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Recent measurements of the Geminga and B0656þ 14 pulsars by the gamma-ray telescope HAWC
(along with earlier measurements by Milagro) indicate that these objects generate significant fluxes of very
high-energy electrons. In this paper, we use the very high-energy gamma-ray intensity and spectrum of
these pulsars to calculate and constrain their expected contributions to the local cosmic-ray positron
spectrum. Among models that are capable of reproducing the observed characteristics of the gamma-ray
emission, we find that pulsars invariably produce a flux of high-energy positrons that is similar in spectrum
and magnitude to the positron fraction measured by PAMELA and AMS-02. In light of this result, we
conclude that it is very likely that pulsars provide the dominant contribution to the long perplexing cosmic-
ray positron excess.
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I. INTRODUCTION

Measurements of the cosmic-ray positron fraction by the
PAMELA [1] and AMS-02 [2] experiments (as well as
HEAT [3], AMS-01 [4], and Fermi [5]) have identified an
excess of high-energy positrons relative to the standard
predictions for secondary production in the interstellar
medium (ISM). This result indicates that significant quan-
tities of ∼0.01–1 TeV positrons are produced within the
local volume (the surrounding ∼kpc) of the Milky Way.
The origin of these particles has been debated, and possible
sources include nearby and young pulsars [6–12], as well as
annihilating dark matter particles [12–25]. This excess
could also plausibly arise in nearby supernova remnants,
which may be able to produce and accelerate secondary
positrons before they escape into the ISM [26–32].
From the catalog of known pulsars, Geminga (PSR

J0633þ 1746) and B0656þ 14 (PSR J0659þ 1414,
thought to be associated with the Monogem supernova
remnant) are particularly attractive candidates to account
for the observed positron excess. These pulsars are each

relatively young (370,000 and 110,000 yr, respectively)
and are located within a few hundred parsecs of the solar
system (250þ230

−80 and 280þ30
−30 pc, respectively [33]). Much

of what we know about these and other pulsars is based
on gamma-ray observations. Geminga, in particular,
is an extremely bright source of GeV-scale emission,
thought to originate from the pulsar itself [34–37].
In contrast, observations of Geminga at very high energies
reveal a significantly extended morphology. In particular,
the Milagro Collaboration has reported the detection
of gamma-ray emission at ∼35 TeV with a flux of
ð3.77� 1.07Þ × 10−16 TeV−1 cm−2 s−1 and an extended
profile with a full-width at half maximum of 2.6þ0.7

−0.9 deg
[38]. Very recently, the HAWC Collaboration has pre-
sented their measurements of the Geminga pulsar, con-
firming its angular extension (∼2° radius) and reporting
a flux of ð4.87�0.68�2.4Þ×10−14 TeV−1 cm−2 s−1 at
7 TeV, with a local spectral index of −2.23� 0.08� 0.2
[39] (see also Refs. [40–42]). HAWC has also reported
the detection of very high-energy emission from
B0656þ 14, with a similar degree of spatial extension
and with a flux and spectral index at 7 TeV of ð2.30�
0.73�1.2Þ×10−14TeV−1 cm−2s−1 and −2.03�0.14�0.2,
respectively [39].
These observations by HAWC and Milagro allow us to

conclude that these pulsars, in fact, deposit a significant
fraction of their total spin-down power into high-energy
leptons. Furthermore, we will show in this paper that the
flux of leptons required to explain these observations is
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roughly equal to that required for the Geminga and
B0656þ 14 pulsars to produce an order 1 fraction of
the positron excess observed by PAMELA and AMS-02.
The spectrum, morphology, and intensity of the gamma-
ray emission measured by HAWC and Milagro leave us
with little choice but to conclude that nearby pulsars are
likely to be the dominant source of the observed cosmic-
ray positrons.

II. INVERSE COMPTON SCATTERING OF
VERY HIGH-ENERGY ELECTRONS AND

POSITRONS NEAR PULSARS

The gamma-ray emission observed from Geminga and
B0656þ 14 by HAWC and Milagro is almost certainly
generated through the inverse Compton scattering of very
high-energy leptons. The angular extension of this signal
rules out other scenarios, with the possible exception of
pion production. A pion production origin, however, would
require an unrealistically large quantity (≳1046 erg) of
Oð102Þ TeV protons to be confined to the region surround-
ing Geminga for ≳105 yr. Such a scenario can also be
constrained to some degree by the lack of TeV neutrinos
detected by the IceCube experiment [43].
To study the diffusion and energy losses of electrons

and positrons produced in nearby pulsars, we utilize the
standard propagation equation,

∂
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where dne=dEe is the differential number density of
electrons/positrons at a distance r from the pulsar, D is
the diffusion coefficient, v⃗c is the convection velocity
(which we take to be directed outward from the pulsar),
and the source term Q describes the spectrum and time
profile of electrons/positrons injected into the ISM. Energy
losses are dominated by a combination of inverse Compton
and synchrotron losses and are given by [44]
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where σT is the Thomson cross section and
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The sum in this expression is carried out over the
various components of the radiation backgrounds, consist-
ing of the cosmic microwave background (CMB), infrared
emission (IR), starlight (star), and ultraviolet emission
(UV). Throughout our analysis, we adopt the following
parameters: ρCMB ¼ 0.260 eV=cm3, ρIR ¼ 0.60 eV=cm3,
ρstar ¼ 0.60 eV=cm3, ρUV¼0.10 eV=cm3, and ρmag¼
0.224eV=cm3 (corresponding to B ¼ 3 μG) and TCMB ¼
2.7 K, TIR ¼ 20 K, Tstar ¼ 5000 K, and TUV ¼ 20; 000 K.
For low to moderate electron energies, these parameters
correspond to a value of b≃ 1.8 × 10−16 GeV=s. At very
high energies (Ee ≳m2

e=2T), however, inverse Compton
scattering is further suppressed by the following factor [45]:

