the exact lo-
cation of the Solar system should be accurately known before
exploring the SUSY parameter space.

Finally, all the remarks made for antideuterons in the previ-
ous sections apply as well for antiprotons. According to Fig. 5,
for a givenδ at a given energy, the correspondingrw is about
twice its antideuteron value. The resultingf -volumes are larger
than those for antideuterons, but the conclusions remain the
same.

3.3. Electrons and positrons

Exotic sources in the halo also emit electrons and positrons.
Positrons are more promising to study supersymmetric signals
as the background of standard positrons is much lower than
electron’s (e+/(e++e−) < 0.1), being predominantly secondary.
Recently, the experiment (Coutu et al. 1999) reported
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Table 4. The quantityr loss (kpc) is given for three halo sizesL and
three diffusion slopesδ at the total energyE = 7 GeV.

δ = 0.35 δ = 0.60 δ = 0.85
L = 10 kpc 1. .65 .48
L = 6 kpc .85 .55 .41
L = 2 kpc .53 .35 .26

an excess at about 7 GeV (see also the-91 experiment,
Grimani et al. 2002).

These particles are lighter than nuclei, so that they are sub-
ject to much stronger energy losses, due to synchrotron radia-
tion and inverse Compton. This results in an effective lifetime
given by (Aharonian et al. 1995; Atoyan et al. 1995; Baltz &
Edsjö 1999)

τloss∼ 300 Myr× 1 GeV
E
·

Aharonian et al. (1995) and Atoyan et al. (1995) showed that
in that case, all boundaries have negligible effects on positrons
and electrons above a few GeV, and that the characteristic dis-
tance travelled by these species isr loss∼ √Kτloss(random walk
through the tangled magnetic fields), or

r loss∼ 1 kpc×
√

1 GeV
E

√
K

0.03 kpc2 Myr−1
·

The result is an exponential cutoff that depends on the energy,
i.e. the probability density reads dPrad/d3rs ∝ exp(−rs/r loss)/rs

(see also Sect. 4.3 in Taillet & Maurin 2003). In the case con-
sidered here of sources in the whole diffusive volume, the nor-
malized probability density is given by

dPrad =
exp(−rs/r loss)

4πrs . r2
loss

d3rs. (8)

It is quite different from the case of a source distribution located
in the disk only (see Eq. (12) in Taillet & Maurin 2003). The
resulting f -volumes (spheres) are given by

Prad(r < r lim |O) = 1−
(
1+

r lim

r loss

)
exp

(
− r lim

r loss

)
· (9)

It means that sources that contribute to the fractionf =
(50–90–99)% of the detected positrons emitted in the halo are
located inside the sphere of radiusr lim ≈ (1.7− 4.8− 6.6) ×
r loss. For the realistic values ofK(E) used above (see also
Paper Ib), we compile in Table 4 the range covered byr loss at
E = 7 GeV. Because of the very small scale involved along with
the exponential decrease,f -volumes for positrons are expected
to be only slightly deformed by the dark matter distribution,
except for smallδ and largeL whose 99%-volumes extend up
to ∼7 kpc.

It is possible now to make a few quantitative comments on
the HEAT results and on the conclusion of Baltz et al. (2002)
about this signal. They argued that, defining a boost factor re-
lated to the clumpiness of dark matter, one can accommodate
with e+ data without enhancing too much the antiproton signal.
The point is that antiprotons come from further than positrons,

so that if a clump exists close to us, its contribution of antipro-
tons is averaged over a larger zone than positrons. A compar-
ison of Figs. 6 and numbers presented above gives a relative
distance

rorigin
e+, e−/r

origin
p̄, d̄
∼ 0.1

for all reasonable stationary propagation models. However,
considering large or smallδ, the effect of the clumpiness fac-
tor is expected to be different in different propagation models.
Hence, the enhancement factor for the antiproton signal used
in Baltz et al. (2002) should also depend on the diffusion effi-
ciency, i.e. combination of diffusion plus convection (that is not
considered in the above reference). To summarize, the relation
between SUSY positron and antiproton signals is not straight-
forward, if the dark matter halo is clumpy. Thus it seems a hard
task to combine constraints from these two different signals,
unless they are obtained with the same analysis. Depending on
δ andL, their origin is more or less local, and the size of the
clumps as well as the typical distance between the clumps may
be of importance.

4. Summary and conclusions

This paper analyzes the spatial origin of exotic particles created
from a dark matter profile. We presented thef -volumes inside
which a given fraction of the cosmic rays detected in the Solar
neighborhood were emitted. At high energy (E� 1 GeV/nuc),
the shape of the isodensity surfaces is set by the geometry of
the diffusive halo, in particular on its heightL, the influence
of the side boundary atr = R being small. We then showed
that the f -volumes defined are smaller when spallations and
convection are taken into account, but in a very different way:
for particles in the diffusive halo, the wind exponentially de-
creases the probability of reaching the Galactic plane, whereas
spallations have about a null effect on the latter. The parame-
tersL and 2Vc/K indicate whether the propagation is convec-
tion or escape-dominated. In Table 5 we summarize the pa-
rameters that act as a cut-off in various situations. Two source
distributions for the isothermal dark matter profile were consid-
ered: production related to the density of the source (e.g. PBH
evaporation), or production related to the square of the density
of the sources (e.g. SUSY annihilation). The 99%-volumes are
strongly stretched toward the Galactic center, corresponding to
the maximum of the source distribution. This follows from the
competition between the effective source which is maximum at
the Galactic center, and the probability density which steadily
decreases from our positionR� to reach∼10−4−10−5 kpc−3 for
purely diffusive regime (or even less when convection is in-
cluded) at the Galactic center. The fluxes in the Solar neigh-
borhood are found to be far more sensitive to the dark matter
profile in the SUSY case than in the PBH case. In both cases,
the side boundary of the diffusive volume is observed to play a
negligible role as long asR>∼ 20−30 kpc.

