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Anomalies in the details
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pulsar and up-scattering the cosmic microwavebackground (CMB) photons. Geminga was pre-viously detected at tera–electron volt energies bytheMilagro observatory, with a flux and angularextent consistentwith theHAWCobservation butwith lower statistical significance (13). Here weshow that the HAWC observation of the spectraland spatial properties of these sources can be usedto constrain their contribution to the positron fluxat Earth (Fig. 1B).
A diffusion model of the spatial and spectralmorphology (12) is fit to the gamma-ray fluxN as

a function of angle q from the source and gamma-ray energy E as

d2N
dEdW

¼ N0
E

20TeV

! ""a

# 1:22
p3=2qdðEÞ½qþ 0:06qdðEÞ( e

½"q2=qdðEÞ2( ð1Þ
using amaximum likelihood technique.N0 is theflux normalization at 20 TeV, and W denotes asolid angle. The diffusion angle qd is proportionalto the square root of the diffusion coefficient D,

and both varywith energy. Themodel values fromthe fit are given in Table 1. The spectral indices aand observed fluxes are similar to those of othertera–electron volt PWNe (14), but the luminos-ities are lower, primarily because of their nearbydistance and larger apparent size. The energyrange is estimated by increasing (decreasing) theminimum (maximum) energy of an abrupt cutoffin the power law spectrum until the significanceof the fit decreases by 1s.Assuming that all theobservedgamma-ray emis-sion at tera–electron volt energies is produced

Abeysekara et al., Science 358, 911–914 (2017) 17 November 2017
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Table 1. Pulsar parameters, values of parameters from the model fitting to the observed extended gamma-ray emission, and assumed parameters

of our model. Pulsar parameters are from (15).

Geminga PSR B0656+14

Pulsar parameters.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

(Right ascension, declination) (J2000 source location)
(degrees)

(98.48, 17.77) (104.95, 14.24)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

tc (characteristic age)

(years)
342,000 110,000

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

T (spin period)

(seconds)
0.237

0.385

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

d (distance)

(parsecs)
250þ120

"62 288þ33
"27

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

dE/dt (energy loss rate due to pulsar’s spin slowing)
(×1034 ergs per second)

3.26
3.8

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Model values.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

q0 (qd for 20-TeV gamma ray)

(degrees)
5.5 ± 0.7 4.8 ± 0.6

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

N0

(×10−15 photons per tera–electron voltper square centimeter per second) 13:6þ2:0
"1:7 5:6þ2:5

"1:7

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

a

2.34 ± 0.07 2.14 ± 0.23

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

D100 (diffusion coefficient of 100-TeV electrons from joint fit of two PWNe) (×1027 square centimeters per second) 4.5 ± 1.2 4.5 ± 1.2

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

D100 (diffusion coefficient of 100-TeV electrons from individual fit of PWN) (×1027 square centimeters per second) 3:2þ1:4
"1:0 15þ49

"9

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Energy range

(tera–electron volt)
8 to 40 8 to 40

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Luminosity in gamma rays over this energy range
(×1031 ergs per second) 11 × (d/250 pc)2 4.5 × (d/288 pc)2

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Assumed parameters.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

L0 (initial spin-down power)

(×1036 ergs per second)
27.8

4.0

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

We (total energy released since pulsar’s birth)

(×1048 ergs)
11.0

1.5

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Earth

PSR B0656+14

Geminga

A
B

Fig. 1. Spatial morphology of Geminga and PSR B0656+14. (A) HAWC

significance map (between 1 and 50 TeV) for the region around Geminga

and PSR B0656+14, convolved with the HAWC point spread function and
with contours of 5s, 7s, and 10s for a fit to the diffusion model. R.A., right

ascension; dec., declination. (B) Schematic illustration of the observed

region and Earth, shown projected onto the Galactic plane. The colored
circles correspond to the diffusion distance of leptons with three different

energies from Geminga; for clarity, only the highest energy (blue) is shown

for PSR B0656+14. The balance between diffusion rate and cooling effects

means that tera–electron volt particles diffuse the farthest (fig. S1).
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Proton flux - AMS-02 (2015)
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Diffusive origin of the hadronic hardening
• Propagated distribution function for primaries:  


