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Vela-X as main contributor to the electron and
positron spectra for energy above 100 GeV
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The precise measurements of the electron plus positron spectra, in the energy range from 0.5 GeV
up to 1 TeV, were published by the AMS-02 collaboration. We focus the attention above 10 GeV
where the solar modulation effects are negligible. The differences between these data and the
“classical” Local Interstellar Spectra, obtained using optimized GALPROP parameters, show an
extra contribution suggesting an equal amount for both electrons and positrons. Thus, they would
be generated by a pair production process from the same source. We studied the contribution from
Pulsar Wind Nebulae starting from the photon spectrum (due to synchrotron and inverse Compton
processes) detected by gamma-ray telescopes. A diffusion model is applied from the source up
to the Solar System and the propagated spectra are compared with the AMS-02 data. Above 100
GeV, Vela-X is the main candidate to contribute to the observed excess, while, below 100 GeV,
more aged pulsars like Monogem give a higher contribution. An estimation on the degree of
anisotropy from these sources is also presented.
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1. Introduction

Electrons and positrons represent only ∼ 1% of the galactic cosmic rays (CR) which reach the
Earth. The standard description is that electrons are mainly produced and accelerated by supernova
remnants, while positrons are supposed to be mainly originated from the decay of muons created in
interactions between primary CR and the interstellar medium (ISM). Before reaching the Earth, CR
electrons and positrons propagate in the Galaxy interacting with the ISM, magnetic and radiation
fields. Nevertheless the “classical” scenario is not able to reproduce experimental data above ∼ 10
GeV (specially in the positron spectrum). Indeed, the space born experiment AMS-02 measured
with unprecedented precision electron and positron fluxes and pointed out a deviation from these
predictions. In this work, we investigated possible astrophysical sources (i.e., pulsar wind nebulae
- PWN) of positrons and electrons, which may account for the flux excess.

2. The model

2.1 The “classical” LIS

The CRs propagation in the Galaxy is described by equation (see e.g., [1, Chap. 3]):

∂ni

∂ t
= Qi +~∇ ·

[
Di~∇ni

]
+

∂

∂E
[bi ni]− pini +Pi, (2.1)

where the time evolution of the energy density ni = dNi/dE of cosmic ray species i with energy E
depends on the source term Qi, diffusion coefficient Di, the change of the particle energy per unit
time bi, catastrophic processes pi and nuclei collisions Pi.

We used the GALPROP model to evaluate the local interstellar spectrum (LIS) and we tuned its
parameters according to the experimental data reported in the cosmic ray database [2]. The GAL-
PROP code1 numerically solves equation (2.1) for different CR species in a cylindrically symmetric
space [3] and returns the LIS for the specific particle at the Solar System. The solution of equa-
tion (2.1) depends on parameters like the boundary conditions of the galactic effective volume, the
diffusion coefficient and the injection spectra characterized by power laws with different spectral
indices for nuclei, protons and primary electrons. To set these parameters, we compared the so
obtained LIS’s with the experimental data above ∼10 GeV (where the solar modulation effects are
negligible). We used a Galactic radius of 30 kpc, height ±4 kpc and a diffusion coefficient de-
pending on the energy as D(E) = 5.8 ·1028[cm2s−1](E[GeV]/4)0.33. Above 10 GeV, the injection
spectral index for protons γp = 2.42, while for electrons γe = 2.68.

The GALPROP source term for electrons and positrons kept into account primary electrons
produced and accelerated in supernova remnants (whose injection is described by γe), as well as
secondary electrons and positrons produced in interactions between primary CRs and the ISM
[4, 5]. Hereafter, we will refer to these GALPROP LIS as the “classical” electron and positron
LIS’s (cLIS). The electron plus positron cLIS, obtained with the GALPROP parameters reported
above, is shown in figure 1. The cLIS is drawn in the energy range under analysis, above 10
GeV. An estimation of the uncertainty related to the propagation parameters leads to a deviation

1http://galprop.stanford.edu/webrun.php (2014)
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Figure 1: Electron plus positron cLIS compared with the AMS-02 spectrum.

of ∼ 15% at 1 TeV, decreases to 2% at 30 GeV and increases again at 15% at 10 GeV [6]. The
comparison with the AMS-02 flux [7], reported in figure 1, shows an excess in the data of 10% at
50 GeV which increases at higher energies. We also compared the cLIS, obtained using the GAL-
PROP parameters reported above, with electron and positron flux [8]. We got an excess amount
for both electrons and positrons described by the same power law (same normalization and same
slope) [6]. For these reason, sources of electron-positron pairs are needed to fill the gap shown in
figure 1.

