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Abstract

The Fermi Large Area Telescope (LAT) collaboration recergleased the updated results of the
measurement of the cosmic ray electron (CRE) spectrum ablispad its first constraints on
the CRE anisotropy. With respect to the previous Fermi-LA3ults, the CRE spectrum mea-
surement was extended down from 20 to 7 GeV, thus providirgteidever arm to discriminate
theoretical models. Here we show that the new data strendtieevidence for the presence
of two distinct electron and positron spectral componetrgrthermore, we show that under
such hypothesis most relevant CRE and positron data setsrasgkably well reproduced. Con-
sistent fits of cosmic-ray nuclei and antiproton data, wtsdoh crucial to validate the adopted
propagation setup(s) and to fix the solar modulation paitrdie obtained for the Kraichnan
and plain-dffusion propagation setups, while the Kolmogorov one is disted. We then con-
firm that nearby pulsars are viable source candidates ofetheinede* extra-component. In
that case, we show that the predicted CRE anisotropy is ctilbbipavith Fermi-LAT constraints
and that a positive detection should be at hand of that ohtmgw Models assuming that only
nearby supernova remnants contribute to the high energyftéie observed CRE spectrum are
in contrast with anisotropy limits.

1. Introduction

Last year, the Fermi-LAT Collaboration published the elect positron spectrum in the
energy range between 20 GeV and 1 TeV, measured during theiXiraonths of the Fermi mis-
sion [1]. That result came in the middle of a hot debate whicis@as ATICI[2] and PAMELA
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[3] collaborations reported some anomalies in the Cosmic(R&) leptonic sector. In particu-
lar, ATIC observed a pronounced bump in the electrgpositron spectrum at around 600 GeV,
while PAMELA found the positron fractiog" /(e* + €7) to increase with energy above 10 GeV.
Both features are hardly compatible with the standard s@eirawhich CR electronse() are
accelerated in the surrounding of Galactic supernova reter@NRs) and positrons are pre-
dominantly of secondary origin (i.e. they are produced dnylyspallation of CR nuclei onto the
interstellar medium gas). Below 100 GeV the Cosmic Ray Edec(CRE) spectrum observed
by the Fermi-LAT agrees with the one measured by ATIC, buigtidr energies it does not dis-
play the feature seen by that experiment, being compatiltfeavsingle power law with index
3.045+ 0.008. The absence of the ATIC feature was confirmed by the HBE&Bmospheric
Cherenkov telescopg! [4]. Below 1 TeV the spectrum measwrétl.S.S. is in agreement with
Fermi-LAT’s while above that energy (a range not probed by AT) a significant spectral
steepening was reported by the former experiment.

Soon after that measurement was released, several menfileed@rmi-LAT Collaboration
showed — using th@ALPROP package/[5, /6] — that an interpretation of the observed spéxt
possible within a conventional model in which SNRs are thiy primary sources of CRE [7].
Below 20 GeV, however, they found the predictions of that eléalbe in tension with pre-Fermi
measurements, in particular HEAT [8] and AMS-01 [9] datartRermore, the positron fraction
measured by PAMELA was not reproduced within that framewegither above (where its ob-
served slope is opposite to the theoretically expected moebelow~ 10 GeV. An alternative
scenario was therefore proposed in the same paper [7], vilioked the presence of an extra
component of electrons and positrons. In order to reprothe@bserved CRE spectrum and
positron fraction, the injection spectrum of such extra ponment has to be harder than the one
expected to be accelerated by SNRs and must display & aitaround 1 TeV. In that case it
was shown that both Fermi-LAT and PAMELA measurements aBou@eV could be explained
consistently and the disagreement of the model with preaFgata below 20 GeV was reduced
(the remaining discrepancy was guessed to be a consequesalaramodulation).

Following the suggestion of some pioneering works [10, $&k(also the more recent[12]),
in [7] it was argued that such extra-component can natuballgroduced by middle-aged pulsars
in the vicinity of the Solar System. An alternative scendrased on the annihilation of dark
matter particles with mass around 1 T&¥ was also discussed in the same paper and shown
to be compatible with Fermi-LAT, H.E.S.S. and PAMELA datadslso|[13] and a humber of
following papers, e.gl[14, 15]). Several counter-argutsielmowever, have been risen which
make this interpretation disfavored if not ruled out (seg {16]). Other possible origins of
the required electron and positron extra-component haae la¢en proposed, e.g., enhanced
secondary production in standard SNRs [17] or an inhomamendistribution of source in the
Solar System neighborhoad [18].

Recently, the Fermi-LAT Collaboration released a new measant of the CRE spectrum
based on one year data. The observed spectrum extends d@v@etd [19] and is confirmed to
be compatible with a single power-law with a spectral ind€@83 0.05, only slightly softer than
the one published in[1]. Hints of a deviation from a pure poiagv behavior between 20-100
GeV and at a few hundreds GeV, which were found in the six mdata, are still present in
the updated spectrum. The most relevant new piece of infitlmmaomes from the data in the 7
- 20 GeV energy range. Interestingly, the updated Fermi-Ep&ctrum agrees with HEAT/[8]
and AMS-011[9] data. As we will show these findings rise segitroubles to single component
models and call for some revisions also for the two-compbomerel discussed in|[7].

Such problems become even more challenging if one considerplementary CR data sets,
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in particular the positron-to-electron fraction and thé@oeton spectrum measured by several
other experiments. Interestingly, even at low energy sgviscrepancies can be found between
the data and the predictions of numerical CRuiion models, aSALPROP or DRAGON A [20], if

a conventional Kolmogorov propagation setup is adoptedkéd, the positron fraction measured
by PAMELA is significantly lower than the numerical estimatbtained within this setup below
10 GeV (see e.g.[3] 7]). A long-standing problem is represithy the antiproton deficit which
was found by theGALPROP team with respect to several experimental data [21]. Récént
became more serious with the release of PAMELA antiprotgh statistics data [22, P3] (see
[24)).

