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Abstract. Observations of the TeV halos associated with nearby pulsars indicate that these
objects inject significant fluxes of very high-energy electron-positrons pairs into the inter-
stellar medium (ISM), thereby likely providing the dominant contribution to the cosmic-ray
positron flux. In this paper, we use the cosmic-ray positron fraction as measured by the
AMS-02 Collaboration to constrain the characteristics of the local pulsar population. For
reasonable model parameters, we find that we can obtain good agreement with the measured
positron fraction up to energies of Ee ∼ 300 GeV. At higher energies, the positron fraction is
dominated by a small number of pulsars, making it difficult to reliably predict the shape of
the expected positron fraction. The low-energy positron spectrum supports the conclusion
that pulsars typically transfer approximately η ∼ 5− 20% of their total spindown power into
the production of very high-energy electron-positron pairs, producing a spectrum of such
particles with a hard spectral index, α ∼ 1.5 − 1.7. Such pulsars typically spindown on a
timescale on the order of τ ∼ 104 years. Our best fits were obtained for models in which
the radio and gamma-ray beams from pulsars are detectable to 28% and 62% of surrounding
observers, respectively.ar
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1 Introduction

Recent observations by the HAWC Collaboration [8, 1, 2, 7] indicate that young and middle-
aged pulsars (and also possibly millisecond pulsars [15, 18]) produce significant fluxes of
very high-energy gamma rays through the inverse Compton scattering of electrons and
positrons [19, 22, 28, 29]. This emission leads to the appearance of “TeV halos” surround-
ing most, if not all, pulsars. Furthermore, the observed characteristics of these TeV halos
support the conclusion that these sources are likely responsible for the cosmic-ray positron
excess [19, 16] reported by the AMS-02 Collaboration [30], and previously by PAMELA [3],
AMS-01 [4], and HEAT [9] (for earlier work, see Refs. [10, 27]).

In early work, discussions of TeV halos in relation to the cosmic-ray positron fraction
tended to focus on the contributions from a small number of nearby and high-spindown power
pulsars, such as Geminga and Monogem [19, 21, 14]. It has since become clear, however,
that the positrons detected by AMS do not originate from only a few pulsars. Instead, the
cosmic-ray positron fraction receives substantial contributions from a significant number of
such objects found throughout the surrounding kiloparsecs of the Milky Way [12, 26].

In this paper, we revisit TeV halos as a source of cosmic-ray positrons, using the mea-
sured characteristics of the cosmic-ray positron fraction to constrain the properties of the
local pulsar population. Toward this goal, we have calculated the cosmic-ray positron flux
from the known pulsars contained within the Australia Telescope National Facility (ATNF)
pulsar catalog [24], taking into account the effects of diffusion, inverse Compton scattering,
and synchrotron. We then accounted for those nearby pulsars which have thus far gone un-
detected, employing a Monte Carlo to simulate this population of sources. Using this Monte
Carlo, we have calculated the contribution to the cosmic-ray positron flux from these pulsars,
and compared these results to the positron fraction as reported by AMS-02, varying a variety
of parameters including the spectral shape of the injected positrons, the timescale for pul-
sar spindown, the efficiency for electron-positron production, the magnitude of the magnetic
field in the interstellar medium (ISM), and the duration of these objects’ pulsar wind nebula
phase.
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For reasonable choices of these parameters, we have found that it is possible to obtain
good agreement with the measured positron fraction, at least up to energies of Ee ∼ 300 GeV.
This result supports the conclusion that pulsars and their associated TeV halos are likely to
be the dominant source of the observed cosmic-ray positron spectrum. At energies above a
few hundred GeV, the positron fraction is dominated by a small number of pulsars, making
it difficult to reliably predict the shape of the expected positron fraction or to use this high-
energy information to draw reliable conclusions pertaining to the Milky Way’s broader pulsar
population. The low energy spectrum supports a picture in which pulsars typically transfer
approximately η ∼ 5− 20% of their total spindown power into the production of high-energy
electron-positron pairs, producing a spectrum of such particles with a hard spectral index,
α ∼ 1.5− 1.7. Such pulsars typically spindown on a timescale on the order of τ ∼ 104 years.
Our best fits were obtained for models in which the radio and gamma-ray beams from pulsars
are detectable to 28% and 62% of all surrounding observers, respectively.

