
P
o
S
(
I
D
M
2
0
1
0
)
0
1
4

The Galactic electron and positron "excesses":
astrophysical versus dark matter interpretations

Julien Lavalle∗ †

Dipartimento di Fisica Teorica & INFN
Università di Torino
Via Giuria 1
I-10125 Torino — Italia
E-mail: lavalle@in2p3.fr

Measurements of a rise in the cosmic positron fraction up to∼ 100 GeV by the PAMELA satellite

have triggered putative interpretation attempts in terms of dark matter (DM) annihilation or decay,
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easily explain these observations, despite large theoretical uncertainties. This does not dismiss

potential DM contributions, but this makes the related background far too difficult to control for

discovery purposes. Anyway, although the positron puzzle appears qualitatively solved in terms
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induced multi-wavelength diffuse emissions, still relevant to DM searches.
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1. Introduction

Indications of an increase in the CR positron fraction above a few GeV have been collected for
quite a long time [1 – 4], but the recent PAMELA measurements have reachedan unprecedented
statistics allowing much more detailed analyses [5]. This increase can hardly be explained in terms
of secondary positrons1 [6, 7], though peculiar spatial effects are still worth being investigated into
more details [8] — see also the original proposal by [9] about a possible solar magnetic lens effects.

Antimatter CRs as potential probes of DM annihilation were first proposed in [10] after one
became aware of the power of gamma-ray and CR observations to constrainthe DM properties
(e.g.[11 – 13]). Later, as already mentioned in [14], the authors of [15] showed that the annihila-
tion of supersymmetric neutralinos, the most popular DM species candidate sofar, could hardly
generate observable features in the local positron spectrum unless the annihilation rate is substan-
tially boosted, stressing that DM substructures could play this amplifier role, as originally suggested
in [16]. It was recently shown, however, that such subhalos can actually hardly be at the origin of
the large required enhancement [17, 18], and that even an isolated such dark source, as proposed
in [19], would lead to tensions with current gamma-ray constraints [20]. Despite this apparent
failure of DM particle models to naturally yield CR positrons in sufficient amount,an impressive
number of papers has been released in the past few years to try to explainthe PAMELA data in
terms of DM annihilation or decay. We will discuss a few aspects of the available proposals below,
but it is already worth noticing that all these works assumed the absence ofastrophysical sources
of positrons but secondaries when fitting the data.

Although interpretations in terms of standard astrophysical sources wereonly a few in the past
decades (e.g. [21 – 25]), they all relied on quite sound physical arguments: pulsars were already
predicted to produce a significant amount of electron-positron pairs onlyfew years after their dis-
covery (e.g.[26]), which is now indirectly proven from the more recent observationsof gamma-rays
originating from pulsar magnetospheres. Another way to generate primary-like positrons, also re-
lying on standard astrophysics and recently widely surveyed, is to invokethe diffusive acceleration
of those secondary positrons created at SNR shocks (e.g. [27, 28]). Nevertheless, we will focus
here on the pulsar solution when discussing standard astrophysical explanations of the positron
excess.

The outline of this proceeding is the following. We first recall the bases of electron-positron
propagation in the Galaxy. Then, we revisit the case for the DM interpretation of the cosmic
positron excess, showing how contrived this attempt can be. Afterwards, we discuss the require-
ments a model of astrophysical CR electrons and positrons should obey. We emphasize that in-
cluding pulsars as positron sources can naturally lead to a good fit of the PAMELA data, with quite
reasonable parameters. Finally, we conclude and discuss a few perspectives.

