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Setup of the propagation 
model
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Qsource + ∑
i<j (cβngasσj→i +

1
γτj→i ) Nj − (cβngasσi +

1
γτi ) Ni

Standard propagation model

Spallation:
secondary production

Decay: 
secondary production 

Diffusion Advection Losses
Lorentz 

tranformationRe-acceleration
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• !  in !                 

• !                  

• !  for CRs 

(D0, δ) D(E)

vA

(N0,inj, Γinj, ρbreak)

- consistent with dedicated analyses
  (Q.Yuan et al. - Phys. Rev., D95(8):083007, 2017) 

- compatible with ISM conditions
- only affecting low-!  CRsE

Free parameters of the model:
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Fixed with all the available observables!
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Positron flux



Positron origin
p + X /γ → π±

0 + Y
π± → μ± + νμ

μ± → e± + ν̄e

Secondary production ruled by 
the protons’ and nuclei’s flux
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Conventional scenario

• The  propagation  paradigm  has  to 
be changed? 

    (P.Lipari - Phys. Rev. D 99, 043005)

• Additional  source(s)  for  primary 
positrons? (antimatter factories)



Positron origin
p + X /γ → π±

0 + Y
π± → μ± + νμ

μ± → e± + ν̄e

Secondary production ruled by 
the protons’ and nuclei’s flux

Pulsars?

Rotating neutron stars
with large ! -field: B
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Observations
Direct

• Rotation period

• Variation of rotation period

Derived

• Characteristic age 

• Rate of energy loss

Model dependent (MD)

• Surface ! -field B

·P > 0

τch = P / (n − 1) ·P
·Erot = IΩ ·Ω

Bsurf = 3.2 ⋅ 1019 P ·P [G]
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Injection in the ISM
·Ω(t) = − κ0 Ωn

⇒ ·Erot(t) = IΩ ·Ω ≡ L(t) =
η± L0

(1 + t
τ0 )

n + 1
n − 1

Decaying-luminosity 
function 

braking-index

(model independent)
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Injection in the ISM
·Ω(t) = − κ0 Ωn

⇒ ·Erot(t) = IΩ ·Ω ≡ L(t) =
η± L0

(1 + t
τ0 )

n + 1
n − 1

Decaying-luminosity 
function 
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(model independent)
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t/τ0

t/τ0 ≫ 1

L(t) → η±L0 (1 −
n + 1
n − 1

t
τ0 )L(t) → L0 ⋅ δ(t − trel)

burst-like injection constant-luminosity injection

t/τ0 ≪ 1

Based on the        ratio
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Γinj = 1.7 Γinj = 1.7
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=
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r2

∂
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r2 ∂f
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+
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∂E
(b(E)f ) + Q

Studying the general         solution−L(t)

Q = S(E) L(t) δ(r)

∼ 106 yr
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Abeysekara et al. Science Vol. 358, Issue 6365 TeV     from           TeV      (IC)           ∼ 100 e±∼ 20 γ

Evidence for high-energy      from Geminga and Monogem e±

• Contribution to the local flux under debate
(see Di Mauro et al. astro-ph/1903.05647)

• Theoretical prediction of broken(?) power-law injection 

Γ ∈ [1,2] E ≲ 300 GeV
Γ > 2 E > 300 GeV

(see Blasi-Amato astro-ph/1007.4745)

11

e+

• Evidence for high-confinement region

(see Profumo et al. astro-ph/1803.09731)
(see Johannesson et al. astro-ph/1903.05509)

High-energy     spectrum



Abeysekara et al. Science Vol. 358, Issue 6365 TeV     from           TeV      (IC)           ∼ 100 e±∼ 20 γ

Evidence for high-energy      from Geminga and Monogem e±

• Contribution to the local flux under debate
(see Di Mauro et al. astro-ph/1903.05647)

• Theoretical prediction of broken(?) power-law injection 

Γ ∈ [1,2] E ≲ 300 GeV
Γ > 2 E > 300 GeV

(see Blasi-Amato astro-ph/1007.4745)

11

e+

High-energy spectrum 
(              )E > 40 GeV

One dominant nearby source with an 
injection feature (cutoff or break)
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All-lepton flux



101 102 103 104

Ek [GeV]

100

101

102

E
k3 á

J(
E
)[

G
eV

2
m

!
2

s!
1

sr
!

