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of cosmic-ray electrons
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The data on the inclusive flux of cosmic positrons and electrons (e+ + e− ) have been recently collected from GeV to tens of TeV energies by several experiments with unprecedented precision. In
addition, the Fermi-LAT Collaboration has provided a new energy spectrum for the upper bounds
on the e+ + e− dipole anisotropy. This observable can bring information on the emission from
local Galactic sources, notably measured with high precision at radio frequencies. We develop
a framework in which e− and e+ measured at Earth from GeV up to tens of TeV energies have
a composite origin. A dedicated analysis is deserved to Vela YZ and Cygnus Loop Supernova
Remnants (SNRs), for which we consider two different models for the injection of e− . We investigate the consistency of these models using the three physical observables: the radio flux from
Vela YZ and Cygnus Loop at all the available frequencies, the e+ + e− flux from five experiments
from the GeV to tens of TeV energy, the e+ + e− dipole anisotropy upper limits from 50 GeV to
about 1 TeV. We find that the radio flux for these nearby SNRs strongly constraints the properties
of the injection electron spectrum, partially compatible with the looser constraints derived from
the e+ + e− flux data. We also perform a multi-wavelength multi-messenger analysis by fitting
simultaneously the radio flux on Vela YZ and Cygnus Loop and the e+ + e− flux, and checking
the outputs against the e+ + e− dipole anisotropy data. Remarkably, we find a model which is
compatible with all the e+ + e− flux data, the radio data for Vela YZ and Cygnus Loop, and with
the anisotropy upper bounds. We show the severe constraints imposed by the most recent data on
the e+ + e− dipole anisotropy.
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1. Introduction

