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Abstract. 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 et + 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~ fluz from five experiments from the GeV to tens of
TeV energy, the et + 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
et + 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

The fluz 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 [1-3|. The Fermi Large Area Telescope (LAT)
has collected almost seven years of et + 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 [5-7]. The DAMPE Collaboration has recently reported the
direct detection of a break at around 1 TeV in the flux of the e™ + ¢~ measured between
25 GeV to 4.6 TeV [8]. Many theoretical interpretations have been proposed for the AMS-02
lepton data, invoking sources of e™ and/or e~ in the Interstellar Medium (ISM), from Pulsar
Wind Nebulae (PWNe) and Supernova Remnants (SNRs)[9-15], and also in the context of
annihilation and decay of dark matter particles [16, 17]. In addition to the flux, the LAT
team has also published the spectrum of upper limits on the e™ + e~ dipole anisotropy [18|.
Since the typical propagation length of TeV e* is smaller than ~ 0.3 kpc, et and e~ detected
at TeV energies are most probably emitted from local sources, leaving a possible signature
in the dipole anisotropy [15]. At variance, nuclei suffer mainly from diffusion rather than
energy losses, so the hadronic flux from local sources is typically spread, and sets below the
cumulative contribution of all Galactic sources.

The contribution from the local source candidates is usually associated with high un-
certainties, 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. [19]), 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
[14, 15, 20] 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.

In the present paper 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. [9]. For the first
time, we present 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. The paper is structured as follows. Our model for the cosmic-ray electrons
from SNRs is outlined in Sec. 2. In Sec. 3 the constrains imposed by radio data on our
sample of local SNRs are presented. The constraints imposed from e~ + e™ and dipole data
are discussed respectively in Sec. 4 and Sec. 5. A model combining the multi-wavelength data
for local SNRs that explains the most recent flux and dipole data is presented in Sec. 6, before
concluding in Sec. 7.

2 Cosmic-ray electrons from SNRs

Cosmic-ray e can be injected in the interstellar medium (ISM) by shocked stellar environ-
ments - SNRs as well as PWNe - according to the first order Fermi acceleration mechanism
(for a comprehensive review on the SNR paradigm for Galactic CRs see [21] and references
therein). We focus here on SNRs. For a detailed treatment of the injection of e~ by SNRs
and their propagation in the Galaxy we refer to [15, 20]. We here remind the basics of our
model, along with an additional new treatment for the injection of e~ by SNRs and for the
synchrotron radio emission from known SNRs.

2.1 Injection of cosmic-ray electrons from SNRs into the ISM

The details of the release mechanism of e~ from SNRs are poorly known and still under debate
[21-24], and could affect the properties of the escaping e~, above all the energy spectrum.
We implement here two different models, the burst-like injection and the evolutionary model.

The injection of e~ accelerated by SNRs is commonly described through a_burst-like
approximation [20], in which all the e~ are released in the ISM at a time equal to the age
of the source. Under this hypothesis, the energy spectrum Q(FE) of accelerated e~ can be

described by the function
EN\77 E
o) =@ (5 ) e (-5 ) (2.)

where Qg is in units of GeV™!, E. is a cutoff energy and Ey = 1 GeV. Given the injection
spectrum in Eq. 2.1, the total energy emitted in e~ from SNR (or e* for PWN) in units of
GeV (or erg) can be obtained as (see [20])

o0

Ew= | dEEQ(E), (2.2)
Ey


Fiorenza Donato


Fiorenza Donato



where we fix F1 = 0.1 GeV. The normalization of the spectrum in Eq. 2.1 can be constrained
from available catalog quantities for single sources (see Sec. 2.3), or by using average popu-
lation properties for the smooth galactic component [14, 15, 20]. The burst-like assumption
is considered appropriate at high energy, since e~ of energy E > 100 GeV are believed to be
released within a few kyr from the initial burst, and this timescale is much smaller than the
age of the sources typically considered to explain the CR e~ data at Earth [24].