• Propagated distribution function for secondaries:  

f0 ∼ N0/D(E) ∼ E−Γinj−δ

g0 ∼ N′￼0/D(E) ∼ E−Γinj−δ/D(E) ∼ E−Γinj−2δ
D(E) ∝ Eδ
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Diffusive origin of the hadronic hardening
• Propagated distribution function for primaries:  


• Propagated distribution function for secondaries:  

f0 ∼ N0/D(E) ∼ E−Γinj−δ

g0 ∼ N′￼0/D(E) ∼ E−Γinj−δ/D(E) ∼ E−Γinj−2δ
D(E) ∝ Eδ

[Courtesy of C. Evoli]
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Connecting protons and 
leptons

- Setup of the propagation model

- Cosmic-ray fluxes

- Cosmic-ray dipole anisotropy
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Variable-slope diffusion coefficient
A phenomenological interpretation of the hardening

1
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Variable-slope diffusion coefficient
A phenomenological interpretation of the hardening
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Our recipe
We numerically compute the CR sea generated by a population of Galactic sources
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 ratio for the  modelB/C D(E) ∝ Eδ(E)
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- Setup of the propagation model

- Cosmic-ray fluxes

- Cosmic-ray dipole anisotropy

Connecting protons and 
leptons
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The all-lepton flux
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The all-lepton flux
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The all-lepton flux
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The all-lepton flux
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The proton flux
SNRs inject protons as well
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The proton flux
SNRs inject protons as well
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Superposition of two effects:


• diffusive hardening


• nearby source contribution

Ep
tot = 2.5 ⋅ 1049 erg

Γp
inj = 2.1
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- Setup of the propagation model

- Cosmic-ray fluxes

- Cosmic-ray dipole anisotropy

Connecting protons and 
leptons
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The dipole anisotropy
Measurement of the directional flux and phase
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Figure 6: Inferred phase and amplitude of the (equatorial) dipole anisotropy from recent measurements. See Table 1 for

a description of the data. The dashed line shows a naïve model prediction assuming a smooth distribution of CR sources

and isotropic diffusion with energy dependence K / E1/3.

Note, that we have a1-1 = �a⇤
11 and a10 = a⇤

10. Here, we introduced the notation �0h and �6h corre-

sponding to the dipole components parallel to the equatorial plane and pointing to the direction of the

local hour angle 0h (↵ = 0�) and 6h (↵ = 90�) of the vernal equinox, respectively. We also introduce

�N as the dipole component pointing north. However, since a10 is in general not accessible by ground–

based observatories the corresponding dipole component �N can not be constrained. For that reason,

experiments only report the dipole components aligning with the equatorial plane as

�
�0h, �6h

�
= (A1 cos↵1, A1 sin↵1) , (19)

with dipole amplitude A1 and phase ↵1.

Figure 6 shows the dipole amplitude and phase reported by various CR experiments, see Tbl. 1

for a summary of these data. The dashed lines indicate a simple parametric model of the dipole

anisotropy for a CR diffusion model that we are going to discuss in the next sections. The experimental

data show a large scatter from experiment to experiment. This has various reasons. Firstly, ground–

based observatories only observe CR indirectly via their showers produced in the atmosphere. This

results in a large uncertainty of the reconstructed CR energy from shower–to–shower variations and

14

Δtot =
∑i fiΔi ̂r ⋅ ̂nmax

∑i fi
≃

fiΔi

∑i fi
+

⟨∑i fiΔi⟩
∑i fi

Δi ≈ Δi,dipole =
3D(E)

c
∇r,θ,ϕ fi

fi

Galactic center

[Ahlers&Mertsch: Progr. in Part. and Nucl. Phys. 94 (2017)]
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The dipole anisotropy
Measurement of the directional flux and phase
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10. Here, we introduced the notation �0h and �6h corre-

sponding to the dipole components parallel to the equatorial plane and pointing to the direction of the

local hour angle 0h (↵ = 0�) and 6h (↵ = 90�) of the vernal equinox, respectively. We also introduce

�N as the dipole component pointing north. However, since a10 is in general not accessible by ground–

based observatories the corresponding dipole component �N can not be constrained. For that reason,

experiments only report the dipole components aligning with the equatorial plane as

�
�0h, �6h

�
= (A1 cos↵1, A1 sin↵1) , (19)

with dipole amplitude A1 and phase ↵1.