2.2 The PWN contribution

Pulsar wind nebulae are widely believed to be responsible for the acceleration of cosmic rays
up to energies of 1015 eV [9, 10, 11]. These objects identify the region around the pulsars where
a relativistic magnetized wind is populated with electron and positron pairs [12, 13] and they are
characterised by a very wide photon spectrum supposed to be produced by these particles via syn-
chrotron and inverse Compton processes.

Electrons and positrons are characterised by an high energy loss rate during their travel in the
interstellar medium; we evaluated that an electron (or positron) with an initial energy of 100 GeV
can travel at most for ∼ 2 kpc. Thus, sources of electron-positron pairs must be characterised by
a distance less than 2 kpc from the Solar System. The TeVCat catalogue2 contains less than 40
PWN’s characterised by a photon spectrum that reaches the TeV region. Only five of them are
closer than 2 kpc, but it is widely believed that PWN’s are not more observable after the early
phase of expansion (usually about 103-104 years [14]).

Among these sources, the most studied object is the Crab Nebula, the remnant of a supernova
explosion observed in the year 1054. Cherenkov telescope experiments (see e.g., HESS [15] and
Magic [16]) provide a complete and accurate description of the Crab spectral energy distribution.

2http://tevcat.uchicago.edu/ (2015)
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Together with parameters like the age, the rotational frequency and its derivatives, the Crab photon
spectrum can be described as in [17, 18, 19]. Since we do not have enough information related to
the rotational parameters or the gamma-ray emission of the other sources, the Crab object can be
taken as a reference sample of the first phase of the life for a generic PSR/PWN.

To evaluate the energy spectrum of electrons and positrons at the source, we follow the ap-
proach reported in [17]. We used an electron injection rate described by a broken power law with
indices α1 and α2 before and after an energy break Eb.

Q(Ee, t) =

{
Q0(t)(Ee/Eb)

α1 if Ee < Eb,
Q0(t)(Ee/Eb)

α2 if Ee > Eb,
(2.2)

where Ee is the particle kinetic energy and Q0(t) can be derived by requiring the continuity of the
two power law and by the following condition:∫ Emax

Emin

Q(Ee, t)EedEe = ηLsd(t), (2.3)

with η the conversion factor of the spin-down power Lsd(t) into particle luminosity. The particle
spectrum over time from t = 0 to t = T (age of the PWN) is:

dN(Ee,T )
dEe

=
∫ T

0
Q(Ee, t)exp

(
−T − t

τe f f

)
dt; (2.4)

where τ
−1
e f f = τ−1

syn +τ−1
esc corresponds to the lifetime of an electron with respect to both synchrotron

energy loss and escape timescale (i.e., the time to diffuse up to 1 PWN radius). Using the same
parameters reported in Table 1 of [17], we reproduced the Crab photon spectrum. Assuming that
all the pulsars reported in the second FERMI catalogue [20] are Crab-like at 1000 years, we have
propagated the electron and positron spectrum (responsible of the PWN photon spectrum) up to
Earth using the analytic solution of the equation (2.1) for this kind of particle [1, 14]:

J(~x,E, t) =
βc
4π

ne(~x,E, t)

=
βc
4π

Q0

(4πλ 2
d )

3/2 E−α (1−b0tE)α−2

×exp
[
− E

Ecut(1−b0tE)

]
exp
(
− |~x|

2

4λ 2
d

)
, (2.5)

where λd is the mean distance travelled by particles with initial energy E0 = E/(1−b0tE) down to
energy E resulting from both energy loss dE/dt =−b(E)∼−b0E2 = 7 ·10−17 GeV−1s−1 E2 and
diffusion processes. The injection spectrum and all the other parameters were taken by the Crab
model at 1000 years. The only differences were the distance and the age of the different FERMI
objects. The main contribution above 100 GeV comes from Vela-X, while, below this energy, the
contribution of Monogem is dominant. We also found that the contribution of all the other known
pulsars is negligible. In figure 2, we report the Vela-X and Monogem contribution (taking into
account both electrons and positrons) added to the cLIS presented in section 2.1. In figure 2 we
show a comparison between our model and the AMS-02 data in the energy range between 10 GeV
and 1 TeV.
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Figure 2: Our model for electron plus positron contribution coming from cLIS (dashed line) and from the
sum of the cLIS, Vela-X and Monogem (solid line) compared with the AMS-02 data.

