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	 	 	 The electron and positron spectra before 2008
Electron + positron spectrum

Above few GeV the spectrum was fitted 
by a                   power-law 

(with large uncertainty )

in the figure GALPROP model with

(Alfven vel. VA = 30 km/s , no convection)

∼ E−3.2

δ = 0.33 γ0 = 2.54

Positron fraction 

tension with AMS-01 and HEAT
strong disagreement with PAMELA if 

positrons are only secondary products 
of CR p and nuclei 

it decreases if γ0 <  γp ≅ 2.7

e+

e− + e+
∝ E−(γp+δ/2+0.5)

E−(γ0+δ/2+0.5)
= E−γp+γ0
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	 	 	 	 The Fermi-LAT + HESS  CRE spectrum

Electron + positron spectrum published 
in PRL, May 2009

based on 6 months data

compared with most significant previous data and the   
conventional GALPROP model with

δ = 0.33 γ0 = 2.54

Fermi-LAT spectrum based on 1 yr data, 
extended down to 7 GeV

Latronico et al. - 2nd Fermi symp. 2009
[Fermi-LAT coll.] submitted to PRD

The spectrum is fitted by a E^(-3.08) 
power-law 

with hints for a hardening at ~100 GeV 
and a steeping above 500 GeV 
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Propagation of CRE
GALPROP: GALPROP: a numerical CR diffusion modela numerical CR diffusion model

           Main hypothesis

• Spatially uniform, power-law

energy dependent diffusion

coefficient

• Power-law source spectrum

•Continuos source (supernovae)

distribution in the Galactic Disk

(may fail for TeV electrons)

! 

D
 
=  D

0 

E

E
0

" 

# 
$ 

% 

& 
' 

 (

! 

qi(E,x,t) =  q
0,i  f (r,z)  

E

E
0

" 

# 
$ 

% 

& 
' 

(  ) 0, i

zd << zhalo ~ 1÷10 kpc

For E > 10 GeV up to ~ 1 TeV solar modulation, CRE re-acceleration, convection are sub-
dominant;  only synchrotron + IC losses and plain diffusion play a relevant role. 

Q(E) ∝ Eγ0

if

λloss =
(∫

E

D(E′)
b(E′)

dE′
)1/2

! 3
D(E0)

1028 cm2s−1

(
E

E0

)(δ−1)/2

kpc

Q(E) ∝ E−γ0 D(E) ∝ Eδ

the energy loss length is

A simple approximate analytical solution can be found  (see e.g. Bulanov & Dogiel ASS (1974)) 
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Q(E) ∝ Eγ0
e.g. for Kraichnan diffusion  δ = 0.5  so that   Ne = 3.2 (3.0)  →   γ0 = 2.45 (2.25) 

Ne(E) ∝ Q(E) τloss

λloss
∝ E−(γ0+ δ

2+ 1
2 )

In the energy range 10 GeV - 1 TeV  we are in the diffusion + losses dominated regime
 (case b).   In that case 
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    The possible role of fluctuations/nearby sources

330 POHL & ESPOSITO Vol. 507

FIG. 1.ÈLocally observed electron spectra (top panel) compared with
the range of possible spectra in our model (bottom panel). The parameters
of the model are given in the main text. For each experiment, the 1 p
uncertainty range is indicated by a gray-shaded band connecting the data
points at the mean energies of the corresponding energy bins. The scatter
between the results of di†erent experiments indicates the level of systematic
uncertainties. The range of possible spectra in our model is given by the
gray-shaded bands in the lower panel. For 68% of the time the locally
observed spectra will be in the dark gray shaded region, and 95% of the
time they will be within the light gray shaded region. The black dashed line
shows the 68% range for a weaker energy dependence of the di†usion
coefficient (a \ 0.33 instead of a \ 0.6) to show the inÑuence of this param-
eter. The white dash-dotted line shows one of the 400 random spectra as a
particular example of what may be observed. The white dotted line indi-
cates the time-averaged spectrum. The e†ect of solar modulation is taken
into account for all model spectra using a force-Ðeld parameter ' \ 400
MV & Axford The data are not in conÑict with the range(Gleeson 1968).
of possible spectra in our model.

factor of 2 or 3, and above 100 GeV it is completely unpre-
dictable. Changes in the absolute numbers for the di†usion
coefficient and the radiative energy losses do not change the
basic behavior, but they can shift the transition between
weak and strong variability to lower or higher energies. If
the energy dependence of the di†usion coefficient is weaker,
i.e., a \ 0.6, the transition between weak and strong varia-
bility will be faster, and vice versa (a slower transition for
higher powers than a \ 0.6). For comparison, we have indi-
cated the result for an energy dependence of the di†usion
coefficient, D P E0.33.