A possible solution of some of those anomalies has been ttgg@oposed in terms of
charge-dependent solar modulation| [26]. To explain FerAdi-data, however, this scenario
requires to assume quite extreme conditions during thetlatdar activity phase. Furthermore,
its predictions disagree with the preliminary measuresefithe absolute electroa?) spectrum
performed by PAMELA below 7 GeV [27]. It is important to mention here that Fermi-LAT
and PAMELA have been taking data during the same solar cydiegh allows to reduce the
uncertainties related to solar modulation.

Here we aim at obtaining a consistent description of all theeovables mentioned above
following a different approach: we work in a simple force field charge indépetmodulation
framework but we consider other propagation setups besige&olmogorov one adopted in
[@,119]. In particular, we adopt a model based on Kraichnlamturbulence with a lower level
of reacceleration with respect to the Kolmogorov one: thadel was presented in_[24] and
obtained as a result of a combined maximum likelihood amalyased on BC data (including
the recent CREAM dataset [28]) apdp updated measurements. We will show that a consistent
description of most CR data sets is indeed possible for nsaxfehis kind.

This work is organized in the following way: in Sdd. 2 we willentify three reference
propagation setups compatible with cosmic-ray nuclei plag®ns; then in Se€l 3 we will adopt
those setups trying to build single-component CRE modealsaowing why they do not provide
a satisfactory description of the available data; in Eece4wil describe how the introduction of
ane* extra-component allow a consistent interpretation of ¢haata; finally, in Se¢.]5 we will
show how pulsars can rather naturally power such extra-oompt, and check if the proposed
scenario is compatible with upper limits on the CRE anigntnecently released by the Fermi-
LAT collaboration [29]. Sections 6 and 7 are devoted to awdison of our findings and to
concluding remarks.

2. Thepropagation setups

The CR propagation equation from a continuous distributiocgources can be written in the
general form:

oNi a0 (. p i 0 ,. 0N
5 V- (DV-v)N +8p (p 3V VC)N 6pp Dppap =
= QP2+ ) PBgadr, Do N - GBngagrin(EIN' . (1)

j>i

1Code available at httgwww.desy.dg~macciongDRAGON
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HereNi(p, r, 2) is the number density of tieth atomic specie is its momentumg the particle
velocity in units of the speed of light; o, is the total inelastic cross section onto the inter
stellar medium (ISM) gas, whose densitynigss o is the production cross-section of a nuclear
speciesj by the fragmentation of theth one; D is the spatial dfusion codicient; v, is the
convection velocity. The last term on the |.h.s. of Hg. (13aies difusive reacceleration of
CRs in the turbulent galactic magnetic field. In agreemetit thie quasi-linear theory we assume
the difusion codicient in momentum spade,, to be related to the spatialftiision codficient

by the relationship (see e.g. [30])

S 4 WP
- 35(4-6%)(4-6) D

Dpp (2)
wherev, is the Alfven velocity. Here we assume thaffdsive reacceleration takes place in the
entire difusive halo.

The distribution of Galactic CR sources is poorly known. Tdrge scale source distribution
which we adopt here is approximated to be cylindrically syatnm, so that the source term for
every nuclear speciedakes the form:

E) " -

Q(Eer.2) = T5(1.2) o, (
Po

For CR nuclei, we assume thg{(r, 2) traces the distribution of supernova remnants and impose
the normalization conditioffis(re, Z,) = 1. We use the same distribution aslin/[24] for all models
considered in this paper. This is slightlyffégirent from that used iGALPROP which, however,
does not have significantfects on the CRE and positron spectra. We also assume that the
injection spectral index is independent of the primary ausland is the same as that of protons
i = vp. Since SNRs are expected to accelerate CR nuclei up to atl@'d=V, which is well
above the energies we consider here, we do not account fassdbpmhigh energy suppression
of the injection spectrum.

We neglect CR convection as we tested that under reasonaiudiitions its &ects are neg-
ligible at the energies under consideration here and thisnibt necessary to reproduce experi-
mental data. Nuclei spallation is treated as described, [BJ]632].

Here we assume theftlision codicientD to be spatially uniform and that it only depends
on the patrticle rigidity and the particle speggiaccording to the following relation

)
D(p) = Do ' (pﬁo) , (%)

with n controlling essentially the low energy behavior@f While one would expec = 1 as
the most natural dependence offdsion on the particle speed, it should be taken into account
that difusion may actually be inhibited at low energies due to th&isaaction of CR on the
magneto-hydrodynamic waves. In a dedicated analysis [3Bjat efect, a low-energy increase
of D was found. While such a behavior cannot be represented aspdesiunction of andp,
an dtective value of; can, nevertheless, be found which allows to fit low energg.d&tearly,
the precise value depends on the details of the model. Fonedn [33]n = —3 was found to
fit hte data, while the authors of [34] foumd= —1.3, in both cases for models with= 0.5 (but
rather diferent values of other parameters)./In [24] we found that-0.4 allows a rather good
fit of low energy nuclear data for models with low reacceleraands ~ 0.5.
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Table 1: Propagation and CR injection parameters for theetheference models considered in this pajiy.is the
diffusion codficient normalization at 3 G\4 the index of the power-law dependencelbbn energyz, the half-height
of the Galactic CR confinement halg; the CR nuclei injection indexia is the Alfven velocity;n is the exponent of the
power-law dependence &f on the particle velocity.

