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Abstract. The cosmic-ray flux of positrons is measured with high precision by the space-
borne particle spectrometer AMS-02. The hypothesis that pulsar wind nebulae (PWNe) can
significantly contribute to the excess of the positron (e+) cosmic-ray flux has been consoli-
dated after the observation of a γ-ray emission at TeV energies of a few degree size around
Geminga and Monogem PWNe. In this work we undertake massive simulations of Galactic
pulsars populations, adopting different distributions for their position in the Galaxy, intrinsic
physical properties, pair emission models, in order to overcome the incompleteness of the
ATNF catalog. We fit the e+ AMS-02 data together with a secondary component due to
collisions of primary cosmic rays with the interstellar medium. We find that several mock
galaxies have a pulsar population able to explain the observed e+ flux, typically by few,
bright sources. We determine the physical parameters of the pulsars dominating the e+ flux,
and assess the impact of different assumptions on radial distributions, spin-down properties,
Galactic propagation scenarios and e+ emission time.
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1 Introduction

The observation of high-energetic cosmic-ray (CR) positrons (e+) first by PAMELA [1] and
Fermi-LAT [2] and then with unprecedented precision by AMS-02 [3] suggests the presence
of primary e+ sources in our Galaxy, as the observed flux exceeds the so-called secondary
flux produced by inelastic collisions of CR nuclei in the interstellar medium (ISM) above
about 10 GeV, see e.g. [4, 5]. Given the intense radiative losses suffered by high energetic
electrons and positrons (e±) while propagating in the Galaxy, AMS-02 observations require
this primary source to be local, i.e. located within a few kpc from the Earth. Among the
investigated explanations [6–20], pulsars have been consolidating as significant factories of
high-energy CR e± in the Galaxy, and thus as main candidates to explain the e+ excess.

First, the pulsar spin-down mechanism effectively produces e± pairs, which are possibly
accelerated to multi-TeV energies at the termination shock between the relativistic wind and
the surrounding medium (see [21, 22] for recent reviews on the acceleration mechanism). Sec-
ondly, observations of pulsars and their surrounding environment, including their pulsar wind
nebula (PWN), across the entire electromagnetic spectrum reveal e± accelerated at very-high-
energies and generating photons through synchrotron and inverse Compton scattering (ICS)
processes [23, 24]. In particular, the observation of gamma-ray halos at TeV energies of a
few degree size around two nearby pulsars, Geminga and Monogem, reported by Milagro [25]
and HAWC [26] further corroborates the presence of e± accelerated, then escaped, by their
PWNe at few tens of parsec away from the pulsar location. The observed emission is inter-
preted as coming from CR e± escaping from the PWN system and ICS low-energy photons of
the interstellar radiation field (ISRF). Similar extended gamma-ray halos surrounding pulsars
have been recently observed by HAWC, by LHAASO at even higher energies [27, 28], and
also by Fermi-LAT at tens of GeV implying even larger angular scales [29], suggesting that
they might be a general feature of Galactic pulsars [30–32]. While the mechanism shaping
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e± transport in these halos, and consequently the gamma-ray emission, is not yet fully un-
derstood [33–37], the observed extension is well above the typical PWN size inferred at radio
and X-ray wavelengths [31].

Finally, several independent works have demonstrated that pulsar models can provide
a good description of AMS-02 e+ and e− data. This conclusion has been reached both by
considering the contribution of few nearby sources, as well as the cumulative emission from
pulsars as observed in existing catalogs [6, 14, 15, 38–40] or in simulations [18, 41], and
including or not possible effects from suppressed diffusion around sources [42]. While energy
losses limit the distance traveled by high-energy e± to few hundreds of parsecs, where we
expect few Galactic sources contributing significantly, current source catalogs might be not
complete. Previous computations, such as [14], calculating the contribution of e+ from the
ATNF catalog sources could therefore suffer for underestimation due to the incompleteness of
the catalog. Simulations of the Galactic source population of pulsars are needed to extensively
test the pulsar interpretation of the observed e+ flux in order to overcome the limitations of
previous studies.

