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Introduction to the talk

•The positron flux shows (Pamela, AMS data) the need of primary 
source at high energies. Pulsars could do the job.  

•HAWC has detected a TeV gamma-ray  
halo around Geminga and Monogem  
pulsars. Interpreted as  
e+e- accelerated by the pulsar,  
then released in the ISM 

Introduction: cosmic-ray e+ at Earth

1. e+ excess PAMELA, AMS-02 data:

flux above 10 GeV exceeds secondary component

CRD2h Weng, H9 Bertucci

[AMS-02 Coll, PRL122 (2019)]

2. e+ probe local Galaxy: severe energy losses

for Ee± & 10 GeV: typical propagation scale � < 5 kpc

3. Pulsars and their nebulae (PWNe):

main candidates to explain e+ excess

CRD2g Donato, RE3 Linden, CRD1c Fornieri, CRI9c Lopez-Coto

4. Nearby PWNe: Geminga, Monogem, d < 500 pc

Uncertainties: e± acceleration, release, energy

spectrum... Multimessenger constraints!

GAI7c Fang, GAI11e Smith, GAI2c Giacinti
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Origin of cosmic-ray positrons

• Positrons are emitted through the secondary mechanism (CRs ISM —> X e+). 

• An excess of positrons above 10 GeV with respect to the secondary 
production has been measured by different experiments. 

• Annihilation or decay of dark matter particles and emission from PWNe have 
been suggested as possible interpretations.
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spinning neutron star (pulsar) that produces a wind of electrons and positrons that are 
further accelerated by the surrounding shock with the interstellar medium (ISM). There are 
a handful of known pulsars that are both close enough to be candidate sources and 
sufficiently old for the highest energy positrons to have had time to arrive at Earth (7; 8). 
Nearby dark matter particle interactions could also produce positrons (9). Both PWNe and 
dark matter sources should also produce gamma rays that could potentially be observed 
coming from the sources, unlike positrons (whose paths are deflected by magnetic fields). 
 
Recently, the High-Altitude Water Cherenkov Observatory (HAWC) collaboration reported 
the detection of tera-electron volt gamma rays around two nearby pulsars, which are 
among those proposed to produce the local positrons (10). HAWC is a wide field-of-view, 
continuously operating detector of extensive air showers initiated by gamma rays and 
cosmic rays interacting in the atmosphere (11). The angular resolution improves from 1.0° 
to 0.2° with the size of the air shower. HAWC is the most sensitive survey detector above 
10 TeV and is well suited to detecting nearby sources, which would have a greater angular 
extent. Operation of the full detector began in March 2015, and the data set presented 
here includes 507 days, as described in (11). 
 
Tera-electron volt gamma-ray emissions from the pulsars Geminga and PSR B0656+14 
were found in a search for extended sources that was performed for the HAWC catalog, 
in which these two pulsars have the designations 2HWC J0635+180 and 2HWC 
J0700+143 (10). By fitting to a diffusion model (12), the two sources were detected with a 
significance at the pulsar location of 13.1 and 8.1 standard deviations (σ), respectively 
(Fig. 1A). The tera-electron volt emission region is several degrees across which we 
attribute to electrons and positrons diffusing away from the pulsar and upscattering the 
cosmic microwave background (CMB) photons. Geminga was previously detected at tera-
electron volt energies by the Milagro observatory, with a flux and angular extent consistent 
with the HAWC observation but with lower statistical significance (13). Here we show that 
the HAWC observation of the spectral and spatial properties of these sources can be used 
to constrain their contribution to the positron flux at Earth (Fig. 1B). 

 
 

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 5σ, 7σ, and 10σ 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). 
  

HAWC Coll. Science 2017

Di Mauro+ JCAP 2014



Sources of e± in the Milky Way 

Inelastic hadronic collisions (asymm.)  

Pulsar wind nebulae (PWN) (symm.) 

Supernova remnants (SNR) (only e+) 

Particle Dark Matter annihilation (e+,e-)?



Detected e+ and e- are local   GeV. The flux from sources located inside Rcut = 0.7 kpc is instead smaller than the flux from
a smooth population all over the Galaxy, with the high energy tail asymptotically converging
to the no cut case. The electrons coming from the far population show a trend similar to
the whole smooth population, but decreased by a rough factor of two. Comparing the far
and near fluxes, we find, as expected, that the most energetic electrons come from the closest
sources, as firstly noted in [49]. The flux of electrons coming from R > 3 kpc is one order of
magnitude smaller than for the sources at R >0.7 kpc in the MED case, a factor of two in
the MAX case. For higher diffusive haloes, electrons from far sources have greater chances to
reach our detectors. Our results have been obtained for a G15 source distribution. We have
checked that the L04 radial profile gives fluxes systematically higher by a rough 10%, since
it predicts more sources near the Earth position, as shown in Fig. 1.