3. Anisotropy

As pointed out in section 2.2, two pulsar wind nebulae, Vela-X and Monogem, may be respon-
sible for the electron and positron excess in CRs in comparison with cLIS models. Considering
point-like sources, a dipole signal, directed along the line of sight of the source, in the CR could be
detected. In this section, we evaluate the degree of anisotropy from single source.

The anisotropy of CRs coming from a point source, under the common assumption that the
particle propagation in the Galaxy is usually described under the diffusion approximation, is de-
scribed by [21, 22]. The degree of cosmic ray anisotropy from a single source is defined as:

δ =
Imax− Imin

Imax + Imin
, (3.1)

where I is the particle intensity depending on the direction. Assuming an isotropic diffusion of CR
coming from a point source we get the sum of an isotropic signal of constant intensity I0 and of a
dipole anisotropy of maximum intensity I1, the overall intensity at an angular distance ϑ from the
maximum of the dipole anisotropy will be: I(ϑ) = I0+ I1 cosϑ . In this case, Imax = I0+ I1 is found
looking at the direction of the source, while Imin = I0− I1 is found in the opposite direction. The
degree of the dipole anisotropy then becomes:

δ =
I1

I0
. (3.2)

The particle flux is defined integrating the intensity as following:

F =
∫

I(ϑ)cosϑdΩ =
4π

3
I1. (3.3)
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Figure 3: Dipole anisotropy for electron plus positron from Vela-X (solid line) and Monogem (dashed line)
compared with the FERMI-LAT upper limits on δ versus the minimum energy for 95% confidence level.

Using the general transport equation (2.1) for a particle density (Ni =
4π

vi
I), where vi is the particle

velocity (see e.g., [21]), the diffusion approximation leads to consider only the first two terms.
Under this assumption, the degree of anisotropy from equation (3.2) is:

δ =
I1

I0
=

3F
4πI0

=
3Di

∣∣∣~∇Ni

∣∣∣
4πI0

=
3

βc

Di

∣∣∣~∇Ni

∣∣∣
Ni

. (3.4)

In our case, equation (3.2) can be rewritten as:

δ =
3D(E)

βc
2|~x|
4λ 2

d

2Ne+,source

2Ne+,source +Ne+,cLIS +Ne−,cLIS
. (3.5)

We remind that the electron and positron spectrum are the sum of a source term and of the cLIS:
Ne,tot =Ne,source+Ne,cLIS. We assume that particles produced in the ISM, as well as the full positron
and electron cLIS, are isotropic; moreover, Ne−,source = Ne+,source because PWN produces these par-
ticles in pairs.

The results for our model, described in section 2.2, is reported in figure 3 for both PWN,
Vela-X and Monogem in comparison with the most precise available data coming from the FERMI
experiment [23] which reports the upper limit at 95% of confidence level for the electron plus
positron dipole signal. The analysed dataset corresponds to the first year of LAT science operation
and start on August 2008. To minimize the geomagnetic field’s influence, the FERMI collaboration
has selected ∼ 1.6 million events with an energy high enough (E > 60 GeV) to elude this effect.

Our model is affected by uncertainties related to the assumption made; in particular the con-
tribution of other sources is not taken into account. However, as shown in figure 3, the degree of
anisotropy expected by Vela-X and Monogem, supposed Crab-like at 1000 years, are not excluded
by the FERMI data.
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4. Conclusion

In the present work, we have analysed the AMS-02 electron-plus-positron spectrum in the
energy range above 10 GeV. A comparison between the AMS-02 data and the cLIS computed with
GALPROP shows a discrepancy that can be accounted by adding new astrophysical sources of
these particles.

We have evaluated electron and positron spectra generated by PWN and propagated them to
the Earth. We supposed that all these objects have the same characteristics at their birth. And we
identify these features in the youngest and more studied object, i.e., the Crab Nebula. The model
predicts that the main candidates to fit the AMS-02 data are Vela-X, for energy above 100 GeV, and
Monogem, for energy below this value. Their contribution, derived from the electron and positron
model built to fit the Crab PWN photon data, is in agreement with the AMS-02 flux in the energy
range above 10 GeV.

Since only two sources are major contribution to the excess flux, we expect a dipole anisotropy
from these objects. The signal expected from Vela-X is∼ 2% at 200 GeV. The expected anisotropy
degree is in the allowed region determined by the FERMI observation.
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