Figure 6 shows the dipole amplitude and phase reported by various CR experiments, see Tbl. 1

for a summary of these data. The dashed lines indicate a simple parametric model of the dipole

anisotropy for a CR diffusion model that we are going to discuss in the next sections. The experimental

data show a large scatter from experiment to experiment. This has various reasons. Firstly, ground–

based observatories only observe CR indirectly via their showers produced in the atmosphere. This

results in a large uncertainty of the reconstructed CR energy from shower–to–shower variations and

14

Δtot =
∑i fiΔi ̂r ⋅ ̂nmax

∑i fi
≃

fiΔi
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+

⟨∑i fiΔi⟩
∑i fi

Δi ≈ Δi,dipole =
3D(E)

c
∇r,θ,ϕ fi
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Galactic center

[Ahlers&Mertsch: Progr. in Part. and Nucl. Phys. 94 (2017)]

Large-scale 
component

Single-source 
component
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Dipole-anisotropy amplitude
Prediction from the GC + nearby source
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Nearby SNR
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Total DA
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Δ bkg
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E

1 PeV)
0.62

Δi

NO fine tuning!
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Conclusions

• We have reproduced simultaneously three different channels with the same nearby accelerator

• The key feature is a transport setup that changes its properties with rigidity

- Distinction Halo - WIM implies two different scalings     may not be a single power-law:

• Nearby sources experience the same diffusion setup as the large-scale CR sea.

⇒ D(E)

D(z, E) =
D0 ( E

E0 )
δ

z ∈ [−LWIM, + LWIM]

D0 ( E
E0 )

δ+Δ
|z | ∈ [LWIM, LHalo]

⟹ D(E) ∝ Eδ(E)
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Conclusions

• We have reproduced simultaneously three different channels with the same nearby accelerator

• The key feature is a transport setup that changes its properties with rigidity

- Distinction Halo - WIM implies two different scalings     may not be a single power-law:

• Nearby sources experience the same diffusion setup as the large-scale CR sea.

⇒ D(E)

D(z, E) =
D0 ( E

E0 )
δ

z ∈ [−LWIM, + LWIM]

D0 ( E
E0 )

δ+Δ
|z | ∈ [LWIM, LHalo]

⟹ D(E) ∝ Eδ(E)

Thank 
you!
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Backup slides
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⇥X(R, z) =

8
><

>:

tan�1
⇣

|z|
R�Rp

⌘
(R  R

c
X)

⇥0
X (R > R

c
X)

, (2.10)

and

Rp =

8
>><

>>:

RRc

X
Rc

X+|z|/ tan⇥0
X

(R  R
c
X)

R �
|z|

tan⇥0
X

(R > R
c
X)

, (2.11)

where the best-fits of the four free parameters have been determined in Ref. [19] to be
B

0
X = 4.6 µG, ⇥0

X = 49�, Rc
X = 4.8 kpc, and RX = 2.9 kpc. The role of this magnetic

field component is crucial in our setup, since it determines the progressively more and
more “vertical escape” (i.e., along z) of the CRs in the parallel direction as R decreases.
This feature will be indeed characterized by a harder scaling of the CR spectrum with
rigidity as R decreases.

In figure 1 we provide a three-dimensional visualization of the complete magnetic field
model described by eqs. (2.5)–(2.11).

