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1. Introduction

Indications of an increase in the CR positron fraction above a few Ge¥ lwen collected for
quite a long time [1—4], but the recent PAMELA measurements have reachadprecedented
statistics allowing much more detailed analyses [5]. This increase can hardiplained in terms
of secondary positrofg6, 7], though peculiar spatial effects are still worth being investigated into
more details [8] — see also the original proposal by [9] about a possitdermagnetic lens effects.

Antimatter CRs as potential probes of DM annihilation were first proposetihdfter one
became aware of the power of gamma-ray and CR observations to corlbgdirM properties
(e.g.[11-13]). Later, as already mentioned in [14], the authors of [15vglaiothat the annihila-
tion of supersymmetric neutralinos, the most popular DM species candid&ae sould hardly
generate observable features in the local positron spectrum unlesmihéadion rate is substan-
tially boosted, stressing that DM substructures could play this amplifier mot#jginally suggested
in [16]. It was recently shown, however, that such subhalos camalactiardly be at the origin of
the large required enhancement [17, 18], and that even an isolatediatdcsource, as proposed
in [19], would lead to tensions with current gamma-ray constraints [20]spe this apparent
failure of DM particle models to naturally yield CR positrons in sufficient amoantimpressive
number of papers has been released in the past few years to try to ekglddAMELA data in
terms of DM annihilation or decay. We will discuss a few aspects of the alaiteibposals below,
but it is already worth noticing that all these works assumed the absemstrophysical sources
of positrons but secondaries when fitting the data.

Although interpretations in terms of standard astrophysical sourcesonbra few in the past
decadesd.g.[21—25]), they all relied on quite sound physical arguments: pulsars alecady
predicted to produce a significant amount of electron-positron pairsfewlyears after their dis-
covery €.9.[26]), which is now indirectly proven from the more recent observataigamma-rays
originating from pulsar magnetospheres. Another way to generate priikanyositrons, also re-
lying on standard astrophysics and recently widely surveyed, is to inbhekaiffusive acceleration
of those secondary positrons created at SNR shazks[27, 28]). Nevertheless, we will focus
here on the pulsar solution when discussing standard astrophysidahatpns of the positron
excess.

The outline of this proceeding is the following. We first recall the bases$eatr®n-positron
propagation in the Galaxy. Then, we revisit the case for the DM interpratafidghe cosmic
positron excess, showing how contrived this attempt can be. Afterywarggiscuss the require-
ments a model of astrophysical CR electrons and positrons should olegmphasize that in-
cluding pulsars as positron sources can naturally lead to a good fit oAMEPA data, with quite
reasonable parameters. Finally, we conclude and discuss a few giemspe

2. Basesfor cosmic-ray propagation

Reviews and books on CR propagation are numerous, and we refeatier tcee.g.[29] for a
recent review, and to [30] and [31, 32] for valuable books. A detaikestription of CR electron

1For the non-expert reader, a primary cosmic ray is produced —aHeacelerated — at sources, whereas a sec-
ondary cosmic ray originates from nuclear interactions between pri@Rryuclei and the interstellar gas (ISG).
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propagation can be found in [33].

Once produced, stable charged CRs (among which electrons) in th8&&®nergy range
may experience different processes. The dominant ones are diffinsgpace (due to scattering
with magnetic turbulences and to convective winds) and diffusion in momergnerdy losses —
negligible for CR nuclei — and diffusive reacceleration — negligible akmi®v GeV). Electron
propagation in this energy range is almost completely set by spatial diffasidrenergy losses,
the latter being mainly due to inverse Compton interactions with the interstellar radfagid
(ISRF, including the CMB) and the Galactic magnetic field (synchrotron)stéady state and
when convection is neglected, the master propagation equation assodisitad electron density
A =dn/dE reads

oy {K(E,X) ﬁ/V(E,z)} — 9 {b(E) ¥ (E,R)} = 2(E,X) , (2.1)

where2 is the source ternk (E,X) is the diffusion coefficient, and(E) = —dE/dt is the energy
loss rate; being set by Compton interactions,the latter strongly increaseswertfydp(E) 0 E2 in
the Thomson approximation). The typical energy loss timescalexsl0'°s at 1 GeV for Galactic
electrons. Note that the diffusion coefficient can, in most of relevartsitos, be considered as
homogeneous, and is usually modeled as a powelé®) ~ Ko(E/Ep)°. The normalization and
index can be determined locally from observed secondary-to-prim@og & nuclei species which
mostly depend oiiKp/L in a slab diffusion model, wherk is the half-thickness of the diffusion
zone (see.q.[34, 35]) — values are usually found closeKg(Ep = 1GeV) ~ 3.4 x 10?’cn?/s,