Figure 4. This figure shows the sample of single SNRs and PSRs in terms of their Galactic longitude
l [deg] and distance to the Earth [kpc] (located at the center of the circle). The color scale of the dots
quantifies the electron flux integrated from 50 GeV to 5 TeV, in units of (cm2 s sr)�1.

In Fig. 4 we plot our sample of near SNRs together with the most powerful PWNe
identified in [17], projected on the Galactic plane. The SNR and PSR characteristics are
taken from the Green [46] and the ATNF [45] catalogs, respectively. The source position is
identified by the Galactic longitude (l, deg) and distance (d, kpc) to the Earth. The color
scale reflects the intensity of the integrated electron flux at the Earth from E = 50 GeV up to
E = 5 TeV, which is an important observable when computing the anisotropy from a single
source. Fluxes are computed by means of Eq. 2.14, using available catalog parameters and
the MAX propagation model. The spectral index for PWNe is fixed to �PWN = 1.7, while
the conversion to electron efficiency is ⌘ = 0.07. Vela (red dot) and Cygnus Loop (orange
dot) are the SNRs with the highest integrated flux. The most powerful PWNe Monogem,
Geminga and J2043+2740, give an integrated electron flux above 108 (cm2 s sr)�1. We report
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e-, e+ have strong radiative cooling 
 and arrive at Earth if produced  

within few kpc around it 

Most powerful sources within 3 kpc 
from the Sun.  

SNRs (e-) and PWN (e+e-)
4

Manconi, Di Mauro, FD JCAP 2017

Typical propagation scale for cosmic electrons and positrons

For e± the energy loss timescale is smaller than the di↵usion one.

�2(E , ES ) = 4

Z
E
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E

dE
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bloss(E 0)

• E
e± & 10 GeV: typical propagation scale � < 5 kpc

• 80% of flux at 1 TeV is produced at less than 1kpc

• GeV-TeV e
± probe the few kpc near the Earth: modeling of local sources

Silvia Manconi (TTK Aachen) Introduction | Insights on the local emission of cosmic-ray e
± 9

Typical propagation length in the Galaxy



Pulsars (PWN) as CR e+e- sourcesPulsar Wind Nebulae as cosmic-ray e± sources

Engine of Pulsar Wind Nebula (PWN): pulsar, fast rotating magnetized neutron star from
collapse of > 8 M� star

• High magnetic fields ⇠ 109 � 1012 G: wind of
particles extracted from the surface, e± pairs
produced in EM cascades

• Pulsar Spin-down energy (W0) transfered to e
±

pairs accelerated up to very high-energies,
Q(E) / E

��

• After few kyrs: e
± pairs possibly released in

interstellar medium

• Relativistic e
± pairs in PWNe shines from radio to

� rays

Normalization Q0,PWN connected to the spin-down energy W0 with ⌘ (conversion e�ciency):

E
e± =

Z
dE dt E Q(E , t) = ⌘W0

Important parameters for e±:
Spectral index of e± distribution (�), conversion e�ciency of W0 in e

± pairs (⌘)

Silvia Manconi (TTK Aachen) Pulsar �-ray halos and the origin of the e
+ excess | Insights on the local emission of cosmic-ray e

± 15

Pulsar wind nebulae (PWNe) as engines of e± 
  

High magnetic fields (109-1012 G) extract wind of e-  
from the pulsar surface, e± pairs produced in EM cascades 

Pulsar spin-down energy (W0) is transferred to e± pairs,  
accelerated to very high energy with Q ~ E-γ.  

After several kyrs e± can be released in the ISM  

These e± pairs radiate by IC and synch., and shine at 
many frequencies 

The total energy Etot emitted in e± by a PWN is a fraction η (efficiency 
conversion) of the spin-down energy W0. Relevant parameters: γ and η   



Multi-wavelength emission from Pulsars

• e±  pairs accelerated by Pulsar Wind Nebulae (PWN) loose energy by 
inverse Compton scattering (ICS) on background photons (CMB, IR, VIS) 
and by synchrotron emission -> photon PRODUCTION 

•e± suffer strong radiative cooling —> they probe LOCAL Galaxy,  
typically < 5 kpc for E > 10 GeV 

A cascade of photons,  
in a broad E range. 
Now also in γ rays

Extended �-ray halo of Geminga and Monogem

HAWC detects few-degrees extended �-ray emission at E > 5 TeV around Geminga

and Monogem pulsars [HAWC Collaboration, Science 358 2017]

MILAGRO observed similar extended Geminga emission at 1-100 TeV. [Abdo+ApJL09]

First evidence of e± di↵using away

from the pulsar and up-scatter CMB

photons, inverse Compton emission

[Sudoh+1902.08203]

⇠ 20 pc extension around Geminga

[HAWC,Science 358 2017]

Interpreted as e± accelerated from the

PWNe, and then released in the

interstellar medium

Strong support to PWNe as e+ sources.