The details of the e± production, acceleration and release from pulsars and their PWN
are yet not fully understood [22], as well as the spatial and energetic distribution of pulsar
[43, 44]. CR e+ are indeed a golden channel to study primary sources, and in particular PWNe.
The CR e− are mainly produced by supernova remnants (SNRs), while the pulsar contribution
is predicted subdominant [40, 41]. High-precision e+ data can now be used to constrain the
main properties of the Galactic pulsar population and of the PWN acceleration. Recent works
have investigated through simulations of pulsar populations the interpretation of AMS-02 data
[18, 41, 42]. Here, we build upon previous works and extend them significantly in various
novel aspects. We simulate a large number of realizations for Galactic pulsar populations,
implementing different updated models for the source distribution, particle injection and
propagation which reproduce ATNF catalog observations, instead of ad-hoc realizations of
pulsar properties. For each mock galaxy, we compute the CR e+ flux at the Earth from
the resulting PWNe population. We then fit our predictions to the AMS-02 data in order
to determine the physical parameters of these populations. We also inspect the properties
of individual sources which are able to explain the observed e+ flux. We simulate sources
following different spatial distributions in the Galactic spiral arms, and investigating the effect
of the radial distribution of sources. We also asses the impact of different assumptions on
the spin-down properties, of propagation scenarios and e+ emission properties. Finally, we
measure the average number of sources necessary to fill the gap between the e+ secondary
flux and AMS-02 data.

The e± fluxes from Galactic pulsars are expected to contribute to the data on the e++e−

spectrum as well. Many authors in recent years (e.g. [41, 45]) included the contribution from
catalog pulsar or simulations to model the e+ + e− data of Fermi-LAT [46], AMS-02 [3, 47],
DAMPE [48] and CALET [49]. However, the AMS-02 e+ data up to 1 TeV are currently the
most precise observable to constrain the characteristics of Galactic pulsar populations, being
this the main scope of the present paper. The e+ + e− data is indeed dominated by the e−

produced by supernova remnants (SNR), that should be carefully modeled. This is beyond
the scope of this paper, also because of the increasing of the number of variables that should
be taken into account. The remainder of the paper is organized as follows. In Section 2
our modeling for the e± production from a single PWN, and the basics of e± propagation in
our Galaxy are illustrated. The strategies to simulate the Galactic pulsar populations and
the different setups investigated are introduced in Section 3. The fit to AMS-02 data and
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the consequences for the pulsar characteristics of our minimization analysis are illustrated in
Section 4, before concluding in Section 5.

2 Positrons from Galactic pulsars

In this Section we illustrate our model for the e± production from PWNe, while the strategies
to simulate a Galactic pulsar population will be introduced in the next Section. We also briefly
remind here the basics of e± propagation in our Galaxy.

2.1 Injection of e± from pulsars

We recall here the main aspects for the emission of e± from pulsars and their PWNe into the
ISM. The formalism is presented in [29], to which we refer for further details. Pulsars are
rotating neutron stars with a strong surface magnetic field, and magnetic dipole radiation
is believed to provide a good description for its observed loss of rotational energy [21, 22].
We consider a model in which e± are continuously injected at a rate that follows the pulsar
spin-down energy. 1 This scenario is indeed required to generate the TeV photons detected by
Milagro and HAWC for Geminga and Monogem [29, 50, 51]. The injection spectrum Q(E, t)
of e± at energy E and time t is described as:

Q(E, t) = L(t)

(
E

E0

)−γe
exp

(
− E
Ec

)
(2.1)

where the cut-off energy Ec is fixed at 105 TeV, E0 = 1 GeV and γe is the e± spectral index.
The magnetic dipole braking L(t) is described by the function:

L(t) =
L0(

1 + t
τ0

)n+1
n−1

(2.2)

where τ0 is the characteristic time scale and n defines the magnetic braking index. Alterna-
tively the injection spectrum can be parametrized with a broken power-law [26, 29], with a
break at energies of the order of tens to hundreds GeV, a slope below the break ≈ 1.4 and
above the break ≈ 2.2, which is compatible with multiwavelenght observations of PWNe, but
with large uncertainties on the parameters [52]. Here we adopt an effective approach using
eq. 2.1, avoiding the increasing of the number of degrees of freedom. The possible effects of
this assumption will be discussed in Section 4.3. The total energy emitted by the source only
into e+ is given by:

Etot = ηW0 =

∫ T

0
dt

∫ ∞
E1

dEEQ(E, t) (2.3)

through which we obtain the value of L0, fixing E1=0.1 GeV [53, 54]. The parameter η encodes
the efficiency of conversion of the spin-down energy into e+(which is half of the efficiency of
conversion into e±). W0 is the initial rotational energy of a pulsar with a moment of inertia

