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Milky Way Pulsars as sources of high-energy cosmic rays

Pulsars loose their spinning energy 
into EM radiation and cosmic rays. 
This “spin-down” power evolves 
with time and can be modeled as,
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Through many different observations Pulsars are known sources of cosmic-ray  
electrons and positrons.

synchrotron pulse

Neutron Star

Astrophysical explanation, Contribution from Pulsars
Crab (very young pulsar 10^3 yr)

2

In this paper, we explore the possibility that the positron fraction reported by PAMELA may be generated by
mature pulsars. Gamma-ray pulsars are predicted to produce energetic electron-positron pairs with a harder spectrum
than that from secondary cosmic-ray induced origin, leading to the possibility that such sources may dominate the
cosmic ray positron spectrum at high energies. We calculate the spectrum of such particles from known local pulsars
(Geminga and B0656+14), and from the sum of all pulsars distributed throughout the Milky Way. As found in
earlier studies [16], we find that both local pulsars and the sum of pulsars distributed throughout the Milky Way can
contribute significantly to the observed spectrum. At 10 GeV, we estimate that on average only ∼20% of the cosmic
ray positrons originate from pulsars within 500 parsecs from the Solar System. If gamma-ray pulsars are formed at a
rate of ∼4 per century in the Milky Way, we find that the observed flux of ∼10-20 GeV positrons could be plausibly
generated in such objects. Similar conclusions were derived in [17, 18]. Above ∼50 GeV, however, the positron
spectrum is likely to be dominated by a single or small number of nearby pulsars. If the high energy electron-positron
spectrum is dominated by a single nearby source, it opens the possibility of detecting a dipole anisotropy in their
angular distribution (see also [19]). We find that such a feature could potentially be detected by the Fermi gamma-ray
space telescope (formerly known as GLAST) [20], thus enabling a powerful test to discriminate between the pulsar
and dark matter origins of the observed cosmic ray positron excess.

The remainder of this article is structured as follows: In Sec. II, we review the known properties of pulsars and
consider them as sources of high energy electron-positron pairs. In Sec. III, we consider the nearby pulsars Geminga
and B0656+14 and discuss their potential contributions to the cosmic ray positron spectrum. In Sec. IV, we calculate
the expected dipole anisotropy from nearby pulsars and compare this to the sensitivity of the Fermi gamma-ray space
telescope. We summarize and draw our conclusions in Sec. V.

II. PULSARS AS SOURCES OF ELECTRON-POSITRON PAIRS

In both models of polar gap [21, 22] and outer gap [23], electrons can be accelerated in different regions of the
pulsar magnetosphere and induce an electromagnetic cascade through the emission of curvature radiation, which in
turn results in production of photons which are above threshold for pair production in the strong pulsar magnetic
field. This process results in lower energy electrons and positrons that can escape the magnetosphere either through
the open field lines [25] or after joining the pulsar wind [18]. In this second case, the electrons and positrons lose
part of their energy adiabatically because of the expansion of the wind. The energy spectrum injected by a single
pulsar depends on the environmental parameters of the pulsar, but some attempts to calculate the average spectrum
injected by a population of mature pulsars suggest that the spectrum may be relatively hard, having a slope of
∼1.5-1.6 [18]. This spectrum, however, results from a complex interplay of individual pulsar spectra, of the spatial
and age distributions of pulsars in the Galaxy, and on the assumption that the chief channel for pulsar spin down
is magnetic dipole radiation. Due to the related uncertainties, variations from this injection spectra cannot be ruled
out. Typically, one concentrates the attention on pulsars of age ∼105 years because younger pulsars are likely to still
be surrounded by their nebulae, which confine electrons and positrons and thus prevent them from being liberated
into the interstellar medium until later times.

Still, some energetics considerations can be done with simple analytical models; this will also help the understanding
of arguments developed in the next Section. The rate of energy injection from a single pulsar in the form of pairs is
limited by its spin-down power (the rate of energy loss corresponding to the slowing rate of rotation). Assuming that
this is simply due to the emission of magnetic dipole radiation, the maximum rate of energy injection can be written
as (see e.g. [24]):
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where B12 = Bs/1012G is the magnetic field at the surface of the star, R10 = Rs/10km is the radius of the star and P
is the period of the star in seconds. The period P (gyration frequency Ω) increases (decreases) with time as a result
of the spin-down, according to
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(1 + t/τ0)
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, (2)
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s is the moment of inertia of the star with mass Ms and Ω0 = 2π/P0 is
the initial spin frequency of the pulsar and P0 is the initial period. Numerically, this yields:
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It follows that the upper limit to the rate of energy deposit in the form of electron-positron pairs is
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where t5 is the time in units of 105 years. Therefore, the total energy that a mature pulsar (t ≫ τ0) has injected in
the form of magnetic dipole radiation saturates to
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In the same assumption of a mature pulsar, we also have that Ω0 ≈ Ω(t/τ0)1/2, where Ω is the gyration frequency
measured today. For instance, for the Geminga pulsar (P = 230 ms) t ≈ 370, 000 years and τ ≈ 104 years (using
B12 = 1.6 and R10 = 1.5), one has Ω0 ≈ 166 s−1 (P0 ≈ 40 ms). For these values of the parameters, the total energy
output of the pulsar is rather large, Etot ≈ 1049 erg, which could easily account for the high energy positron flux. It
is worth stressing, however, that only a small fraction of this energy will eventually end up in the form of escaping
electron-positron pairs, and thus this number should be treated as an absolute upper limit on the pair luminosity of
a single pulsar. Qualitatively, the combined effect of a declining absolute luminosity [Eq. (4)] and of an increasing
escape probability conspire in singling out typical ages of ∼105 years for the pulsars expected to contribute maximally
to the positron flux.