0 =~ 0.7 andL = 4 kpc. The above equation (without spatial boundaries) admits a solutiomria te
of a Green function

EXp{ _ (XS)TZX)Z } Es K(E/)
G(E, R Eg%) = — L2 J yith )\254/ de' =) 2.2)
b(E) (11A2)2 E b(E’)

whereA is the mean propagation scale, of the order/@, 7] =~ 2 kpc, i.e. usually less thah
(spatial boundaries can in most of cases be neglected to a good apgrorj)mdue to the very
efficient energy losses, electrons with energies above a few tens\bfifeemostly local. This
Green function allows the computation of the electron density at the Earth giw®urce term
2(Es,Xs) which features the spatial and energy distributions before propagation.

Primary and secondary CRs of astrophysical origin are injected in thet&atdane, where
the standard sources (SNRs and pulsars) and the ISG are locateskcBndary positrons, which
will constitute the “background” in the next sections of this proceeding,a@mn approximate the
source term as a power law spectrum of ingiexeminiscent from the CR nuclei index, and flatly
distributed in the Galactic plane, such that 00 E~%d(z). Thus (in the Thomson approximation
for the energy losses), the secondary positron flux can be denagtigally: @ 0 /17 /KoE %,
whereys = s+ 0.5(a +6—1) — o = In(b(E)/b(Ep))/In(E/Ep), i.e. a = 2 in the Thomson ap-
proximation. Note that this reasoning also holds for high energy primaries whglecting the
local discreteness of the source distribution. By using the index infémedconsidering CR nu-
clei interactions with the 1ISG,e. ys ~ 2.75, one readily getg ~ 3.45, quite close to the observed

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

positron-only index [7, 33]. Nevertheless, predictions for the semgngositron flux fail to fit the
positron fraction data —f¢+ = @+ /(@ + @+) — leading instead to a fraction decreasing with
energy [7, 33]. Further taking into account the hardening in the prgieatsim above- 2 TeV
recently observed by the CREAM experiment [36] results in a slightly maseleondary positron
spectrum, but this is obviously not enough to explain the measured indB¥dséredictions for
the secondary positron fraction including this effect are displayed inlkighere a conservative
range for theoretical uncertainties in the propagation parameters is emtbid- these predictions
can be reproduced from the fitting functions provided in [37].

3. Thedark matter interpretation of the positron signal

DM particle scenarios rely on theories beyond the standard model. We sinpliaat these
theories, which were developed to solve problems inherent to particlécphgsuld simultane-
ously offer independent and powerful solutions to apparently dissxied issues in particle physics
on the one hand (hierarchy problem, unification of foreds), and in astrophysics and cosmology
on the other hand (dark matter, leptogenesic), which is very appealing. In most of related DM
scenariose.g.in the so-called weakly interacting massive particle (WIMP) paradigm, theDddal
abundance is set by annihilation in the early universe (for reviewse.gegl0—42]). Originally
in thermal and chemical equilibrium with the primordial plasma after inflation, DEnabally
decouples when the annihilation rate becomes smaller than the expansion ttadeuaiverse.
This usually has to happen before big bang nucleosynthesis (BBN)hwiist not be unsettled,
when WIMPs are already non-relativistic — referred to as cold DM (CDNtgrefore, cosmology
imposes strong constraints to the annihilation cross section, provided thiessomp rate of the uni-
verse before BBN is taken standardypically, to get a relic abundance @by ~ 0.1/h%, WIMPs
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Figure 2: Left: generic predictions for the positron flux associatethwa thermal WIMP annihilating into
different final states (taken from [38]). Middle: positronXlfor a few benchmark models and uncertainty
band coming from the effect of subhalos (taken from [39])gtRi positron fractions corresponding to the
middle panel flux predictions.

need a thermally averaged annihilation cross sectid@ef ~ 3 x 10~25cm?/s.