1While ’pulsar’ and ’PWN’ have both been used in literature to indicate the e± source, we here use ’pulsar’
when referring to the simulated properties of pulsar at birth, while PWN is used when referring to the e±

primary source.
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I (typically assumed to be 1045g cm2, as obtained from canonical neutron star values) and
rotational frequency Ω0 = 2π/P0:

W0 = Erot,0 =
1

2
IΩ0

2 . (2.4)

The spin-down luminosity Ė = dErot/dt of a pulsar is the rate at which the rotational kinetic
energy is dissipated:

Ė =
dErot

dt
= IΩΩ̇ = −4π2I

Ṗ

P 3
. (2.5)

Assuming a small deviation from the dipole nature of the magnetic field B of the pulsar, the
evolution of the star may be parameterized as [55]:

Pn−2Ṗ = ak(B sinα)2 . (2.6)

where the angle α > 0 describes the inclination of the magnetic dipole with respect to the
rotation axis, a is a constant of unit sn−3 and k takes the value of 9.76 × 10−40 sG−2 for
canonical characteristics of neutron stars. The spin-down luminosity evolves with time t as
in eq. 2.2:

Ė(t) = Ė0

(
1 +

t

τ0

)−n+1
n−1

. (2.7)

From this equation, one can notice that the pulsar has roughly a constant energy output from
its birth till t = τ0, when the energy output starts to decrease as Ė ∼ t−(n+1)/(n−1). Finally,
the prediction on τ0 is derived to be:

τ0 =
P0

(n− 1)Ṗ0

. (2.8)

In our benchmark model we will consider only sources with ages above 20 kyr, since
e± accelerated to TeV energies in the termination shock are believed to be confined in the
nebula or in the SNR until the merge of this system with the ISM, estimated to occur some
kyr after the pulsar formation [56]. We thus leave out sources for which the e± pairs might
be still confined in the parent remnant. However, this effective treatment does not account
for possible spectral or time-dependent modifications of the released particles. To understand
the consequences of this assumption on the interpretation of the AMS-02 e+ flux, we also
test the hypothesis that only the e± produced after the escaping of the pulsar from the SNR
contribute to the flux at the Earth. Following [41], we define tBS as the time at which the
source leaves the parent SNR due to its proper motion and eventually forms a bow-shock
nebula. The escape time of the pulsar from the remnant is described by:

tBS ' 56

(
ESN

1051erg

) 1
3 ( n0

3 cm−3
)− 1

3

(
vk

280 km/s

)− 5
3

kyr (2.9)

where n0 is the ISM density taken to be 3 or 1 cm−3, ESN = 1051 erg is the energy emitted
by the SN explosion and vk is the birth velocity of the pulsar. The formalism is reported in
[57], to which we refer for further details.
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2.2 Propagation of e± to the Earth

Once charged particles are injected in the Galaxy, they can propagate and eventually reach
the Earth. We remind here very briefly the way we treat Galactic propagation of e±, and
address the reader to [58, 59] for further details. The number density per unit time, volume
Ne(E, r, t) of e± at an observed energy E, a position r in the Galaxy, and time t, which is the
solution to the propagation equation considering only diffusion and energy losses, is given by
[29]:

Ne(E, r, t) =

∫ t

0
dt′
b(Es)

b(E)

1

(πλ2(t′, t, E))
3
2

exp

(
− |r− rs|2

λ2(t′, t, E)

)
Q(Es, t

′) (2.10)

where the integration over t′ accounts for the PWN releasing e± continuously in time. The
energy Es is the initial energy of e± that cool down to E in a loss time ∆τ :

∆τ ≡
∫ Es

E

dE′

b(E′)
= t− tobs. (2.11)

The b(E) term is the energy loss rate, rs indicates the source position, and λ is the typical
propagation length defined as:

λ2 = λ2(E,Es) ≡ 4

∫ Es

E
dE′

D(E′)

b(E′)
(2.12)

where D(E) = D0E
δ is the diffusion coefficient taken as a power-law in energy. The e± energy

losses include ICS off the ISRF and the synchrotron emission on the Galactic magnetic field.
The flux of e± at the Earth for a source of age T and distance d = |r� − rs| is given by:

Φe±(E) =
c

4π
Ne(E, r = r�, t = T ). (2.13)

In our analysis we will consider as benchmark case the propagation parameters as derived in
[60] from a fit to the latest AMS-02 data for the B/C, antiproton and proton data. We will
label this model as Benchmark-prop, where D0 = 0.042 kpc2/Myr and δ = 0.459. The value
of L is fixed to 4 kpc, which is compatible with the recent results of [61]. Energy losses are
computed on the interstellar photon populations at different wavelengths following [62], by
taking into account the Klein-Nishina formula for ICS, and on the Galactic magnetic field
with intensity B = 3 µG. As a comparison, we will also implement the SLIM-MED model
derived in [63], with the ISRFs taken from [58] and B = 1 µG. This model assumesD0 = 0.036
kpc2/Myr, δ = 0.499 and L = 4.67 kpc. However, the parameter L is not relevant in this
study since we implement solutions without boundaries both in the radial and the vertical
directions. The infinite halo approximation has been widely used to compute the flux from
single sources located in the Galactic plane in [39, 42, 64].

3 Simulations of Galactic pulsar populations

We simulate Galactic pulsars following the injection and propagation model described in
Section 2. For each realization we compute the e+ flux from every PWN. In what follows, we
describe the strategy adopted to produce the mock catalogs and the five simulation setups
considered (ModA-B-C-D-E) here. In each simulation, the total number of sources is fixed at
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Pulsar Simulated Benchmark Variations
property quantity

Age T Uniform [0, tmax] -
CB20[44] FK06[65]

P0 Gaussian [0.3s; 0.15s] -
Spin-down log10(B) Gaussian [12.85G; 0.55G] Gaussian [12.65G; 0.55G]

n Uniform [2.5-3] Constant [3]
cosα Uniform [0-1] Constant [0]

e± injection γe Uniform [1.4-2.2] -
η Uniform [0.01-0.1] -

Radial r ρL(r) [43] ρF (r)[65]
distribution
Kick velocity vk - FK06VB [65]

Table 1: Summary of the parameters from which we build the mock pulsar catalogs. We
report the pulsar simulated quantities (first two columns), the distributions adopted in their
simulation, with the boundary of their validity range, for our benchmark case ([ModA], third
column), as well as the tested variations (last column). See Section 3 for details.

NPSR = tmaxṄPSR, where tmax is the maximum simulated age and ṄPSR is the pulsar birth
rate. Different estimates for the Galactic ṄPSR range from one to four per century [65–67].
We here assume the maximum age of the sources to be tmax = 108 yr, and ṄPSR = 0.01 yr−1.
However, we have checked that tmax = 109 yr does not change the conclusions of this paper.

In order to compute the e+ flux at the Earth for each mock source, we need to specify
its position in the Galaxy, its age and the source term Q(E, t) (see eq. 2.1). Specifically, the
fundamental parameters of each simulation are: T , P0, B, n, α, γe, η and the position r in
Galactocentric coordinates. For a specific set of simulations, we also simulate the birth-kick
velocity vk. A summary of the simulated quantities is illustrated in Table 1 and outlined in
what follows.

First of all, the simulation assigns to each mock pulsar an age T extracted uniformly
between t = 0 and tmax. Then, by extending the functions implemented in the Python
module gammapy.astro.population [68, 69], we sample the values of P0, B, n and α from
the distributions provided in [44] (CB20), which will be our benchmark model. Specifically,
P0 is simulated according to a Gaussian distribution with P0,mean = 0.3 s and P0,std = 0.15 s.
We also impose a lower bound on P0 = 0.83 ms, as physically motivated in [70]. The magnetic
field is simulated following a Gaussian distribution for log10(B), with log10(B)mean = 12.85
G and log10(B)std = 0.55 G. The values of n and cosα are taken from uniform distributions,
respectively in the range [2.5-3] and [0-1] according to [44]. We note that from the simulated
values of P0, B, n, α we derive for each pulsar W0 and τ0 through eqs. 2.4 and 2.8. Since the
spectral index γe of accelerated particles is uncertain, and may vary significantly for each
PWN [6, 71], it is sampled from uniform distributions within [1.4-2.2]. Finally, the value of η
for each source is sampled from a uniform distribution in the range [0.01-0.1].