In addition to the burst-like approximation, we also implement the evolutionary model
for the escape of e~ from SNRs as derived in Ref. [23]. The authors of Ref. [23]| assume
analytical models for the temporal evolution of the shock radius and its velocity. They also
derive the timescales and the space-energy distributions for trapped and runaway e~. During
the Sedov phase, the escape-limited maximum energy Ep csc(T) below which CRs are still
trapped in the SNR is defined as [23]:

T —Q
Em,esc(t) = Eknee ( > (23)
tSedov

where Fipee = 10159 €V is the energy at the knee of the CR all-particle spectrum, tgedov 1S
the start time of the Sedov phase, o describes the evolution of the maximum energy during
the Sedov phase, and T' is the SNR age. For energies smaller than Ey, csc(T), the e~ are still
trapped in the SNR, and their energy spectrum is described as:

_ Enese(T) —(v+B/a) B , N
Quap(E,T) = A <Eo> <Em,esc(T)> exp (_Ec> = (2.4)

= Qoran(T) @0) " exp (—5) (25)

where A is a normalization factor, and S describes the evolution of the electron number inside
the SNR. The Qo trap(T) is obtained by recasting Eq. 2.4 using the explicit form of Ey esc(T')
in Eq. 2.3. The energy spectrum Qesc(E) of runaway e~ is instead described by:

E —(v+8/a) E
Qesc(E)=A (EO> exp (_Ec) . (2.6)
The e~ at a given energy F escape from the SNR at a time:
1
E =
Tesc = tSedov <E> . (27)
knee

The idea of an escape-limited maximum energy E, csc(T), or equivalently of Ty after which
e~ of a given energy can run away from the SNR, determines the difference between the simpler
burst-like approximation and this evolutionary escape model. Focusing on specific sources,
as for example the Vela YZ and Cygnus Loop SNRs (7' =11.3 kyr and 20 kyr respectively,
see below), this escape model states that CRs e~ with energies E < Ey esc = 88 GeV and
E < Fpesc = 17 GeV are still trapped in Vela YZ and Cygnus Loop, respectively. On the
opposite, e~ with energies Ef > El, osc have been released in the ISM. Also, we note that the
energy spectral index of runaway e~ is modified with respect to the one of trapped ones, as
stated by Eqgs. 2.4 and 2.6. We will study the consequences of these spectral modifications in
the following Sections. The specific values of Ey, esc(T), or equivalently the ages of the two
sources, make the burst like approximations a more suitable description for the older Cygnus
Loop than for Vela YZ. We fix tgeqov = 200 yr, a = 2.6 and 3 = 0.6, as in Ref. [23]. When

not differently stated, our results are shown for the burst-like model.
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2.2 Propagation in the Galaxy

The propagation of e~ and e™ from their sources to the Earth has been treated as in |14, 15,
20], from which we remind here some basic ingredients. We refer the reader to Ref. [15] for
futher details. The cosmic-ray e~ and e™ number density ¢ = ¢(E,x,t) = dn/dFE per unit
volume and energy obeys the transport equation:

0 0 [dE
-V m@v G

5 @Z)} =q(F,x,t) (2.8)

where K (F) is the energy dependent diffusion coefficient, dE/dt = b(E) accounts for the
energy losses and q(FE, x,t) is the e~ and e™ source term. The flux of electron ® at the Earth
is connected to the number density through ® = v/47 1. We solve the transport equation
in Eq. 2.8 in a semi-analytic model, assuming a spatially uniform diffusion coefficient:

K(E) = BKo(R/1GV)° ~ K¢(E/1GeV)° (2.9)