1 ]

DRAGON sec e+

DRAGON pri + sec e !

DRAGON extra
Pulsar-contribution Þt
Vela Þt
Cygnus Loop Þt
Simeis-147 Þt
IC-443 Þt
Sum

CALET 2018 (+syst) [e + +e ! ]

AMS 2014 (+syst) [e + +e ! ]

HESS 2017 (no syst) [e+ +e ! ]

HESS 2017 (syst) [e+ +e ! ]

Bayesian fit to e+ + e−
Observed SNRs

14

trel,SNR = 0

Adding !
 

shifts t
he peak to 

higher energies
t rel,SNR

> 0



101 102 103 104

Ek [GeV]

100

101

102

E
k3 á

J(
E
)[

G
eV

2
m

!
2

s!
1

sr
!

1 ]

DRAGON sec e+

DRAGON pri + sec e !

DRAGON extra
Pulsar-contribution Þt
Vela Þt
Cygnus Loop Þt
Simeis-147 Þt
IC-443 Þt
Sum

CALET 2018 (+syst) [e + +e ! ]

AMS 2014 (+syst) [e + +e ! ]

HESS 2017 (no syst) [e+ +e ! ]

HESS 2017 (syst) [e+ +e ! ]

Bayesian fit to e+ + e−
Observed SNRs

tage ∼
1

b0 E
≈ 105 yr∼ 1 TeV

14

trel,SNR = 0

Adding !
 

shifts t
he peak to 

higher energies
t rel,SNR

> 0



Expected SN events 1

2
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Rates of SN explosions around the solar system from K.Ferrière - Rev. Mod. Phys. 73, 1031

d ≈ 8.5 kpc

1 kpc

Sun
x

Δxtravel ∼ 4 D(E) ⋅ 105yr ∼ 𝒪(100) pc

15
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Expected SN events 2

nevents [kpc−2 ⋅ Myr−1] = ∫
+1 kpc

−1 kpc
dz ( ℛS

Ia(z) + ℛS
II(z) )

If:

• uniform rate inside the disk of radius !

• constant rate over the age of the oldest SN accelerating CRs, !

r = 1 kpc

tage ∼ 5 ⋅ 105 yr
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Expected SN events 2

nevents [kpc−2 ⋅ Myr−1] = ∫
+1 kpc

−1 kpc
dz ( ℛS

Ia(z) + ℛS
II(z) )

If:

• uniform rate inside the disk of radius !

• constant rate over the age of the oldest SN accelerating CRs, !

r = 1 kpc

tage ∼ 5 ⋅ 105 yr

⇒ Nevents = nevents ⋅ πr2 ⋅ tage ≈ 2.2 ∼ 𝒪(1 − 10)

We consider the lowest possible number of hidden sources
{

We already see 
some of them

(Recchia-Gabici Phys. Rev. D 99, 103022)
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Bayesian fit to e+ + e− 1
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Bayesian fit to e+ + e− 2
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Could this source be closer??

4 observed + 1 hidden SNR

Monogem Ring (~ 300 pc)
(uncertain SNR)

Not according to our 
propagation model

δ = 0.45

D0 = 1.98 ⋅ 1024 m2/s @ 1 GeV

Note: it’s possible with different propagation parameters…
(see Recchia-Gabici Phys. Rev. D 99, 103022)
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CRE dipole anisotropy
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• The  standard  propagation  model  presents  some  tension  in  lepton 
data

• The  invoked  pulsar  emission  mechanisms  are  not  clearly  understood 
and several scenarios are investigated to fit the positron flux

• The observed SNRs do not reproduce the ~ 1 TeV feature in the all-
lepton flux

• A  shell  around  the  Earth  is  identified  to  search  for  a  hidden  source. 
This source is compatible with Fermi-LAT upper limits on anisotropy.