Annihilation is revived after DM has collapsed to form galaxies, its densitygdarge enough
in these objects. WIMPs are now expected to annihilate almost at rest@ahetprpairs of standard
model particles, some of them further hadronizing or decaying, usuatijnig#o the injection of
CRs with continuous energy spectra. Attempts to detect these annihilationcpsaefer to as
indirect detection(seee.qg.[44, 45]). The knowledge of the DM density distribution is crucial to
compute the induced CR fluxes, since the annihilation rate scales like theedqlensity; it is
generally expressed in terms of the ratio of the mass density podfiiéhe particle massy,, ny, =
p/my, and constrained theoretically from N-body simulations and observatidnaitykinematic
data €.9.[46]).

In the case of high energy positrons, which are short range CRs, thierehevant input is the
local DM density set by, ~0.3GeV/cnm®. At sufficiently high energy, positrons lose their energy
before they substantially diffuse, so that one can neglect spatialidiffts a good approximation,

provided the injection rate does not fluctuate too much over short distdndést case, the Green

function defined earlier becomégE, X < Eg, Xs) e~ 53(%s—X)/b(E). The positron flux at the

Earth generated by DM annihilation is thus completely analytical:

_Bc (ov) [ps]® /M, dNe

@ (E) = 471 2b(E) [mx} /E dESE (3.1)
~ {ov) 4 p./(03Gev/em®) 1% My dNe
~ (p)((J [3>< lO‘ZGCleg/S} {10165} [(E/lGe\/)(mX/looGeVJ /E d OB

where we findgd = 3.2x 10°° cm 25! GeV* sr' — if WIMPs are Dirac fermions, an ad-
ditional factor of 1/2 must be accounted for. Notice the dependenceamyeand WIMP mass,
which is explicit in this equation. We can further simplify it by assuming annihilatiemelectron-
positron pairs, so that the injected spectrdi.: /dEs = 8(Es—my). In this case, the positron
flux associated with a WIMP mass of, = 100 GeV at an energy of 100 GeV % (E = m, =

3This could change.g.in the context of quintessence as a solution to dark energy{43]).
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100GeV) ~ 3.2x 10 %m? s ! GeV* sr!, amazingly close to the value predicted for the sec-
ondary background at this energy. This means that such a model, gdaaidmall amplification
(or boos} by a factor of a few, could very well explain the observed rise in thetjosfrac-
tion [39] (see right panel of Fig. 2). Nevertheless, annihilation exefginto lepton pairs is quite

a contrived case for WIMPs with masses greater than a few GeV, whicheither rely on sound
particle physics motivations nor be easily cooked up. For other annihilatiahdfiates, like heavy
quarks or massive gauge bosons, the required boost factor is mgeharseee.g.[38] and the
left panel of Fig. 2. Since the annihilation cross section is fixed by the relin@ance, this feeble
positron flux is a quite generic prediction, valid for most of motivated DM plarscenarios like

in supersymmetry or extra-dimensions [47].

At this stage, the question is: are there ways to amplify the predicted sigrieh wiould
be motivated by some solid physical arguments? Basically, there are thieremifdirections we
can try: (i) enhancing the annihilation cross section; (ii) playing with CR agagion: theoretical
uncertainties allow some freedom; (iii) considering extra (local) sourc&Mbf For DM decay
scenarios, which we will not discuss further here, we note that theydata strongly suffers
arbitrariness, which makes questionable the relevance of such modedsuaal explanations to
the PAMELA signal; likewise, those that fit the PAMELA data are in turn quite irsi@n 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 fonderauring the annihila-
tion process, then non-perturbative effects can strongly amplify thes @ection and even make
resonances arise (referred tdsmmmerfeld enhanceméd®, 50]). At resonances, this effect scales
like the inverse squared WIMP velocity, so it is much stronger in galaxiey thda at the decou-
pling time in the early universe. Nevertheless, this effect concernsyaswuesill part of the WIMP
parameter space, and suffers severe constraints: beside inherentidimaitaitially neglected [51],
all signals associated with the amplified final state are enhanced the samie geharally leads
the predicted antiproton flux to overshoot the observational boundisssuheavy DM patrticles
annihilate only into leptons, which is quite contrived [52]. Such a possibilitytheefore poor
relevance. Incidentally, note that current antiproton data are also quigtraining for low WIMP
masses [53].