Figure 1. Three-dimensional representation of the Galactic regular magnetic field model used in our
simulations and described by eqs. (2.5)–(2.11). The values of the vertical component, Bz, is shown
with colors on top of the magnetic field lines and as a contour plot on the z = 0 Galactic plane. Note
that the field lines in the plot are randomly selected and the plot is meant for illustrative purpose
only.

• Energy losses: As far as hadronic particles are concerned, in the energy range we are
considering the role of energy losses is negligible, as clearly shown e.g. in [31] (figure 1

– 6 –

[Evoli et al. JCAP 02(2017)015]
[Cerri et al JCAP 10(2017)019]

Need for perpendicular diffusion D∥ ≠ D⊥
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field component is crucial in our setup, since it determines the progressively more and
more “vertical escape” (i.e., along z) of the CRs in the parallel direction as R decreases.
This feature will be indeed characterized by a harder scaling of the CR spectrum with
rigidity as R decreases.

In figure 1 we provide a three-dimensional visualization of the complete magnetic field
model described by eqs. (2.5)–(2.11).

Figure 1. Three-dimensional representation of the Galactic regular magnetic field model used in our
simulations and described by eqs. (2.5)–(2.11). The values of the vertical component, Bz, is shown
with colors on top of the magnetic field lines and as a contour plot on the z = 0 Galactic plane. Note
that the field lines in the plot are randomly selected and the plot is meant for illustrative purpose
only.

• Energy losses: As far as hadronic particles are concerned, in the energy range we are
considering the role of energy losses is negligible, as clearly shown e.g. in [31] (figure 1

– 6 –

[Evoli et al. JCAP 02(2017)015]
[Cerri et al JCAP 10(2017)019]

Need for perpendicular diffusion D∥ ≠ D⊥

Neglecting this implies longer 
residence time around GC
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Different parametrisations of the D(E)

Lepton horizon, for : 

[K. Ferrière: 2015 J. Phys. Conf. Ser. 577 012008]

B = 3.2 μG Δxhorizon = 1.3 kpc
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Galactic population
14
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FIG. 6. The plot on the left shows the position of the explosions in the Galactic plane in a given realization and for a simulation
time of 1 Myr. In the same plot we show the loci of the 4-arms of the Milky Way spiral structure. The position of the Sun
is represented by the thick (blue) circle. The plot on the right shows a zoomed in version of this plot (centred on the Sun
location), where additionally we show the particle horizon for 3 di↵erent energies: 100 GeV, 1 TeV and 10 TeV.

aspect ratio. Furthermore, in this case SNe have a distance z away from the disk that follows a Gaussian distribution
with a scale height of ⇠ 1 kpc and mean of 0 pc.

If r̃ is larger than 3 kpc we choose the SN locations so that their projections lie on arms and subsequently we alter
them to simulate a spread about the arm centroids. Specifically, we first draw a random integer number between
1 and 4 assuming that the birthrate is proportional to the [CII] emissivity of each arm (see Table 4 in [84]). This
number identifies the arm in which the SN is located (Carina-Sagittarius, Crux-Scutum, Perseus or Norma-Cygnus,
as in Table 3 in [84]). At this point we choose at random the position of the source by drawing the coordinates �̃, and
z̃ from a distribution that is proportional to the emissivity function in the Eq. 9 of [84]. If not di↵erently stated, SNe
are generated at the canonical rate R = 3/century. We discuss the impact of changing this value in the next section.

In Fig. 6 we show the location of the sources in a given realisation of their distribution, for a simulation time of 1
Myr. The Sun is located at R� = 8.5 kpc along the positive x-axis. In the right panel of the same figure we zoom in
the source spatial distribution for a closer look at the vicinity of the Sun and we overplot the circles with radius �e

corresponding to energies of 100 GeV, 1 TeV and 10 TeV. This plot provides already a first visual assessment of the
decreasing number of sources able to contribute to the local flux as the electron energy increases.