In order to assess the effect of different distributions for P0, B, n and α, we consider
the model in [65] (FK06 hereafter). While P0 follows the same distribution of CB20, log10(B)
is taken from a Gaussian distribution with log10(B)0,mean = 12.65 G and log10(B)0,std =
0.55 G, while n=3 and sinα=1 for each source. We note that both CB20 and FK06 models
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have been calibrated to reproduce the characteristics of the sources detected in the ATNF
catalog [72], like the P , Ṗ , B, flux densities at 1.4 GHz, Galactic longitudes and Galactic
latitudes distributions. CB20 is the most updated model and considers the variation of more
parameters with respect to FK06.

To test the scenario described by eq. 2.9, we additionally simulate for each source its
birth-kick velocity, adopting its distribution as reported in [65] (FK06VB) and implemented in
gammapy.astro.population [68, 69], which is the sum of two Gaussians (see their eq. 7) for
each of the 3 velocity components.

3.1 Spatial distribution of pulsars in the Galaxy

To complete the construction of the mock catalogs of Galactic sources the position r of each
pulsar has to be determined. Using gammapy.astro.population [68, 69] we adopt the radial
surface density of pulsars ρL(r) proposed by [43]:

ρL(r) = A1

(
r

r�

)
exp

[
−C

(
r − r�
r�

)]
. (3.1)

As a comparison, we also consider the radial surface density ρF (r) in [65]:

ρF (r) = A2
1√
2πσ

exp

(
−(r − r�)2

2σ2

)
. (3.2)

See [43, 65] for the values of the parameters. We sample the position r of each source
combining the radial surface density with the spiral arm structure of the MilkyWay of [65] (see
their Table 2 for the spiral arm parameters), as implemented in gammapy.astro.population
[68, 69]. We test only one spiral arm structure, since the most important aspect in the
computation 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 ρL(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 ρL(r) and ρF (r) profiles reported in eq. 3.1 and 3.2 (normalized
in order to have

∫ +∞
0 ρi(r)dr = 1 with i = L,F ). We note that ρL(r) is similar to other radial

distributions used in literature [73, 74], and we consider it as a good benchmark. The ρF (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.

3.2 Summary of simulation setups

We recap and label here the combinations of the different simulation setups described above
and listed in Table 1.

ModA (benchmark). Spin-down and pulsar evolution properties are taken from CB20 [44],
while the radial surface density of sources is modelled with ρL(r) (see eq. 3.1, [43]). η and γe
are extracted from uniform distributions, while the propagation in the Galaxy is taking into
account with Benchmark-prop model following [60].
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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 ρL(r) radial surface density [43] and
the spiral-arm model of [65]. The color bar indicates the number of sources in each pixel.
In panel (b) are reported the normalized radial surface densities ρL(r) ([43], black line) and
ρF (r) ([65], red line).

ModB (radial distribution effect). Same as ModA but with the radial surface density of
sources ρF (r) instead of ρL(r) (see eq. 3.2, [65]).

ModC (spin-down properties effect). Same as ModA, but spin-down properties are taken
from FK06 [65].

ModD (propagation effect). Same as ModA apart for propagation in the Galaxy, modelled
as in [63] (their model SLIM-MED).

ModE (kick velocity effect). Same as ModA, but considering only the e± emitted after
the escaping of pulsars from the SNR. The birth kick velocities are sampled adopting the
distribution FK06VB reported in [65].

4 Results

The aim of this paper is to study the characteristics of the Galactic pulsar population that
may contribute to the e+ flux measured by the AMS-02 experiment [3] by using simulations.
We describe here how we performed the fit to the data, and which are the physics results of
our minimization analysis. For each simulation setup described in Section 3.2, we build and
test 1000 simulations. All the results reported in this Section refer to our benchmark ModA,
if not differently stated. We compute the e+ flux at the Earth as the sum of the primary
component due to PWNe emission (see Section 2 and Section 3), and a secondary component
due to the fragmentation of CRs on the nuclei of the ISM, taken from [60] or [63] consistently
with the propagation model employed. The secondary component enters in our fits with a
free normalization factor AS , which we generously let to vary between 0.01 and 3. We also
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χ2
red < 2 χ2

red < 1.5 χ2
red < 1

ModA 15 8 4
ModB 30 19 6
ModC 15 10 3
ModD 42 25 10
ModE 4 2 2

Table 2: Number of simulations (out of 1000) that produce a χ2
red smaller than 2, 1.5 or 1

in the fit to AMS-02 data [3], for each simulation setup.

let the total flux generated by the sum of all PWNe to be shifted by an overall normalization
factor AP . The values of AP and AS are obtained for each simulation with the fit procedure.

