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A multi-wavelength, multi-messenger analysis

We build a model for the production and propagation of e- and e+ in the Galaxy  
and test it against 3 observables: 

1. Radio brightness data from Vela YZ and Cygnus Loop SNRs at all frequencies.  
     The radio emission is all synchrotron from e- accelerated by the source.  

2. e+e- flux. Data from 5 experiments, e+ flux from AMS-02 
      Contributors: Far and near SNRs, near SNRs and PWNe, secondaries for e+e-.   
      The e+ flux constrains the PWN emission.   
      e+e- data taken with their uncertainty on the energy scale. 

3. e+e- dipole anisotropy upper bounds from Fermi-LAT 
       Test on the power of this observable on the closest SNRs. 

S. Manconi, M. Di Mauro, FD JCAP 2019
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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 � = 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 and Eq.2.16 for a single frequency. All the curves are computed for
Ec = 10 TeV and K15 propagation model.

by Cygnus Loop. Electrons from the other sources have fluxes smaller than up one order
of magnitude. Indeed, the Green catalog [33] also provides the spectral index and the radio
properties for each source that, when implemented in Eq. 2.1, lead to the fluxes in Fig. 1,
right panel. This more realistic approach demonstrates that the only two powerful sources
are indeed Vela YZ and Cygnus Loop, while the other SNRs contribute with an e� flux at
Earth which is at the percent level of the Vela YZ one. 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 [9, 14, 15]. As shown in the following, Vela Jr
can emerge as a significant contributor to the e++e� flux in the TeV range when the leptonic
model inferred in [34] is considered, given the high value for the cutoff of Ec = 25 TeV and
the low magnetic field (12µG).

3 Results on the SNR properties from radio data

With respect to previous analysis where usually a single frequency was considered (see, e.g.,
[14, 37]), we use here the radio spectrum in the widest available range of frequencies: from
85.7 MHz to 2700 MHz for Vela YZ [35] and from 22 MHz to 4940 MHz for Cygnus Loop
[36]. We fix the Vela YZ (Cygnus Loop) distance and age to be: d = 0.293 kpc (0.54 kpc) and
T =11.3 kyr (20 kyr) [36, 38–40], respectively. The magnetic field of galactic SNRs is often
inferred from multi-wavelength analysis, and the values typically range between few µG to
even 103µG [41]. The magnetic field of Vela YZ is here fixed to B = 36 µG, corresponding to
a mean of the values inferred from X-ray data for the Y and Z regions [42], while for Cygnus
Loop we consider the best fit value of B = 60 µG of the hadronic model for the gamma-ray
analysis in [43]. In Fig. 2 we display the results for the fit to the available radio data of both
Vela YZ and Cygnus Loop.

We then invert Eq. 2.16 to fit B⌫
r (⌫) as a function of � and Q0,SNR for all the available

frequencies ⌫. We tune the injection spectrum of local SNRs in order to reproduce the radio
data, since at this wavelength the e� are the main emitters. It is worth noting that in the
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Selection of sources by catalog parameters 

Cosmic ray e� flux from SNRs at d< 1kpc

Very few SNRs in the Green catalog can contribute significantly to observed flux:

Vela YZ, Cygnus Loop

Uncertainties: acceleration, release in the interstellar medium, spectrum of e�...

Multimessenger constraints!
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The galactic population of SNRs

Vela YX and Cygnus Loop have highest flux 

The Galactic population of SNRs

We include a continous distribution of SNRs, as well as single SNRs from catalogs

 FAR component
(R>Rcut)
2D continous distribution
[Green2015]

NEAR component (R<Rcut)
!

Single sources from SNR
Green catalog [Green2014]

Rcut= 0.7 kpc

Source catalogs may not be complete

Complementary approach: source stochasticity with simulations, [Mertsch2014,2018] [Blasi+2011]

Silvia Manconi (University of Turin) Introduction | Sources of cosmic-ray e± 17

We consider a FAR population at R>RD, with smooth  
radial distribution (Green 2015). 

In the very local Galaxy (RD<0.7 kpc), sources are set  
from catalog



Injection of e+e- from SNR into the ISM
 Burst like model: all the e- are injected at t=TSNR (TVela = 11.3 kyr, TCygnus = 20 kyr) 
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Evolutionary model (Ohira+ MNRAS 2012): of the SNR radius and velocity.  
The maximum E of accelerated e- is limited by SNR age, cooling by synchrotron emission 
or escape (Bohm-like).  