[Model| 6 | Do(cm?s™) [z (kpe)| yp [vatkmshH | 5 |

KOL [ 0.33| 5.6x10%® 4 1.624| va=30 1
KRA | 0.5 | 3.0x10%® 4 2.25 va =15 -0.4
PD | 0.60| 24x10% 4 2.15 va=0 -0.4

Although the description of propagatioffiered by Eq.[{ll) is already extremely simplified
and in fact just anfective one, present CR data are still not accurate enoughttoefivalues of
the main parameters controlling propagati®g:ands from Eq. [4),va from Eq. [2), the height
of the Galactic dfusion regiorz,, and the injection index, appearing in Eq[{3). Moreover,
when considering data below a few Ge\also the parameter(see Eq.[(4)) and the modulation
due to solar activity play a significant role and must be takémaccount. For these reasons, here
we consider three reference propagation models definedeqyattameters reported in Tab. 1. In
making this choice, we fixez), = 4 kch Models are defined as follows: the PD model is a plain
diffusion one, in which we tried to reproduce CR data with onfjudion and spallation losses,
hence settinga = 0; the KOL model is built assuming that the power spectrunhefdalactic
turbulent magnetic field is of Kolmogorov type, which fixés= 1/3, while the KRA model
assumes a Kraichnan spectrum for the galactic turbulentetefield, hence setting = 1/2.
With these choices being made for the physical models, thairéng free parameters were tuned
to reproduce the boron to carbon ratio (see[Hig. 1) in theggrrange 0L < E < 10° GeV/n. We
take experimental data from HEAO-3 [35] and CRNI[36] satelbased experiments and from
CREAM [28] and ACECRIS [37]. HEAO-3 BC data are nicely confirmed by a recent analysis
of AMS-01 datal[38].

We treat the solar modulation adopting the usual force-fiedd approach|[40] and tune
the modulation potentiab so as to reproduce the proton spectrum measured by PAMELA [39
during the same solar cycle period during which Fermi-LAffpened the CRE spectrum mea-
surement (see Fifl 2).

Itis clear from Tab[IL and from Figl 1 that the steeper theg@ndependence db (i.e. the
larger the value o) the lower is the amount of reacceleration required to nealsly match
the B/IC data. Indeed, il = 0 we needs = 0.6, while if vo = 30 kny/s thens = 0.33 is
enough to reproduce high energy(Bdata. Although the interpretation of low energy data is
not straightforward, because of several poorly knofieats (e.g., convection or dissipation of
Alfvén modes) which are expected to play an increasingwatle decreasing energy, we found
that a proper tuning of the parametgis enough to provide anfiective description of CR data
even well below the GeV (see also [24]).

Although the BC ratio is the most used quantity for the purpose of fixing CBppgation
parameters, also other quantities, in particular pfip ratio or the antiproton absolute spec-
trum provide complementary constraints. Indeed, ratiasuziear species like /B are weakly
insensitive to the injection spectra of primaries, sineegbcondaries have almost the same en-
ergynucleon as the primaries. Hence we have still the freedordjtesethe injection spectra to
reproduce the proton and other primary spectra. Antipston the other hand, are produced in

2\We verified that, as long as 1 kpcz, < 10 kpc, changingy, almost amounts to a redefinition of the valuelyf.
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Figure 1: BC ratios, as computed with our three reference models givéalh[1, are compared with experimental data.
Red lines: Kolmogorov model (KOL); blue lines: Kraichnanaeb(KRA); green lines: plain diusion (PD). Solid lines
are modulated witlb = 450 MV, which is appropriate for HEAO-3 and CREAM data, wHilgple-dotted lines have
been computed fob = 300 MV which is appropriate for ACE data.

a spectrum by the spallation of the primary protons and Helwclei, which depends signifi-
cantly on the energy of the primary particle. Thereforeipantons are sensitive to the injection
spectrum of primaries, and break the degeneracy.

Constraints coming from antiproton data became quiteggrnihwith the recent release of
PAMELA data [22, 28] and cannot be ignored. PAMELA protonadate also crucial to set,
for each model, the solar modulation potential. It is inséirey that all models considered here
match those data for the same value of the modulation patéate Fig[lZE.

Once the modulation potential has been fixed in that way, ippédictions can be compared
with experimental antiproton data. It is clear from Hig). atthvhile the propagation models
considered in the above are almost degenerate againsfGhdaia some of them, in particular
the KOL model, are disfavored by the antiproton data. This alao established on the basis of
a recent combined statistical analysis of CR nuclei angewttin datal[24].

Overall, this seems to favor models with low reacceleratiod a value of the éusion
codficient slope close to 0.5 or higher, which is also in agreemétht independent findings
[25]. In the next section we will see as CR electron and posittata also lead to a similar
conclusion.

3. Modeling the CRE spectrum with a single Galactic component

We start our analysis by trying to interpret CR electron amglfpon data with single-component
models.

We evaluated these model with tbBAGON numerical package [24]. We also verified that
our results are reproduced by tBeLPROP packagel[5,/6] under the same physical conditions.

31t should be noted that fierently from the KRA and PD models, the KOL model requiresanpunced break in the
proton injection spectrum in order to reproduce the data {&é®. 1 and Fid.12).
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Figure 2: The proton spectra calculated for our three rafaremodels. Color notation is the same as in the previous
figure. The solar modulation potential, which was tuned faduce experimental during solar activity minimum, is
@ = 550 MV for all models. Dashed lines are the correspondingllterstellar (LIS) spectra.
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Figure 3: The theoretical antiproton spectra computed fortlree reference models are compared with experimental
data. The color notation is the same as in the previous figéiésolid lines are modulated according to the force field
scheme assuming the charge symmetric poteditial 550 MV as required to reproduce the measured proton spectrum
at low energies (see Figl 2). Dashed lines are the corregmphtS spectra.
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Figure 4: Thes™ + e* spectra computed for single component models with unigjeetion slopes = 2.45, 2.37, 2.32
(panel a) and broken power-law= 1.6/2.4; 2.0/2.37; 232/2.32 belowabove 2 GeV for the KOL (red), KRA (blue)
and PD (green) dliusion setups respectively (panel b). Fermi-LAT data areessmts by the red points. See Fig. 5a,c,e
for the other experiment’'s symbols. Modulated lines (sclidves) have been computed in the force field framework
with ® = 550 MV; dashed lines are the corresponding local inteestélllS) spectra.