Silvia Manconi (University of Turin) Geminga �-ray halo with Fermi-LAT | ICRC 2019 5



Discovers of γ-ray halos in Fermi-LAT data  
M. Di Mauro, S. Manconi, FD, PRD 2019;                       M. Di Mauro, S. Manconi, M. Negro, FD, PRD 2021
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FIG. 14: The �-ray flux for ICS from Geminga (left panel) and Monogem (right panel). The Fermi-LAT data are shown
as black dots. We report the HAWC data (obtained using a di↵use template) as an orange band. The curves are the flux
predictions obtained for di↵erent values of �e.

150� significance. The signature of this source in Fermi-
LAT data would be given by very large residuals up to
20� from the center of source. This is clearly shown from
Fig. 16 (right panel), where we plot the square root of TS
(that is approximately equal to the significance) in the
ROI around the source. This plot maps the residuals in
the ROI without the Geminga ICS halo in the source
model. The result of this exercise demonstrates once
more that if the Geminga PWN produces most of the
contribution to the e+ excess, the LAT would have de-
tected an overwhelming number of events in a 10� square
around it. Therefore, the results presented in [26, 27] for
the contribution of Geminga PWN to the positron excess
are strongly disfavored by Fermi-LAT data.

Finally, we note that if the observed �-ray emission
originates from the ICS of e± with the ambient radiation,
a di↵use emission originating from synchrotron emission
should be present with a similar spatial extension. The
synchrotron emission peaks near a critical frequency ⌫c
which is connected to the energy of the e± through the
typical relation in Eq. 8. Thus, depending on the electron
energy, an emission from radio up to the X-ray band is
expected. In particular, in a magnetic field of the order
of few µG, the same e± which produce the observed ICS
emission at 10 TeV (10 GeV) should radiate at energies
peaked at roughly 1.2 keV (1.2 eV). Since the extension
of Geminga is at least a few degrees, the detection of
the synchrotron halo would be particularly prohibitive
at those energies. However, if the presence of ICS halos
around pulsars would be confirmed by the observation of
other systems, a synchrotron counterpart of ICS halos in
other wavelengths could be detectable for more distant
and luminous sources, for which the angular size would
be smaller.

V. CONCLUSIONS

The HAWC detection of a multi TeV �-ray halo around
two close PWNe has a natural interpretation in terms of
ICS by more energetic e±. In HAWC2017 it is shown
that the contribution of Geminga and Monogem PWNe
to the e+ excess, measured firstly by Pamela and then
confirmed with higher significance by AMS-02 at ener-
gies from tens of GeV up few hundreds of GeV, is below
the % level. We build a model for predicting the e+ flux
at Earth from PWNe, which is based on a continuous
injection from the source and on two di↵usive regimes -
one in the PWN halo region, the other in the ISM. The
calibration of our model to the HAWC data leads to pre-
dictions for the e+ flux which are variable by an order of
magnitude at AMS-02 energies, contributing from a few
% up to 30 % of the e+ excess.
In order to obtain a more robust prediction for the e+

flux at the excess energies, we have analyzed almost 10
years of Fermi-LAT data above 8 GeV. We have demon-
strated that at these energies the proper motion of the
Geminga pulsar is particularly relevant for the ICS �-ray
flux so we have included this e↵ect in our analysis. We
report here the detection at 7.8�11.8� significance of an
extended emission around the Geminga PWN, depend-
ing on the IEM considered in the analysis. Moreover,
we detect the proper motion of Geminga pulsar through
the ICS halo with TS 2 [20, 51]. This signal is straight-
forwardly interpreted with � rays produced via ICS o↵
the photon fields located within a distance of about 100
pc from the pulsar, where the di↵usion coe�cient is es-
timated to be in the range of 1.6� 3.5 · 1026 cm2/s at 1
GeV depending on the IEM and with a weighted average
of 2.3 · 1026 cm2/s.