                                      

below which e- are still trapped in the SNR: 

                                                                                                                                          

while the runaway e- follow:  

Em,esc,Vela  = 88 GeV  
Em,esc,Cygnus  = 17 GeV  
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I - Bounds from radio emission

Hyp.: Radio flux is due to synchrotron emission from accelerated e- in the SNR 
Figure 3. Results of the fit to the radio spectrum for Vela YZ (gray) and Cygnus Loop (magenta).
Left: Regions of the parameter space Etot, � selected by the fit to the radio spectrum. The solid,
dashed and long-dashed lines refer to respectively 3�, 2� and 1� contours for each source. Right:
Prediction for the e� flux from Vela YZ and Cygnus Loop using the values of Etot, � within 2� 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.

Figure 4. 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. [23]. Left: Regions of the parameter
space Etot,trap, � selected by the fit to the radio spectrum for Vela YZ (gray) and Cygnus Loop
(magenta). The derived regions for Etot,esc, � + �/↵ are also reported for Vela YZ and Cygnus Loop.
The solid, dashed and long-dashed lines refer to respectively 3�, 2� and 1� contours for each source.
Right: Prediction for the e� flux from Vela YZ and Cygnus Loop using the values of Etot,esc, �+�/↵
within 2� from the best fit to the radio spectrum shown in the left panel. The e++e� data are shown
as in Fig. 3, right panel.

in Ref. [23]. By comparing Eq. 2.5 and Eq. 2.6, we obtain:

A = Q0,trapE
�/↵
knee

✓
tSedov
T

◆�

, (3.2)

while the spectral index of e� in Eq. 2.6 is simply � + �/↵. The total energy of runaway e�
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We fit all the available radio data fixing BVela =36 µG and Cygnus = 60 µG. 
Vela has more energetic trapped e-, and only E>88 GeV have escaped (17 GeV for Cygnus). 

The flux of electrons as constrained by radio data contribute few % to the (e+e-) data 
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II - Bounds from e+e- flux

    Hyp: e+e- data are explained by: 
• emission from smooth far SNR (e-) 
• emission from catalog near SNR (e-) 
• secondary production from spallation of CRs on the ISM (asymmetric e+e-)  
• emission from ATNF catalog PWN (symmetric e+e-) 

Figure 5. Regions of the parameter space Etot - � selected by the fit to the e+ + e� and e+ flux
data for Vela YZ and Cygnus Loop. The shaded regions denote the Etot, � values at a given number
of � from the best fit for each source. The magenta region is for Cygnus Loop and 2�, while the gray
(light gray) regions are for Vela YZ and 2� (5�).

5 Results on the SNR properties from e+ + e� dipole anisotropy data

We now assess the power of the recent Fermi-LAT data on the e+ + e� dipole anisotropy
�e++e� [18]. This measure has provided upper bounds on �e++e� as a function of energy
from 50 GeV up to about 1 TeV. We compute the relevant single source dipole anisotropy
for the sources in our model, following [15]. We remind here that the �e++e� from a single
source s is given by:

�(E)e++e� =
3K(E)

c

2d

�2(E,Es)

 s
e++e�(E)

 tot
e++e�(E)

, (5.1)

where d is the distance to the source, �(E,Es) is the propagation scale defined in Eq. 2.11,
 s
e++e�(E) is the e+ + e� number density produced by the source s, and  tot

e++e�(E) is the
total e+ + e� number density obtained from the contributions of all the sources, both from
isotropic smooth populations and from directional single sources. This expression can be
appropriately associated to a physical observable whenever the source s can be considered as
dominant. In case more than one source is considered, the total dipole anisotropy may be
computed as [15]:

�(nmax, E) =
1

 tot(E)
·
X

i

ri · nmax

||ri||
·  i(E)�i(E). (5.2)

Here  i(E) is the number density of e� and/or e+ emitted from each source i, ri is the
source position in the sky and nmax is the direction of the maximum flux intensity. The term
 tot(E) =