As shown in the high-energy data for the localFigure 1,
electron Ñux are in accord with an injection spectral index
of s \ 2.0, although in a model with steady injection and a
smooth source distribution these data would require an
injection index of around 2.4 Concerning the(Skibo 1993).
distribution of high-energy electrons, the Galaxy would
look like Swiss cheese, with holes and regions of higher
density. In the line-of-sight integrals, which are relevant for
comparison with the EGRET c-ray data, averaging over
holes and high-density regions will give the same result as a
model with steady injection, but with a source index of 2.0
instead of 2.4. At higher latitudes, the line of sight will be so

short that regions of low or high electron density will be
resolved. The leptonic c-ray spectra in the direction of the
Galactic poles should be relatively soft, since the line-of-
sight integral of the c-ray emissivity will be dominated by
the soft local spectrum.

The absolute electron Ñux is reproduced if each SNR
provides an energy input of 1048 ergs in the form of elec-
trons, which is 1/1000 of the canonical value of 1051 ergs for
the kinetic energy input per supernova. Taken over a life-
time of 105 yr, the corresponding power of 5 ] 1035 ergs
s~1 is less than the X-ray luminosity of SN 1006 alone.

The time variability of the high-energy cosmic-ray spec-
trum will not be related to or even be synchronous with the
variability in the Ñux of low-energy cosmic-ray nucleons,
which can be traced by cosmogenic unstable isotopes in
sediments et al. Damon, &(Sonnett 1987 ; McHargue,
Donahue or meteorites1995 ; Kocharov 1996) (Bonino
1996).

A few notes should be added. We have taken supernova
explosions to be completely independent of each other. One
might expect some level of correlation in OB associations
and supernova remnants in OB associations (SNOBs),
which would make the basic e†ect of time dependence even
more dramatic, since the OB associations and SNOBs
would act as single sources, with longer lifetimes but much
smaller frequencies of occurrence.

Another important point is that we have assumed that all
electron sources produce the same spectrum. In reality this
need not be the case. Some SNRs will produce electrons
with harder spectra, and another group of SNRs will
provide softer spectra. It may be that the spectral form
depends on the age of the SNR. In fact, the radio data show
that SNRs do have di†erent synchrotron spectra (Green

If we take the electron injection spectral index of an1995).
individual SNR not as a Ðxed number but as a random
variable following some probability function, the time-
averaged spectrum dotted line) will produce a posi-(Fig. 1,
tive curvature. The level of time variability, on the other
hand, will increase. The dark and light shaded regions in the
lower panel of in which the spectrum is containedFigure 1,
for 68% and 95% of the time, respectively, extend beyond
those for the Ðxed injection index.

A Ðnal note concerns secondary positrons and electrons.
These particles are generated subsequent to interactions of
cosmic-ray nucleons with ambient gas, so the e†ect dis-
cussed here does not apply and the local spectrum of sec-
ondary electrons will not vary. Thus, the observed positron
fraction will also exhibit variability anticorrelated with that
of the primary electron spectrum. If we are indeed living in a
hole in the distribution of high-energy electrons, then the
positron fraction above, say, 20 GeV will be above the level
expected in steady injection models, if the gas density within
D1 kpc from the Sun is not also subaverage. This might
explain the observed positron fraction in that energy range,
which is indeed slightly above the model predictions

et al.(Barwick 1997).
We have seen that the discreteness of sources of cosmic-

ray electrons causes a strong variability in the local electron
spectrum at higher energies. Therefore, the high-energy
electron spectrum does not prescribe our choice of electron
injection spectrum in propagation models.