2. Bases for cosmic-ray propagation

Reviews and books on CR propagation are numerous, and we refer the reader toe.g.[29] for a
recent review, and to [30] and [31, 32] for valuable books. A detaileddescription of CR electron2

1For the non-expert reader, a primary cosmic ray is produced — or/and accelerated — at sources, whereas a sec-
ondary cosmic ray originates from nuclear interactions between primaryCR nuclei and the interstellar gas (ISG).
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propagation can be found in [33].
Once produced, stable charged CRs (among which electrons) in the GeV-TeV energy range

may experience different processes. The dominant ones are diffusion in space (due to scattering
with magnetic turbulences and to convective winds) and diffusion in momentum (energy losses —
negligible for CR nuclei — and diffusive reacceleration — negligible abovea few GeV). Electron
propagation in this energy range is almost completely set by spatial diffusionand energy losses,
the latter being mainly due to inverse Compton interactions with the interstellar radiation field
(ISRF, including the CMB) and the Galactic magnetic field (synchrotron). Insteady state and
when convection is neglected, the master propagation equation associated with an electron density
N ≡ dn/dE reads

−~∇
{

K(E,~x)~∇N (E,~x)
}

−∂E {b(E)N (E,~x)}= Q(E,~x) , (2.1)

whereQ is the source term,K(E,~x) is the diffusion coefficient, andb(E) =−dE/dt is the energy
loss rate; being set by Compton interactions,the latter strongly increases with energy (b(E) ∝ E2 in
the Thomson approximation). The typical energy loss timescale isτl ≈ 1016s at 1 GeV for Galactic
electrons. Note that the diffusion coefficient can, in most of relevant situations, be considered as
homogeneous, and is usually modeled as a power law,K(E)≃ K0(E/E0)

δ . The normalization and
index can be determined locally from observed secondary-to-primary ratios of nuclei species which
mostly depend onK0/L in a slab diffusion model, whereL is the half-thickness of the diffusion
zone (seee.g.[34, 35]) — values are usually found close toK0(E0 = 1GeV) ≈ 3.4×1027cm2/s,
δ ≈ 0.7 andL≈ 4 kpc. The above equation (without spatial boundaries) admits a solution in terms
of a Green function

G (E,~x← Es,~xs) =
exp

{

− (~xs−~x)2

λ 2

}

b(E)(π λ 2)
3
2

with λ 2≡ 4
∫ Es

E
dE′

K(E′)
b(E′)

, (2.2)

whereλ is the mean propagation scale, of the order of
√

K0 τl ≈ 2 kpc, i.e. usually less thanL
(spatial boundaries can in most of cases be neglected to a good approximation): due to the very
efficient energy losses, electrons with energies above a few tens of GeV are mostly local. This
Green function allows the computation of the electron density at the Earth given a source term
Q(Es,~xs) which features the spatial and energy distributions before propagation.

Primary and secondary CRs of astrophysical origin are injected in the Galactic plane, where
the standard sources (SNRs and pulsars) and the ISG are located. Forsecondary positrons, which
will constitute the “background” in the next sections of this proceeding, one can approximate the
source term as a power law spectrum of indexγs, reminiscent from the CR nuclei index, and flatly
distributed in the Galactic plane, such thatQs ∝ E−γsδ (z). Thus (in the Thomson approximation
for the energy losses), the secondary positron flux can be derived analytically: φs ∝

√

τl/K0E−γ̃s,
whereγ̃s = γs+0.5(α +δ −1) — α ≡ ln(b(E)/b(E0))/ ln(E/E0), i.e. α = 2 in the Thomson ap-
proximation. Note that this reasoning also holds for high energy primaries when neglecting the
local discreteness of the source distribution. By using the index inferredfrom considering CR nu-
clei interactions with the ISG,i.e. γs≃ 2.75, one readily gets̃γs≃ 3.45, quite close to the observed

2The termelectronswill refer to both electrons and positrons when discussing general propagation features.
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Figure 1: Left: Predictions for the secondary positron flux with a conservative theoretical uncertainty band
for the propagation parameters. Right: corresponding positron fraction (taken from [37]). MS98 corresponds
to the positron flux prediction calculated in [6].

positron-only index [7, 33]. Nevertheless, predictions for the secondary positron flux fail to fit the
positron fraction data —fe+ ≡ φe+/(φe− + φe+) — leading instead to a fraction decreasing with
energy [7, 33]. Further taking into account the hardening in the proton spectrum above∼ 2 TeV
recently observed by the CREAM experiment [36] results in a slightly harder secondary positron
spectrum, but this is obviously not enough to explain the measured increase[37]. Predictions for
the secondary positron fraction including this effect are displayed in Fig.1, where a conservative
range for theoretical uncertainties in the propagation parameters is considered — these predictions
can be reproduced from the fitting functions provided in [37].