P
i  i(E) is the total (e� and/or e+) number density and includes the contribution

from the discrete as well as all the isotropic sources. The anisotropy from each single source
is given by �i =

3K(E)
c

|r i(E)|
 i(E) , where the gradient is performed with respect to each source

position. We compute the �e++e� for Vela YZ and Cygnus Loop for all the parameters
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Fit to data:  
• e+e- CALET, HESS, AMS-02, Fermi-LAT, DAMPE 
• e+ AMS-02

At 2sigma, Vela parameters selected by a fit to  
flux data do not overlap radio fit.  
 Full agreement at 2 sigma is reached for a fit to  
DAMPE data alone, or to AMS-02, HESS and  
CALET. 

p.s.: Galactic propagation  treated and in Manconi, Di Mauro, FD JCAP 2017 



III - Bounds from dipole anisotropy 
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Data from e+e- dipole anisotropy are upper bounds vs E - Fermi-LAT (Abdollahi+ PRL 2017) 

Figure 6. 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 for the two different methods in [18].

selected by the fit to e+ + e� flux data described in Sec. 4 (at 2� from the best fit), and
reported in Fig. 5. The maximum of �e++e� in each energy bin is then plotted as a black
(magenta) solid line in Fig. 6 for Vela YZ (Cygnus Loop). We compare our predictions to
the Fermi-LAT �e++e� data (Bayesian Method 1 in [18]) above 100 GeV, to limit the effect
from the solar wind [52, 53]. For Vela YZ, the anisotropy overshoots Fermi-LAT 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. This is one
of the main results of this paper. The anisotropy amplitude data on charged leptons have now
the power to exclude configurations of the Vela YZ source spectrum, in principle compatible
with the absolute flux data. For Cygnus Loop the conclusions are looser, since it shines at
higher energies where the Fermi-LAT upper bounds are looser. In order to constrain Cygnus
Loop parameters one would need dipole data at least up to 10 TeV.

Since we are interested in the scenario in which the �e++e� is maximal, we have checked
for different effects that could lower our predictions. In particular, we verified that also the
total dipole anisotropy arising from all the individual sources entering in the predictions of the
e+ + e� and e+ fluxes is not compatible with the experimental upper limits. This is because
Vela YZ is always the dominant contributor of the e� flux. We computed the total anisotropy
according to Eq. 5.2 resulting from: the local SNRs Vela YZ, Cygnus Loop and Vela Jr, and
all the ATNF catalog PWNe. The results shown in Fig. 6 as a gray dot-dashed line has been
obtained setting all the free parameters to their best fit to the e+ + e� and e+ fluxes data.
The only prior being the flux data, Vela YZ turns out to dominate the flux as well as the
dipole predicted at Earth. Moreover, we considered the potential effect of the guide magnetic
field over the few hundred pc to the nearest sources, following what was done in [54]. The
local magnetic field properties were inferred by IBEX data (l = 210.5�, b = �57.1�) [55] from
the study of the emission of high energy neutral atoms. As discussed in [54], the alignment
of the dipole anisotropy of CRs with the total ordered magnetic field is demonstrated to
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Figure 7. Dipole anisotropy constraints to the Vela YZ source parameters. The regions of the
parameter space Etot, � selected by the fit to the e+ + e� and e+ flux data for Vela YZ are reported
with shaded regions as in Fig.5. The hatched region denotes the configurations selected by e++e� and
e+ flux data and excluded by Fermi-LAT dipole anisotropy upper limits (Meth. 1) at E > 100 GeV.

potentially modify the phase of the observed CR dipole and lower its amplitude. We verified
that projecting the dipole anisotropy of Vela YZ along the direction of the local magnetic
field decreases the �e++e� by a factor of roughly 2. Since the maximal Vela YZ anisotropy in
Fig. 6 overshoots the Fermi-LAT upper limits by more than a factor of 3 up to 500 GeV, also
considering this effect would not change our conclusions. Therefore, the dipole anisotropy
in the CR lepton arrival direction sets additional tight constraints to the Vela YZ injection
spectrum.