As a last step, realistic propagation parameters were imple-
mented, and the key parameters were found to be the halo size
L and the diffusion slopeδ (actuallyVc/K0). For the species
considered here (antiprotons and antideuterons), spallations al-
ways play a negligible role in the origin. It was found that this
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Table 5.Summary of the typical cut-off in z andr directions beyond where a cosmic ray cannot originate. The sole parameters that determine
these cut-offs areL (halo size) and/or χw ≡ rw/L – related to the convective windVc via rw = 2K/Vc, or r loss related to the effective life-time
for positrons and electrons.

Cut-off Escape-dominated Convection-dominated Losses-dominated

(χw � 1) (χw � 1) (e−e+ >∼ GeV)

Halo L L∗ ≈ 3K/V = 3rw/2 ≈ 5r loss

Radial min(R,3L) min(R,3L∗) ≈ 5r loss

origin is far more local in case of largeδ and smallL than in
case of smallδ and largeL. Moreover, the shape of the dark
matter distribution near the Galactic center does not matter so
much for the PBH case, whereas it may be crucial for SUSY
annihilating particles. We emphasized that in any discussion of
the annihilation signal in charged particles, the propagation pa-
rameterδ or more precisely, the presence of a Galactic wind,
should be considered, with the same importance of the param-
eterL or the choice of the dark matter profile.

Two last points are worth noting. First, even though the
work presented here does not allow a quantitative estimation
of the effect of possible clumpiness of the dark matter halo
(for SUSY annihilations), we observed that the comparison be-
tween the electron and antiproton SUSY signals should involve
a careful inspection of the corresponding boost factors. Second,
whereas the use of B/C-induced propagation parameters is jus-
tified for standard antiprotons (correspondingf -surfaces can be
seen in Taillet & Maurin 2003), there is no guarantee that these
parameters are valid in thef -volumes depicted here.
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Appendix A: Numerical evaluation of the point
source solution in Bessel basis

One needs to evaluate numerically point source solutions
such as

Ncyl
δ (r, z) =

1
πKR

ntronc∑
i=1

J0 (ζi r/R)

ζi J2
1(ζi)

sinh
[
ζi(L − z)/R

]
cosh(ζi L/R)

· (A.1)

In the above expression, (r, z) is the position of theδ source in
polar coordinate andR is the radial extension of the Galaxy.
Ncyl

i (z) can be evaluated for eachi and need to be summed till
thentroncth order, which should formally tend to infinity. For ev-
ident reasons,ntronc is chosen to be the smallest possible with
the constraint that the rebuilt seriesNcyl

δ (r, z) has reached a good
convergence. In the case ofδ(r) point source, profiles are sin-
gular near the source and convergence of the series appear to
be very slow. The ansatz depicted in Taillet & Maurin (2003)
is useless as soon as sources are outside the disk. We present
below two alternatives to evaluate this sum.

A.1. Average value of the oscillating series with r

In analogy with classical Fourier analysis, resummation of co-
efficients provide oscillating behavior around thetrue value.

This can be understood if we recall that at thenth order, the
function added is∝J0(x ≡ ζnρ): ρ lying in [0−1], the argument
of J0 takes valuesx = {ζ1, ζ2, . . . ζn}, i.e. at thenth order, the
corrective function hasn roots. Thus convergence will be more
quickly reached if for a given orderncutoff, instead of evaluat-
ing Ncyl

δ (r, z), one averages

Ncyl
δ (rn, z) =

Ncyl
δ (rn−1, z) + Ncyl

δ (rn+1, z)

2
;

where rn−1, rn and rn+1 are ordered realizations ofr. The
sole condition is that the{rn}n=1,...ncutoff belong to the gridr =
{0, R/(2ncutoff), 2R/(2ncutoff), . . . , R}, i.e. 2ncutoff linear steps
between 0 and 1. To summarize, around the oscillating value, if
the appropriate step is chosen, it ensures that the averaged two
points are not both above or below the true value, and further-
more, that two opposite extrema of the oscillating function are
averaged.

A.2. Step-like source: θ function

An alternative way is to consider solution from a step-like
source, e.g.θ(a− r), in order to smooth the problematic behav-
ior observed near the origin for theδ source. With the suitable
normalization in the source term, i.e.

qθ(r, z) =
θ(a− r)
πa2

δ(z),

and using the property
∫
ρJ0(ρ)dρ = ρJ1(ρ), it leads to a

solution which is equivalent to the delta solutionNcyl
δ (r, z) –

Eq. (A.1) –, as long as the distancero of the observerXo from
the source satisfies the relationro � a. The Bessel coefficients
of δ andθ solutions are related through

Nθi (zo) = 2× J1(ζia/R)
(ζia/R)

× Nδi (zo). (A.2)

The acceleration of convergence can be understood as, in
Eq. (A.2), the additional term behaves at least as 1/i (J1 is
bounded andζi ≈ iπ). Herea should be taken such as to verify
a/R� 1 (with R = 20 kpc for the Galaxy, one can safely take
a ∼ 10 pc).

Thus, a θ-like source slightly underestimates the result
close tor = rs, but this zone corresponds to very small volumes
that add a negligible contribution when one evaluates integrated
probabilities. For practical purposes, both methods (average or
θ source) give the desired results with about the same number
of Bessel functions, i.e.ncutoff ∼ 100.
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