2 Pulsars as a Source of High-Energy Positrons

Once a high-energy electron or positron has escaped from a TeV halo, their transport through
the ISM is described by the following diffusion-loss equation:

∂

∂t

dne
dEe

(Ee, r, t) = ~∇ ·
[
D(Ee)~∇

dne
dEe

(Ee, r, t)

]
+

∂

∂Ee

[
dEe
dt

(Ee, r)
dne
dEe

(Ee, r, t)

]
+ δ(r)Q(Ee, t),

(2.1)

where r is the distance from the pulsar, Q characterizes the spectrum and time profile of
the injected particles, dne/dEe is the electron and/or positron number density per unit
energy, and Ee is the energy of the electrons and positrons. The normalization and energy
dependence of the diffusion coefficient, D, is constrained by the measurements of various
secondary-to-primary ratios in the cosmic-ray spectrum. Throughout this study we will
adopt a parameterization given by D = (2 × 1028 cm2/s) (Ee/GeV)0.4 [31, 17]. The energy
losses of high-energy electrons and positrons are dominated by a combination of inverse
Compton scattering and synchrotron processes, resulting in the following rate:
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Si(Ee) + 0.224
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,

where the σT is the Thomson cross section, ρmag ≈ 0.224 eV/cm3 × (BISM/3µG)2 is the
energy density of the magnetic field, and the sum is performed over different components of
the radiation field, consisting of the cosmic microwave background (CMB), infrared emission
(IR), starlight (star), and ultraviolet emission (UV). Lastly, the quantity Si(Ee) is a factor
that accounts for the Klein-Nishina suppression of the inverse Compton scattering cross
section, and is given by

Si(Ee) ≈
45m2

e/64π2T 2
i

(45m2
e/64π2T 2

i ) + (E2
e/m

2
e)
. (2.3)

Throughout our analysis, we will follow Ref. [19] in adopting the following parameters for
the radiation model: ρCMB = 0.260 eV/cm3, ρIR = 0.60 eV/cm3, ρstar = 0.60 eV/cm3, ρUV =
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0.10 eV/cm3, TCMB = 2.7 K, TIR = 20 K, Tstar = 5000 K, and TUV = 20, 000 K. At very high
energies (Ee � m2

e/T ), inverse Compton scattering is strongly Klein-Nishina suppressed.
This is particularly important for the scattering of cosmic-ray electrons and positrons with
UV and starlight photons.

For the time profile of the source term in Eq. 2.1, we assume that the rate at which
high-energy positrons and electrons are injected from a pulsar into the ISM is proportional
to the rate at which that pulsar is losing rotational kinetic energy (i.e. its spindown power).
For the case of magnetic-dipole breaking, a pulsar’s spindown power is given by

Ė(t) = −8π4B2R6

3c3P (t)4
(2.4)

≈ 1.0× 1035 erg/s×
(

B

1.6 × 1012 G

)2( R

15 km

)6(0.23 sec

P (t)

)4

,

where B, R, and P are the pulsar’s magnetic field, radius, and period. Solving this differential
equation, we obtain the following expression for the time evolution of the pulsar’s period:

P (t) = P0

(
1 +

t

τ

) 1
2

, (2.5)

where P0 is the pulsar’s initial period and τ is the spindown timescale, given by

τ =
3c3IP 2

0

4π2B2R6
(2.6)

≈ 9.1 × 103 yr×
(

1.6× 1012 G

B

)2( M

1.4M�

)(
15 km

R

)4( P0

0.040 sec

)2

,

where I and M are the moment of inertia and mass of the neutron star.
During a young neutron star’s pulsar wind nebulae phase, positrons and electrons can

be confined to the region surrounding the object. With this in mind, we set the positron and
electron injection rate to zero prior to a time, tPWN, which we expect to be on the order of
O(104 yr).