Impact of theoretical uncertaintiesin CR propagation: Since DM-induced CRs are pro-
duced everywhere in the Galaxy, enlarging the diffusion zone in theernpagnitted by theoretical
uncertainties may increase the flux predictions. Nevertheless, for pwsitias would only af-
fect the low energy part of the spectrum, since high energy positronsidato be short range by
efficient energy losses, must originate from very local regions. &fbss, tuning the propagation
parameters also fails to enhance the high energy positron flux [18, 54¢-entirgy 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 ¢beinection with the
WIMP properties). Nevertheless, predicting the positron boost fassmcated with these subha-
los is not trivial, since it depends on both their inner properties and theifiasplistribution [17].
Even when spanning the full ranges for prescriptions coming from clagjical structure forma-
tion theory, it was actually shown that these Galactic subhalos could neaseithe signal by
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Figure 3: Left: contribution of local pulsars to the positron flux. Rig example of a self-consistent
prediction for both electrons and positrons. These pla$arrowed from [33].

a large factor, with an upper limif 20 [18]. However, this upper bound is associated with a
large statistical variance at high energy reflecting the fact that thougbrtfbility of finding a
massive enough subhalo close to the Earth is vanishingly small, this would atimglisignal by
a larger factor if this occurred. Nevertheless, even this tricky situatiffarsustrong constraints
cominge.g.from gamma-ray observations, which strongly disfavor it as an explanttia rising
positron fraction [20]. Up-to-date predictions of the DM-induced posiftax including the effect
of subhalos have been recently released in [39] and are displayed i Eigy show, as discussed
above, that subhalos can hardly rehabilitate thermal WIMPs as a satigfagf@anation to the
positron excess, except in the poorly motivated case of an annihilation ihtiochgrged lepton
pairs.

To conclude this section, we emphasize that the DM solution to the cosmic pastueis
by itself very contrived and lacks strong physical motivations. Likewisast of attempts are now
excluded by complementary constraints coming from other cosmic messergety, note that
all predictions implying DM assume the absence of other astrophysicalesoof positrons, which
is incorrect. As explained in the next section, the actual astrophysickglb@und relevant to DM
searches in the positron channel is in fact quite far from controleduseaa this primary compo-
nent that remains to be fully characterized, which unfortunately makesttaimel inappropriate
to DM discovery purposes, at least temporarily.

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

Pulsars have long been proposed as sources of CR positrons, em@wee demonstrated,
more than 15 years ago, to provide a good fit to the observed positaimfrabove 5 GeV. Since
there are also other astrophysical proposals beside pulsars thapecoulde additional positrons,
the question is not really whether standard astrophysics can explaintthdodewhat a consistent
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CR model should look like — note that the whole set of data such a model hasnaditalso
include the individual spectra of electrons and positrons, and their surecantly measured by
Fermiand HESS up to TeV energies [56, 57]. In fact, it is probably bse#d was wrongly believed
that astandard modedf CRs existed that PAMELA measurements triggered such a “buzz’ethde
the most popular numerical CR model call@dlL PROP [58, 6], which was too naively taken as a
reference in the debate on positrons, (i) was not including any sofipréary positrons and (ii)
was treating the injection of electrons with a smooth and continuous spatial alistniiof SNRs
associated with an empirical energy spectrum, which also led to the claim stagsan the Fermi
data. Aside from the lack of primary positrons in this model, it has indeedkrezmn for long that
considering a smooth spatial distribution of sources failed for local highggrflux predictions: the
true discreteness of local sources must induce spectral fluctuatioreshigthenergy data [59, 60].
Yet, this confusion cannot be attributed to tB& PROP model itself, since it was originally more
dedicated to the study of the diffuse Galactic multi-wavelength emissions originiatim CR
interactions with the interstellar medium (ISM), either hadronic and electroetiagthan to the
local electron budget.