To proceed in a more quantitative way towards the calculation of the overall spectrum from Galactic pulsars, one
needs to adopt a model for the e+−e− acceleration and escape probability from a single pulsar with a given magnetic
field, period, etc. and then integrate over a Monte Carlo distribution of these typical parameters in a Galactic Pulsar
population. The resulting injection spectrum we adopt follows from such a calculation in Ref. [18]:

dNe

dEe
≈ 8.6 × 1038Ṅ100 (Ee/GeV)−1.6 exp (−Ee/80 GeV)GeV−1 s−1, (7)

where Ṅ100 is the rate of pulsar formation in units of pulsars per century. This expression corresponds to an average
energy output in electron-positron pairs of approximately 6 × 1046 erg per pulsar, i.e. to efficiency ! 1% compared
with the upper bound derived above. In the following, we inject this spectrum according to the spatial distribution
of pulsars given in Refs. [18, 26].

Once electrons and positrons are produced, diffusion in the Galactic Magnetic Field regulates their motion. Unlike
previous approaches to the problem, mostly based on a simple implementation of the leaky box model, we calculate
the effects of propagation by solving the transport equation for electrons, including synchrotron and inverse Compton
scattering losses:
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with a free escape boundary condition at 4 kpc above and below the Galactic Plane. Here dne/dEe is the number
density of electrons/positrons per unit energy, K(Ee) is the diffusion coefficient and B(Ee) is the rate of energy
loss. We adopt K(Ee) ≡ K0(1 + Ee/(3 GeV))δ with K0 = 3.4 × 1028 cm2/s and δ = 0.6, and B(Ee) = −bE2

e with
b = 10−16GeV−1s−1. Q corresponds to the source term described above.

In Fig. 1, we show the spectrum of positrons and the positron fraction resulting from the sum of all pulsars
throughout the Milky Way. In the upper panels, we show results for different rates of pulsar birth (one per 10, 25,
or 100 years). The dashed line represents the baseline result neglecting the contribution from pulsars, including only
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FIG. 1: Time evolution of e+e− flux on the Earth from a

pulsar at a distance of 1 kpc with ηW0 = 3 × 1049 erg, an

injection index n = 1.6, and an injection cutoff M = 10 TeV.

The diffusion and energy losses are described in Sec. IIA.

We assume the delta-function approximation for the emission

from the pulsar, Q(x, E, t) = Q(E)δ(x)δ(t). The flux from a

young pulsar (the 3 kyr curve on the right) has an exponential

suppression because the electrons have not had enough time

to diffuse from the pulsar to the Earth. The cutoff moves

to the left due to cooling of electrons and becomes sharper.

After reaching a maximal value, the flux decreases since the

electrons diffuse over a large volume.

matter of convenience, we choose D0 = 3 × 1028cm2s−1,

δ = 0.4, b0 = 1.6 × 10−16GeV−1s−1, W0 = 1050 erg, and

M = 10 TeV. With this choice, our fit to the e+e− data

will determine n, η, and t. If some of the parameters

are known independently, e.g., the propagation model,

the energy losses, the age of the pulsar etc., this ap-

proach becomes more constrained and more predictive.

As shown in Fig. 2, the expected flux from a pulsar

with ηW0 ≈ 3 × 1049 erg, n = 1.6, distance 0.3 kpc, and

age 200 kyr reproduces the positron fraction measured

by PAMELA and is a good fit to the cosmic-ray electron

spectrum measured by ATIC, Fermi, and HESS below

∼ 1 TeV. This suggests that the anomaly in the e+e−

flux could be due to a single pulsar. However, given the

considerable number of known nearby, energetic pulsars

[28], it is unlikely that the flux from any single pulsar is

significantly larger than the flux from all such pulsars.

In the next section, we will derive the expected flux of

electrons and positrons from a collection of pulsars.

III. FLUX FROM A COLLECTION OF

PULSARS

In this section, we derive the e+e− flux from a con-

tinuous distribution of pulsars and compare it with the
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FIG. 2: Electron and positron flux from a single pulsar to-

gether with a primary background ∼ E−3.3 and a secondary

background ∼ E−3.6. The pulsar is at a distance of 0.3 kpc.

It has ηW0 = 2.2 × 1049 erg, age of 200 kyr, and injection

index and cutoff n = 1.6 and M = 10 TeV, respectively. The

propagation parameters are described in Sec. II A. The cutoff

M ≫ 1 TeV results in a significant bump around 1 TeV which

is consistent with the ATIC data. For a smaller injection cut-

off M ∼ 1 TeV, the flux from the pulsar takes the form of a

power law with an exponential cutoff that can be used to fit

the Fermi and PAMELA data (see, e.g., [37]).

predicted flux from the pulsars in the ATNF catalog [28].

A. Flux derivation

We assume that pulsars are homogeneously distributed

in the galactic plane and are born at a constant rate Nb

[35]. The “continuous” distribution of pulsars is defined

as the average of all possible realizations of pulsar dis-

tributions. This results in a source function constant in

time, localized in the vertical direction, and homogeneous

in the galactic plane

Qdistr(x, E, t) = J0 E−n e−
E
M δ(z) (23)

Gamma-Rays
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In this paper, we explore the possibility that the positron fraction reported by PAMELA may be generated by
mature pulsars. Gamma-ray pulsars are predicted to produce energetic electron-positron pairs with a harder spectrum
than that from secondary cosmic-ray induced origin, leading to the possibility that such sources may dominate the
cosmic ray positron spectrum at high energies. We calculate the spectrum of such particles from known local pulsars
(Geminga and B0656+14), and from the sum of all pulsars distributed throughout the Milky Way. As found in
earlier studies [16], we find that both local pulsars and the sum of pulsars distributed throughout the Milky Way can
contribute significantly to the observed spectrum. At 10 GeV, we estimate that on average only ∼20% of the cosmic
ray positrons originate from pulsars within 500 parsecs from the Solar System. If gamma-ray pulsars are formed at a
rate of ∼4 per century in the Milky Way, we find that the observed flux of ∼10-20 GeV positrons could be plausibly
generated in such objects. Similar conclusions were derived in [17, 18]. Above ∼50 GeV, however, the positron
spectrum is likely to be dominated by a single or small number of nearby pulsars. If the high energy electron-positron
spectrum is dominated by a single nearby source, it opens the possibility of detecting a dipole anisotropy in their
angular distribution (see also [19]). We find that such a feature could potentially be detected by the Fermi gamma-ray
space telescope (formerly known as GLAST) [20], thus enabling a powerful test to discriminate between the pulsar
and dark matter origins of the observed cosmic ray positron excess.