With an e�ciency of about 0.01 for the conversion of
the PWN released energy into e± escaping the nebula,

Geminga 

eHWC J1825-134

eHWC J1907+63

γ-rays from Inverse Compton scattering



Simulating Galactic pulsar populations 
Manconi, Di Mauro, FD PRD 2020

We predict e+ from pulsar ATNF catalog & from synthetic populations   
Within a 2-zones diffusion around pulsars  
compatible with HAWC data interpretation 
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FIG. 2: Predictions for the e+ flux at the Earth from all the
ATNF pulsars with T > 50 kyr. The grey lines represent the
contribution of each source, while the black line is their sum.
The phenomenological two-zone di↵usion model around the
pulsar is implemented with rb = 120 pc and D0 = 7.8⇥ 1025

cm2/s, while for the Galactic propagation model we have used
DK15. The e± are continuously injected with ⌘ = 0.12 and
�e = 1.9 set equal for all pulsars. The AMS-02 data for the
e+ flux are also shown [3].

flux, the pulsar density is smaller than at other distances,
where spiral arms are located.

III. RESULTS FOR THE e± FLUX AT THE
EARTH

In this paper we want to quantify the amount of e+

arriving at Earth from all the Galactic pulsars, assuming
that each source is surrounded by a low di↵usion bubble.
We first evaluate the contribution from all the cataloged
sources. Then, considering the possible incompleteness of
the ATNF catalog, we extend our analysis to simulated
Galactic pulsar populations.

A. Results for ATNF cataloged pulsars

The e+ flux at Earth computed for each pulsar of the
ATNF catalog, older than T > 50 kyr, is shown in Fig. 2.
For the di↵usion around the pulsar, we have set rb =
120 pc and D0 = 7.8 ⇥ 1025 cm2/s, which is the best fit
value found in Ref. [38] analyzing the TeV ICS emission
around a sample of PWNe. We consider these numbers
as a representative mean values for the inhibited di↵usion
around Galactic pulsars. Out of the low di↵usion bubble,
e± are propagated in the Galaxy assuming the DK15 [25]
Galactic average di↵usion coe�cient (see also [20]). For
all the sources we have fixed ⌘ = 0.12 and �e = 1.9. The
value of ⌘ is chosen in order to reach the level of AMS-02

data at few hundreds of GeV. The injection index values
of �e = 1.9 is instead suggested by the GeV-TeV analysis
of known halos [23, 24], being also in agreement with the
expectations for the acceleration of e± pairs in PWNe [41,
42]. The total flux of e+ originating from all the ATNF
catalog is the sum of the fluxes from each source, and
is displayed by a solid black line. The AMS-02 data [3]
are shown as well for comparison. We can note that few
sources contribute around 10% of the total measured flux
at di↵erent energies. In particular, the sources that have
a flux E3� > 3⇥ 10�4 GeV2 (cm2 s sr)�1 are Geminga,
B1001-47, B1055-52, B1742-30, and J1836+5925. They
are all very powerful, with Ė ⇠ 1034 erg/s, nearby d <
0.4 kpc and with T of few hundreds of kyr. However, this
specific list is not very informative, since it can change
according to some parameters of our analysis (see, e.g.,
Fig. 5). The cumulative flux is at the level of the AMS-02
data. In particular, it can fully explain the data above
50 GeV. The conversion e�ciency in to e±, ⌘, acts as an
overall normalization factor. The total flux is decreasing
above 1 TeV. As discussed below, this behavior is the
result of energy losses, pulsar distance, D0 and rb (being
Ec = 103 TeV).

The small features which are found in the AMS-02 data
at di↵erent E might be due to particular combinations of
parameters for each PWNe, which are here instead con-
sidered to have all the same injection parameters �e and
⌘. This argument applies, in particular, for the last AMS-
02 data points, for which a small variation of ⌘, �e for the
few dominant sources can easily solve the apparent ten-
sion. Our main focus is to explore the consequences of
the recent results for the ICS halos for the e+ flux within
the two-zone di↵usion model, and by varying the physi-
cal parameters connected to the inhibited di↵usion zone.
No attempt is made to fit the AMS-02 data points. An
extensive fit of all the e± fluxes under this model might
thus require more freedom in the specific source param-
eters, and is left to future work.