2. Electron and positrons at the Earth
Under the hypothesis that the radio emission from the SNR is due to synchrotron radiation
from e− accelerated and interacting with the SNR magnetic field B, the normalization of the injection spectrum Q0,SNR can be connected to the radio flux density Bνr (ν):
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Q0,SNR = 1.2 · 10 GeV (0.79)
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The derivation of this expression is extensively provided in [12], and it was successively used also
in [13, 10]. As for the treatment of the propagation in the Galaxy and the energy losses suffered by
1
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The flux of cosmic-ray (CR) electrons and positrons (e− and e+ ) has been measured with
unprecedented precision over more than four orders of magnitude of energy. One of the most
accurate measurements on single CR e− and e+ and inclusive (e+ + e− ) fluxes is provided by
AMS-02 on board the International Space Station (ISS), between 0.1 GeV to 1 TeV energy, and
with errors reaching the few percent level [1, 2, 3]. The Fermi Large Area Telescope (LAT) has
collected almost seven years of e+ + e− events in the 7 GeV-2 TeV energy range [4]. CALET on
the ISS, and HESS on the ground, are providing e+ + e− data up to 3 TeV and 30 TeV energy,
respectively [5, 6, 7]. The DAMPE Collaboration has recently reported the direct detection of a
break at around 1 TeV in the flux of the e+ + e− measured between 25 GeV to 4.6 TeV [8]. In
addition to the flux, the LAT team has also published the spectrum of upper limits on the e+ + e−
dipole anisotropy [9]. Since the typical propagation length of TeV e± is smaller than ∼ 0.3 kpc, e+
and e− detected at TeV energies are most probably emitted from local sources, leaving a possible
signature in the dipole anisotropy [10].
The contribution from the local source candidates is usually associated with high uncertainties,
primarily connected to the properties of the accelerated and emitted e− and e+ . Moreover, the
completeness of current catalogs, such as SNRs, is assessed by means of the observed surface
brightness (see e.g. [11]), thus leaving open the possibility that nearby and very old sources may
contribute to the flux at Earth even if they are no longer visible at any energy of the electromagnetic
band. A strategy to constrain the source contributions of local known sources is to model their
multi-wavelength emission and to connect it to the emitted CRs. For example, the lepton emission
from sources embedded in a magnetic field, such as e− from SNRs, can be connected with their
synchrotron emission at radio frequencies (see [12, 13, 10] and references therein). In addition,
the most recent experimental upper bounds on the dipole anisotropy could set further limits on the
properties of local and dominant sources.
We use this strategy to quantify the contribution of local known sources, in particular from two
SNRs which are widely considered as the main candidates to contribute significantly to the high
energy part of the e− flux at Earth (often measured cumulatively through e− + e+ ), namely Vela
and Cygnus Loop, see e.g. [14]. We present here a multi-component model that explains the e+
and e− + e+ fluxes from five experiments and in a wide energy range, and that is simultaneously
compatible with the upper bounds on the dipole anisotropy and the radio emission from the most
intense and closest SNRs [15].
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In addition to the burst-like approximation, we also implement the evolutionary model for
the escape of e− from SNRs as derived in Ref. [18] and detailed in [15]. We have explored the
effects of the evolutionary escape model on the interpretation of radio spectrum for our two selected
sources. In Fig. 3 (left panel) the parameter space Etot,trap - γ ( Etot,esc - γ + β /α) selected by the
fit to the radio spectrum of Vela YZ and Cygnus Loop are shown for 3σ , 2σ and 1σ confidence
levels. The selected intervals are narrow, and similar to the burst-like case for Vela YZ. The derived
constraints on the parameter space Etot,esc - γ + β /α are also reported. Each of the two regions
shows a strong correlation. The consequences of these results on the e+ + e− flux are reported in
Fig. 3 (right panel). We plot again the data on the e+ + e− flux, along with the predictions for the
flux of runaway e− from Vela YZ and Cygnus Loop. Considering all the uncertainties, under the
evolutionary escape model the flux from Vela YZ and Cygnus Loop is predicted to contribute at
most few percent to the data on the inclusive flux at TeV energies
We then compute the dipole anisotropy [10] for Vela YZ and Cygnus Loop for all the parameters selected by the fit to e+ + e− flux data as performed in [15]. The maximum of ∆e+ +e− in each
energy bin is then plotted as a black (magenta) solid line in Fig. 4 for Vela YZ (Cygnus Loop). For
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Figure 1: Electron flux at Earth from near SNRs in the Green catalog at d < 1 kpc from the Earth. Left: A
common spectral index of γ = 2.0 and a total energy released in e− of Etot = 7 · 1047 erg has been assumed
for each source. Right: The spectral index and the Q0 for each source are fixed according to the catalog data.
All the curves are computed for Ec = 10 TeV and K15 propagation model.
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electrons from the source to the Earth we refer to [15, 10].
In Fig. 1 we compute the flux of the seven SNRs which are located at d < 1 kpc from the Earth in
the Green SNR catalog [16]. Vela YZ turns out to be the most powerful source, followed by Cygnus
Loop. Electrons from the other sources have fluxes smaller than up one order of magnitude. We
identify Vela YZ and Cygnus Loop as the candidates expected to contribute most significantly to
the high-energy tail of e+ + e− flux, given their distance, age and radio flux [14, 13, 10]. With
respect to previous analysis where usually a single frequency was considered (see, e.g., [13, 17]),
we use here the radio spectrum in the widest available range of frequencies. The parameter space
Etot - γ selected by the fit to the radio spectrum is reported in the left panel of Fig. 2 for both Vela
YZ and Cygnus Loop, and for 3σ , 2σ and 1σ confidence levels. This figure shows that radio data
select narrow ranges for γ and Etot . In the right panel of Fig. 2 we plot the data on the e+ + e− flux
along with the predictions for the flux from Vela YZ and Cygnus Loop obtained by the parameters
selected within the 2σ contours in the left panel. We address to [15] for further details.
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Figure 2: Results of the fit to the radio spectrum for Vela YZ (gray) and Cygnus Loop (magenta). Left:
Regions of the parameter space Etot , γ selected by the fit to the radio spectrum. The solid, dashed and longdashed lines refer to respectively 3σ , 2σ and 1σ contours for each source. Right: Prediction for the e− flux
from Vela YZ and Cygnus Loop using the values of Etot , γ within 2σ from the best fit to the radio spectrum
shown in the left panel. The e+ + e− Fermi-LAT, AMS-02, DAMPE, HESS and CALET data with their
statistics and systematic errors are also shown.