We consider the threeffiision setups, KOL, KRA and PD discussed in the previous@eaind
for each of them we tune the free parameters involved in thaulzdion of the CRE spectrum
against Fermi-LAT data in the energy range-2000 GeV, where both statistics and systematics
errors are smallest. The choice to restrict our model fitttndata in this energy range is also
strongly motivated by theoretical arguments. Indeed, al2GeV the uncertainties on the CRE
spectrum due to solar modulation are negligible; below 1e¥ e CRE spectrum is hardly
affected by the uncertainties due to the stochastic spatiaiesmploral distribution of CRE local
sources which instead become relevant in the TeV energerfaidg 7].

We find that above 20 GeV the injection spectral indexes2.45, 2.37, 2.32, respectively
for the KOL, KRA and PD models, are adequate to reproduce iFeffidata (see Fig. 4()).

Problems appear, however, when considering lower energy da discrepancy between
low energy pre-Fermi data and the prediction of single caomepd models was already noticed
in [7] and tentatively ascribed to solar modulation or totegsatics experimental errors. That
interpretation, however, does not hold against the new FeAT data between 7 and 20 GeV
which agree with AMS-01 and HEAT data and are clearly incotibpawith the results of the
above models. This is the case both if single power-law sospectra are adopted and if a
spectral break is introduced, as shown in Hig.s|4(a] andré@pectively.

Itis worth noticing that reacceleration models need spébteaks to correct for the anoma-
lous behavior which would otherwise arise in the propaght&dspectrum. The reason of such
a behavior can be traced back to the combinféelce of reacceleration and energy losses. Reac-
celeration shifts electrons from the low-energy to the keéglergy region of the spectrum, while
energy losses take electrons from high to low energy. Theeffiezts have comparable strength
in the GeV region and give rise to pronounced bumps in the whated spectra shown in
Fig.[4(@) if a single power-law is assumed. Clearly, thigdeais more evident in models with
strong reacceleration (as in the KOL model), and must beedely introducing a sharp, and
hardly justifiable, break in the injection. On the other hahd KRA model, in which only mod-
erate reacceleration is present, requires a smoother.bxeakreak at all is required for the PD
model.

As it is evident from Fig.§ 4(&) arid 4{b), a very small modolapotential (smaller thar
100 MV) would allow to reproduce low energy Fermi-LAT datavdmajor problems, however,
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arise against this optiora) such a low modulation potential is not compatible with proand
nuclei datap) it does not fit AMS-01 data which were taken during a solarimiim phase like
Fermi-LAT ones were.

In principle, both problems could be circumvented in a chaagymmetric modulation sce-
nario, in which solar modulation is expected to adfetiently on particles of opposite electric
charge during periods of opposite polarity of the Solar nedigrfield. This is the case for AMS-
01 and Fermi data taking periods. Interestingly, the aotgr and positron fraction measured
by PAMELA and other experiments can be consistently repcedin that framework [26]. This
possibility, however, seems to be at odds with recent @stédliminary, seel[27]) measurements
of the electrore™ spectrum by PAMELA, which agree both with Fermi-LAT, betwmegand 100
GeV, and with AMS-01 below 10 GeV. Indeed, even adopting dsidng potential for thes™
(which is a quite extreme assumption), such models fail ttclmBAMELA e~ data down to a
few GeV. Therefore, since PAMELA and Fermi-LAT data werestakluring the same solar cycle
phase, it is evident that the discrepancy between the gi@dliaf single component models and
low energy data cannot be ascribed to charge asymmetricraoldulation.

A reasonable fit of the CRE spectrum measured by Fermi-LABs$sible only at the price of
normalizing the models to data at 10 GeV (rather than 100 Ged)adopting injection spectra
slightly steeper than those reported in the aboveQ2ather than 25 in the KRA model, 23
rather than 7 for the KOL model). However, this is not the most naturalich for the reasons
we explained above. Moreover, the observed spectral slefveclen 7 and 100 GeV is never
reproduced in those cases, as it is clear from[Fig] b(a)a(dh(€)).

For the same models, we also computed the correspondinggofsactionet /(€™ + €*) (see
Fig.[5(b)[5(d) an@ 5(f)). Clearly, below 10 GeV tkg&/(e” + ') measured by PAMELA can be
reproduced by the KRA and PD models while the fit is unsatiefgdor the KOL model. Again,
low reacceleration models seem to provide a better degamipf low energy experimental data.
None of the single component realizations, however, carotece PAMELA data above 10
GeV.

We conclude this section by summarizing the main drawbaélsingle component CRE
models:

¢ they are unable to reproduce all the features revealed bgiHeXT in the CRE spectrum,
in particular the flattening observed at around 20 GeV (whiels also recently found
by PAMELA [27]) and the softening at 500 GeV. If, as they should, such models are
normalized against data in an energy range where systeatatid theoretical uncertainties
are the smallest, they clearly fail to match CRE Fermi-LAG &#AMELA data below 20
GeV. Most importantly, the CRE spectral slope between 7 @tdcannot be reproduced.

e They sufer from relevant problems also at very high energy, becewsedo not repro-
duce the softening of the CRE spectrum measured by H.E.Bo8ed TeV. This requires
either to introduce a cufbin the CRE source spectrum, which, however, does not account
for the observed spectral hardening around 100 GeV, or todote an additional CRE
component of local origin, with a spectrum peaked aroundlé\é as first suggested in
[17].

e As explained in many papers (see e.gl [42]), they cannobdeme the rising positron-to-
electron ratio measured by PAMELA at high energy. TherefidRAMELA observations
are correct, an additional positron component, besidéptbduced by CR spallation, has
to be invoked.
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fraction €*/(e” + €")) curve computed under the same conditions are shown inahelp (b), (d) and (f) respectively.
Solid lines are modulated with a potential= 550 MV. Dashed lines are the corresponding LIS spectra.