where 3 = v/c (for relativistic e*, as in this analysis, # = 1) and R is the particle rigidity.
We include e* energy losses by Inverse Compton scattering off the interstellar radiation field,
and synchrotron losses on the Galactic magnetic field. A full-relativistic treatment of Inverse
Compton losses has been implemented in the Klein-Nishina regime, according to Ref. [20].
The black body approximation for the interstellar photon populations at different wavelengths
has been taken from [20]| (model M2 in their Table 2). The Galactic magnetic field intensity
has been assumed B = 3.6 uG, as resulting from the sum (in quadrature) of the regular
and turbulent components [25]. At the energies considered here, the energy losses dominate
over diffusion effects. Therefore, modifications of the diffusion coefficient are not expected
to modify significantly our conclusions. The propagation parameters are fixed according to
the fits to CR data performed within a semi-analytical diffusion model in [26] (K15) and [27]
(G15) (see also [15]). As for the K15 model, it is found to be Ky = 0.0967 kpc?/Myr and
§ = 0.408, while for the G15 model Ky = 0.05 kpc?/Myr and & = 0.445. The values found in
these two papers are also compatible with the ones derived in [28, 29].

Given our focus on single sources, we report here the explicit solutions of the time-
dependent transport equation for the CR flux from a single source of ¢~, which can be also
found in several literature works (see e.g. [20, 30-32]). In the burst-like approximation, the
CR e~ and et density ¢(F,x) at a position x (in Galactic coordinates) and energy E, and
considering an infinite diffusion halo, reads:

X — Xsg|?
b(Es) 1 —exp (_‘)\2’) Q(E,) (2.10)

¢(E7X) =

where b(FE) is the energy loss function, xg indicates the source position. A\ is the typical
propagation scale length:
FEg K(El)

N =)(E,E,) =4 dE'
(BB =4 [ IE

(2.11)

where Ey(E) = Ey(E;t,t) is the initial energy of e* that cool down to E in a loss time A7:

Es /
AT(E,E) = / b

s = (2.12)



and ts is the source age. As for the evolutionary escape model in Ref. [23] the t)esc(F,x) of
runaway CR et at a position x and energy E, and considering an infinite diffusion halo is:

bE(E) 1 _xoxf
b(E) (rA2)3 eXp< A2 >QGSC(ES(E)) (2.13)

wesc(Ea X) =

where F, is again the initial energy of e that cool down to F, defined now as:

Es(E) dE'
—t — Too(Ey) 2.14
L i () (214)

and T is given by Eq. 2.7. The energy spectrum Qesc(Fs(E)) is defined in Eq. 2.6, and is
obtained as |23]:

Qee(E) = / dt / dxq(E,x,1), (2.15)

and the solution reported in Eq. 2.13 is given for a source term in the form ¢(E,x,t) =

6(x)0(t — Tese(E))Qesc(E))-
2.3 The radio synchrotron emission from nearby SNRs

One of the key points of this paper is the inspection of selected near SNRs in terms of the
available flux radio data, in order to obtain a better understanding of e~ and e™ flux data.
The very-high-energy e~ and et flux and the radio data for nearby sources are connected
under the hypothesis that the radio emission from the source is due to synchrotron radiation
from e~ accelerated and interacting with the SNR magnetic field.

Under the hypothesis that the radio emission from the source is due to synchrotron radi-
ation from e~ accelerated and interacting with the SNR magnetic field B, the normalization
of the injection spectrum Qo snr can be connected to the radio flux density B} (v):

41

_ Bi(v) [ d V*1 v 1% [ B ] 2
_19.10%7 Loy 2\ 4 : 2.1
Qosne 07Gev=(0.79) = [kpc} {GHZ} 100G (2.16)

The derivation of this expression is extensively provided in [20], and it was successively used
also in [14, 15]. The energy emitted at a given frequency is radiated at the energy loss rate
b(E(v)) (see Egs. 48-50 in [20]), and one implicitly assumes that observation takes place within
the time-interval E(v)/b(E(v)) (E(v) = hv) during which the e~ radiate after the burst, and
that the flux is quasi constant within this time interval. We note in Eq.(2.16) the well-known
relation between the index of the e™ distribution v and the radio index o, = (v —1)/2. The
Qo,snr term in Eq. 2.16 is implemented by Eq. 2.1 in case of the burst-like approximation.
In case of the evolutionary escape model, we instead implement in Eq. 2.16 the Qg trap of
Eq. 2.5.