The remainder of this article is structured as follows: In Sec. II, we review the known properties of pulsars and
consider them as sources of high energy electron-positron pairs. In Sec. III, we consider the nearby pulsars Geminga
and B0656+14 and discuss their potential contributions to the cosmic ray positron spectrum. In Sec. IV, we calculate
the expected dipole anisotropy from nearby pulsars and compare this to the sensitivity of the Fermi gamma-ray space
telescope. We summarize and draw our conclusions in Sec. V.

II. PULSARS AS SOURCES OF ELECTRON-POSITRON PAIRS

In both models of polar gap [21, 22] and outer gap [23], electrons can be accelerated in different regions of the
pulsar magnetosphere and induce an electromagnetic cascade through the emission of curvature radiation, which in
turn results in production of photons which are above threshold for pair production in the strong pulsar magnetic
field. This process results in lower energy electrons and positrons that can escape the magnetosphere either through
the open field lines [25] or after joining the pulsar wind [18]. In this second case, the electrons and positrons lose
part of their energy adiabatically because of the expansion of the wind. The energy spectrum injected by a single
pulsar depends on the environmental parameters of the pulsar, but some attempts to calculate the average spectrum
injected by a population of mature pulsars suggest that the spectrum may be relatively hard, having a slope of
∼1.5-1.6 [18]. This spectrum, however, results from a complex interplay of individual pulsar spectra, of the spatial
and age distributions of pulsars in the Galaxy, and on the assumption that the chief channel for pulsar spin down
is magnetic dipole radiation. Due to the related uncertainties, variations from this injection spectra cannot be ruled
out. Typically, one concentrates the attention on pulsars of age ∼105 years because younger pulsars are likely to still
be surrounded by their nebulae, which confine electrons and positrons and thus prevent them from being liberated
into the interstellar medium until later times.

Still, some energetics considerations can be done with simple analytical models; this will also help the understanding
of arguments developed in the next Section. The rate of energy injection from a single pulsar in the form of pairs is
limited by its spin-down power (the rate of energy loss corresponding to the slowing rate of rotation). Assuming that
this is simply due to the emission of magnetic dipole radiation, the maximum rate of energy injection can be written
as (see e.g. [24]):

Ė = −
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4
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≈ 1031B2
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6
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−4 erg s−1, (1)

where B12 = Bs/1012G is the magnetic field at the surface of the star, R10 = Rs/10km is the radius of the star and P
is the period of the star in seconds. The period P (gyration frequency Ω) increases (decreases) with time as a result
of the spin-down, according to

Ω(t) =
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1/2

, (2)
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s is the moment of inertia of the star with mass Ms and Ω0 = 2π/P0 is
the initial spin frequency of the pulsar and P0 is the initial period. Numerically, this yields:
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It follows that the upper limit to the rate of energy deposit in the form of electron-positron pairs is

L = IΩΩ̇ =
1

2
IΩ2

0
1

τ0

1
(

1 + t
τ0

)2 . (4)

In terms of the total energy injected in a time t after the pulsar birth,
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where t5 is the time in units of 105 years. Therefore, the total energy that a mature pulsar (t ≫ τ0) has injected in
the form of magnetic dipole radiation saturates to

Etot ≈
1

2
IΩ2

0 = 2.2 × 1046
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)
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10P
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In the same assumption of a mature pulsar, we also have that Ω0 ≈ Ω(t/τ0)1/2, where Ω is the gyration frequency
measured today. For instance, for the Geminga pulsar (P = 230 ms) t ≈ 370, 000 years and τ ≈ 104 years (using
B12 = 1.6 and R10 = 1.5), one has Ω0 ≈ 166 s−1 (P0 ≈ 40 ms). For these values of the parameters, the total energy
output of the pulsar is rather large, Etot ≈ 1049 erg, which could easily account for the high energy positron flux. It
is worth stressing, however, that only a small fraction of this energy will eventually end up in the form of escaping
electron-positron pairs, and thus this number should be treated as an absolute upper limit on the pair luminosity of
a single pulsar. Qualitatively, the combined effect of a declining absolute luminosity [Eq. (4)] and of an increasing
escape probability conspire in singling out typical ages of ∼105 years for the pulsars expected to contribute maximally
to the positron flux.

To proceed in a more quantitative way towards the calculation of the overall spectrum from Galactic pulsars, one
needs to adopt a model for the e+−e− acceleration and escape probability from a single pulsar with a given magnetic
field, period, etc. and then integrate over a Monte Carlo distribution of these typical parameters in a Galactic Pulsar
population. The resulting injection spectrum we adopt follows from such a calculation in Ref. [18]:

dNe

dEe
≈ 8.6 × 1038Ṅ100 (Ee/GeV)−1.6 exp (−Ee/80 GeV)GeV−1 s−1, (7)

where Ṅ100 is the rate of pulsar formation in units of pulsars per century. This expression corresponds to an average
energy output in electron-positron pairs of approximately 6 × 1046 erg per pulsar, i.e. to efficiency ! 1% compared
with the upper bound derived above. In the following, we inject this spectrum according to the spatial distribution
of pulsars given in Refs. [18, 26].

Once electrons and positrons are produced, diffusion in the Galactic Magnetic Field regulates their motion. Unlike
previous approaches to the problem, mostly based on a simple implementation of the leaky box model, we calculate
the effects of propagation by solving the transport equation for electrons, including synchrotron and inverse Compton
scattering losses:

∂
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K(Ee)▽⃗
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dEe

]

+
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]

+ Q(Ee, x⃗), (8)

with a free escape boundary condition at 4 kpc above and below the Galactic Plane. Here dne/dEe is the number
density of electrons/positrons per unit energy, K(Ee) is the diffusion coefficient and B(Ee) is the rate of energy
loss. We adopt K(Ee) ≡ K0(1 + Ee/(3 GeV))δ with K0 = 3.4 × 1028 cm2/s and δ = 0.6, and B(Ee) = −bE2

e with
b = 10−16GeV−1s−1. Q corresponds to the source term described above.