To obtain the total source term, Q, we multiply the spindown power by a constant effi-
ciency factor, η, and parameterize the spectral shape using a power-law with an exponential
cutoff:

Q(Ee, t) =

0, t < tPWN

η Ė(t)Q0E
−α e−Ee/Ec , t > tPWN

(2.7)

where the normalization coefficient, Q0, is set such that η is equal to the fraction of the
pulsar’s spindown power that goes into the production of positrons and electrons with Ee >
10 GeV (for all t > tPWN):

η =

∫
10GeVQ(Ee, t)Ee dEe

Ė(t)
. (2.8)

Putting this together, we solve the diffusion-loss equation as described in Ref. [19]
to find the spectrum of electrons and positrons from a given pulsar at the location of the
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Solar System. The resulting positron spectrum depends on many parameters, including the
distance to the pulsar, the pulsar’s age, spindown timescale, initial period, and efficiency, as
well as the duration of the pulsar wind nebula phase, the magnitude of the magnetic field in
the ISM, and the spectral index and cutoff energy of the injected spectrum.

Once we have calculated the spectrum of positrons and electrons from the pulsars under
consideration, we can combine this information with the spectrum of additional primary elec-
trons (such as those from supernova remnants), as well as the spectra of secondary positrons
and electrons that are produced through the propagation of primary cosmic rays. Taken to-
gether, this can be used to calculate the cosmic-ray positron fraction, defined as the positron
flux divided by the combined flux of electrons and positrons. In calculating the positron frac-
tion, we use the secondary spectra as obtained using the publicly available code GALPROP1,
and fix the primary spectrum using the measured cosmic-ray electron spectrum, assuming
that pulsars produce an identical spectrum of positrons and electrons [25, 31]. To account
for the finite energy resolution of AMS-02, we convolve the spectrum we calculate in each
case with a Gaussian of width σ = 0.02Ee [30].

3 Positrons From Known Pulsars

We begin our analysis by calculating the contribution to the cosmic-ray positron flux from
known pulsars; namely those contained within the Australia Telescope National Facility
(ATNF) pulsar catalog [24]. To this end, we consider the 103 ANTF pulsars that are located
within 3 kpc of the Solar System and that are younger than τc < 106 years.2

In Fig. 1, we plot the contribution to the cosmic-ray positron fraction from each of these
103 pulsars (thin colored lines), and from the sum of all 103 of these sources (thick black
line), and compare this to the spectrum measured by the AMS-02 Collaboration [5, 6, 13].
Here, we have adopted the following parameters: α = 1.5, Ec = 50 TeV, η = 0.15, τ = 104 yr,
BISM = 3µG, and tPWN = 3 × 104 yr. For each individual pulsar, we adopt values of τc, r,
and P as reported in the ATNF catalog (see Table 1). Keep in mind that this figure only
reflects the contributions to the cosmic-ray positron flux from those pulsars contained in the
ATNF catalog, which is largely limited to relatively young sources with radio or gamma-ray
beams pointed in the direction of the Solar System.

The locations of the peaks that appear in the spectrum shown in Fig. 1 correspond to
the energies to which very high-energy positrons can cool in an amount of time equal to the
age of the pulsar in question [19]. For this reason, the older pulsars in this sample tend to
exhibit spectral features which peak at relatively low energies. This opens the possibility
that individual pulsars could generate distinctive spectral features in the positron spectrum.
Conversely, the lack of such features could be used to constrain the characteristics of such
pulsars [11].

It is interesting to note that the Geminga and Monogem pulsars are responsible for only a
modest fraction of the total local positron flux. More specifically, while the contribution from
Geminga (PSR J0633+1746, shown in light green in Fig. 1) is among the largest from these
pulsars, the positron flux from Monogem does not even make the list of sources presented in
Table 1.