If we consider c-ray emission in the Galactic plane, the
line-of-sight integral of the emissivity will correspond to an
averaging over the di†erent variability states, and hence the

Pohl & Esposito ’97

It was studied either by combining  
analytical propagation with 

Montecarlo generated sources  

 or by analytical propagation from 
actually observed candidate sources  

⇒

⇓

Aharonian & Atoyan ’95

Kobayashi ‘2004

Galactic + local components 

 or by analytical propagation from a 
distribution of local sources  

⇓
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          Fixing diffusion models against CR data
	 	 	 	 	         	 (nuclear data) 

Using either GALPROP (Strong & Moskalenko ....) or DRAGON

Plain diffusion (PD)
δ = 0.6  VA = 0 

Kraichnan diffusion
δ = 0.5  VA = 15 km/s 

Kolmogorov diffusion
δ = 0.33  VA = 30 km/s 

all these models require some tuning  
of source spectrum / diffusion coeff.

at low energy ! 

see also Di Bernardo et al. 2009
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          Fixing diffusion models against CR data
	 	 	 	 	         	 (antiproton data) 

Plain diffusion (PD)
δ = 0.6  VA = 0 

Kraichnan diffusion
δ = 0.5  VA = 15 km/s 

Kolmogorov diffusion
δ = 0.33  VA = 30 km/s 

see also Di Bernardo et al. 2009  where the constraint  0.3 < δ < 0.6 was derived 

Φ = 550 MV
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           Single component interpretation of the 
                   Fermi-LAT CRE spectrum

Plain diffusion (PD)
δ = 0.6  VA = 0

γ0 = 2.28  

Kraichnan diffusion
δ = 0.5  VA = 15 km/s

γ0 = 2.0/2.33   Ebreak  = 4 GeV 

Kolmogorov diffusion
δ = 0.33  VA = 30 km/s 

γ0 = 2.0/2.42   Ebreak  = 4 GeV  

modulated with  Φ  = 500 MV

D. G.  [Fermi-LAT coll. ] APP 2009
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   May charge asymmetric modulation account for the 
low energy discrepancy ?

Φ+ = 500, Φ- = 0 MV   

Φ+ = Φ-  = 500 MV

 NO !   A low modulation potential such to account for the Fermi data and the pos. fraction 
below 10 GeV is at odd with the preliminary  e-  absolute spectrum measured by PAMELA during 
the same solar phase FERMI is operating

Φ- = 500 MV   

Φ- = 0 MV

Gast & Schael 2010
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furthermore it is not needed !

Kraichnan diffusion

Hence, single component models face two major problems

• they cannot exactly reproduce the CRE spectrum

• they cannot reproduce the increasing positron fraction

plain diffusion
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	        	Two components models: main motivations

Toy model with a Galactic                                            added to a conventional bkg withNextra ∝ E−1.5 e−E/1 TeV

• It allows to naturally fit the entire Fermi-LAT CRE spectrum as well as HESS 

• It allows to consistently reproduce the entire PAMELA positron ratio even below 10 GeV

Φ = 550 MV

γ0 = 2.0/2.65  above/below 4 GeV
 δ = 0.5
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	 	               Two components scenario

e-

• PAMELA (preliminary)

All data can be reproduced by the same model within the simplest solar modulation scheme 
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       A more realistic treatment of local sources 
  it can be obtained by a proper combination of numerical and analytical results  

• The propagation of e± from local individual sources (SNR, pulsars, DM substructures..) 
can be treated analytically. 

• A consistent approach requires to use the same conditions (propagation parameters, 
energy losses) as in the numerical code used to treat the large scale Galactic component

•  In the case of astrophysical sources, actual observed properties of the source can be  
used

• GALPROP or DRAGON  can be used in combination with analytical solutions from 
point-like sources implemented in the IDL package 
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               	 The contribution of pulsars
• Energy source: rotational energy of the NS . The total  e±  energy release can be determined by pulsar timing 
(modulo an unknown efficiency factor  ηe± ) and can be as large as 1048  erg . 