We fit AMS-02 data [3] above 10 GeV, in order to avoid strong influence from solar mod-
ulation and other possible low energy effects [75]. Nevertheless, we correct our predictions for
solar modulation effects following the force field approximation and leaving the Fisk potential
φ free to vary between 0.4 and 1.2 GV. The comparison of our predictions with the AMS-02
e+ data is performed by a standard χ2 minimization procedure. We neglect the presence of
correlations in the systematic errors of AMS-02 data points since the Collaboration has not
provided them [3]. Moreover, we do not think the smoothness of the AMS-02 data, that is
the main characteristic of the observed flux that will guide our results, would be modified
significantly by such correlations.

4.1 Comparison to the AMS-02 e+ data

The fit of the predictions for the total e+ flux to the AMS-02 data is performed for all the 1000
simulations built for each scenario A-B-C-D-E. In Table 2 we report the number of simulations,
out of 1000, that produce different values of the reduced chi squared χ2/d.o.f. = χ2

red for each
simulation setup.

The difference between ModA and ModD is relative only to the propagation and the energy
losses models. With ModD we obtain a higher number of simulations compatible with the data:
the SLIM-MED model produces indeed fluxes from single sources which are smoother with
respect to Benchmark-prop, and a little bit higher at lower energies. They better accommodate
the AMS-02 spectrum. In all the tested setups, the number of mock galaxies with a χ2

red < 1
(2) does not exceed 1% (4%).

In Figure 2 we plot the e+ flux obtained for two illustrative simulated galaxies with
χ2
red < 1, within ModA. The contributions from each PWN, from the secondary emission and

their sum are shown along with the AMS-02 data. The contribution from PWNe is significant
for energies above 10-20 GeV and dominant over 100 GeV and may have different features,
in particular at unconstrained energies above 1 TeV, depending on the specific simulation.
As we will discuss later, the number of sources that contribute to the observed spectrum is
limited, from a few to O(10). We notice that the secondary flux, while decreasing with energy,
practically forbids the realization of sharp cut-offs in the e+ spectrum above TeV energies.
The different features of the flux from single PWNe are due to the peculiar combination of
the input parameters. In particular, the peaked shape is typically associated to small γe and
τ0 values.
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All the good fits to the data provide a value for AS between 2 and 2.5, which might be
at least partially ascribable to an underestimation of spallation cross sections [4]. As for the
allowed overall normalization AP of the PWN primary flux, we find on average values slightly
smaller than one.
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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 χ2

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

In order to understand the properties of the pulsar populations which fit the observations,
we report in Figure 3 the contribution to the e+ flux coming from pulsars grouped in different
subsets of distance from the Earth (left) and age (right). In this realization, the dominant
contribution comes from the ring between 1 and 3 kpc. This result is the interplay between
the presence of a spiral arm (see Figure 1), which enhances the number of sources, and the
typical propagation length of high-energetic e+, affected by severe energy losses. Despite the
smaller effect from radiative cooling, the flux from sources within 1 kpc is lower due to the
paucity of sources.

The division in age rings shows the scaling of the maximum energy Emax with the age
of sources. In the Thomson approximation energy losses would provide Emax ∝ 1/t, inferred
from dE/dt ∝ −E2. However, in the Klein-Nishina regime we observe a more complex
behaviour. 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. We have checked that sources younger than 20 kyr do not produce sizeable effects
on our analysis, and the energy range in which they would produce a relevant flux is well
above AMS-02 data.

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 χ2

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
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
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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).
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Figure 4: Total (secondary plus PWNe) e+ flux obtained from all the 8 simulations within
ModA with χ2

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

e± injection. However, 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 ρF (r) radial distribution predicts a higher number of sources
with respect to ρL(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
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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
χ2
red < 1.5 (see the main text for further details).

the AMS-02 data. However, the number of simulations with χ2
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 χ2

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 η, so that
the actual efficiency of the single source i is AP × ηi. 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 χ2

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.