1http://galprop.stanford.edu/.
2The characteristic age of a pulsar is defined by τc ≡ P/2Ṗ . For the case of magnetic dipole braking, this

is related to a pulsar’s true age, t, and spindown timescale according to t = τc − τ .
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Figure 1. The cosmic-ray positron fraction individually calculated from each of the 103 pulsars in
the ATNF catalog that are located within 3 kpc of the Solar System and younger than τc < 106 years
(thin colored lines), and from the sum of all 103 of these sources (thick black line). For the color
key, see Table 1. In this figure, we have adopted the following parameters: α = 1.5, Ec = 50 TeV,
η = 0.15, τ = 104 yr, BISM = 3µG, and tPWN = 3 × 104 yr. For each individual pulsar, we adopt
values of τc, r, and P as reported in the ATNF catalog.

Pulsar Name P (s) d (kpc) τc (yr) Color (Fig. 1)

J1302-6350 0.048 2.63 3.22× 105 Light Blue
J1057-5226 0.197 0.093 5.25× 105 Orange
J0117+5914 0.101 1.77 2.65× 105 Red
J0633+1746 0.237 0.190 3.32× 105 Light Green
J2032+4127 0.143 1.33 1.91× 105 Violet
J0908-4913 0.107 1.00 1.02× 105 Yellow
J2030+4415 0.227 0.720 5.45× 105 Brown
J1846+0919 0.226 1.53 3.50× 105 Pink
J1745-3040 0.367 0.200 5.36× 105 Blue
J1530-5327 0.279 1.12 9.34× 105 Green

Table 1. The 10 pulsars contained in the ATNF catalog which contribute the most to the local
high-energy cosmic-ray positron flux. For each pulsar, we provide the reported period, distance, and
characteristic age. Also given are the colors assigned to each of these pulsars in Fig. 1.
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4 Positrons From Unknown Pulsars

A large fraction of the pulsars in the Milky Way, including many young pulsars located near
the Solar System, have not yet been detected, and thus are not contained within the ATNF
catalog. To estimate the contribution to the cosmic-ray positron flux from these yet-to-be
discovered pulsars, we have employed a Monte Carlo with parameters tuned to reproduce
the observed characteristics of the ATNF catalog’s pulsar population.

For the locations of the pulsars modelled by our Monte Carlos, we draw from the
following spatial distribution [23]:

npulsar ∝ R2.35 e−R/1530 pc e−|z|/300 pc, (4.1)

where R and z describe the location of a given pulsar in cylindrical coordinates (we take
the distribution to be symmetric with respect to the angular coordinate). We take the solar
system to be located at R= 8.25 kpc and z = 0. For the age of each pulsar, we simply draw
from a flat distribution.

In the calculations performed by our Monte Carlo, we focus on those pulsars which are
located within 3 kpc of the Solar System and that are younger than 106 years. While pulsars
older than 106 years do contribute to the local positron flux, this portion of the spectrum
has a negligible degree of variation from realization-to-realization. Consequently, we use an
average output from our Monte Carlo to account for the pulsars in this age range. We also
find that pulsars located more than 3 kpc from the Solar System contribute negligibly to the
local positron flux, at a level that is smaller than the line width used in our plots.

For each realization of our Monte Carlo, we adopt a value for the pulsar birth rate,
RPSR, as well as for the spindown timescale, τ . For the spatial distribution described by
Eq. 4.1, 5.2% of the pulsar population is located within 3 kpc, so in each realization, we
simulate a total of RPSR× 0.052× 106 ' 520× (RPSR/0.01 yr−1) pulsars [20]. Notice that for
reasonable values of RPSR, the number of these pulsars is significantly larger than the 103
discussed in the previous section, demonstrating the significant incompleteness of the ATNF
catalog.