To sum up…
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Future prospects
• Implement a physical !  at SN shocks

- exclude sources such that !
• Implement a correct estimation of the contribution from Vela SNR
• Test the hidden SNR with recent observed proton flux.

trel,SNR

tage < trel,SNR
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Future prospects
• Implement a physical !  at SN shocks

- exclude sources such that !
• Implement a correct estimation of the contribution from Vela SNR
• Test the hidden SNR with recent observed proton flux.

trel,SNR

tage < trel,SNR

Thanks for lis
tening!
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L(t) =
η± L0

(1 + t
τ0 )

n + 1
n − 1

For MD-emission model: !τ0,MD ≡ [ 3Ic3

B2R6Ω2
0 ] = [t]

Typical attempts of pulsar 
explanation

• With ATNF parameters �  (strangely large precision)


          there could be a loop in the measured considered quantities!


• If � 


• But the burst-like emission is typically considered…

⇒ tch/τ0,MD ≈ 0.3

tch/τ0,MD ≈ 0.3 ⇒ L(t) → η±L0 + 𝒪(tch/τ0)



From observational quantities !Etot = ·Erot ⋅ tch

Possible inconsistencies in 
the MD-emission model

·Erot = IΩ ·Ω }Ωtoday < Ωbirth

·Ωtoday < ·Ωbirth

Etot !today lower bound
measurements

If we implement MD-emission model

Etot = ∫
tage

trel

·EMD dt

·EMD = −
B2R6Ω4

6c3

Ω(t) =
Ω0

1 +
tage

τ0,MD

Etot = τ0,MD
B2R6Ω4

0

6c3
⋅

1

1 + trel

τ0,MD

−
1

1 +
tage

τ0,MD

< Etot !today
measurements
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Implications of the MD model
The bulk of the energy is released by the 

pulsar via magnetic-dipole emission
Hypothesis

dErot

dt
= −

dErad

dt
⇒ IΩ ·Ω = −

B2R6Ω4

6c3
⇒

·Ω = − κ0,MDΩ3⇒ [κ0,MD] ≡ [ B2R6

6Ic3 ] = [t]

n = 3
characteristic  of  the  MD 
emission. 
It is observed    1 < n < 2.4

L(t) =
η±L0

(1 + t
τ0,MD )

2 [τ0,MD] ≡ [ 3Ic3

B2R6Ω2
0 ] = [t]

• For nominal (n=3) ATNF pulsars t/τ0,MD ≪ 1 Constant injection

- n < 3 (observed)
- fit of data (Aharonian & Atoyan 1995)

t/τ0,MD ≫ 1 Burst-like injection• But
?



E.m. emission from a system 
of charges

Energy transfer per unit surface per unit time
(Poynting vector)

⃗S = c
⃗H 2

4π
̂n

dI = c
⃗H 2

4π
R2

0dΩ⇒

• First order in ∼
! ⃗r′�!

λ
dI =

··d2

4πc3
sin2 θdΩ

θ = ̂⃗d ̂n
⃗d = ∑ e ⃗r′�

{
infinitesimal

surface element 

electric dipole
moment

• Second order in ∼
! ⃗r′�!

λ
dI = +

··m2

4πc3
sin2 θdΩ

electric 
quadrupole

term( (

electric dipole emission

magnetic dipole emission

⃗m =
1
2c ∑ e( ⃗r′� × ⃗v ) magnetic dipole

moment

At first approximation we can assume that pulsars have no electric dipole nor 
electric quadrupole!

θ = ̂⃗m ̂n



Particle emission from pulsars

⃗B

• As the star rotates, surface charges (mostly   ) move in 
a magnetic field

and then get extracted from the pulsar.

• Charges follow the field lines:

- Along  the  closed  ones  there  forms  a  current 
(synchrotron  light  is  present  but  not  very  energetic 
as     is weaker than in the polar cap here)

- Along  the  open  ones  charges  escape  into  outer 
regions  (synchrotron  light  is  intense  and  can  get  to 
the Earth) 

This is the observed radio pulse!