The values of rb and D0 we used in Fig. 2 have been
suggested by the first observations of ICS halos, which
can be considered as representative for the mean prop-
erties of all Galactic PWNe. We have also studied the
e↵ect of the variation of D0 and rb in the inhibited dif-
fusion zone around pulsars. The results are shown in
Fig. 3, for ⌘ = 0.12 and �e = 1.9. In the left panel,
we fix rb = 90 pc and vary D0 = 1025, 1026, 1027 cm2/s.
An inhibited di↵usion around the pulsars decreases the
number of e+ arriving at Earth, in particular the high
energy ones. They are confined for a longer time before
being released, therefore loose more energy. The mean
value found in the population study in our Ref. [38] is
D0 = 7.8 ⇥ 1025 cm2/s, which produces the drop of the
flux above few TeV shown in Fig. 2. The variation of
rb = 30, 60, 90 and 120 pc is studied in the right panel
of Fig. 3. The e↵ect of changing the low di↵usion re-
gion size around pulsars is correlated with the variation
of D0. By increasing rb, fewer e+ arrive at the Earth, in
particular the high energy ones. Moving from rb = 60 pc
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FIG. 8: Flux of cosmic-ray e+ flux at Earth obtained from simulated PWN populations (grey band), from the secondary
emission (black dashed line), and by the sum of the two contributions (cyan hatched band). The bands are computed by
considering the 1� deviation from the mean of ten simulations, using a two-zone di↵usion model with D0 = 7.8 ⇥ 1025cm2/s,
rb = 90 pc. Left panel: �e = 1.9 and ⌘ = 0.06; right panel: uniform distribution of �e in the range [1.4, 2.2] and ⌘ = 0.1.
AMS-02 data from [3].

paper the dipole anisotropy in the e+ or e++e� fluxes is
expected to be well below the current upper limits from
AMS-02 [3] and Fermi -LAT [65]. In fact, as extensively
discussed in Refs. [20, 57], when the global contribution
of all Galactic pulsars is taken into account, and there is
not a single, dominating source to the e+ flux, even the
maximum anisotropies for the few most powerful sources
are predicted to be at least one order of magnitude below
current anisotropy upper limits.

IV. DISCUSSION AND CONCLUSIONS

The present paper contains a novel and extensive anal-
ysis of the contribution of the Galactic PWNe to the flux
of cosmic e+. The main motivation for this work comes
from the recent idea that ine�cient di↵usion zones are
present around each Galactic PWNe, as emerged firstly
from the Geminga and Monogem �-ray data measured by
HAWC above TeV energy [21], then confirmed around
Geminga at GeV energies in the Fermi-LAT data [23],
and as suggested for a list of candidates in �-ray halos
[38]. The key idea is that the �-ray halos are due to ICS
of higher energy e± o↵ the ISRF populations.

Several papers have recently dealt with the e+ flux
produced by PWNe, often considering only one or very
few sources, like Geminga and Monogem [28, 48, 66, 67].
The comparison with our results, based on the whole
catalogued sources and on a bunch of simulated galac-
tic pulsar populations, is therefore not immediate. The
results in [67] are similar to ours [23] for the e+ flux
from Geminga, when they calibrate the e�ciency on the
HAWC data [21], but are not calibrated on Fermi-LAT
data. In [48], the e+ flux is computed from a smooth ex-

tra component of PWN following the radial SNR profile,
and tuned so to reproduce the AMS-02 data. The high
energy data are then properly shaped by the emission
from a single, young pulsar with characteristics similar
to the Monogem or Geminga’s ones and fitted to AMS-
02 data, resulting in a very hard acceleration spectrum,
and a cuto↵ to the injection spectrum at few hundreds
of GeV. Di↵erently from our paper, Ref. [48] does not
consider a two-zone di↵usion model neither the ATNF
pulsar population, nor a simulation of Galactic pulsar,
which are instead the main focus of our paper. Further-
more, we underline that a continuous injection of e± with
a cuto↵ exceeding ⇠ 10 TeV is necessary to produce high
energetic gamma-rays thought inverse Compton at the
energy observed by HAWC from Geminga and Monogem
[21]. For a further comparison with the recent literature,
we address to the discussion in Sect. III of Ref. [23].

The analysis performed in this paper is a population
study, focused on the global contribution of pulsars
(known and simulated) shining into high energy e±. We
implement a two-zone di↵usion model for the propaga-
tion of e+ from each PWN, where di↵usion is inhibited
within a radius rb from the PWN, and takes the average
ISM value elsewhere. We firstly apply our model to all
the pulsar listed in the ATNF catalog with an age be-
tween 50 kyr and 105 kyr. Characteristic parameters are
picked from the catalog for each pulsar. The emission
of e± is modeled with few free parameters, namely the
power index in the acceleration spectrum �e, the conver-
sion e�ciency ⌘ and the characteristic time ⌧0. We show
results in a fixed scenario, varying uniformly �e and ⌘,
and finally varying all the three parameters in uniform
ranges. We find that few sources contribute around 10%
each of the total measured flux at di↵erent energies and

From ATNF catalog From simulations 

There is a lower limit on PWN contribution. 