In order to compare the output of a given Monte Carlo realization to the observed
population of young and nearby pulsars, we must establish under what conditions a given
pulsar is likely to be detected. In the case of radio detection, the main limiting factor is
whether the radio beam is pointed in the direction of the Solar System. To model this, we
simply adopt a value for the beaming fraction, fradio, which is defined as the probability
that a given pulsar produces radio emission in our direction. For this radio emission to be
detected, we require both that we reside within the geometry of the radio beam, and that the
pulsar’s spindown flux is larger than a minimum detectable value, FSD ≡ Ė/d2 > Fmin

radio. In
considering the detection of the pulsed gamma-ray emission from pulsars, the corresponding
beaming fraction is significantly larger, fγ > fradio. In this case, however, Fermi is generally
only able to detect those pulsars with a relatively high spindown flux, corresponding to
Fmin
γ > Fmin

radio.
In Fig. 2, we show an example of one realization of our Monte Carlo, plotting the spin-

down flux and age of each detectable pulsar. In this figure, we have adopted the following
parameters: τ = 104 yr, P0 = 0.042 s, RPSR = 0.01 yr−1, fradio = 0.28, fγ = 0.62, Fmin

γ =

4.22 ×1042 erg/kpc2/yr, and Fmin
radio = 2.66 ×1041 erg/kpc2/yr. The symbols used indicate

whether a given pulsar is deemed to be detectable by their radio or gamma-ray emission.
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Figure 2. An example of one realization of our Monte Carlo, showing the spin-down flux and age
of each detectable pulsar. In this figure, we have adopted the following parameters: τ = 104 yr,
P0 = 0.042 s, RPSR = 0.01 yr−1, fradio = 0.28, fγ = 0.62, Fmin

γ = 4.22 × 1042 erg/kpc
2
/yr, and

Fmin
radio = 2.66 × 1041 erg/kpc

2
/yr. The symbols used reflect whether a given pulsar is detectable by

their radio or gamma-ray emission.

To constrain the values of fγ , fradio, F
min
γ , and Fmin

radio, we compare the observed distri-
bution of detected pulsar ages to the predictions of our Monte Carlo for various combinations
of parameter values. These distributions are shown in Fig. 3 for the case of τ = 104 yr and
RPSR = 0.01 yr−1, using the best-fit parameter values of Fmin

γ = 4.22 × 1042 ergs/kpc2/yr,

Fmin
radio = 2.66 × 1042 ergs/kpc2/yr, fγ = 0.62, and fradio = 0.28. The histograms in these

figures represent the number of pulsars detected by Fermi (left frame) and by radio telescopes
(right frame), which are then compared to the results of our Monte Carlo, averaged over 1000
realizations. For each choice of parameters, we calculate the Poisson likelihood of obtaining
a distribution of pulsars (in terms of age, and in the three distance increments shown) that is
consistent with the measured histograms. After repeating this exercise for various parameter
values, we identify the best-fit values of Fmin

γ , Fmin
radio, fγ , and fradio for each value of τ and

RPRB as given in Table 2. Throughout the remainder of our analysis, we will adopt the
best-fit values of Fmin

γ , Fmin
radio, fγ , and fradio for any given choice of τ and RPRB.
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Figure 3. The distribution of ATNF pulsars detected in gamma-rays (left) and in radio emission
(right), according to their age and distance from Earth. The curves represent the distributions
predicted by our Monte Carlo, averaged over 1000 realizations, for the case of τ = 104 yr, RPSR =
0.01 yr−1, Fmin

γ = 4.22 × 1042 ergs/kpc2/yr, Fmin
radio = 2.66 × 1042 ergs/kpc2/yr, fγ = 0.62, and

fradio = 0.28.

τ (yr) Fmin
γ (erg/kpc2/yr) fγ Fmin

radio (erg/kpc2/yr) fradio

5× 103 2.37× 1042 0.63 1.33× 1041 0.27
1× 104 4.22× 1042 0.62 2.66× 1041 0.28
2× 104 9.44× 1043 0.63 3.98× 1042 0.26

Table 2. The best-fit values of Fmin
γ , Fmin

radio, fγ , and fradio for three values of τ , and for RPSR = 0.01
yr−1.