10



4. Two components models

In the following we try to reproduce Fermi-LAT, H.E.S.S. aPAMELA CRE and positron
data in the framework of a two component scenario. The agpra& follow in this section is a
rather straightforward generalization of what we did inphevious one: we assume the presence
in the Galaxy of two CRE source populations rather than ore first component accelerates
only electrons (the standard component) with a spectrpkste > 2 (as expected from Fermi
acceleration in SNRs) up to some cfit&S ., while the second one accelerates electrons and

cut?
positrons with a common spectrum (extra-component) witbriaof

— o

Vet
Qe(E) = QO(EEO) e &/ (5)

andye: < 2 as required to account for the positron fraction rise olestby PAMELA. Here
we also assume that both source classes have the same oostspatial distribution as that
considered in the previous section. This assumption, heryév not critical, and we checked
that a quite wide sample of extra component source distoibsit(including the one expected
from the annihilation of dark matter with a NFW profile) yisldjuite similar results after a
small tuning of the injection parameters. The assumptiéessidering the source distribution
continuous and cylindrically symmetric up tol1 TeV are more crucial in this respect and will
be reconsidered in the next Sections.

In order to tune the normalization of the two spectral congmiswe follow a multi-messenger
approach. Our first step is to tune the standard componemrtsistently reproduce both the
€ +e' spectrum measured by Fermi-LAT and #i¢(e” + e*) measured by PAMELA below 20
GeV, where the fect of the extra component is supposed to be negligible. Rexbly, this is
indeed possible if we use propagation setups with low réac@n, namely either the KRA or
the PD setups. Noticeably, these setups (especially the &iRR424]) also provide the best com-
bined fits of the BC data, proton and the antiproton spectra measured by PAMEtA Sed.]2).
Fermi-LAT and PAMELA electron, positron fraction and amtjppon data are all reproduced with
the same modulation potentidl = 550 MV, in the simple force field framework. The required
source spectral slopes for the electron standard compaggpt = 2.00/2.65, 2.00/2.60 be-
low/above 4 GeV for the KRA and PD setups respectively. We alsodante an exponential
cutoff in the source spectrum of this component at 3 TeV. The chdib@ber cutdt would not
affect significantly or final results.

Clearly, in the absence of the exegtcomponent, high energy CRE (Fjg. §(a)) and positron
fraction (Fig[6(b)) data would completely be missed (setedidine in Fig[6(d)). Remarkably,
the indication of the presence of an extra CRE componentdmeifound even considering only
Fermi-LAT and the low energy PAMELA data alone. This a new artdresting result which
was made possible by the spectacular data collected by Hekinand PAMELA and by the fact
they operate during the same solar activity phase (henceirggithe uncertainties due to solar
modulation).

Our next step is then to suitably choose the extra-compaaemd reproduce Fermi-LAT
and H.E.S.S. high energy CRE data. We find here that this isiljesy takingye: = 1.5 and
Ecst = 1.0 + 1.5 TeV both for the KRA setup (see Fig. §(a)) and the PD one. iEh@milar
to what done inl[[7,_54] but for the choice of the propagaticgevhich in those papers was
assumed to obey Kolmogorovilision (as a consequence, low energy PAMELA data were not
reproduced in that case).

11
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Figure 6: Thee™ + e total spectrum (panel a) and positron fraction (panel by da¢ compared with the predictions
of our two-component model. The dotted line represents thpagated standard component with injection slape=
2.00/2.65 abovgbelow 4 GeV an€S,, = 3 TeV, while the dot-dashed line is te& component withye: = 1.5 andES,, =
1.4 TeV. Both components are propagated VDBAGON adopting the KRA setup. The blue sglidshed lines represent
the modulated IS quantities. The modulated lines have been computedtmdothe charge symmetric modulation
potential® = 550 MV.

It is interesting that preliminarg” spectrum measured by PAMELA [27] is also nicely re-
produced by our extra-component models. Above 100 GeV tmestsum is softer than the
€ + €" measured by Fermi-LAT by the exact amount which is requicelbave room thes*
extra-component. It is remarkable that such a relativetyp approach allows to reproduce
such a large number of observations.

The fact that the high energy tail of the CRE spectrum is répced so well in terms of a
continuous extra component source distribution suggaseither it is dominated by a physically
continuous distribution of sources (as one expects for datter) or by a single astrophysical
source in the nearby. In the next section we will discussatied case.
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5. Theroleof astrophysical nearby sources

The nature of the extra-component of primary electrons arsitqpns that we invoked in the
previous section is an intriguing matter of debate, and th&sible scenarios include both an
exotic explanation (involving annihilation or decay of fide Dark Matter) or a purely astro-
physical interpretation. Here we concentrate on the sepoassibility and show that well known
astrophysical sources can rather naturally account foatdable CRE electron and positron
fraction observations. In Sdd. 6 we will show that CRE amigmt measurements should soon be
able to confirm this possibility.

Differently from the previous section, here we treat the extnapmment as originating from
a discrete collection of sources rather than from a contiswistribution. This is the proper ap-
proach to be followed for energies exceeding few hundredé &evhich the loss length due to
synchrotron emission and IC scattering becomes comparathle average SNR mutual distance
so that only few sources within few hundred parsecs are ¢ggéc dominate the CRE flux. To
be even more realistic, we work with actually observed astysical CRE source candidates,
pulsars and SNRs, as taken from radio catalogues. We thanefiextron and positron propa-
gation from those source to the Solar system by solving &inally the difusion-loss equation
similarly to what done in [7]. Since the analytical expressi and tools used here are the same
followed in that work we do not report here any detail and addithe interested reader to that
paper.