Pair emission from pulsars 

We assume continuous injection :  

Normalized to: 

Having: 

We can derive a relation for: 
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We simulate Galactic pulsar populations 

(a) (b)

Figure 1: Panel (a): Position of pulsars in the Galactic plane (grouped in pixels of size 0.015
kpc2) for one realization of our Galaxy obtained with ⇢L(r) radial surface density [38] and
the spiral-arm model of ref. [54]. The color bar indicates the number of sources in each pixel.
In panel (b) are reported the normalized radial surface densities ⇢L(r) ([38], black line) and
⇢F (r) ([54], red line).

radial surface density of pulsars ⇢L(r) proposed by [38]:

⇢L(r) = A1

✓
r

r�

◆
exp


�C

✓
r � r�
r�

◆�
. (3.1)

As a comparison, we also consider the radial surface density ⇢F (r) in [54]:

⇢F (r) = A2
1p
2⇡�

exp

✓
�(r � r�)2

2�2

◆
. (3.2)

See [38, 54] for the values of the parameters. We sample the position r of each source combin-
ing the radial surface density with the spiral arm structure of the Milky Way of ref. [54] (see
their Table 2 for the spiral arm parameters), as implemented in gammapy.astro.population
[57, 58]. We test only one spiral arm structure, since the most important aspect in the com-
puting of the e+ flux is the source density in the arms nearby the Sun, instead of the position
of the arms themselves. The distance of each source is d=|r� r�|, with r� = (8.5, 0, 0)kpc.

In Figure 1(a) we report the positions in the Galactic plane of the mock sources, for
one configuration of our Galaxy, adopting the ⇢L(r) radial surface density. Due to the fast
energy-losses that affects e±, the most relevant contribution to the e+ flux will come from
the two spiral arms that surround the Earth and that are named Sagittarius and Orion. In
Figure 1(b) we also display the ⇢L(r) and ⇢F (r) profiles reported in eq. 3.1 and 3.2 (normalized
in order to have

R +1
0 ⇢i(r)dr = 1 with i = L,F ). We note that ⇢L(r) is similar to other radial

distributions used in literature [62, 63], and we consider it as a good benchmark. The ⇢F (r)
profile effectively maximizes the effects of different radial profiles on the e+, by setting higher
pulsar densities in the two spiral arms surrounding the Earth.
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+ diffusion schemes 

1000 simulations for 4 setups



Fit of Galactic pulsar populations  
to AMS-02 e+ data 

(a) (b)

Figure 2: Comparison between the AMS-02 e+ flux data [3] (black points) and the flux
from secondary production (grey dashed line) and PWNe (blue dashed line) for two ModA
realizations of the Galaxy with �2

red < 1. The contributions from each source, reported with
different colors depending on their distance from the Earth, are shown.

(a) (b)

Figure 3: Effect of distance and age of pulsars in a specific mock galaxy within setup ModA.
Panel a (b) reports the contribution to the e+ flux for different distance (age) subsets. The
dashed gray line reports the secondary flux, while the solid line corresponds to the total flux.
AMS-02 data are from ref. [3] (black points).

from dE/dt / �E2. Pulsars older than 106 kyr do not contribute significantly to the e+ flux
above 10 GeV, while the highest contribution around TeV energies come from sources younger
than 500 kyr.

In order to inspect the effects of different simulated Galactic populations, we plot in
Figure 4 the total e+ flux for all the pulsar realizations within ModA, and having �2

red<1.5
on AMS-02 data. For energies lower than 200 GeV, differences among the realizations are
indistinguishable. The data in this energy range are very constraining. Instead, above around
300 GeV the peculiarities of each galaxy show up, thanks to the larger relative errors in

– 10 –

The contribution of pulsars to e+ is dominant 
above 100 GeV and may have different features.  
For E>1 TeV: unconstrained by data. 
Secondaries forbid evidence of sharp cut-off 

Figure 4: Total (secondary plus PWNe) e+ flux obtained from all the 8 simulations within
ModA with �2

red < 1.5, along with AMS-02 data [3] (black points).

the data. Above 1 TeV the predictions are unconstrained by data. Nevertheless, all the
simulations predict globally decreasing fluxes, as expected by energy losses and continuous
e± injection. Nevertheless, at these energies the total flux gets dominated by the secondary
component.