In Fig. 4, we show the cosmic-ray positron fraction from the pulsars in the ATNF
catalog, from unknown pulsars as calculated by our Monte Carlo, and from the sum of these
contributions, adopting the best-fit values of Fmin

γ , Fmin
radio, fγ , and fradio and otherwise using

the same parameters as adopted in the previous section. In the following section, we will
consideration variations of these parameters and assess their impact on our results.

5 Parameter Variations

The results shown in Fig. 4 were obtained using our default set of parameter values: α = 1.5,
Ec = 50 TeV, tPWN = 3 × 104 yr, τ = 104 yr, B = 3µG, and η = 0.15. Any changes to
these parameters will impact the predicted magnitude and spectral shape of the cosmic-ray
positron fraction. In this section, we explore these variations and their connection to the
observed features of the positron fraction.

In Fig. 5, we illustrate the impact of a variety of parameter variations, modifying one
of the above mentioned parameters at a time while keeping the others fixed to their default
values (with the exception of η, which is selected in each case to normalize the positron
fraction to its measured value at Ee = 20 GeV). Focusing first on the positron fraction as
measured at energies below a few hundred GeV, the positrons in this energy range arise
from many pulsars, and thus the positron fraction is largely insensitive to the location, age,
or other characteristics of any specific pulsars. From this data, it is clear that an injected
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Figure 4. The cosmic-ray positron fraction from the pulsars in the ATNF catalog (black), from
unknown pulsars as calculated by our Monte Carlo (blue), and from the sum of these contributions
(orange). In this figure, we have adopted the following parameters: α = 1.5, Ec = 50 TeV, η = 0.15,
τ = 104 yr, BISM = 3µG, and tPWN = 3× 104 yr, and values of τc, r, and P as reported in the ATNF
catalog. The solid (shaded) bands around the blue and orange curves reflect the variation observed
across 68% (all) of the realizations of our Monte Carlo.

spectral index of approximately α ∼ 1.5− 1.6 is preferred, although the precise value of this
parameter also depends on the choices of tPWN, τ , and B that are adopted. For some choices
of these parameters (such as B = 6µG, for example), the shape of the predicted positron
spectrum is more concave than is measured by AMS-02, leading us to disfavor such scenarios.

In some cases, there are substantial degeneracies between the parameters we have consid-
ered. In particular, we find that the value of the injected cutoff energy, Ec, is approximately
degenerate with the electron-positron production efficiency, η. This is demonstrated in the
upper right frame of Fig. 5, where we show that the low-energy positron fraction is not sig-
nificantly impacted by variations in Ec, other than in terms of the overall normalization. If
we increase the value of Ec, we must compensate by increasing the value of the efficiency, η.

Upon reviewing these results, one might reasonably be concerned that when we select
model parameters which provide a good fit to the positron fraction at low energies, we
consistently predict a positron flux at high energies that is larger than that observed by AMS-
02. This could be an indication that some young pulsars lose their kinetic energy more rapidly
than we have assumed (in this study, we have limited our calculations to the case of magnetic
dipole breaking). Furthermore, in light of the fact that the positron fraction is dominated
at the highest measured energies by only a small number of sources, this could simply be
the consequence of a small number of young and nearby pulsars which have characteristics
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Figure 5. The impact on the positron fraction of varying the injected spectral index, α, the injected
spectral cutoff, Ec, the duration of the pulsars wind nebula phase, tPWN, the spindown timescale, τ ,
or the magnetic field of the ISM, B.
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that are substantially different from the average of the local population. We will explore this
possibility further in the following section.