Our search for the sources that can contribute most to the e~ flux rests on the compu-
tation of the e~ from catalogued sources. We consider the sources in the Green SNR catalog
[33], and find seven SNRs which are located at d < 1 kpc from the Earth. In order to illustrate
the role of these SNRs, we compute their flux of e~ at Earth. We first assume that they all
inject e~ in the ISM with the common spectral index of v = 2.0 and with a total energy
released in e~ of oy = 7-10%7 erg, as very often assumed in the literature (see e.g. [9]). The
only catalogued parameters here are the distance and the age of the source. The results are
shown in the left panel of Fig. 1. Vela YZ turns out to be the most powerful source, followed
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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 v = 2.0 and a total energy released in e~ of Eio = 7 - 10%7 erg
has been assumed for each source. Right: The spectral index and the Qg for each source are fixed
according to the catalog data and Eq.2.16 for a single frequency. All the curves are computed for
E. =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 et + 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 et + e~ flux in the TeV range when the leptonic
model inferred in [34] is considered, given the high value for the cutoff of E. = 25 TeV and
the low magnetic field (12uG).

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 uG to
even 103G [41]. The magnetic field of Vela YZ is here fixed to B = 36 uG, 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 puG 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 BY(v) as a function of v and Qo snr for all the available
frequencies v. 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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Figure 2. A fit to the radio spectrum of Vela SNR (left panel) and Cygnus Loop (right panel) using
Eq. (2.16). The red line represents the best fit model to the data. The integrated flux densities B,
are taken from [35, 36].

case of burst-like approximation we work under the assumption that the electromagnetic
emission we observe today from those SNRs reflects the properties of the e~ population that
has been released and injected in the ISM. The best fit parameters are: ~ye, = 2.47 + 0.10,
Etot Vela = (2.28 0.06) - 1077 erg, Yoygnus = 2.04 £ 0.04 and Etot, Cygnus = (1.18 +0.16) - 1047
erg. The numbers for the Vela YZ are in agreement with the findings of [42].

The parameter space Fiot - v selected by the fit to the radio spectrum is reported in
the left panel of Fig. 3 for both Vela YZ and Cygnus Loop, and for 3o, 20 and 1o confidence
levels. This figure shows that radio data select narrow ranges for v and FEi. For example,
the 1o contour for Yyela and Eiot vela is a few % from the best fit. Moreover, Eio of the
order of 1047 erg is in agreement with the usual expectations for the SNR energy budget,
given the total energy released by a SN explosion in the ISM of ~ 10°! erg [44] and a fraction
conferred to e~ of ~ 1075 — 1073 [45]. We now evaluate the consequences of these results
on the e + e~ flux. In the right panel of Fig. 3 we plot the data on the e™ + ¢~ flux along
with the predictions for the flux from Vela YZ and Cygnus Loop obtained by the parameters
selected within the 20 contours in the left panel. The et + ¢~ flux data have not been used
in this analysis and are displayed in the figure for illustrative purposes. The information in
Fig. 3 is remarkable: the flux of e~ from the closest SNRs as derived from a fit to radio data
is slightly below the data on the inclusive flux. The flux from Vela YZ and Cygnus Loop 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.

We have explored the effects of the evolutionary escape model on the interpretation of
radio spectrum for our two selected sources. In this case, the radio data are fitted through
Eq. 2.16 to tune the normalization and spectral index of the trapped e™, namely the Qg trap
and the index v of Eq. 2.5. The total energy of trapped e~ is obtained as:

Em,esc(T)
Etot,trap = / dE E Qtrap(E) ) (31)
Eq

for each source. The normalization A and spectral index of the escaped electrons are then
derived by their relations with the trapped e™, as derived in the evolutionary escape model
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Figure 3. Results of the fit to the radio spectrum for Vela YZ (gray) and Cygnus Loop (magenta).
Left: Regions of the parameter space FEiq, v selected by the fit to the radio spectrum. The solid,
dashed and long-dashed lines refer to respectively 30, 20 and 1o contours for each source. Right:
Prediction for the e flux from Vela YZ and Cygnus Loop using the values of E}q, v within 20 from
the best fit to the radio spectrum shown in the left panel. The et 4+e~ Fermi-LAT, AMS-02, DAMPE,
HESS and CALET data with their statistics and systematic errors are also shown.
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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 Eiot trap, 7y selected by the fit to the radio spectrum for Vela YZ (gray) and Cygnus Loop
(magenta). The derived regions for Eiot esc, ¥ + 3/« are also reported for Vela YZ and Cygnus Loop.
The solid, dashed and long-dashed lines refer to respectively 30, 20 and 1o contours for each source.
Right: Prediction for the e~ flux from Vela YZ and Cygnus Loop using the values of Eiot esc, ¥+ 8/
within 20 from the best fit to the radio spectrum shown in the left panel. The et 4 e~ data are shown
as in Fig. 3, right panel.

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

8
¢
A= QouapEl < S‘:ﬁ‘”) : (3.2)

while the spectral index of e~ in Eq. 2.6 is simply v + §/«a. The total energy of runaway e~



for each source is then obtained as:

o
Etot,esc = / dEE Qesc(E) . (3'3)
Em,esc(T)

In Fig. 4 (left panel) the parameter space Eiottrap - 7 ( Ertotesc - 7 + /) selected by
the fit to the radio spectrum of Vela YZ and Cygnus Loop are shown for 30, 20 and 1o
confidence levels. The selected intervals are narrow, and similar to the burst-like case for
Vela YZ, see Fig. 3. For Cygnus Loop the total energy of trapped e~ is reduced by less
than a factor of two. This is understood through Eq. 3.1. The upper limit of the integral is
indeed E esc(T') ~ 88 (17) GeV for Vela YZ (Cygnus Loop). The derived constraints on the
parameter space Eiotesc - ¥+ 3/ are also reported. Each of the two regions shows a strong
correlation. The total energy FElotesc 0of runaway e~ is more than one orders of magnitude
lower with respect to Fiot trap for Vela YZ. As for Cygnus Loop, the difference is a factor of 2-3
for the best fit. This is again understood by the different E, ¢sc(7") of the two sources. The
consequences of these results on the e™ + e~ flux are reported in Fig. 4 (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. The flux of CR e~ at Earth is computed by using Eq. 2.13, and by
using the parameters for the escaped e~ selected within the 20 contours in the left panel. The
flux from Vela YZ and Cygnus Loop is softer with respect to the burst-like approximation,
reflecting the effect of the escape mechanism described in Eq. 2.6. Moreover, compared to the
burst-like approximation, the presence of an escape-limited maximum energy FEy, esc(1) for
each source depletes the flux at Earth for E < Ey, esc(T'). 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, a rough
factor of two less than what is shown in Fig. 3.

4 Results on the SNR properties from e* + ¢~ flux data

We now perform an analysis aimed at characterizing the e~ emission from Vela YZ and
Cygnus Loop SNRs through e + e~ (and e™) flux data only. We want to assess the power
of e™ + e~ data on the source properties with respect to the information brought by radio
(see Sect. 3) or the dipole anisotropy data (see Sect. 5). We already know that these sources
can contribute significantly to the e~ flux (see [14, 15, 37] and Fig. 3). Therefore, we expect
that the et + e~ flux data will bound the contribution from local sources. This results will
be quantified by bounds on v and Fi., parameters effectively connected with the injection
physics and the number of particles per unit energy released in the ISM.
In order to explain the e™ + e~ data over many energy decades we consider, in addition to e~
from SNRs, et and e~ produced by interactions of CRs on the ISM (secondary component)
and by pair emission in PWNe [46, 47]. We use here the model already employed in [14, 15, 20,
37]. In particular, we refer to [15] for any detail. We only outline here the main characteristics
of the different contributors. The Galactic SNRs are divided into a near and a far population
according to their distance d from the Earth. As in Ref. [15], we set d = 0.7 kpc. Since
for sources near the Earth we dispose of abundant data, we model them individually picking
their d, T', BY(v) and ~ from the Green’s catalog [33]. Far SNRs, for which the distance from
Earth is > 0.7 kpc, are instead assumed to be smoothly distributed in the Galaxy according
to the spatial density profile in [19], and to inject e~ in the ISM with an average Fio and 7.
As for the local SNRs, Vela YZ and Cygnus Loop will be modeled with free Fiot and
spectral index . Instead, the contribution from Vela Jr is fixed to the leptonic model of [48].