3. The dark matter interpretation of the positron signal

DM particle scenarios rely on theories beyond the standard model. We emphasize that these
theories, which were developed to solve problems inherent to particle physics, could simultane-
ously offer independent and powerful solutions to apparently disconnected issues in particle physics
on the one hand (hierarchy problem, unification of forces,etc.), and in astrophysics and cosmology
on the other hand (dark matter, leptogenesis,etc.), which is very appealing. In most of related DM
scenarios,e.g.in the so-called weakly interacting massive particle (WIMP) paradigm, the totalDM
abundance is set by annihilation in the early universe (for reviews, seee.g.[40 – 42]). Originally
in thermal and chemical equilibrium with the primordial plasma after inflation, DM chemically
decouples when the annihilation rate becomes smaller than the expansion rate of the universe.
This usually has to happen before big bang nucleosynthesis (BBN), which must not be unsettled,
when WIMPs are already non-relativistic — referred to as cold DM (CDM). Therefore, cosmology
imposes strong constraints to the annihilation cross section, provided the expansion rate of the uni-
verse before BBN is taken standard3. Typically, to get a relic abundance ofΩDM ≈ 0.1/h2, WIMPs
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Figure 2: Left: generic predictions for the positron flux associated with a thermal WIMP annihilating into
different final states (taken from [38]). Middle: positron flux for a few benchmark models and uncertainty
band coming from the effect of subhalos (taken from [39]). Right: positron fractions corresponding to the
middle panel flux predictions.

need a thermally averaged annihilation cross section of〈σv〉 ≈ 3×10−26cm3/s.
Annihilation is revived after DM has collapsed to form galaxies, its density being large enough

in these objects. WIMPs are now expected to annihilate almost at rest and produce pairs of standard
model particles, some of them further hadronizing or decaying, usually leading to the injection of
CRs with continuous energy spectra. Attempts to detect these annihilation products refer to as
indirect detection(seee.g. [44, 45]). The knowledge of the DM density distribution is crucial to
compute the induced CR fluxes, since the annihilation rate scales like the squared density; it is
generally expressed in terms of the ratio of the mass density profileρ to the particle massmχ , nχ =

ρ/mχ , and constrained theoretically from N-body simulations and observationallyfrom kinematic
data (e.g.[46]).

In the case of high energy positrons, which are short range CRs, the most relevant input is the
local DM density set byρ⊙≈ 0.3GeV/cm3. At sufficiently high energy, positrons lose their energy
before they substantially diffuse, so that one can neglect spatial diffusion to a good approximation,
provided the injection rate does not fluctuate too much over short distances. In that case, the Green

function defined earlier becomesG (E,~x← Es,~xs)
λ→0≈ δ 3(~xs−~x)/b(E). The positron flux at the

Earth generated by DM annihilation is thus completely analytical:

φe+(E) ≈
β c
4π
〈σv〉

2b(E)

[

ρ⊙
mχ

]2∫ mχ

E
dEs

dNe+

dEs
(3.1)

≈ φ0
χ

[ 〈σv〉
3×10−26cm3/s

]

[ τl

1016s

]

[

ρ⊙/(0.3GeV/cm3)

(E/1GeV)(mχ/100GeV)

]2 ∫ mχ

E
dEs

dNe+

dEs
,

where we findφ0
χ = 3.2× 10−6 cm−2 s−1 GeV−1 sr−1 — if WIMPs are Dirac fermions, an ad-

ditional factor of 1/2 must be accounted for. Notice the dependence on energy and WIMP mass,
which is explicit in this equation. We can further simplify it by assuming annihilationinto electron-
positron pairs, so that the injected spectrumdNe+/dEs = δ (Es−mχ). In this case, the positron
flux associated with a WIMP mass ofmχ = 100 GeV at an energy of 100 GeV isφχ(E = mχ =