In Fig. 1, we show the spectrum of positrons and the positron fraction resulting from the sum of all pulsars
throughout the Milky Way. In the upper panels, we show results for different rates of pulsar birth (one per 10, 25,
or 100 years). The dashed line represents the baseline result neglecting the contribution from pulsars, including only
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FIG. 1: Time evolution of e+e− flux on the Earth from a

pulsar at a distance of 1 kpc with ηW0 = 3 × 1049 erg, an

injection index n = 1.6, and an injection cutoff M = 10 TeV.

The diffusion and energy losses are described in Sec. IIA.

We assume the delta-function approximation for the emission

from the pulsar, Q(x, E, t) = Q(E)δ(x)δ(t). The flux from a

young pulsar (the 3 kyr curve on the right) has an exponential

suppression because the electrons have not had enough time

to diffuse from the pulsar to the Earth. The cutoff moves

to the left due to cooling of electrons and becomes sharper.

After reaching a maximal value, the flux decreases since the

electrons diffuse over a large volume.

matter of convenience, we choose D0 = 3 × 1028cm2s−1,

δ = 0.4, b0 = 1.6 × 10−16GeV−1s−1, W0 = 1050 erg, and

M = 10 TeV. With this choice, our fit to the e+e− data

will determine n, η, and t. If some of the parameters

are known independently, e.g., the propagation model,

the energy losses, the age of the pulsar etc., this ap-

proach becomes more constrained and more predictive.

As shown in Fig. 2, the expected flux from a pulsar

with ηW0 ≈ 3 × 1049 erg, n = 1.6, distance 0.3 kpc, and

age 200 kyr reproduces the positron fraction measured

by PAMELA and is a good fit to the cosmic-ray electron

spectrum measured by ATIC, Fermi, and HESS below

∼ 1 TeV. This suggests that the anomaly in the e+e−

flux could be due to a single pulsar. However, given the

considerable number of known nearby, energetic pulsars

[28], it is unlikely that the flux from any single pulsar is

significantly larger than the flux from all such pulsars.

In the next section, we will derive the expected flux of

electrons and positrons from a collection of pulsars.

III. FLUX FROM A COLLECTION OF

PULSARS

In this section, we derive the e+e− flux from a con-

tinuous distribution of pulsars and compare it with the
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FIG. 2: Electron and positron flux from a single pulsar to-

gether with a primary background ∼ E−3.3 and a secondary

background ∼ E−3.6. The pulsar is at a distance of 0.3 kpc.

It has ηW0 = 2.2 × 1049 erg, age of 200 kyr, and injection

index and cutoff n = 1.6 and M = 10 TeV, respectively. The

propagation parameters are described in Sec. II A. The cutoff

M ≫ 1 TeV results in a significant bump around 1 TeV which

is consistent with the ATIC data. For a smaller injection cut-

off M ∼ 1 TeV, the flux from the pulsar takes the form of a

power law with an exponential cutoff that can be used to fit

the Fermi and PAMELA data (see, e.g., [37]).

predicted flux from the pulsars in the ATNF catalog [28].

A. Flux derivation

We assume that pulsars are homogeneously distributed

in the galactic plane and are born at a constant rate Nb

[35]. The “continuous” distribution of pulsars is defined

as the average of all possible realizations of pulsar dis-

tributions. This results in a source function constant in

time, localized in the vertical direction, and homogeneous

in the galactic plane

Qdistr(x, E, t) = J0 E−n e−
E
M δ(z) (23)

Pulsars loose their spinning energy 
into EM radiation and cosmic rays. 
This “spin-down” power evolves 
with time and can be modeled as,

The total energy released from a 
single pulsar over a time
is its initial rotational kinetic energy:

Through many different observations Pulsars are known sources of cosmic-ray  
electrons and positrons.

Milky Way Pulsars as sources of high-energy cosmic rays
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FIG. 1: The period (P ) and its rate of change (dP/dt), for pulsars described in the ATNF catalog [12]. Open circles denote
binary pulsars (most of which are millisecond pulsars), while squares and X’s represent radio quiet pulsars and anomalous
X-ray and/or soft gamma-ray emitters, respectively. All other pulsars are shown as dots. Also shown are contours of constant
spin-down power (red dashes), magnetic field (blue dots), and characteristic age, � � P/2Ṗ (solid black), calculated assuming
a neutron star mass of 1.4M� and a radius of 10 km. See text for discussion.

explained by a population of gamma-ray pulsars. Here,
and throughout this paper, we use the phrase “Inner
Galaxy” to refer to the region within several kiloparsecs
of the Galactic Center, as opposed to the much smaller
region (⇥100 pc) referred to as the “Galactic Center”.
After briefly reviewing some of the most relevant aspects
of pulsars in Sec. II, we turn our attention in Sec. III
to the gamma-ray spectra observed from known millisec-
ond pulsars. We find that the spectrum observed from
these sources is not compatible with that of the Inner
Galaxy’s GeV excess. Independently of spectral argu-
ments, we demonstrate in Sec. IV that the Inner Galaxy’s
GeV excess cannot be accounted for with millisecond
pulsars without significantly overpredicting the number
of pulsars that Fermi would have resolved as individual
point sources. Pulsar distributions which are consistent
with Fermi’s source catalog can account for no more than
⇥10% of the observed GeV excess. From either of these
arguments, we conclude that gamma-ray pulsars cannot
account for a significant fraction of the Inner Galaxy’s
GeV excess. In Sec. V, we briefly summarize our results
and their implications.