Concerning the other simulation setups, we do not find significant differences between
ModA and ModC, namely between CB20 and FK06 pulsar evolution models. For both cases on
average the dominant contribution from PWNe comes from the 1-3 kpc distance ring. On
the other hand, ModB gives a higher number of simulations that are compatible with the data.
As shown in Figure 1(b), the ⇢F (r) radial distribution predicts a higher number of sources
with respect to ⇢L(r) in the spiral arms close to the Earth. Therefore, within ModB there is a
higher probability to simulate sources close to the Earth with characteristics compatible with
the AMS-02 data. However, the number of simulations with �2

red < 1.5 is <2% for both ModA
and ModB.

ModE differs from all the other cases due to the different computation of the fraction of
e+ produced by sources that actually contribute to the e+ data (see Section 2.1). We consider
the ISM density n0 = 3 cm�3 in the computation of tBS , see eq. 2.9. We find that, by fixing
the maximum PWN efficiency of conversion of W0 in e+ to 50%, only 4 simulations fit the
data with �2

red < 2 and all of them are dominated by a single powerful source, with AP ⇠ 5,
at the edge of the prior. We note that the renormalization factor AP is related to ⌘, so that
the actual efficiency of the single source i is AP ⇥ ⌘i. Since this setup considers only the e+

emitted after the escape of the pulsar from the SNR, the fit to the data selects the galaxies
with sources that still have a great rotational energy that can be converted into e+ at the exit
time. Instead, if we do not put any upper limit for the parameter AP , i.e. to the efficiency,
the number of simulations with �2

red < 2 increases to about one hundred. These unphysical
values for the PWN efficiency could be partially reduced by increasing the pulsar birth rate
and so the number of pulsars in the simulations, or considering a different distribution of
pulsar properties at birth which systematically predicts more energetic sources.
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Effect of age and distance 

on mock galaxies as selected by e+ AMS-02 data  

(a) (b)

Figure 2: Comparison between the AMS-02 e+ flux data [3] (black points) and the flux
from secondary production (grey dashed line) and PWNe (blue dashed line) for two ModA
realizations of the Galaxy with �2

red < 1. The contributions from each source, reported with
different colors depending on their distance from the Earth, are shown.

(a) (b)

Figure 3: Effect of distance and age of pulsars in a specific mock galaxy within setup ModA.
Panel a (b) reports the contribution to the e+ flux for different distance (age) subsets. The
dashed gray line reports the secondary flux, while the solid line corresponds to the total flux.
AMS-02 data are from ref. [3] (black points).

from dE/dt / �E2. Pulsars older than 106 kyr do not contribute significantly to the e+ flux
above 10 GeV, while the highest contribution around TeV energies come from sources younger
than 500 kyr.

In order to inspect the effects of different simulated Galactic populations, we plot in
Figure 4 the total e+ flux for all the pulsar realizations within ModA, and having �2

red<1.5
on AMS-02 data. For energies lower than 200 GeV, differences among the realizations are
indistinguishable. The data in this energy range are very constraining. Instead, above around
300 GeV the peculiarities of each galaxy show up, thanks to the larger relative errors in
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1-3 kpc ring is the most fruitful in terms of e+ 
Interplay between spiral arms and propagation length 



Few pulsars suffice  
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Figure 5: Mean number of PWNe that satisfy the AMS-02 errors criterion in the single
energy bin of AMS-02 data [3]. We also show the 68% containment band for simulations with
�2
red < 1.5 (see the main text for further details).

4.2 Mean number of PWNe dominating the e+ flux

We inspect in this Section the average number of sources which contribute the most to the
e+ and thus can shape the AMS-02 flux. We adopt two complementary criteria to estimate
the number of sources that are responsible for the most significant contribution of the PWNe
e+ emission:

1. AMS-02 errors: we count all the sources that produce a flux higher than the experi-
mental flux error in at least one energy bin above 10 GeV.

2. Total flux 1%: we count the sources that produce the integral of �e±(E) between 10
and 1000 GeV higher than 1% of the total integrated e+ flux measured by AMS-02.