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 Φe±(E) between 10
and 1000 GeV higher than 1% of the total integrated e+ flux measured by AMS-02.
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AMS-02 errors Total flux 1%
ModA 1.3/2.9/3.3 1.0/1.8/2.2
ModB 3.5 1.9
ModC 3.9 3.0
ModD 5.4 3.5
ModE 1.0 1.0

Table 3: Average numbers of sources that satisfy the AMS-02 errors and Total flux 1%
criteria, for all the galaxies within each simulation setup, with χ2

red < 1.5. For ModA, results
are provided also for χ2

red < 1 (left) and χ2
red < 2 (right).

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 χ2

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 (χ2

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
total flux which are not detected. Instead, a few sources generating a flux that covers a wide
range of energies produce a smooth contribution compatible with the data.

The values found around 2− 2.5 for the parameter AS can be justified by the preference
of the data to have a high contribution of the featureless flux of secondary. The change
of propagation setup from ModA to ModD, produces an higher number of simulations that
are compatible with the data, given the flux smoothing due to the alternative propagation
setup. A slightly greater number of sources with respect to ModA satisfies the criteria for
ModD. Dissecting results within ModA, we find that the mean number of sources decreases
with decreasing χ2

red, consistently with the requirement of a smooth trend of e+ flux. In all
the other simulation setups, except for ModE, we confirm the same trend. The ModE results
have already been discussed in Section 4.1. Summarizing, the two selection criteria AMS-
02 errors and Total flux 1%, whereas based on different quantitative assumptions, provide in
practice very similar results. This result is complementary also to earlier analysis [9] adopting
a different strategy and working on PAMELA, FERMI-LAT and ATIC/PPB-BETS [76, 77]
data. There, a single or a few energetic pulsars are required to explain the measurements, and
scenarios composed by multiple pulsars are found to be disfavored based on age and distance
criteria, and by the data themselves.
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Figure 6: Distance, age and maximum E3Φe+(E) of the PWNe satisfying the AMS-02 errors
criterion for ModA simulations with χ2

red < 1.5 (panel a) and with the worst χ2
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.

4.3 Characteristics of PWNe dominating the e+ flux

In this section we scrutinize the physical properties of the simulated sources selected by the fit
to be compatible with the AMS-02 data. For each Galactic realization of ModA with χ2

red < 1.5,
we report in Figure 6a the distance, age and maximum E3Φe+(E) of the PWNe satisfying
the AMS-02 errors criterion. The data require 1 or 2 sources with high maximum E3Φe±(E),
with ages between 400 kyr and 2000 kyr and distances to the Earth less than 3 kpc. These
sources produce fluxes peaked between 100 GeV and 500 GeV, allowing good explanation
to the data. Fluxes from farther PWNe contribute less to the data. Sources with small
maximum E3Φe±(E) and with ages between 2000 kyr and 104 kyr also satisfy the criterion,
with flux peaks below 100 GeV where the secondaries are still the dominant component. We
do not find any particular difference between all the simulation setups, except for ModD and
ModE. As already noticed, since the SLIM-MED propagation implemented in ModD produces
smoother fluxes, we find also some realizations with few more sources contributing with a
bright flux to the e+ data.

In Figure 6b we report the distances, age and maximum E3Φe±(E) values of the dom-
inant PWNe for the mock galaxies with the worst χ2. These cases give best-fit to the data
with the maximum values allowed by the priors for AS and the lowest values of AP . Moreover,
there are not sources which satisfy the AMS-02 errors criterion with an age between 400 kyr
and 2000 kyr. In these galaxies, the trend of E3Φe±(E) at high energies remains constant or
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 χ2

red < 1.5.
The reported efficiencies are obtained multiplying the simulated η 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 η interval initially chosen. Data
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Figure 7: W0 vs η (see eqs. 2.4 and 2.3) values of the PWNe satisfying the AMS-02 errors
criterion for ModA simulations with χ2/d.o.f. < 1.5. Each galaxy is reported with the same
marker as in Figure 6, with an assigned color.

hint at a slight anti-correlation between η 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 catalog [72] 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 catalog to compute W0 we need to assume arbitrarily the value of n and τ0. Instead,
in our simulations we sample n and we compute τ0 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 τ0 = 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
τ0 = 10 kyr and n = 3, that changes to 6 × 1050 erg for τ0 = 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 γe>1.7, for all the simulation
setups. Lower values of γe 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
of simulations compatible with the data, together with a slightly higher number of sources
satisfying the AMS-02 errors criterion, producing negligible changes of our results.