3This could changee.g.in the context of quintessence as a solution to dark energy (e.g.[43]).
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100GeV)≈ 3.2×10−10cm−2 s−1 GeV−1 sr−1, amazingly close to the value predicted for the sec-
ondary background at this energy. This means that such a model, provided a small amplification
(or boost) by a factor of a few, could very well explain the observed rise in the positron frac-
tion [39] (see right panel of Fig. 2). Nevertheless, annihilation exclusively into lepton pairs is quite
a contrived case for WIMPs with masses greater than a few GeV, which can neither rely on sound
particle physics motivations nor be easily cooked up. For other annihilation final states, like heavy
quarks or massive gauge bosons, the required boost factor is much larger — seee.g.[38] and the
left panel of Fig. 2. Since the annihilation cross section is fixed by the relic abundance, this feeble
positron flux is a quite generic prediction, valid for most of motivated DM particle scenarios like
in supersymmetry or extra-dimensions [47].

At this stage, the question is: are there ways to amplify the predicted signal which would
be motivated by some solid physical arguments? Basically, there are three different directions we
can try: (i) enhancing the annihilation cross section; (ii) playing with CR propagation: theoretical
uncertainties allow some freedom; (iii) considering extra (local) sources ofDM. For DM decay
scenarios, which we will not discuss further here, we note that the decay rate strongly suffers
arbitrariness, which makes questionable the relevance of such models as natural explanations to
the PAMELA signal; likewise, those that fit the PAMELA data are in turn quite in tension with
gamma-ray observations [48].

Enhanced annihilation cross section: The physical motivation behind this possibility is that
when WIMPs are much more massive than an exchanged virtual force carrier during the annihila-
tion process, then non-perturbative effects can strongly amplify the cross section and even make
resonances arise (referred to asSommerfeld enhancement[49, 50]). At resonances, this effect scales
like the inverse squared WIMP velocity, so it is much stronger in galaxies today than at the decou-
pling time in the early universe. Nevertheless, this effect concerns a very small part of the WIMP
parameter space, and suffers severe constraints: beside inherent limitations initially neglected [51],
all signals associated with the amplified final state are enhanced the same, which generally leads
the predicted antiproton flux to overshoot the observational bounds, unless heavy DM particles
annihilate only into leptons, which is quite contrived [52]. Such a possibility hastherefore poor
relevance. Incidentally, note that current antiproton data are also quite constraining for low WIMP
masses [53].

Impact of theoretical uncertainties in CR propagation: Since DM-induced CRs are pro-
duced everywhere in the Galaxy, enlarging the diffusion zone in the range permitted by theoretical
uncertainties may increase the flux predictions. Nevertheless, for positrons, this would only af-
fect the low energy part of the spectrum, since high energy positrons, bound to be short range by
efficient energy losses, must originate from very local regions. Therefore, tuning the propagation
parameters also fails to enhance the high energy positron flux [18, 54] — the energy loss parameters
being quite well constrained.

Considering extra DM sources: The impact of DM substructures wandering in the Galactic
halo was first emphasized by [16] (see also [55] for more insights on theirconnection with the
WIMP properties). Nevertheless, predicting the positron boost factor associated with these subha-
los is not trivial, since it depends on both their inner properties and their spatial distribution [17].
Even when spanning the full ranges for prescriptions coming from cosmological structure forma-
tion theory, it was actually shown that these Galactic subhalos could not increase the signal by
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Figure 3: Left: contribution of local pulsars to the positron flux. Right: example of a self-consistent
prediction for both electrons and positrons. These plots are borrowed from [33].