6 Pulsar-to-Pulsar Variations

Throughout this study, we have adopted parameter values which are intended to reflect the
average characteristics of the local pulsar population. At low and moderate energies, we can
expect this approach to be adequate, as the observed positron fraction is the result of non-
negligible contributions from several dozen individual pulsars. At higher energies, however,
the measured positron fraction could potentially be dominated by the emission from only a
few individual pulsars. Judging from Fig. 1, for example, the single most important pulsar
(PSR J1057-5226) contributes less than 15% of the observed positrons at 100 GeV, but is
responsible for producing roughly half of these particles at 500 GeV. The specific parameters
for this individual pulsar are thus quite important for our prediction of the positron fraction at
high energies. More generally speaking, stochastic variations in the parameters of individual
pulsars make it difficult to reliably predict the positron fraction at energies above a few
hundred GeV. It is, after all, very plausible that the pulsar parameters being considered in
this study are not universal, but rather vary significantly from pulsar-to-pulsar.

We explore some examples of the possible impact of pulsar-to-pulsar variations in Fig. 6
where we show the positron fraction for the case of α = 1.55 (top) or 1.50 (bottom), Ec =
10 TeV, tPWN = 5 × 104 yr, τ = 104 yr and B = 4µG. In each frame, we show the positron
spectrum that results when we include all of the pulsars (both those in the ATNF catalog,
and those simulated by our Monte Carlo), as well as that obtained when we neglect the
contributions from the first four pulsars listed in Table 1. At low to moderate energies,
these few pulsars do not impact the positron fraction much, and we consistently obtain a
result which is in reasonably good agreement with the measured spectrum. At energies above
a few hundred GeV, in contrast, the result changes significantly depending on the detailed
properties of these few individual pulsars. This makes it impossible for us to use our approach
to reliably predict the positron fraction at the highest energies measured by AMS-02.

7 Summary and Conclusions

Observations by the HAWC Collaboration indicate that pulsars are accompanied by TeV
halos which produce a significant contribution to the cosmic-ray positron flux. In this study,
we have used the measured characteristics of the cosmic-ray positron fraction to constrain
the properties of the local population of pulsars and their associated TeV halos. More specif-
ically, we have calculated the contribution to the cosmic-ray positron flux from the pulsars
contained within the Australia Telescope National Facility (ATNF) pulsar catalog [24], and
used a Monte Carlo to estimate the contribution from those pulsars which have thus far
gone undetected. After varying a number of parameters, including the spectral shape of
the injected positrons, the timescale for pulsar spindown, the efficiency for electron-positron
production, the magnitude of the magnetic field in the ISM, and the duration of the pulsar
wind nebula phase, we have compared our results to the positron fraction as measured by
AMS-02. For reasonable parameter values, we find that it is possible to obtain good agree-
ment with the measured positron fraction, at least up to energies of Ee ∼ 300 GeV. This
result further supports the conclusion that TeV halos are the main source of the observed
cosmic-ray positron spectrum. At energies above a few hundred GeV, the positron fraction
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Figure 6. The cosmic-ray positron fraction as calculated for α = 1.55 (top) or α = 1.50 (bottom),
Ec = 10 TeV, tPWN = 5 × 104 yr, τ = 104 yr and B = 4µG. In each frame, we show the positron
spectrum that results when we include all of the pulsars (both those in the ATNF catalog, and those
simulated by our Monte Carlo), as well as that obtained when we neglect the contributions from
the first four pulsars listed in Table 1. This illustrates the importance of pulsar-to-pulsar parameter
variations, in particular at energies above a few hundred GeV.
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is dominated by a small number of pulsars, limiting our ability to reliably predict the shape
of the expected positron fraction or to use this high-energy information to draw reliable
conclusions pertaining to the Milky Way’s broader pulsar population.

Overall, the observed positron spectrum supports a picture in which pulsars transfer
η ∼ 5−20% of their total spindown power into the production of high-energy electron-positron
pairs, generating a spectrum of such particles with a hard spectral index, α ∼ 1.5− 1.7. Our
best fits were obtained for models in which the radio beams of pulsars cover ∼ 28% of the
surrounding solid angle, while the gamma-ray beams are significantly wider, covering ∼ 62%
of the total solid angle.
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