5 Conclusions

Despite the spatial and energetic distribution of pulsars and the details of the e± production,
acceleration and release from these sources are not yet fully understood. The high-precision
AMS-02 e+ data are here used to constrain the main properties of the Galactic pulsar popu-
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lation and of the PWN acceleration needed to explain the observed CR flux. To this aim, we
simulate a large number of Galactic pulsar populations, calibrated on ATNF catalog observa-
tions. Our simulations are conducted under different hypothesis about the pulsar spin-down
and evolution properties, their radial distribution, and changing the propagation models for
e± propagation in the Galaxy, following the most recent self-consistent modelings available
in the literature. For each mock galaxy, we compute the e+ flux at the Earth as the sum
of the primary component due to PWNe emission, and a secondary component due to the
fragmentation of CRs on the nuclei of the ISM. The result is fitted to AMS-02 e+ data.

Independently of the simulation scenario, we find that the vast majority of the galaxies
realizations produce several wiggles in the total contribution and therefore they do not fit well
the data. In all the tested setups, the number of mock galaxies with a χ2

red < 1 (2) does not
exceed 1% (4%). The different features of the flux from single PWNs are due to the peculiar
combination of the input parameters. We notice that the secondary flux, while decreasing
with energy, practically forbids the realization of sharp cut-offs in the e+ spectrum above
TeV energies. The galaxy realizations that fit properly the AMS-02 e+ data have between
2-3 sources that produce a e+ yield at the level of the data errors. Moreover, these pulsars
provide a smooth spectrum that cover a wide energy range. We find that the dominant
contribution comes from sources located between 1 and 3 kpc from the Earth. Despite the
smaller effect from radiative cooling, the flux from sources within 1 kpc is lower due to the
paucity of sources set along the spiral arms of the Galaxy. Sources dominating the observed
spectrum have ages between 400 kyr and 2000 kyr and distances to the Earth less than 3
kpc. These sources produce fluxes peaked between 100 GeV and 300 GeV, where AMS–02
data are the most constraining. Finally, we do not find any particular distribution for the
pulsar efficiencies. In most cases they have a value between 0.01 and 0.1 consistently with
what found in our previous papers [29, 78].

In [18], e± fluxes are computed from simulations of different combinations of pulsar spin-
down properties, injection spectrum and propagation schemes. They consider sources younger
than 10 Myr, relying on observations of pulsars with ages of order 105 − 107 years. They
constrain the space of pulsar and propagation models using the e+ fraction and e+ +e− data.
Our simulations, while being more numerous, rely on distribution of parameters simulated
according to complete pulsar population models. Our focus is on the characteristics of the
pulsar population whose realization fits e+ AMS-02 data. [18] finds average values of η in
the range around 0.1-10%, in agreement with our results for ModA-B-C-D.

Authors of [41] adopt the bow-shock scenario explained in Section 2.1 and tested in our
ModE, and analyze only a single pulsar population model. They build mock galaxies sampling
the P0 value for each source from a gaussian distribution with P0,mean = 0.10 s and P0,std =
0.05 s obtained in [79], a work based on young and energetic sources, producing on average
pulsars more powerful with respect to our mock catalogs. They also adopt a higher pulsar
birth rate (3/century) and they fix log10(B) = 12.65 log10(G). Also, a different diffusion
setup is considered, which implies a higher propagation scale length λ. [41] finds that the
number of contributing sources to the e+ flux is much larger(∼ 103 at 1 TeV) than in this
work and in previous works [39, 42, 64] at all energies, due to the adopted diffusion model.
We add that this result is probably also induced by the bow shock scenario and the spin down
model adopted. With respect to their work we focus more on the characteristics that a pulsar
realization has in order to fit the data. They find η = 8.5%, that rises to 42% for P0,mean

= 0.30 s and P0,std = 0.15 s, which is compatible with our ModE. However, more specific
comparisons are difficult to perform, given the very different simulation setup between [41]

– 16 –



and this analysis.
With this paper we have shown the power of the AMS-02 CR e+ data in constraining

properties of PWNe supposed to be sources of e±, in a measure to explain the flux data. Also
for leptons, besides nuclei, an era has started for charged CRs to teach about the Galaxy, in
addition to the invaluable electromagnetic signals.
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