II. A BRIEF REVIEW OF ORDINARY AND
MILLISECOND PULSARS

Pulsars are rapidly spinning neutron stars which
steadily convert their rotational kinetic energy into ra-
diation, including potentially observable emission at ra-

dio and gamma-ray wavelengths. When initially formed,
pulsars typically exhibit rotational periods on the or-
der of tens or hundreds of milliseconds, and mag-
netic field strengths of ⇥1011-1013 G (see Fig. 1).
As a result of magnetic-dipole braking, a pulsar’s
period will slow down at a rate given by Ṗ =
3.3 � 10�15 (B/1012 G)2 (P/0.3 s)�1, corresponding to
an energy loss rate of Ė = 4�2IṖ /P 3 = 4.8 �
1033erg/s (B/1012 G)2 (P/0.3 s)�4 (I/1045g cm2). As a
result of this rotational slowing, pulsars steadily become
less luminous. For very young pulsars, this occurs very
rapidly. Within a few hundred thousand years, the Crab
and Vela pulsars will become a thousand times fainter
than they are at present. After ⇥10-100 million years,
such objects slow to a point at which they are no longer
able to generate radio emission (crossing what is known
as the pulsar “death line”).

To those pulsars that are gravitationally bound to a
binary companion, another stage of evolution is possi-
ble. If at some point in time (likely well after the pulsar
has lost most of its rotational kinetic energy and become
faint) the companion enters a red giant phase, accretion
onto the pulsar and the corresponding transfer of angu-
lar momentum can dramatically increase the rotational
speed of the pulsar (to P⇥1.5-100 ms), while also dra-
matically reducing the magnetic field (to B⇥108-109 G).
Such millisecond pulsars (MSPs) (also known as spun-up
or recycled pulsars) can be as luminous as ordinary pul-
sars, but evolve much more slowly, remaining bright for

milli-second 
(recycled) pulsars: 

NEED A 
COMPANION

PULSAR 
GRAVEYARD

Astrophysical explanation, Contribution from Pulsars

Vela (young pulsar 10^4 yr)
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In this paper, we explore the possibility that the positron fraction reported by PAMELA may be generated by
mature pulsars. Gamma-ray pulsars are predicted to produce energetic electron-positron pairs with a harder spectrum
than that from secondary cosmic-ray induced origin, leading to the possibility that such sources may dominate the
cosmic ray positron spectrum at high energies. We calculate the spectrum of such particles from known local pulsars
(Geminga and B0656+14), and from the sum of all pulsars distributed throughout the Milky Way. As found in
earlier studies [16], we find that both local pulsars and the sum of pulsars distributed throughout the Milky Way can
contribute significantly to the observed spectrum. At 10 GeV, we estimate that on average only ∼20% of the cosmic
ray positrons originate from pulsars within 500 parsecs from the Solar System. If gamma-ray pulsars are formed at a
rate of ∼4 per century in the Milky Way, we find that the observed flux of ∼10-20 GeV positrons could be plausibly
generated in such objects. Similar conclusions were derived in [17, 18]. Above ∼50 GeV, however, the positron
spectrum is likely to be dominated by a single or small number of nearby pulsars. If the high energy electron-positron
spectrum is dominated by a single nearby source, it opens the possibility of detecting a dipole anisotropy in their
angular distribution (see also [19]). We find that such a feature could potentially be detected by the Fermi gamma-ray
space telescope (formerly known as GLAST) [20], thus enabling a powerful test to discriminate between the pulsar
and dark matter origins of the observed cosmic ray positron excess.

The remainder of this article is structured as follows: In Sec. II, we review the known properties of pulsars and
consider them as sources of high energy electron-positron pairs. In Sec. III, we consider the nearby pulsars Geminga
and B0656+14 and discuss their potential contributions to the cosmic ray positron spectrum. In Sec. IV, we calculate
the expected dipole anisotropy from nearby pulsars and compare this to the sensitivity of the Fermi gamma-ray space
telescope. We summarize and draw our conclusions in Sec. V.

II. PULSARS AS SOURCES OF ELECTRON-POSITRON PAIRS

In both models of polar gap [21, 22] and outer gap [23], electrons can be accelerated in different regions of the
pulsar magnetosphere and induce an electromagnetic cascade through the emission of curvature radiation, which in
turn results in production of photons which are above threshold for pair production in the strong pulsar magnetic
field. This process results in lower energy electrons and positrons that can escape the magnetosphere either through
the open field lines [25] or after joining the pulsar wind [18]. In this second case, the electrons and positrons lose
part of their energy adiabatically because of the expansion of the wind. The energy spectrum injected by a single
pulsar depends on the environmental parameters of the pulsar, but some attempts to calculate the average spectrum
injected by a population of mature pulsars suggest that the spectrum may be relatively hard, having a slope of
∼1.5-1.6 [18]. This spectrum, however, results from a complex interplay of individual pulsar spectra, of the spatial
and age distributions of pulsars in the Galaxy, and on the assumption that the chief channel for pulsar spin down
is magnetic dipole radiation. Due to the related uncertainties, variations from this injection spectra cannot be ruled
out. Typically, one concentrates the attention on pulsars of age ∼105 years because younger pulsars are likely to still
be surrounded by their nebulae, which confine electrons and positrons and thus prevent them from being liberated
into the interstellar medium until later times.

Still, some energetics considerations can be done with simple analytical models; this will also help the understanding
of arguments developed in the next Section. The rate of energy injection from a single pulsar in the form of pairs is
limited by its spin-down power (the rate of energy loss corresponding to the slowing rate of rotation). Assuming that
this is simply due to the emission of magnetic dipole radiation, the maximum rate of energy injection can be written
as (see e.g. [24]):

Ė = −
B2

sR6
sΩ

4

6c3
≈ 1031B2

12R
6
10P

−4 erg s−1, (1)

where B12 = Bs/1012G is the magnetic field at the surface of the star, R10 = Rs/10km is the radius of the star and P
is the period of the star in seconds. The period P (gyration frequency Ω) increases (decreases) with time as a result
of the spin-down, according to

Ω(t) =
Ω0

(1 + t/τ0)
1/2

, (2)

where τ0 = 3c3I/(B2
sR6

sΩ
2
0), I = (2/5)MsR2

s is the moment of inertia of the star with mass Ms and Ω0 = 2π/P0 is
the initial spin frequency of the pulsar and P0 is the initial period. Numerically, this yields:
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τ0 = 7.4 × 107B−2
12

(

Ms

1.4M⊙

)

R−4
10 P 2

0 years. (3)

It follows that the upper limit to the rate of energy deposit in the form of electron-positron pairs is