In particular we choose the values of d = 0.750 kpc, t = 3 ky, B = 12uG and Yvelajr = 2.15
[34, 48] and we compute the Qo velasr by using Eq. 2.16. This choice is motivated by very
limited information available for its radio flux, and because Vela Jr mainly contributes to
et + e~ flux above 10 TeV where the very few data points are not constraining.

Similarly to SNRs, the injection spectrum Qpwn(E) of e~ and e™ emitted by a PWN
can be described by a power law with an exponential cut-off. The normalization of the PWN
spectrum Qo pwn can be connected to the spin-down energy of the pulsar Wy by:

/ dE E QPWN(E) = TIPWN Wo. (4.1)
Emin

Wy can be thus constrained from the measured pulsar properties and assuming that the whole
energy lost is carried by the magnetic dipole radiation [20]. The factor npwn represents the
efficiency with which the spin-down energy of the pulsar is converted into e~ and e’ pairs,
and is expected to be of few % level [14, 17, 49]. Our PWN sample is taken, as in [14, 15, 17],
from the ATNF catalog [50], from which we extract the spin-down energy, age and distance of
each known PWN. All PWNe share a common efficiency npwn and spectral index ypwn, that
will enter in our fits to the et and e~ data as free parameters. Since the release of accelerated
e~ and e pairs in the ISM is estimated to occur after 40 — 50 kyr after the pulsar birth [51],
we select only sources with tops > 50 kyr. Secondary leptons originated by the scatterings
of proton and helium CRs off the ISM are modeled here following [17], using a free overall
re-normalization factor ¢, which accounts for uncertainties in the flux of primary CRs and in
the production cross sections.

We fit the e™ + e~ flux data from HESS, CALET, DAMPE, AMS-02 and Fermi-LAT
and AMS-02 et flux with all the components described above. We avoid strong biases from
the solar modulation of the fluxes considering AMS-02, CALET and Fermi-LAT et + e~
and AMS-02 et data at £ > 10 GeV. We nevertheless include its effect in the force field
approximation with the Fisk potential ¢ treated as a free parameter. We use different ¢;
in the fit to AMS-02, Fermi-LAT and CALET data since they cover different periods. We
take into account in the fit both the statistical and systematic uncertainties. We also include
the uncertainty in the absolute energy scale taking 1.3% for DAMPE [8]|, 5% for CALET
[5], 0% at 10 GeV to 5% at 1 TeV with a linear trend in log E for Fermi-LAT, 2% for
E = [10,290] GeV and 5% for AMS-02, while for HESS we use the systematic band as
reported in [6]. The fit is performed on the et + e~ and e™ flux data with free parameters:
Etot,Velaa Et0t7Cygnu57 YVela; YCygnus) Etoty Y MPWN, YPWN, ¢, ¢z We Only impose priors On YVela
(]1.90-3.10]) and Ycygnus ([1.50-2.50]). The best fit (x24 = x?/d.o.f. = 0.5) parameters are
Yela = 2.9%0.1, Fiot vela = (2.4£0.2)-10% erg, v = 2.70+£0.06, Eior = (4.8940.13)-10%7 erg,
npwN = 0.056 + 0.006 and vpwn = 1.80 4 0.04 for Vela YZ and Cygnus Loop SNRs. The
configurations within 20 from the best fit for Vela YZ and Cygnus Loop free parameters are
reported in Fig. 5. For Vela YZ we also report the 50 region which, as for Cygnus Loop,
opens indeed to an upper bound. In the case of Vela YZ, we find that the 20 region from the
best fit for Fiot vela and vvela is narrow and the two parameters are strongly correlated. The
FEot, Vela values selected by the e™ + e~ flux have no overlap (at 20) with the ones constrained
by the fit to radio flux data, and are systematically higher by at least one order of magnitude.
The two regions fully overlap at 50 (see Fig. 3). If we perform the same analysis for DAMPE
data alone, or for the combination of AMS-02, CALET and HESS data, the two regions fully
overlap at 20.
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Figure 5. Regions of the parameter space Ei.; - 7 selected by the fit to the e™ + ¢~ and et flux
data for Vela YZ and Cygnus Loop. The shaded regions denote the Ei., v values at a given number
of o from the best fit for each source. The magenta region is for Cygnus Loop and 20, while the gray
(light gray) regions are for Vela YZ and 20 (50).