Concerning the large scale (standard) component, we mbaéhi DRAGON as done in the
previous section. For consistency, we treat analyticalramderical propagation under the same
physical conditions.

Since the extra component does nidéet the low energy tail of the CRE and positron spectra,
all we did in the previous section to fix the standard compbhetds also here. Therefore we
again assume.- = 2.65 and a KRA propagation setup. Similar results can be obdaivith a
PD setup. This is dierent from what done in[7] where the KOL setup was used.

5.1. The contribution of local pulsars

Pulsars are extreme astrophysical environments thatseeslegry large amounts of energy
(~ 10°? = 10°* erg) during their active lifetime. Most of this energy is ¢ in the early stage
of their evolution, since they are powered by their spindowhey are believed to be sources
of both electrons and positrons (see €.g. [10, 43]): in faagnetospheric models predict the
formation of curvature photons that — interacting with thrersg pulsar magnetic field — form
electron-positron pairs. Those particles are then exgdotde accelerated at the termination
shock of the pulsar wind nebula (PWN) and be released in thewSen the PWN merges the
ISM or the pulsar exit the parent SNR shell due to its propetiono(see [[47] for a detailed
description of the latter scenario). In both cases, thisgse typically happens in a time between
10* and 16 years.

The possibility that electrons and positrons from nearliggns can dominate the high energy
tail of the CRE spectrum and explain the rising behavior ef plositron fraction was already
proposed in/[11] and studied in several more recent papees(g..[12, 49]).

Similarly to the approach taken inl[7], we model the CRE einisfrom pulsars as a point-
like burst with a time delay with respect to the birth of thgea. Such a delay is required to
reproduce the smooth CRE spectrum measured by Fermi-LAHaa45.S. and is motivated by
the fact that electrons and positrons are expected to bpedap the nebula until it merges with
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the ISM. We assume that electrons and positrons are acemldéraequal amounts by pulsars
with a power-law injection energy up to an exponential iabenergy around 1 TeV.

We considered the pulsars within 2 kpc from Earth, taken filoenATNF catalogue [443.
We verified that more distant pulsars give a negligible dbntion. We also verified that-ray
pulsars which have been detected by Fermi-LAT [45] and aténrthe ATNF catalogue, which
can also contribute to the observed+ e* spectrum (see [46]) do noffact significantly our
results.

For middle-aged pulsars, the rotational energy releasteedime T can be approximated as

2

E(T) ~ Epsp T— , whereEpgp is the spin-down luminosity determined from the observddaru
T

0
timing andrg is a characteristic braking time. Due to the strong energgde in the PWN, only
electron-positron pairs which are accelerated before shape timelesc can contribute to the

(T - Tesd?
T

CRE flux. Therefore the* energy released in ISM Beg: (T) = ne: Epspb , wherene:

is thee* pair conversion iciency.

As shown in Fig[ 7(a) ar{d 7(b), the pulsar scenario allowspgeod fit of both high-energy
Fermi-LAT and H.E.S.S. electreipositron as well as PAMELA positron fraction data, due to the
presence of primary positrons. The plots in F[g.s]|7(a)[am] féve been computed assuming
that pulsars spin down as a magnetic dipole (braking index 3) and thatro = 10* yr, as
commonly done in the literature. Furthermore we tuned tHsgpunjection parameters to the
valuesye: = 1.4, Ecyt = 2 TeV, Tesc = 75 kyr andne: = 35%. These values are compatible
with multichannel observations of pulsars (see e.g. [12,a#d ref.s therein). Significantly
larger spin-down power, hence smaller valuegof are obtained for values of the braking index
smaller than 3 as observed for several pulsars (note etgoththe Crab pulsan = 2.5), which
make this scenario even more palatable.

While it is certainly unrealistic to assume that all pulssitare the same values of those pa-
rameters, this is not critical for our results since the heéglergy tail of the spectrum is always
dominated by a single object, namely the Monogem pulsar (B®#56+14). This is a conse-
quence of its small distancd & 290 pc), relatively young agd (= 1.1x 10° yr) and spin-down
luminosity E ~ 3.8 x 10°** ergs’t. Monogem available rotational energy at the adogtegscape
time iSE(t > Tesd = 5x 10*” erg. Furthemore, it was shown in [7] that it is possible toroep
duce CRE and positron data for several allowed combinagwas randomly varying the pulsar
parameters.

Due to the time delay between their birth and tHerelease, very young pulsars, such as
Vela, which are bright in the GeV and TeV gamma-ray sky, dacoatribute, which explains the
absence of pronounced bumps in the CRE spectrum aroundwe #im®TeV which were instead
predicted in several other papers (see e.¢..[48, 49]).

5.2. Adding the contribution from local SNRs

Similar to the approach of[7], in the above we treated thedsed electron component as
originated by a continuous distribution of sources. Thigragimation, however, is not realistic
above few hundred GeV for the reasons we explained at thatiegi of this Section. Indeed, if
we share the common, and well motivated, wisdom that CRE@r@erated by SNR, only few
of those objects will contribute to the CRE observed spetgibove 100 GeV. This may produce
observable features in the total CRE spectrum.

“httpy/www.atnf.csiro.afresearctpulsaypsrcat
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Figure 7: The contribution from nearby pulsars (within 2 kpomputed analytically for the KRA ffusion setup is
added to a standard component similar to that shown irff Fg.t&(t the addition of an exponential cfitat 3 TeV. Panel

a): electron-positron spectrum. Panel b): positron fraction. Notice #fiace pulsars are assumed to emit both electrons
and positrons, the rising positron-to-electron ratio reed by PAMELA is correctly reproduced within such a scemari
The pulsare* conversion #iciency is=~ 35%
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Figure 8: The analytically computed CRE flux from both neaithin 2 kpc) SNRs and pulsars is added to the same
standard component used in F[g._J(a). Again, all comporempropagated using the KRAfTdision-reacceleration
setup. Panel a): electrepositron spectrum. Panel b): positron fraction. The assuemergy release for each SNR is
taken as & 10*’ erg . The pulsarficiency is= 30%. Solar modulation modulation potentiakis= 500MV.