a large factor, with an upper limit. 20 [18]. However, this upper bound is associated with a
large statistical variance at high energy reflecting the fact that though theprobability of finding a
massive enough subhalo close to the Earth is vanishingly small, this would amplifythe signal by
a larger factor if this occurred. Nevertheless, even this tricky situation suffers strong constraints
cominge.g.from gamma-ray observations, which strongly disfavor it as an explanation to a rising
positron fraction [20]. Up-to-date predictions of the DM-induced positron flux including the effect
of subhalos have been recently released in [39] and are displayed in Fig. 2; they show, as discussed
above, that subhalos can hardly rehabilitate thermal WIMPs as a satisfactory explanation to the
positron excess, except in the poorly motivated case of an annihilation into light charged lepton
pairs.

To conclude this section, we emphasize that the DM solution to the cosmic positronissue is
by itself very contrived and lacks strong physical motivations. Likewise,most of attempts are now
excluded by complementary constraints coming from other cosmic messengers. Finally, note that
all predictions implying DM assume the absence of other astrophysical sources of positrons, which
is incorrect. As explained in the next section, the actual astrophysical background relevant to DM
searches in the positron channel is in fact quite far from controled because of this primary compo-
nent that remains to be fully characterized, which unfortunately makes this channel inappropriate
to DM discovery purposes, at least temporarily.

4. The astrophysical solution: towards a self-consistent cosmic-ray lepton model

Pulsars have long been proposed as sources of CR positrons, and were even demonstrated,
more than 15 years ago, to provide a good fit to the observed positron fraction above 5 GeV. Since
there are also other astrophysical proposals beside pulsars that couldprovide additional positrons,
the question is not really whether standard astrophysics can explain the data, but what a consistent

7
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CR model should look like — note that the whole set of data such a model has to fitmust also
include the individual spectra of electrons and positrons, and their sum as recently measured by
Fermi and HESS up to TeV energies [56, 57]. In fact, it is probably because it was wrongly believed
that astandard modelof CRs existed that PAMELA measurements triggered such a “buzz”. Indeed,
the most popular numerical CR model calledGALPROP [58, 6], which was too naively taken as a
reference in the debate on positrons, (i) was not including any source of primary positrons and (ii)
was treating the injection of electrons with a smooth and continuous spatial distribution of SNRs
associated with an empirical energy spectrum, which also led to the claim of an excess in the Fermi
data. Aside from the lack of primary positrons in this model, it has indeed beenknown for long that
considering a smooth spatial distribution of sources failed for local high energy flux predictions: the
true discreteness of local sources must induce spectral fluctuations in the high energy data [59, 60].
Yet, this confusion cannot be attributed to theGALPROP model itself, since it was originally more
dedicated to the study of the diffuse Galactic multi-wavelength emissions originating from CR
interactions with the interstellar medium (ISM), either hadronic and electromagnetic, than to the
local electron budget.

Therefore, while we can fairly talk about astandard paradigmfor CR propagation and sources,
astandard modelis still far from achieved. A consistent prediction of the CR electron and positron
fluxes at the Earth (or at any point in the Galaxy) should at least include the contributions of (i)
secondaries, (ii) a smooth distribution of sources for the distant (and therefore low energy) primary
component, with a radial cut-off set to a distance from the Earth for which the source discreteness
effects can safely be averaged out (∼ 2 kpc), and (iii) the discrete sources located inside this cut-off
radius. For the latter contribution, different catalogs are available for pulsars and SNRs to constrain
the relevant parameters,e.g. the position and age estimates [61, 62]. It is clear that for a given
luminosity, the more distant the source, the more difficult to observe. This means that the above
approach will be more reliable in predicting the local high energy electron density than in predicting
it in more distant regions. In any case, we emphasize that for point sources, Klein-Nishina effects
must be included in the treatment of energy losses to derive reliable predictions [60, 33].