5 Results on the SNR properties from e¢™ + ¢~ dipole anisotropy data

We now assess the power of the recent Fermi-LAT data on the e™ 4 e~ dipole anisotropy
Act - |18]. This measure has provided upper bounds on A+ .- 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 A+ .- from a single
source s is given by:

3K(E) 2d Sy (B)
¢ NE,E,) ¢ (E)

et+e—

A(E)e++e_ = (5'1)

where d is the distance to the source, A(F, Es) is the propagation scale defined in Eq. 2.11,

o+ e (E) is the et 4+ e~ number density produced by the source s, and @bé‘f+6_ (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]:

1 r; - Nmax ) )
A(nma:caE) - W ) Z W : %(E) AZ(E) (5'2)

7
Here v;(E) is the number density of e~ and/or et emitted from each source i, r; is the
source position in the sky and ;4. is the direction of the maximum flux intensity. The term
YU(E) = " 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 A; = SK(E) Ww"(E”, where the gradient is performed with respect to each source

c Yi(E)
position. We compute the A+ .- for Vela YZ and Cygnus Loop for all the parameters
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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 Ferm#LAT dipole anisotropy are
shown for the two different methods in [18].

selected by the fit to et + e~ flux data described in Sec. 4 (at 20 from the best fit), and
reported in Fig. 5. The maximum of A .+, .- 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 A+, .- 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 A+, .- 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
et + 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 (I = 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 E, v 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
et flux data and excluded by Fermi-LAT dipole anisotropy upper limits (Meth. 1) at £ > 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 A+, .- 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 et +e~ flux data. We compute A+~
for all the configurations selected by the fit to the flux described in Sec. 4. Whenever our
predictions overestimate one data point at £ > 100 GeV, the Eio vela —7Vela 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 20, and with a subset of the configurations at 5o. Indeed, the anisotropy data
exclude higher values of v, considered unlikely in acceleration models. The Fermi-LAT data
on A+ .- 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 et fluxes including the constraints for Eiot Vela, VWelas Ftot,Cygnuss
and Ycygnus derived from the fit to radio data. We minimize according to the following
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Figure 8. Results on the et + ¢~ 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 y?:

N 2 4 del _ pdata \ 2
Pmodel __ pdata pmodel __ s
2 _ J ?
X = Z < : o data : > + Z o data (6'1)
i

i j P.j

where the first term is the statistical term that takes into account the difference between the
model ®™°%°! and the et + e~ flux data at 1o (®9%** and ¢9**). The second term runs over
Vela YZ and Cygnus Loop FEiot and v and accounts for the deviation of these parameters in
the model P™°%! with respect to the best fit and 1o error (P4 and o$#*) as derived above
in the fit to radio data.

We find a very good agreement between et + e~ and radio data (x%, ~ 0.70) with
Wela = 2.39 £ 0.15, Erot vela = (2.3 - £0.2) - 10%7 erg, Yoygnus = 2.03 £ 0.05 and Etot, Cygnus =
(1.25+0.06) - 10*7 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 4+ e~ flux. We checked that all the predictions for the dipole anisotropy
within 20 from the best fit are below the FermiLAT upper bounds, as explicitly shown
in Fig. 8. The v 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 x? 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 (Xfed ~ 0.87), with
Wela+8/a = 2.66£0.14 and ycygnus = 2.27+0.06 for K15 propagation model. The parameters
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Figure 9. Same as Fig. 8 but using the evolutionary model of Ref. [23] for the injection of e~ by
SNRs.