In order to study suchfiect, we treat CRE propagation from nearby SNRs similarly hatw
we just did for pulsars. Since the SNR lifetime is typicaliyaller than the propagation time, we
consider the emission from a single SNR as a single burstisimaous to the SNR birth. Hence,
we consider all observed SNRs within 2 kpc as taken from theefscatalogue [50] and treat
them as point-likee~ sources with a power-law injection spectrum and an expdelenttoff.

In Fig.s[8(@) and 8(b) we respectively represent the CREtspacand positron fraction
obtained for a reasonable combination of pulsar and SNRpeteas, namely: spectral index
Yeswe = 2.2; cutdt energyESNR = 2 TeV; electron energy release per /'R = 2 x 104 erg;
ne: =~ 30% (which is slightly smaller than that needed without éd@sng nearby SNR) for all
pulsars. We see from Fid. 8[a) that under those conditittesdbminant source in the TeV
region remains Monogem pulsars.

Clearly, other combinations of parameters are possiblke tlae relative contributions of the
several sources may vary. However, the requirement to depgemthe PAMELA positron frac-
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tion imposes an important independent constraint whicls aé¢ permit to lower significantly
the Monogem dominant contribution with respect to that oRSNTherefore the discrete con-
tribution of nearby SNRs should not introduce pronounceduies (bumpiness) in the CRE
spectrum. Another relevant, and testable, predictionigfgbenario is that, being the high en-
ergy CRE flux dominated by Monogem pulsar, a significant CRiolei anisotropy should be
present roughly directed towards that pulsar. This pddyilill be discussed in details in the
next Section.

6. The CRE anisotropy

Recently the Fermi-LAT Collaboration published upper tgvin the anisotropy in electran
positron flux [29]. It is therefore worth checking if the mdsldiscussed in the previous section
are compatible with such limits.

The analytical expressions which we used to compute the Giibtaopy due to a single
pulsar is:

. 3
Anisotropy=

r (1= (1= E/Ema®)\ " NESE) 6
20T — Tesc ( ) ©)

(1-6)E/Emaxt) Ne(E)

where NESR and NI are the electron spectra from the pulsar and its sum to tiye lscale
Galactic plus distant pulsar componefitsandTescare the pulsar birth time and the time it takes
for the electrons to be released in the ISM respectivElya(t) is the energy loss time due to
synchrotron and IC losses (seel[7, 48] for more details).

The most important results we obtained are summarized iffaj {9(Db).

First of all, it is important to notice that the model disced$n Sed 511 (see Fig- 7(a)), where
only the emission from nearby pulsars is added to the smoathdBic standard component, is
compatible with the upper limits reported by the Fermi-LA®l@boration. The middle-aged
pulsar Monogem gives the dominant contribution to the arogy, and the expected value of
this observable is very close to the upper limit, so that dpesietection is expected in the near
future towards Monogem.

Hence we now consider the model discussed in [Set. 5.2 (sef8(&jy, in which the main
contribution to the high energg™ + e flux still comes from pulsars but the contribution of
local SNRs is also considered (hybrid model). We see from{%ig] that also this possibility is
not excluded by anisotropy measurements: in this plot,éhder may notice that the Monogem
pulsar (red solid line) and the Vela SNR (black dashed lina}jrbute most to the total anisotropy
(the black solid line), which is computed as the sum of eaésoaropy weighted by the cosine
of the angle of the corresponding source with respect to theetibn of the maximum flux.
However, also in this case the total expected anisotropgrigalose to the measured upper limit,
so that a future detection at levell% at~ 1 TeV towards the portion of the sky where Vela and
Monogem are located (with the peak situated almost in thellmibetween the two sources) is
to be expected in the next years.

It should be noticed that Fermi-LAT anisotropy constraiali®ady exclude some models
which do reproduce the CRE and the positron fraction data.illestrative purposes, in Fig.s
[I0(a) and I0(h) we show the CRE spectrum and anisotropy cemior a a model in which
the electron energy emitted by SNRs is increased fromi@*’ erg to 1x 10*® erg and pulsag*
emission fficiency is consequently reduced from 35% to 30% so to repmthecobserved CRE
spectrum. We see from Fig. I0(b) that the expected anisperpeeds the upper limits in that
case, mostly because of the large contribution of Vela SNiR¢hwis nearby (less than 300 pc)
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and very young+ 10%yr). Although this result can hardly be translated into arglenstraint
on thee* energy output from SNRs, due to the large number of free petersiwe had to deal
with, nevertheless we can safely conclude that a scenaritich SNRs provide the dominant
contribution to CRE spectrum in the TeV region is incompatikith Fermi-LAT upper limits on
the CRE anisotropy.

7. Discussion

Here we discuss how general are the physical assumptiores witdch we reproduce such
a large number of CR data sets and the compatibility of ourlt®esvith other complementary
observations.