More quantitatively, the sources that can contribute to the flux at Earth at a given energy E are those lying within
a distance from the Earth such that the propagation time is shorter than the loss time at that energy. In case of
uniformly distributed sources in the disc of the Galaxy, with radius Rg, the number of sources within a distance �e

from the Earth, exploding in a loss timescale ⌧loss would be:

N(E) ⇠
R⌧loss(E)�2

e
(E)

R2
g

. (29)

Since both ⌧loss and �
2

e
are decreasing functions of energy, this simple estimate shows that the number of contributing

sources is a rapidly decreasing function of energy. For Rg = 15 kpc, Eq. 29 gives ⇠ 2 ⇥ 104 sources contributing
at 100 GeV, and ⇠ 1.5 ⇥ 103 at 1 TeV. At 10 TeV only about ⇠ 100 sources can contribute. These numbers are
considerably larger than those reported in previous studies. The main reason for this di↵erence is that we adopted
a di↵usion coe�cient that was derived in recent studies of the AMS-02 data on primary and secondary nuclei [56],
which implied an energy dependence at low energies (� = 0.54) faster than in previous studies (for instance � = 0.33
was assumed in [37, 44]). Moreover, the analysis of the beryllium flux observed by AMS-02 led the authors of Ref. [23]
to conclude that the size of the Galactic halo should exceed ⇠ 5 kpc, larger than previously used. As a consequence
the normalisation of the di↵usion coe�cient is also required to be larger, thereby making the e↵ective volume where
sources can contribute to the lepton flux larger.
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Expected SN events
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Δxtravel ∼ 4 D(E) ⋅ 105yr ∼ 𝒪(1 kpc)

1

Rates of SN explosions around the solar system from [K.Ferrière: Rev. Mod. Phys. 73, 1031]



Ottavio Fornieri -  2022γ

Expected SN events 2

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 [kpc−2 ⋅ Myr−1] = ∫
+1 kpc

−1 kpc
dz ( ℛS

Ia(z) + ℛS
II(z) )
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Expected SN events 2

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 [kpc−2 ⋅ Myr−1] = ∫
+1 kpc

−1 kpc
dz ( ℛS

Ia(z) + ℛS
II(z) )

⇒ 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: PRD 99, 103022]
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FIG. 12. Left panel: Spectrum of e+ + e� from SNRs (dashed red line - only electrons), from pulsars (dotted blue line), from
CR interactions in the ISM (dash-dotted orange line). The total flux (solid red line) is compared with available data from
AMS-02 [16], CALET [41], DAMPE [42], FERMI [13], PAMELA [77], and VERITAS [91]. The shaded area shows the e↵ect
of fluctuations (two standard deviations). Right panel: The coloured lines show 20 di↵erent random realisations from the
MonteCarlo simulations.

D. Locality

In this section we discuss the e↵ect of local sources on the observed flux at di↵erent energies. This issue is of
special importance for electrons and positrons due to the fact that their transport on Galactic scales is dominated by
radiative losses (for nuclei see, e.g., [92, 93]). At higher and higher energies the number of sources that can contribute
to the flux at a given energy becomes smaller and smaller, which in turn implies that fluctuations become increasingly
more important.

This is well illustrated in Fig. 13: the three rows of plots refer, from top to bottom, to energy 100 GeV, 1 TeV
and 10 TeV respectively. The left column of plots refer to electrons from SNRs (treated as bursts) and the second
to positrons from pulsars (assuming a mean value of the initial rotation period hP0i = 100 msec). Each circle in the
plots has a radius proportional to the logarithm of the flux contributed by that source with respect to the total flux.
A big circle corresponds to a large flux from that source. For each source the time of appearance and the distance
to the Sun are indicated on the y and x axes of the central part of each plot respectively. The dotted vertical and
horizontal lines identify the distance and age of the sources below which lie the sources that contribute 95% of the
total flux.

At low energies (100 GeV, first row) one can clearly see that a large number of sources contribute to the flux at the
Earth (in other words, there are many circles with a small radius) and there is not much of a di↵erence in this respect
between electrons from SNRs (bursts) and positrons from pulsars (continuous emission). The sources that contribute
95% of the flux are located within 5.2 kpc from the Sun.