which describes the smooth SNRs, the PWNe and the secondary component are compatible
within the errors with respect to the burst-like scenario. Vela Jr has not been included in
this analysis, since we found that in the evolutionary escape model its flux is suppressed,
given its young age. We notice that the fluxes from Vela YZ and Cygnus Loop are now both
below the secondary component, which instead is almost unchanged. This implies a slight
increase of the PWNe contribution. We remind that also in this case the et contribution is
controlled by the AMS-02 et flux data. As illustrated in Fig. 9 (right panel), also in this
case all the predictions for the dipole anisotropy within 20 from the best fit are below the
Fermi-LAT upper bounds. In the multi-wavelength analysis, the Vela YZ and Cygnus Loop
SNRs parameters within both the burst-like and evolutionary models are not constrained by
the anisotropy data. With respect to the burst-like scenario in Fig. 8, the predicted dipole
anisotropies are decreased by more than a factor of 2 for TeV energies. 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.

7 Conclusions

This paper proposes a new multi-wavelength and multi-messenger approach aimed at im-
proving the description of the local SNRs which can contribute significantly to the measured
et + e~ flux. The latter is now measured with unprecedented statistics over several decades
in energy.

We work here within a framework in which the leptons measured at Earth from GeV
up to tens of TeV energies have a composite origin. Specifically, e~ are injected in the ISM
by SNRs, and a symmetric source of e® is provided by PWNe. Additionally, a low energy,
asymmetric contribution of et and +e~ arises from the spallations of CRs on the ISM. In
the understanding of the e~ flux data, local sources, those located few hundreds parsecs from
the Earth, may play a crucial role. The single, local SNRs that are found to be among the
main contributors to the e~ flux at > 10 TeV are Vela YZ and Cygnus Loop. For these two
sources, we develop a dedicated analysis to the injection spectrum of accelerated e~ in the
ISM.
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The injection of e~ by SNRs into the ISM is treated following the burst like approxima-
tion, as commonly assumed in the literature. Moreover, we have implemented an evolutionary
escape model for the e~ injection, and for the first time we have investigated its consequences
on both the synchrotron emission and on the propagated CRs measuread at the Earth.

We investigate the compatibility of these models for the emission and propagation of e~
and e™ in the Galaxy using three physical observables:

e the radio flur at all the available frequencies from Vela YZ and Cygnus Loop SNRs,
e the e™ + e~ fluz from five experiments from the GeV to tens of TeV energy,
e 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~ fluz 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 5o confidence level.

As a further novelty, we consider the upper limits on e™ 4 e~ dipole anisotropy as an
additional observable, and assess its power in constraining the Vela YZ and Cygnus Loop
source properties. This operation is performed at the cost of no new free parameters. We
find that the anisotropy overshoots Fermi-LAT upper limits on the whole spectrum when the
Vela SNR parameters are left free to fit the e™ + e~ flux data within a burst-like scenario.
For Cygnus Loop the conclusions are weaker, since it shines at higher energies where the
Fermi-LAT upper bounds are looser. The results are very similar when all the single sources
considered in the analysis (SNRs and PWNe) contribute to the anisotropy, which is dominated
by Vela YZ. For the first time, we show the severe constraints imposed by the most recent
data on the et + e~ anisotropy, what opens the opportunity of describing the most promising
local sources of e~ with charged lepton CRs.

We finally perform a multi-wavelength multi-messenger analysis by fitting simultaneously the
radio flux on Vela YZ and Cygnus Loop and the et + e~ flux, and checking the outputs
against the et + e~ dipole anisotropy data. Considering the proper systematic uncertainties
on the energy scale of the different data sets, we can fit the e™ + e~ spectrum on many
energy decades using these local SNRs, a smooth distribution of SNRs, PWNe and secondary
production. In this case, the Vela YZ and Cygnus Loop SNRs parameters within both the
burst-like and evolutionary models are not constrained by the 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.
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