Therefore, while we can fairly talk aboustandard paradignfior CR propagation and sources,
astandard modek still far from achieved. A consistent prediction of the CR electron arsitiom
fluxes at the Earth (or at any point in the Galaxy) should at least inclueledhtributions of (i)
secondaries, (ii) a smooth distribution of sources for the distant (aneftinedow energy) primary
component, with a radial cut-off set to a distance from the Earth for whiglsdlirce discreteness
effects can safely be averaged outd kpc), and (iii) the discrete sources located inside this cut-off
radius. For the latter contribution, different catalogs are available fisapsiand SNRs to constrain
the relevant parameters,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. Thissrieahthe above
approach will be more reliable in predicting the local high energy electrosigehan in predicting
it in more distant regions. In any case, we emphasize that for pointegjuftein-Nishina effects
must be included in the treatment of energy losses to derive reliable pradifdio, 33].

Beside consistency in the spatial distribution of sources and propagtters, is still a ma-
jor issue to mention: the injection of electrons from SNRs and pulsars. dndleeugh we can
reasonably motivate an averaged power law spectrum associated witfeciomrate set by the
explosion rate of supernovae and some energetics considerations distdre component [63], an
accurate modeling of local sources is of paramount importance, sinaa teem 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 amplitwhesspectral shapes
strongly depend not only on the injected spectra, but also on the sogtaaaks and ages [33].
A big uncertainty concerns the dynamics of CR injection into the ISM ésgg64, 65]). Nev-
ertheless, this drawback is fairly compensated by the fact that for locatess, we have at hand
a numerous multi-wavelength observations to build a rather constrained foodelch of them
(e.g.[66]). Although a thorough study involving sophisticated modelings for baatal pulsars and
SNRs remains to be achieved, some preliminary efforts have already béergane in this direc-
tion. In [33], we have notably demonstrated that considering the oligerabproperties of local
sources is sufficient to fit the whole set of data on CR electrons andgesitiithout overtuning the
parametersg.g.invoking very hard spectral indicestc) — see Fig. 3. In this study, few sources
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are shown to dominate the high eneggye~ budget, as expected. This means that purely stochas-
tic approaches which do not include the known local sources are likelygir overestimating the
actual uncertainties in the expected local leptonflaxd that, in contrast, other approaches based
on refining the observed sources modeling are certainly more promising.paves the road to
further developments.

5. Conclusion

We have discussed the DM interpretation of the so-called electron andypostiresses, show-
ing that it was likely too contrived to be supported from reasonable gimuhough one cannot
formally exclude a DM contribution to the electron and positron spectra. Wedlao emphasized
that consistently considering well known positron sources like pulsareasily explain the cur-
rent available data, despite the still large theoretical errors associateth@igiredictions. This
not only means that the explanation to these excesses is no longer amigsaleg, unfortunately,
that the positron channel is no longer an interesting discovery chammigidirect DM detection.
Indeed, the uncertainties affecting the predictions make the backgrelevdmt to DM searches
very hard to control.

Nevertheless, these new measurements of high energy CR electrons sltowafine the
current models of CR propagation and sources. Beside studying muhnésscated propagation
treatments€.g.[67]), improving and testing the physics of CR injection from sources is likely
important topic for the next few years, which can now be implemented thankese unprece-
dented new data. Finally, clarifying our understanding of local CR elestndll have a paramount
impact on the predictions for associated multi-wavelength electromagnetisaléimissions not
only on the Galactic scale, but also beyond (sggthe impact of electron propagation on the pre-
diction of the Sunyaev-Zel'dovich effect associated with DM in galaxytekssor Galactic subhalos
in [68, 69]) — note that studies on diffuse Galactic emissions are very impddaindirect DM
detection. Among other interesting topics, this may help developing novedagipes to study the
Galactic magnetic fields through the synchrotron emission, and also theediffusma-ray emis-
sion in the central regions of the Galaxy, the data analysis of which will be ssleased by the
Fermi collaboration. In this respect, it is clear that the forthcoming loweguigacy data expected
from instruments like Planck or Herschel [70, 71] will be valuable in thisaesh field, as well as
higher energy data on local electrons expected from AMS-02
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ranged in the courtyard of Montpellier’s historical Faculty of Medicine.tikemmore, it is a plea-
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4Some Monte Carlo or stochastic approaches are only based on a SNiemptate and energetic considerations,
whereas any random source should be tested as potential observdtiteramelength emitters, in which case some of
them would fall in the contingent of known sources, or would be excluBad of the available phase space is therefore
already known (observed local sources), an information which iallysuot included in these probabilistic treatments.
Shttp://anms.cern.ch/ http://ww. ans02. or g/
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