We now quantify the power of the dipole anisotropy to exclude configurations in the Vela
YZ source parameters, otherwise compatible with the e++e� flux data. We compute �e++e�

for all the configurations selected by the fit to the flux described in Sec. 4. Whenever our
predictions overestimate one data point at E > 100 GeV, the Etot,Vela��Vela pair is considered
as excluded. Very similar results are obtained when requiring two or more non-consecutive
data points to be below the predictions, or if we employ only the two highest energy data
points. The results are displayed by the hatched region in upper panel of Fig. 7. The dipole
anisotropy upper limits are not compatible with the configurations selected by the fit to the
flux data at 2�, and with a subset of the configurations at 5�. Indeed, the anisotropy data
exclude higher values of �, considered unlikely in acceleration models. 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.

6 Results from multi-wavelength analysis

We now combine all the three observables explored in the previous sections. 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, �Vela, Etot,Cygnus,
and �Cygnus derived from the fit to radio data. We minimize according to the following
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Maximal anisotropy from e+e- flux  
selected configurations 

Anisotropy excludes configurations  
selected by e+e- flux 

Manconi, Di Mauro, FD JCAP 2017
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A multi-wavelength / multi-messenger analysis 

Figure 8. 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 as in Fig.6. 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 for the two different analysis methods in [18].

definition of the �2:

�2 =
NX

i

✓
�model
i � �data

i

�data
i

◆2

+
4X

j

 
Pmodel
j � Pdata

i

�data
P,j
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(6.1)

where the first term is the statistical term that takes into account the difference between the
model �model and the e+ + e� flux data at 1� (�data and �data). The second term runs over
Vela YZ and Cygnus Loop Etot and � and accounts for the deviation of these parameters in
the model Pmodel with respect to the best fit and 1� error (Pdata and �data

P ) as derived above
in the fit to radio data.

We find a very good agreement between e+ + e� and radio data (�2
red ⇡ 0.70) with

�Vela = 2.39± 0.15, Etot,Vela = (2.3 · ±0.2) · 1047 erg, �Cygnus = 2.03± 0.05 and Etot,Cygnus =
(1.25±0.06) ·1047 erg for K15 propagation models. Using G15 propagation model the best fit
parameters are extremely similar. We illustrate in Fig. 8 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 2� from the best fit are below the Fermi-LAT upper bounds, as explicitly shown
in Fig. 8. The � for the spatially smooth distribution of SNRs is 2.48/2.44 for K15/G15,
respectively. We test different values for the cutoff energy of the smooth distribution and
single SNRs. We find that the �2 profile as a function of the cutoff energy is flat for > 10 TeV
while it worsens at low energy. The 95% lower limit is at 8 TeV. The putative e� injected
by a radio unconstrained Vela SNR (see Sec.4) are compensated in our framework by the
combination of e� produced by the Galactic smooth distribution of SNRs and all the PWNe.

In Fig. 9 we report, on the same foot as Fig. 8, the results obtained within the evolu-
tionary escape model as discussed in Sec. 2. We find again a good fit (�2

red ⇠ 0.87), with
�Vela+�/↵ = 2.66±0.14 and �Cygnus = 2.27±0.06 for K15 propagation model. The parameters
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We now fit the parameters selected by radio and e+e- flux data and check  
against dipole anisotropy data    

We find models compatible with the three independent observables 
(here burst model - similarly for evolutionary model) 
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Contributions to e+e- from Geminga PWN
Di Mauro, Manconi, FD 1903.05647, sub PRD 

Discovery of a gamma-ray Inverse Compton halo around Geminga in Hawc data 
(Abeysekara, Science 2017) and in Fermi-LAT data  (Di Mauro, Manconi, FD 1903.05647)  

The contribution of Geminga to the e+ is 20% at most of AMS-02 data 
See talk by S. Manconi GAD4b, July 31st
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Conclusions 

Leptons at Earth have a composite origin: e- from far smooth and near catalog SNR, e+e- 
from PWN, e+e-  as secondaries in the ISM

We compare our model with three observables: 
1. The radio flux from Vela YZ and Cygnus Loop 

2. The CR e+e-, e+ flux  
3. The e+e- dipole anisotropy upper bounds  

• Radio data are strong constraints 
• Dipole anisotropy is bounding when no other priors are set  
• A multi-wavelength and multi-messenger combined analysis finds  
models compatible with data from all observables 

• IC gamma rays around PWN can size the e+ flux at Earth