Vela YZ, the anisotropy overshoots Fermi-LAT [9]. upper limits on the whole spectrum. We can
therefore infer that Fermi-LAT data on the lepton dipole anisotropy add an independent piece of
information in addition to the flux data. We then compute ∆e+ +e− for all the configurations selected
by the fit to the flux. Whenever our predictions overestimate one data point at E > 100 GeV, the
Etot,Vela − γVela pair is considered as excluded. The results are displayed by the hatched region in
the right panel of Fig. 4. The dipole anisotropy upper limits are not compatible with the configurations selected by the fit to the flux data at 2σ , and with a subset of the configurations at 5σ . The
Fermi-LAT data on ∆e+ +e− supplement a valuable information of the properties of Vela YZ, acting
as a further physical observable for the understanding of the injection of e− in the ISM.
We now combine all the three observables explored previously. Specifically, we compare the
dipole anisotropy of Vela YZ and Cygnus Loop with the Fermi-LAT upper bounds, for the parameters of these sources selected by radio and e+ + e− fluxes. We perform new fits on the e+ + e−
and e+ fluxes including the constraints for Etot,Vela , γVela , Etot,Cygnus , and γCygnus derived from the
2 ≈ 0.70)
fit to radio data. We find a very good agreement between e+ + e− and radio data (χred
47
with γVela = 2.39 ± 0.15, Etot,Vela = (2.3 · ±0.2) · 10 erg, γCygnus = 2.03 ± 0.05 and Etot,Cygnus =
(1.25 ± 0.06) · 1047 erg for K15 (see [15] for details) propagation models. We illustrate in Fig. 5 the
result of the best fit for all the components to the e+ + e− flux. We checked that all the predictions
for the dipole anisotropy within 2σ from the best fit are below the Fermi-LAT upper bounds, as
explicitly shown in Fig. 5, right panle. The putative e− injected by a radio unconstrained Vela SNR
are compensated in our framework by the combination of e− produced by the Galactic smooth
distribution of SNRs and all the PWNe. Also in the evolutionary model, we find a good fit. The
parameters which describes the smooth SNRs, the PWNe and the secondary component are compatible within the errors with respect to the burst-like scenario. We refer the interested reader to
[15] for any further detail of the present analysis.
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Figure 3: Results of the fit to the radio spectrum for Vela YZ (gray) and Cygnus Loop (magenta) for the
evolutionary model of the injection of e− from SNRs in Ref. [18]. Left: Regions of the parameter space
Etot,trap , γ selected by the fit to the radio spectrum for Vela YZ (gray) and Cygnus Loop (magenta). The
derived regions for Etot,esc , γ + β /α are also reported for Vela YZ and Cygnus Loop. The solid, dashed and
long-dashed lines refer to respectively 3σ , 2σ and 1σ contours for each source. Right: Prediction for the e−
flux from Vela YZ and Cygnus Loop using the values of Etot,esc , γ + β /α within 2σ from the best fit to the
radio spectrum shown in the left panel.

3. Conclusions

e−

We investigate the compatibility of two different models for the emission and propagation of
and e+ in the Galaxy using three physical observables:
• the radio flux at all the available frequencies from Vela YZ and Cygnus Loop SNRs,
• the e+ + e− flux from five experiments from the GeV to tens of TeV energy,
• the e+ + e− dipole anisotropy upper limits from 50 GeV to about 1 TeV.

We find that the radio flux for these nearby SNRs strongly constraints the total energy and the
spectral index of the emitted e− . In the case of the evolutionary escape model, we derive constraints
on the total energy and spectral index of both trapped and runaway e− . As for the burst-like
approximation, the flux of e− from Vela YZ and Cygnus Loop as derived from a fit to radio data is
slightly below the data on the inclusive flux. It can skim the HESS data, when all the uncertainties
are considered. In the assumption that all the radio emission is synchrotron radiation from e− , our
predictions indicate the highest flux expected from these sources can shape the high energy tail
of the e+ + e− flux data. In the case of the evolutionary escape model, the flux of runaway e−
from Vela YZ and Cygnus Loop is slightly lower, and their contribution to the e+ + e− flux data is
subdominant with respect to the other model components.
We perform a radio-blind analysis by fitting only and all the most recent e+ + e− flux data. The
data select correlated values for the total energy and spectral index of Vela YZ, and to a less extent
of Cygnus Loop. The results for Vela YZ are compatible with the radio analysis within errors
considered at 5σ confidence level.
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Figure 4: Left: dipole anisotropy predictions for Vela YZ and Cygnus Loop treated as single dominant
sources (solid black and magenta lines, respectively), and for all the sources combined together, shown as
gray dot-dashed line (see text for details). The upper limits for Fermi-LAT dipole anisotropy are shown.
Right: Dipole anisotropy constraints to the Vela YZ source parameters. The regions of the parameter space
Etot , γ selected by the fit to the e+ + e− and e+ flux data for Vela YZ are reported with shaded regions. The
hatched region denotes the configurations selected by e+ + e− and e+ flux data and excluded by Fermi-LAT
dipole anisotropy upper limits at E > 100 GeV.
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Figure 5: Results on the e+ + e− flux (left) and on the corresponding dipole anisotropies (right) from the
multi-wavelength fit to all the data. Left: The contribution from secondary production (red dashed), PWNe
(blue dot dashed), Vela YZ (black dotted), Cygnus Loop (magenta dot-dot dashed), Vela Jr (orange solid) and
the far smooth distribution of SNRs (green dotted) are shown. The e+ + e− Fermi-LAT, AMS-02, DAMPE,
HESS and CALET data with their statistics and systematic errors are also shown. Right: The maximal dipole
anisotropy predicted for Vela YZ and Cygnus Loop as single dominant sources are reported with black solid
and magenta dashed lines. The total anisotropy resulting from the distribution of all the sources is shown
with gray dot-dashed line. The upper limits for Fermi-LAT dipole anisotropy are shown.
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