• Particles from the pulsar are re-accelerated at the pulsar wind/shock - power law spectrum with index  -1 < Γ < -2  
 
• PWN  breakup  ΔT ≈ 10 - 100 kyr  after the birth of the pulsar, releasing the trapped e±    ( Ne+ ≈ Ne- )  

• Ecut  ~ 103  TeV  for young PWN ( T ~ 1 kyr )  it is expected to decrease with the pulsar age/luminosity                   
for middle-age pulsars ( T ~ 10 - 100 kyr )     Ecut  = 0.1 - 10 TeV   is a natural range 

   expected spectral shape at the source: Ne±(E) = Q0 (E/E0)-Γ  exp{-E/Ecut}

It was shown that e±  emission from nearby  pulsars may account for the PAMELA e+ anomaly 

see e.g. Blasi & Serpico 2008 →
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	 	 	 	 	 	 	 Pulsar interpretation
In D.G. et al. [Fermi coll.] 2009,  the CRE background computed with 

GALPROP was summed to the analytically computed flux from actually 
observed pulsars taken from the ATNF radio catalogue

consistent choice of the propagation parameters and loss rates were used

 background: conventional  Kolmogorov with γ0 = 2.7 (GALPROP)   

Including the contribution of all observed pulsars with d < 3 kpc and allowing for 
the relevant pulsar parameters two vary in reasonable ranges, they got:

e±  production efficiency: 10% -  30% ; 1.5 <  Γ < 1.9 ;  800 < Ecut < 1400 GeV
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	 	 	 	 	 	 	 Pulsar interpretation 
           using our propagation best-fit model 

Modified background “DRAGON” model with γ0 = 2.65 and δ = 0.5 (and no break in the 
source proton spectrum) based on new analysis of CREAM (B/C)  and PAMELA (proton 
and antiproton) recent data 

the inclusion of gamma-ray pulsars (see e.g. Profumo et al. 2010) does not  modify significantly those 
results
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	 	 	 	 Pulsars + SNRs local contribution 

For illustrative purposes, we consider here all observed radio pulsars (dashed lines)+ SNRs 
(solid) with d < 2 kpc

Modified background model with γ0 = 2.4 and δ = 0.5 and Ecut = 2 TeV

see also  Delahaye et al. 2010   (PAMELA e+/e-  was not reproduced)
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	 	 	 Dark matter annihilation interpretation
Several models invoke new (pseudo)scalar particle(s) which may decay mainly into leptons (such to avoid PAMELA 
antiproton constraints) and boost the annihilation cross above the value expected from standard cosmology due to 

the Born-Sommerfeld effect

Benchmark DM model:
3 TeV  DM annihilating mainly in τ±

see e.g. Bergstrom et al. 2009 
and ref. therin

Computed with DRAGON + DARKSUSY
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	 	 	 Astrophysical vs dark matter interpretations
	 	 	 	 	 	 	 	   bumpiness signatures

spectral features in the e+  spectrum will be a target for AMS-02
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	 	 Astrophysical vs dark matter interpretations
	 	 	 	 	 	      CRE anisotropy

Anisotropy =
3D

c

∆Ne

Ne
=

3
2c

r

t− t0

(
1− (1− E/Emax(t))1−δ

(1− δ)E/Emax(t)

)−1
NPSR

e (E)
N tot

e (E)

*
best match of Fermi CRE spectrum 

Monogem

a positive detection in the Monogem direction would be a quite smoking gun ! 
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Astrophysical vs dark matter interpretations
Gamma-ray diffuse emission (1)

work in progress
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Astrophysical vs dark matter interpretations
Gamma-ray diffuse emission (2)
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Astrophysical vs dark matter interpretations
Gamma-ray diffuse emission (3)

pulsar like distribution of extra-comp.  ann. DM like distribution of extra-comp.  

10o < |b| < 20o
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Astrophysical vs dark matter interpretations
Gamma-ray diffuse emission (4)

Benchmark DM model:
3 TeV  DM annihilating mainly in τ±

see e.g. Bergstrom et al. 2009 
and ref. therin

DRAGON + DARKSUSY
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Conclusions
• Propagation models with low values of δ and strong re-acceleration are disfavored 
by antiproton and CRE data

• Even disregarding the PAMELA anomaly above 10 GeV,  a combined fit of PAMELA 
and Fermi-LAT low energy data with single component models is highly problematic

• An excellent fit of all available data is possible invoking an e± extra-component 
harder than the conventional one 

• Pulsars can naturally provide such extra-component

• Dark matter annihilation (decay) remains an open possibility

- spectral features in both e-   e+  
- anisotropies in the CRE flux
- features in the gamma-ray spectrum and angular distribution
- features in the synchrotron spectrum and angular distribution

are very promising tools but none of them may be enough if taken by itself 
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