•                                       initiating an e.m. cascade, 
                      pair production             up to          .
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⃗F L

q
= ⃗v × ⃗B

e−

e− + γ ⃗B → e− + γ ⃗B + γsync

e+e−

⃗B

∼ 106



Pulsar magnetic-dipole emission

An  observer  here 
sees  the  maximum 
emission from        .⃗m⊥⇒ ·· ⃗m⊥ ≠ 0

• For the dipole to emit, we need    

• For us to see the emission, we need

⃗Ω ∦ ⃗B ⇒ α ≠ 0

This radiation depends on the variation of 
     , which follows the rotation⃗m⊥

νm.d. ∼
1
P

≈
P=1.3s (Bell)

1
s

∼ Hz

is very low energetic and gets absorbed by the surrounding ISM,
                it’s not the observed periodic pulse! 

νm.d.

Eγ ∼ 4 ⋅ 10−15 eV
does not account 

for Bell observation
  of Eγ ∼ 4 ⋅ 10−7 eV

θ ≠ 0

⃗Ω

⃗B
̂n

θ

⃗m
⊥ ̂n

⃗m⊥ sin θ

α

⃗m⊥



t age [yr] d [pc] r di ! ,1 TeV [pc] r di ! ,10 TeV [pc] r di ! ,1 TeV
d

r di ! ,10 TeV
d

Vela Jr 2.5 á103 214.2 1.08á102 1.82á102 0.51 0.85

Vela 1.23á104 250.92 2.69á102 4.52á102 1.07 1.80

Cygnus L 8 á103 449.82 2.17á102 3.64á102 0.48 0.80

Simeis-147 4 á104 918 4.85á102 8.14á102 0.52 0.89

IC-443 3 á104 918 4.20á102 7.05á102 0.46 0.77

Table 4 : The nominal ages and distances of the Þve closest observed SNRs are listed. The di! usive
distances are also shown for particles of 1 TeV and 10 TeV, in order to have a clear look on the
sources that can contribute to the multi-TeV lepton ßux. For a comparison with the loss-properties,
r loss,1 TeV ! 1.15á103 pc and r loss,10 TeV ! 6.13á102 pc. From the numbers, Vela seems the one that
can contribute the most to the e+ + e! ßux.

Under these assumptions, we Þnd that the high-energy lepton ßux must be dominated by
local, electron-only sources. We will show that the closest observed SNRs are not su" cient
to describe the observed spectrum and an additional source with speciÞc characteristics has
to be invoked to reproduce in particular the " 1 TeV break recently measured by the space-
born and ground-based experiments H.E.S.S., VERITAS, CALET and DAMPE. Although
no information is provided on the nature of the object, we model it as a SNR, because these
objects are expected to be the bulk of CRs observed at the Earth, mainly based on energetic
arguments (see for instance [66]).

4.1 Contribution from the known objects

Multi-wavelength observations show the presence of Þve Supernova Remnants (SNRs) in the
local region (within " 1 kpc) surrounding the Earth4 [67], identiÞed with the names Vela Jr,
Vela, Cygnus Loop, Simeis-147, IC-443.

We report in Table 4 the nominal ages and distances of these objects and the distances
that particles with 1 TeV and 10 TeV can travel in the ISM via di ! usive transport, as well
as the ratios between the di! usive distance and the distance of the source. We outline that,
given the values reported in that table, the contribution of Vela Jr Ñ the youngest remnant in
the set under consideration Ñ should peak around" 100 TeV, where we do not have reliable
data. As far as the others are concerned, Vela is expected to provide the most relevant
contributions; the other ones are expected to be subdominant, since the di! usive distance
is smaller than the nominal distance, but not negligible. Therefore, we choose to take into
account all the remnants listed above with the only exception of Vela Jr.

In order to estimate the contributions from the sources mentioned above, we perform
a Bayesian Þt in which each SNR is modeled as a continuous source ofe! . It is possible to
parametrize the problem with the same formalism we used for the pulsar decaying-luminosity
injection, i.e. the luminosity-function can be written as:

L (t) =
L 0!

1 + t
! d

" " d
, (4.1)

4http://www.physics.umanitoba.ca/snr/SNRcat
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Accounted SNRs