We start discussing the source spectrum of the electrodatdrcomponent. According to
the common wisdom we assumed that this component is actldog Galactic SNRs. The
most clear evidence that electron acceleration takes pla8BRs comes from the synchrotron
emission of those objects. The mean value of the spectrakifidm the Green’s catalogue
[50] is 0.5 + 0.15 in the GHz range, which loosely impligs= 2.0 £ 0.3 in the 1 - 10 GeV
range [51]. This is therefore compatible with the sourcespeindex adopted in Sed$ 4 ddd 5
below few GeV. At larger energies, where we nggd~ 2.6, we have less stringent observational
constraints. While-ray measurements favor harder spectral indexes above\,0t@aot clear
if the origin of that emission is leptonic. Recentay observations of SNRs actually are better
described in terms of a hadronic origin of that radiatiore(sey. [55/ 56]). On the theoretical
side, Fermi linear acceleration in SNRs generally prediataes of the spectral index smaller
than 2.5, which is marginally at odds with our finding. Howelieear Fermi acceleration theory
is likely to be not exact and the actual spectral shape coeldiferent from that prediction.
Furthermore, it should be noted that we modeled the starudengponent in the approximation of
a cylindrically symmetric source distribution. Such dgstion is adequate to reproduce nuclei
spectra and secondary-to-primary ratios, but may be ledsstie for electrons in the 0.1 - 1
TeV range where the local distribution becomes relevant. gkemealistic distribution which
accounts for the spiral arm distribution of SNRs may acyuadkult in a dfferent requirement
for the injection spectral slope fitting the data in that ggeange. Indeed, being the Sun at the
edge of a Galactic arm, the average distance from SNR isriéinge in the smooth case. As
a consequence, a harder injection spectrum is requiredsirtéise to compensate for the larger
energy losses and reproduce the observed spectrum. Wemedexplorative runs probing the
effects of a Galaxy spiral structure which actually confirm #xpectation without spoiling the
rest of our successful results. A more detailed study ofeffiest will be performed elsewhere.

For what concerns the* extra-component, we mentioned as the hard spectpdim~ 1.5)
required to explain experimental data can be originated.ggps wind nebulae (PWNe). While
the acceleration mechanism responsible for such spebtpkss not understood yet, on purely
observational grounds we know that PWNe indeed acceleletg@ns with a power law spec-
trum which is as flat aE~* — E-1® up to several hundred GeV [47]. The most critical issue here
concerns the available energy that middle-age pulsarsstease under the form ef pairs. We
showed, however, that under reasonable conditions théawéhenergy is sflicient to account
for experimental data even if pairs are released in the ISier akveral 10yr. A physically
viable scenario where* are accelerated in bow shock PWNe has been recently distiusse
[47]. The injection parameters adopted here are fully cdibjgawith those proposed in that
work. Forthcoming Fermi-LAT CRE spectrum and anisotropyaswements as well gsray
observations of PWNe may help to validate this scenarioemixt future.
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Since CR electrons contribute to theay diffuse emission of the Galaxy by their bremsstrahlung
and IC radiation, it is worth asking if the two component misgeesented above are compati-
ble with Fermi-LAT observations also in that channel. Fas fiurpose, we used our numerical
packagezAMMASKY and cross checked our results withL.PROP. For this purpose we used the
same radiation field as describediin/[58]. To derive a detailedel of they-ray diffuse emission
of the Galaxy is far beyond the aims of this paper. We only categb they-ray spectrum at in-
termediate Galactic latitudes 1€ |b| < 20°, averaged over all longitudes, and compared it with
Fermi-LAT data presented in_[57]. For each CRigkion setup we computed th& component
consistently. We treated the standard and the extra-coemp@RE components as described in
Sec[4. The contribution of local CRE sources is almostauaht here since thgray flux is
dominated by distant sources. We found that all models dgamliin that sections reasonably
reproduce the-ray spectrum measured by Fermi-LAT and within errors agvitle the model
presented in [57]. We also found that the contribution of élkFa-component electron to the
bremsstrahlung and I§-ray spectrum is subdominant and may be hard to detect.

8. Conclusions

The recent extension of the measurement of the CRE spectramt 7 GeV by the Fermi-
LAT collaboration dfers a strong evidence of the presence of a new spectral cenpadn fact,
even allowing for a spectral break in the CRE source spectufew GeV, single component
models fail to provide a satisfactory fit of those data. Sudbence adds to the one provided
by PAMELA observations of a rising behavior of the positreaction above 10 GeV. Assuming
that the new component is symmetric in electron and posirare showed that a consistent
interpretation of a wide sets of data is possible. For theftiimee, this also includes PAMELA
positron fraction data even below 10 GeV as well as protonarigbroton data taken by the
same experiment which are crucial to constrain the allowegagation setup(s) and the solar
modulation potential (during the same solar cycle phasmFEAT is operating). We showed
that only few among the propagation setups matching flidaita can also consistently match
CRE and positron fraction data. This is the case for KraioHil@ and plain-difusion setups
while the commonly adopted Kolmogorov-type setup is digfad. We obtained these results
working in a simple force free, charge symmetric, solar maiilon framework. This does not
means that charge dependefieets, which are expected to be present at some level due to the
complex structure of the solar magnetosphere, are absémnhuthat they seems not to be
required for a consistent interpretation of Fermi-LAT adviELA data above few GeV.

Concerning the origin of the* extra-component, we confirm that observed nearby pulsars
are realistic source candidates. The expected anisotrogheidirection of the most prominent
CRE candidate source, Monogem pulsar, is compatible witlpthsent upper limit just released
by Fermi-LAT collaboration and may be detectable in a femrge¥l/e also considered here the
effect of known nearby SNRs on the CRE spectrum and the anispsiopwing that they should
not dfect significantly those quantities.

We conclude by observing that the AMS-02 space mission B®ktinstalled on the Inter-
national Space Station next year will be crucial to validaeemodels discussed in this paper and
to look for small spectral anomalies which may indicate thespnce of new physics. Beside
providing and independent check of the positron anomalgalet by PAMELA and measure it
up to 500 GeV or above, AMS-02 simultaneous measurementR @fuClei, antiproton, electron
and positron absolute spectra will allow to reduce thelstifie uncertainties on the propagation
setup and thefects of solar modulation. Furthermore, its good energylugiso - which will
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be significantly better than Fermi-LAT - may allow to confirhetspectral features hints found
in the Fermi-LAT CRE spectrum and to single out yet unidemdifones associated with nearby
astrophysical sources or the dark matter.
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