L = IΩΩ̇ =
1

2
IΩ2

0
1

τ0

1
(

1 + t
τ0

)2 . (4)

In terms of the total energy injected in a time t after the pulsar birth,

Etot(t) =
1

2
IΩ2

0
t

τ0

1

1 + t
τ0

= 6 × 1043P−4
0 R6

10B
2
12t5

1
(

1 + t
τ0

) erg, (5)

where t5 is the time in units of 105 years. Therefore, the total energy that a mature pulsar (t ≫ τ0) has injected in
the form of magnetic dipole radiation saturates to

Etot ≈
1

2
IΩ2

0 = 2.2 × 1046

(

Ms

1.4M⊙

)

R2
10P

−2
0 erg. (6)

In the same assumption of a mature pulsar, we also have that Ω0 ≈ Ω(t/τ0)1/2, where Ω is the gyration frequency
measured today. For instance, for the Geminga pulsar (P = 230 ms) t ≈ 370, 000 years and τ ≈ 104 years (using
B12 = 1.6 and R10 = 1.5), one has Ω0 ≈ 166 s−1 (P0 ≈ 40 ms). For these values of the parameters, the total energy
output of the pulsar is rather large, Etot ≈ 1049 erg, which could easily account for the high energy positron flux. It
is worth stressing, however, that only a small fraction of this energy will eventually end up in the form of escaping
electron-positron pairs, and thus this number should be treated as an absolute upper limit on the pair luminosity of
a single pulsar. Qualitatively, the combined effect of a declining absolute luminosity [Eq. (4)] and of an increasing
escape probability conspire in singling out typical ages of ∼105 years for the pulsars expected to contribute maximally
to the positron flux.

To proceed in a more quantitative way towards the calculation of the overall spectrum from Galactic pulsars, one
needs to adopt a model for the e+−e− acceleration and escape probability from a single pulsar with a given magnetic
field, period, etc. and then integrate over a Monte Carlo distribution of these typical parameters in a Galactic Pulsar
population. The resulting injection spectrum we adopt follows from such a calculation in Ref. [18]:

dNe

dEe
≈ 8.6 × 1038Ṅ100 (Ee/GeV)−1.6 exp (−Ee/80 GeV)GeV−1 s−1, (7)

where Ṅ100 is the rate of pulsar formation in units of pulsars per century. This expression corresponds to an average
energy output in electron-positron pairs of approximately 6 × 1046 erg per pulsar, i.e. to efficiency ! 1% compared
with the upper bound derived above. In the following, we inject this spectrum according to the spatial distribution
of pulsars given in Refs. [18, 26].

Once electrons and positrons are produced, diffusion in the Galactic Magnetic Field regulates their motion. Unlike
previous approaches to the problem, mostly based on a simple implementation of the leaky box model, we calculate
the effects of propagation by solving the transport equation for electrons, including synchrotron and inverse Compton
scattering losses:

∂

∂t

dne

dEe
= ▽⃗ ·

[

K(Ee)▽⃗
dne

dEe

]

+
∂

∂Ee

[

B(Ee)
dne

dEe

]

+ Q(Ee, x⃗), (8)

with a free escape boundary condition at 4 kpc above and below the Galactic Plane. Here dne/dEe is the number
density of electrons/positrons per unit energy, K(Ee) is the diffusion coefficient and B(Ee) is the rate of energy
loss. We adopt K(Ee) ≡ K0(1 + Ee/(3 GeV))δ with K0 = 3.4 × 1028 cm2/s and δ = 0.6, and B(Ee) = −bE2

e with
b = 10−16GeV−1s−1. Q corresponds to the source term described above.

In Fig. 1, we show the spectrum of positrons and the positron fraction resulting from the sum of all pulsars
throughout the Milky Way. In the upper panels, we show results for different rates of pulsar birth (one per 10, 25,
or 100 years). The dashed line represents the baseline result neglecting the contribution from pulsars, including only
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FIG. 1: The period (P ) and its rate of change (dP/dt), for pulsars described in the ATNF catalog [12]. Open circles denote
binary pulsars (most of which are millisecond pulsars), while squares and X’s represent radio quiet pulsars and anomalous
X-ray and/or soft gamma-ray emitters, respectively. All other pulsars are shown as dots. Also shown are contours of constant
spin-down power (red dashes), magnetic field (blue dots), and characteristic age, � � P/2Ṗ (solid black), calculated assuming
a neutron star mass of 1.4M� and a radius of 10 km. See text for discussion.

explained by a population of gamma-ray pulsars. Here,
and throughout this paper, we use the phrase “Inner
Galaxy” to refer to the region within several kiloparsecs
of the Galactic Center, as opposed to the much smaller
region (⇥100 pc) referred to as the “Galactic Center”.
After briefly reviewing some of the most relevant aspects
of pulsars in Sec. II, we turn our attention in Sec. III
to the gamma-ray spectra observed from known millisec-
ond pulsars. We find that the spectrum observed from
these sources is not compatible with that of the Inner
Galaxy’s GeV excess. Independently of spectral argu-
ments, we demonstrate in Sec. IV that the Inner Galaxy’s
GeV excess cannot be accounted for with millisecond
pulsars without significantly overpredicting the number
of pulsars that Fermi would have resolved as individual
point sources. Pulsar distributions which are consistent
with Fermi’s source catalog can account for no more than
⇥10% of the observed GeV excess. From either of these
arguments, we conclude that gamma-ray pulsars cannot
account for a significant fraction of the Inner Galaxy’s
GeV excess. In Sec. V, we briefly summarize our results
and their implications.