In Figure 5 we report the average number of PWNe with the standard deviation (68%
containment band) that contribute in the different energy bins of AMS-02, for configurations
with �2

red < 1.5, adopting the AMS-02 errors criterion. On average, 2-3 sources shine with
a flux at least at the level of AMS-02 e+ data errors. We also find a decreasing number of
dominant sources with increasing energy for all the setup reported. This result is partially
induced by the larger experimental errors at high energy, which raise the threshold for the
minimum flux that a PWN has to produce in order to satisfy the AMS-02 errors criterion.
Moreover, being the age simulated in a uniform interval, the number of young sources re-
sponsible for the highest energy fluxes is smaller than for old pulsars, whose e+ have suffered
greater radiative cooling. Overall, it indicates that only a few sources with a large flux are
required in order to produce a good fit to the data.

In Table 3 we report the average number of sources that satisfy the criteria listed above,
for all the simulated galaxies which provide a good fit to AMS-02 data (�2

red < 1.5). We
obtain small numbers of sources responsible for most of the measured e+, typically around
3, irrespective of the simulation scheme. Scenarios with a large number of sources explaining
the CR e+ data are disfavored. This result is due to the fact that AMS-02 measures a smooth
flux, therefore several PWNe contributing at different energies would create wiggles in the
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N(E) is the mean number of PWNe that produce a flux higher than the 
experimental flux error in at least one energy between above 10 GeV.  

Typically 2-3 sources explain most of the measured flux (+ secs) 

Very few ones, indeed 



Characteristics of the (few) pulsars 
dominanti the AMS-02 flux  

A Galaxy with 1-2 very powerful sources, with ages between  
400 and 2000 kyr, located within 3 kpc from the Earth 

  

(a) ModA, �2
red < 1.5 (b) ModA, worst �2

red

Figure 6: Distance, age and maximum E3�e+(E) of the PWNe satisfying the AMS-02 errors
criterion for ModA simulations with �2

red < 1.5 (panel a) and with the worst �2
red (panel b). In

each panel, sources belonging to the same mock galaxy are reported with the same symbol,
subdivided in two separate plots for better readability. The color scale is common to all
panels, and depicts the log10 of the maximum e+ flux at the Earth in the AMS-02 data
energy range.

decreases, and does not contribute sufficiently to the data above 50 GeV. To compensate this
effect, the fit procedure demands the highest value of AS .

In Figure 7 we report the distribution of best-fit efficiencies vs initial spin-down energy
of each PWN that satisfies the AMS-02 errors criterion, for each simulation with �2

red < 1.5.
The reported efficiencies are obtained multiplying the simulated ⌘ values associated to a single
source with the AP obtained from the best fit of the corresponding galaxy. From Figure 7 it
is evident that the efficiencies have a scattered distribution, and in most cases they have a
value between 0.01 and 0.1, confirming the goodness of the ⌘ interval initially chosen. Data
hint at a slight anti-correlation between ⌘ and W0. In order to check that the characteristics
of these pulsars are consistent with observations, we compute Ė from W0 (see Section 2.1),
finding values quite common in nature. The ATNF catalogue [61] lists about 60 sources with
Ė values higher than the maximum values obtained from sources reported in Figure 7, namely
Ė ⇠ 1036 erg s�1. We do not directly compare the W0 values, since for the sources of the
ATNF catalogue to compute W0 we need to assume arbitrarily the value of n and ⌧0. Instead,
in our simulations we sample n and we compute ⌧0 from the simulated parameters like P0,
that is also strictly connected to W0. For example, the cyan circle source of Figure 7 has
Ė ⇠ 1.5 ⇥ 1035 erg s�1 and ⌧0 = 0.7 kyr. Viceversa, considering the J0002+6216 ATNF
pulsar, with Ė = 1.5 ⇥ 1035 erg s�1 and t = 306 kyr, we obtain W0 ⇠ 4.7 ⇥ 1049 erg for
⌧0 = 10 kyr and n = 3, that changes to 6.3 ⇥ 1050 erg for ⌧0 = 0.7 kyr and n = 3, and to
3.6 ⇥ 1051 erg adopting n = 2.5, spanning therefore different orders of magnitude. We built
our simulations starting from P0 and B distributions calibrated on observations. In the end,
we obtain results which are consistent with these measurements. We also outline that all the
sources that satisfy the AMS-02 errors criterion have values of �e>1.7, for all the simulation
setups. Lower values of �e can produce peaked features incompatible with the smoothness
of the AMS-02 data. The adoption of a broken power-law injection spectrum Q(E, t) (see
Section 2.1) would probably limit the presence of peaked features at high energy, thanks to
the soft spectral index above the break energy. We expect to find a slightly higher number
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Conclusions 

We use AMS-02 data from charged CRs to put constraints on the  
properties of a Galactic population of pulsars  

Simulations are based on catalog data  

Few, bright middle-aged pulsars can explain all the positrons we  
Observe above 100 GeV