The situation starts changing for E = 1 TeV, where radiative losses are more important. We can see that ⇠ 103

SNRs contribute to the electron flux at this energy, while ⇠ 1900 pulsars contribute to the positron spectrum: the
di↵erence is due to the continuous nature of pulsar injection. Also larger size circles start to appear in the small
distance, small age region (local and recent sources). The sources that contribute 95% of the flux are located within
⇠ 3.6 kpc from the Sun.

Finally in the 10 TeV energy bin there is a dominant contribution of few local sources (large circles). About a
hundred sources contribute to the electron flux. As usual a larger number of pulsars contribute to the positron flux
because of the di↵erent time dependence of their injection rate. Because of this, several of the pulsars with a large
contribution to the flux are not necessarily very recent, but they keep contributing to the flux because of their injection
extended in time. Most sources contributing to the flux at the Earth are within ⇠ 2.6 kpc from the Sun.

We then compare these numbers with those obtained in § IV. Here we count the number of sources that are
significantly contributing to the local flux, while in § IV we only provided a rough estimate of the total number of
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On the age of the electron source

• we wouldn’t observe those electronstrel > Δttravel ⇒

tage = trel + Δttravel
 is fixed by the 

break at 
Δttravel ≃ 105 yr

∼ 1 TeV

• trel ≤ Δttravel trel ≪ Δttravel

tage ≃ Δttravel
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Energy-dependent release time
tSed,kyr = 0.3E−1/2

SNR,51Mej,⊙n−1/3
T,1

tPDS,kyr =
36.1e−1E3/14

SNR,51

ξ5/14
n n4/7

T,1

tMCS,kyr = min [
61v3

ej,8

ξ9/14
n n3/7

T,1E3/14
SNR,51

,
476

(ξnΦc)9/14 ] tPDS,kyr

tmerge,kyr = 153 (
E1/14

SNR,51n1/7
T,1ξ3/14

n

βC06 )
10/7

tMCS,kyr

∙ ln (
Eesc,Cur(t)

mpc2 ) Eesc,Cur(t) = ln(EM(tSed))( t
tSed )

−6/5

such that EM ≡ Ep,max(tSed) = 1 PeV

∙ Eesc,Geo,1(t) = EM(tPDS)( t
tPDS )

−11/10

= Eesc,Cur(tPDS)( t
tPDS )

−11/10

∙ Eesc,Geo,2(t) = EM(tMCS)( t
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−5/4

= Eesc,Geo,1(tMCS)( t
tMCS )

−5/4

.

∙ Eesc,Geo,0(t) = EM(tSed)( t
tSed )

−11/10

such that EM ≡ Ee,max(tSed) = 100 TeV

∙ Eesc,Geo,1(t) = EM(tPDS)( t
tPDS )

−11/10

= Eesc,Geo,0(tPDS)( t
tPDS )

−11/10

∙ Eesc,Geo,2(t) = EM(tMCS)( t
tMCS )

−5/4

= Eesc,Geo,1(tMCS)( t
tMCS )

−5/4

.

Protons Leptons
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Pitch-angle scattering on -fluctuactionsB

rL ∼
1

kfluctuation
→ B0 + δB

rL ≫
1

kfluctuation
→ B0

rL ≪
1

kfluctuation
→ δB
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Turbulent cascade in the inertial range

Linj ∼
1

kinj
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Turbulent cascade in the inertial range
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Turbulent cascade in the inertial range
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Turbulent cascade in the inertial range

Linj ∼
1

kinj
ℓ1 ∼

1
k1

ℓ2 ∼
1
k2

rL, CR ∼ ECR

ℓdamp ∼
1

kdamp
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From turbulence to CR diffusion
D(E) =

1
3

⋅
c rL

kres ⋅ E(kres)
⇒ D(E) ∼

rL

r−1
L ⋅ rα

L
D(E) ∼ E2−α ≡ Eδ
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Take-home message

Accurate measurements 
require detailed knowledge of 
the microphysics of CR 
transport in our Galaxy.