II. A BRIEF REVIEW OF ORDINARY AND
MILLISECOND PULSARS

Pulsars are rapidly spinning neutron stars which
steadily convert their rotational kinetic energy into ra-
diation, including potentially observable emission at ra-

dio and gamma-ray wavelengths. When initially formed,
pulsars typically exhibit rotational periods on the or-
der of tens or hundreds of milliseconds, and mag-
netic field strengths of ⇥1011-1013 G (see Fig. 1).
As a result of magnetic-dipole braking, a pulsar’s
period will slow down at a rate given by Ṗ =
3.3 � 10�15 (B/1012 G)2 (P/0.3 s)�1, corresponding to
an energy loss rate of Ė = 4�2IṖ /P 3 = 4.8 �
1033erg/s (B/1012 G)2 (P/0.3 s)�4 (I/1045g cm2). As a
result of this rotational slowing, pulsars steadily become
less luminous. For very young pulsars, this occurs very
rapidly. Within a few hundred thousand years, the Crab
and Vela pulsars will become a thousand times fainter
than they are at present. After ⇥10-100 million years,
such objects slow to a point at which they are no longer
able to generate radio emission (crossing what is known
as the pulsar “death line”).

To those pulsars that are gravitationally bound to a
binary companion, another stage of evolution is possi-
ble. If at some point in time (likely well after the pulsar
has lost most of its rotational kinetic energy and become
faint) the companion enters a red giant phase, accretion
onto the pulsar and the corresponding transfer of angu-
lar momentum can dramatically increase the rotational
speed of the pulsar (to P⇥1.5-100 ms), while also dra-
matically reducing the magnetic field (to B⇥108-109 G).
Such millisecond pulsars (MSPs) (also known as spun-up
or recycled pulsars) can be as luminous as ordinary pul-
sars, but evolve much more slowly, remaining bright for
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FIG. 1: The period (P ) and its rate of change (dP/dt), for pulsars described in the ATNF catalog [12]. Open circles denote
binary pulsars (most of which are millisecond pulsars), while squares and X’s represent radio quiet pulsars and anomalous
X-ray and/or soft gamma-ray emitters, respectively. All other pulsars are shown as dots. Also shown are contours of constant
spin-down power (red dashes), magnetic field (blue dots), and characteristic age, � � P/2Ṗ (solid black), calculated assuming
a neutron star mass of 1.4M� and a radius of 10 km. See text for discussion.

explained by a population of gamma-ray pulsars. Here,
and throughout this paper, we use the phrase “Inner
Galaxy” to refer to the region within several kiloparsecs
of the Galactic Center, as opposed to the much smaller
region (⇥100 pc) referred to as the “Galactic Center”.
After briefly reviewing some of the most relevant aspects
of pulsars in Sec. II, we turn our attention in Sec. III
to the gamma-ray spectra observed from known millisec-
ond pulsars. We find that the spectrum observed from
these sources is not compatible with that of the Inner
Galaxy’s GeV excess. Independently of spectral argu-
ments, we demonstrate in Sec. IV that the Inner Galaxy’s
GeV excess cannot be accounted for with millisecond
pulsars without significantly overpredicting the number
of pulsars that Fermi would have resolved as individual
point sources. Pulsar distributions which are consistent
with Fermi’s source catalog can account for no more than
⇥10% of the observed GeV excess. From either of these
arguments, we conclude that gamma-ray pulsars cannot
account for a significant fraction of the Inner Galaxy’s
GeV excess. In Sec. V, we briefly summarize our results
and their implications.

II. A BRIEF REVIEW OF ORDINARY AND
MILLISECOND PULSARS

Pulsars are rapidly spinning neutron stars which
steadily convert their rotational kinetic energy into ra-
diation, including potentially observable emission at ra-

dio and gamma-ray wavelengths. When initially formed,
pulsars typically exhibit rotational periods on the or-
der of tens or hundreds of milliseconds, and mag-
netic field strengths of ⇥1011-1013 G (see Fig. 1).
As a result of magnetic-dipole braking, a pulsar’s
period will slow down at a rate given by Ṗ =
3.3 � 10�15 (B/1012 G)2 (P/0.3 s)�1, corresponding to
an energy loss rate of Ė = 4�2IṖ /P 3 = 4.8 �
1033erg/s (B/1012 G)2 (P/0.3 s)�4 (I/1045g cm2). As a
result of this rotational slowing, pulsars steadily become
less luminous. For very young pulsars, this occurs very
rapidly. Within a few hundred thousand years, the Crab
and Vela pulsars will become a thousand times fainter
than they are at present. After ⇥10-100 million years,
such objects slow to a point at which they are no longer
able to generate radio emission (crossing what is known
as the pulsar “death line”).

To those pulsars that are gravitationally bound to a
binary companion, another stage of evolution is possi-
ble. If at some point in time (likely well after the pulsar
has lost most of its rotational kinetic energy and become
faint) the companion enters a red giant phase, accretion
onto the pulsar and the corresponding transfer of angu-
lar momentum can dramatically increase the rotational
speed of the pulsar (to P⇥1.5-100 ms), while also dra-
matically reducing the magnetic field (to B⇥108-109 G).
Such millisecond pulsars (MSPs) (also known as spun-up
or recycled pulsars) can be as luminous as ordinary pul-
sars, but evolve much more slowly, remaining bright for

Basic model assumes magnetic dipole radiation (κ=3)

normal

⌧ =
P

(� 1)Ṗ
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I. INTRODUCTION

The slowing down of rotating neutron stars has been observed and modeled for decades.

The simplest models relate the loss the kinetic rotational energy of the star to the emission

of magnetic radiation from a rotating dipolar magnetic field (MDR), attached to the star

[1–5]. The calculated energy loss by a rotating pulsar is assumed proportional to a model

dependent power of Ω. This relation leads to the power law Ω̇ = -K Ωn where n is called

the braking index. The value of n can, in principle, be determined from observation of

higher-order frequency derivatives related to n by [6]

n =
ΩΩ̈

Ω̇2
(1)

n(2n− 1) =
Ω2

...
Ω

Ω̇3
. (2)

When the star is taken as a magnetized sphere, rotating in vacuum, with a constant

moment of inerta (MoI) and a constant magnetic dipole moment, misaligned at a fixed

angle to its axis of rotation, n is equal to 3 (for derivation see Sec. IA).

Extraction of the rotational frequency and its time derivatives from observation involves

a detailed analysis of the time evolution of the pulses, and of the spectra and luminosity

of radiation from the related nebulae in a wide range of wavelengths. Although data on

many pulsars are available in the literature, there are only eight pulsars generally accepted

to yield reliable data on the pulsar’s spin-down (see Table. I, recent compilation [7] and Refs.

therein). The third derivative is known only for the Crab pulsar [16], and PSR B1509-58

[17].