Beside consistency in the spatial distribution of sources and propagation,there is still a ma-
jor issue to mention: the injection of electrons from SNRs and pulsars. Indeed, though we can
reasonably motivate an averaged power law spectrum associated with an injection rate set by the
explosion rate of supernovæ and some energetics considerations for thedistant component [63], an
accurate modeling of local sources is of paramount importance, since fewof them might dominate
the overall flux above∼ 100 GeV: the overall spectrum piles up all individual contributions and
likely departs from a simple power law at high energy. Individual amplitudesand spectral shapes
strongly depend not only on the injected spectra, but also on the source distances and ages [33].
A big uncertainty concerns the dynamics of CR injection into the ISM (seee.g. [64, 65]). Nev-
ertheless, this drawback is fairly compensated by the fact that for local sources, we have at hand
a numerous multi-wavelength observations to build a rather constrained modelfor each of them
(e.g.[66]). Although a thorough study involving sophisticated modelings for bothlocal pulsars and
SNRs remains to be achieved, some preliminary efforts have already been undergone in this direc-
tion. In [33], we have notably demonstrated that considering the observational properties of local
sources is sufficient to fit the whole set of data on CR electrons and positrons without overtuning the
parameters (e.g.invoking very hard spectral indices,etc.) — see Fig. 3. In this study, few sources
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are shown to dominate the high energye+e− budget, as expected. This means that purely stochas-
tic approaches which do not include the known local sources are likely strongly overestimating the
actual uncertainties in the expected local lepton flux4, and that, in contrast, other approaches based
on refining the observed sources modeling are certainly more promising. This paves the road to
further developments.

5. Conclusion

We have discussed the DM interpretation of the so-called electron and positron excesses, show-
ing that it was likely too contrived to be supported from reasonable grounds, though one cannot
formally exclude a DM contribution to the electron and positron spectra. We have also emphasized
that consistently considering well known positron sources like pulsars can easily explain the cur-
rent available data, despite the still large theoretical errors associated withthe predictions. This
not only means that the explanation to these excesses is no longer an issue,but also, unfortunately,
that the positron channel is no longer an interesting discovery channel for indirect DM detection.
Indeed, the uncertainties affecting the predictions make the background relevant to DM searches
very hard to control.

Nevertheless, these new measurements of high energy CR electrons allow us to refine the
current models of CR propagation and sources. Beside studying more sophisticated propagation
treatments (e.g.[67]), improving and testing the physics of CR injection from sources is likelyan
important topic for the next few years, which can now be implemented thanks tothese unprece-
dented new data. Finally, clarifying our understanding of local CR electrons will have a paramount
impact on the predictions for associated multi-wavelength electromagnetic diffuse emissions not
only on the Galactic scale, but also beyond (seee.g.the impact of electron propagation on the pre-
diction of the Sunyaev-Zel’dovich effect associated with DM in galaxy clusters or Galactic subhalos
in [68, 69]) — note that studies on diffuse Galactic emissions are very important for indirect DM
detection. Among other interesting topics, this may help developing novel approaches to study the
Galactic magnetic fields through the synchrotron emission, and also the diffuse gamma-ray emis-
sion in the central regions of the Galaxy, the data analysis of which will be soon released by the
Fermi collaboration. In this respect, it is clear that the forthcoming lower frequency data expected
from instruments like Planck or Herschel [70, 71] will be valuable in this research field, as well as
higher energy data on local electrons expected from AMS-025.

Acknowledgements: I am grateful to the organizers for inviting me to give this plenary talk,
also for their welcome and the impressive and deliciouscocktail dînatoire de bienvenuethey ar-
ranged in the courtyard of Montpellier’s historical Faculty of Medicine. Furthermore, it is a plea-
sure to thank T. Delahaye and R. Lineros for active collaboration and stimulating discussions on
the topic.

4Some Monte Carlo or stochastic approaches are only based on a SN explosion rate and energetic considerations,
whereas any random source should be tested as potential observable multi-wavelength emitters, in which case some of
them would fall in the contingent of known sources, or would be excluded. Part of the available phase space is therefore
already known (observed local sources), an information which is usually not included in these probabilistic treatments.

5http://ams.cern.ch/ http://www.ams02.org/
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