Examination of Table I shows that n = 3 does not agree with observation. There have

been many attempts to extend/modify the basics of the MDR model. These include con-

sideration of magnetic field activity (e.g., [13, 18–23]), superfluidity and superconductivity

of the matter within pulsars (e.g., [24–26]), and modifications of the power law and related

quantities (e.g., [7, 27]). Time dependence of the constants in the MDR model has also

been considered [18, 28–30]. In particular, time evolution of the inclination angle between

spin and magnetic dipole axes has been recently addressed [6, 31]. However, there is no

model currently available that would yield, consistently, the typical spread of values of n as

illustrated in Table I.

Models outside the MDR have also been introduced. For example, energy loss through

4

κ

Measured only in 
about a dozen very 
young and energetic 

pulsars



Single Pulsar CR flux Evolution with Time

Malyshev, Cholis, Gelfand, PRD 2009 

Pulsars are ~Time-bombs of Cosmic-Rays

Modeling the Pulsars

The pulsar spins down with                kyr << Time for 
cosmic rays to propagate to us.

⌧0 ⇠ 10
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AMS-02

Comparing to Observations

CALET

DAMPE

While pulsars are not the only source
of cosmic-ray electrons and positrons, 
adding their contribution we can test 
various hypotheses on the properties 
of Milky Way pulsars using the 
recently released (2017-2021) cosmic-
ray energy spectral measurements.

Cholis, Krommydas, PRD 105 023015 (2022)



Study the Pulsar Properties through the 
Observed Cosmic-Ray Spectra

One has to include all uncertainties, pertaining to

• The Neutron Stars distribution in space

• The initial conditions of the Neutron Stars (as a 
distribution of properties) in terms of their initial    
spin-down power

• The uncertainties on their time evolution, i.e. 

• How many cosmic-ray electrons and positrons they 
produce/inject into the interstellar medium and with 
what spectrum

• How these electrons/positrons propagate from there 
to us (ISM physics & Heliospheric Physics)

We have produced  over 7K unique Milky-Way pulsar simulations. Each 
simulation contains anywhere between 5K to 18K unique pulsars within 
4 kpc from the Sun.

 & ⌧0
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The impact of ISM assumptions on the propagation of cosmic-rays

suppressed E-loss

enhanced E-loss for alternative 
diffusion assumptions

“conventional” Energy-losses

Cholis, Krommydas, PRD 105 023015 (2022)



Alternative assumptions on the (i.e. observable) luminosity 
of pulsars

Cholis, Krommydas, PRD 105 023015 (2022)

Cholis, Karwal, Kamionkowski, PRD 98 063008 (2018)



Total Lepton Flux from AMS-02: Cholis, Krommydas, PRD 105 023015 (2022)



Total Lepton Flux from DAMPE (probing the youngest pulsars):



Conversion Efficiency to cosmic-rays:

Total Lepton Flux from DAMPE (probing the youngest pulsars):



Total Lepton Flux:

• collisions of galaxy clusters 
(e.g. bullet cluster)

Scales of dark matter

• DM tested in wide variety of arenas

Most of the universe is beyond the standard 
model

DM is 
collisionless, not 
part of the 
standard model

• success of BBN (DM is non-baryonic)!

• growth of structure (cold DM)

Pulsars have a 
time-evolving 
braking index 
that allows them
to retain some of 
their rotational 
energy. 

Cholis, Krommydas, PRD 105 023015 (2022)



The impact on ISM assumptions

We can also invert the question on what we can learn about the ISM if 
pulsars are prominent sources of cosmic-ray electrons and positrons:



Next Goal: Pulsars VS Dark Matter
Single Pulsar CR flux Evolution with Time

See positive/negative bumps at 
higher energy electrons & 
positrons. 

One bump/cut-off: DM 
Many features: pulsars 

Cholis, Karwal, Kamionkowski, 2017
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Technique to Differentiate: Power-Spectrum on the 
Cosmic-Ray Spectrum

Cholis, Karwal, Kamionkowski, 2017



Technique to Differentiate: Power-Spectrum on the 
Cosmic-Ray Spectrum

Cholis, Karwal, Kamionkowski, 2017
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Cholis, Hoover (in prep. 2022)



Performing Cross-correlation of electrons and positrons

Can get a positive signal in the 
cross-correlation of the two 
cosmic-ray species… which we 
find indications for 

Preliminary

Cholis, Hoover (in prep. 2022)



• Performed simulations on the Milky Way pulsars population, accounting for 
the various astrophysical modeling uncertainties.

• Tested simulations to recent cosmic-ray measurements to probe the 
averaged properties of pulsars at times well after EM observations are 
sensitive to provide us information on their evolution

• We find clear preference for braking index 

• We find that pulsars have quite uniform properties as sources of cosmic-
ray electrons and positrons (fraction of E and spectrum) and likely release    
of                of their rotational energy to cosmic-rays in the ISM. 

• We find at ~12 GeV an interesting spectral feature that suggests a new 
subpopulation of sources at (contribution from inner spiral arm or from 
dark matter)

• Early Stages of performing power-spectral calculations (auto-correlation)

• Cross-correlating the electron and the positron energy spectra for 
coinciding features in the measurements (we find some first hints)

Conclusions and what comes next
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Additional Slides



Power-Spectrum on the Cosmic-Ray Spectrum
Is it a robust Test?

We run many simulations (900)

Cholis, Karwal, Kamionkowski, 2017



Power-Spectrum on the Cosmic-Ray Spectrum
Is it a robust Test? Probably Yes.

DM Pulsars

In 10-20 years we have 
a chance to observe a 
signal in the Power-
Spectrum with AMS, and 
future experiments. Yet, 
uncertainties need to be 
further tackled.

Cholis, Karwal, Kamionkowski, 2017



On the  ~12 GeV feature:

Krommydas, Cholis  (in prep. 2022)

Preliminary



On the  ~12 GeV feature:

Krommydas, Cholis  (in prep. 2022)

Preliminary