SiðEeÞ ≈
45m2

e=64π2T2
i

ð45m2
e=64π2T2

i Þ þ ðE2
e=m2

eÞ
: ð2:5Þ

To solve Eq. (2.2), we calculate the distribution of the
electrons and positrons that were emitted a time t ago
and then sum the contributions produced over different
periods of time. Considering an injected spectrum of the
form QðEe; tÞ ¼ δðtÞQ0E−α expð−Ee=EcÞ, the solution to
Eq. (2.2) (neglecting convection) is given by
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where E0 is the initial energy of an electron that has an
energy of Ee after a time t. At low to moderate energies,
for which SiðEeÞ≃ 1, this quantity is given by E0 ≃ Ee=
ð1 − EebtÞ. Including the effects of Klein-Nishina suppres-
sion, E0 is determined by solving

R Ee
E0

dE=bðEÞE2 ¼ t. The
diffusion length scale is given by

LdifðEe; tÞ≡
�Z

Ee

E0

DðE0Þ
−dEe=dtðE0Þ dE

0
�
1=2

: ð2:7Þ

Throughout this study, we adopt a parametrization of
DðEeÞ ¼ D0Eδ

e for the diffusion coefficient.
To account for the time profile of the electrons and

positrons injected from a given pulsar, we adopt a function
proportional to the spin-down power (the rate at which the
pulsar loses rotational kinetic energy through magnetic
dipole braking) [46],
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where B is the strength of the magnetic field at the surface
of the neutron star, R is the radius of the neutron star, and
the rotational period evolves as follows,
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; ð2:9Þ

where P0 is the initial period and τ is the spin-down time
scale:
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In Eqs. (2.8) and (2.10), we adopted benchmark values for
the neutron star’s magnetic field, radius, and mass, chosen
to match Geminga’s observed period and its rate of change.
At energies within the range measured by MILAGRO

and HAWC, inverse Compton scattering yields photons
with energies not very far below that of the incident
electrons and positrons, Eγ ∼ Ee. Adopting this approxi-
mation, the angular profile of gamma rays generated
through inverse Compton scattering is given by

ΦγðEγ ¼ Ee;ψÞ ∝
Z

_Edt
Z
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∝
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Z
los

e−r
2=4L2

difðEe;tÞρradðrÞdl;

ð2:11Þ

where ψ is the angle observed away from the pulsar, and
r2 ¼ l2 þ d2 − 2ld cosψ , where d is the distance between
the pulsar and the observer. If we adopt a uniform
distribution of radiation in the vicinity of the pulsar, this
reduces to a profile of the form ΦγðψÞ ∝ exp½−d2 sin2 ψ=
4L2

difðEe; tÞ�. Observations of Geminga by both Miligro
and HAWC indicate that the very high-energy gamma-ray
emission from this source is extended over a region of a
few degrees across the sky. This in turn requires a diffusion
length given by LdifðEeÞ≃ ð250 pcÞ sinð0.5 × 2.6°Þ=
2ðlnð2ÞÞ1=2 ≃ 2.6 pc. In contrast, adopting parameters
appropriate for the ISM (D0 ≃ 2 × 1028 cm2=s, δ≃ 0.4,
b ¼ 1.8 × 10−16 GeV=s), we find

LdifðEe; tÞ≃ 200 pc

�
35 TeV

Ee

�
0.3
ð1 − ð1 − EebtÞ0.6Þ1=2:

ð2:12Þ

Assuming conditions for cosmic-ray transport that are
similar to those found in the ISM, this calculation shows
that we should have expected the inverse Compton emis-
sion observed at very high energies to be extended over a
scale of ∼60°, dramatically more than the ∼2° extension
reported by both Milagro and HAWC (see Fig. 1).
To resolve this puzzle, one might be tempted to consider

the possibility that the pulsar is surrounded by a dense
radiation field, which intensifies the resulting inverse
Compton emission from the surrounding parsecs. The
problem with this scenario, however, is that there is not
nearly enough power available to generate the required
density of radiation. More quantitatively, for an r−2 profile
of radiation to exceed the energy density of the CMB at a
distance of 1 pc from the pulsar would require an amount of
energy equivalent to more than ten times the total spin-
down power of Geminga. Adopting an extreme benchmark
in which 100% of Geminga’s energy budget is transferred
into radiation, the profile of inverse Compton emission is

FIG. 1. The angular distribution of the flux of inverse Compton
emission (per solid angle) from 35 TeV electrons (corresponding
to photons in the approximate energy range measured by Milagro
and HAWC) from the Geminga pulsar. Here, we have adopted
diffusion and energy loss parameters which correspond to the
conditions found in the ISM,D0 ¼ 2 × 1028 cm2=s, δ ¼ 0.4, and
b ¼ 1.8 × 10−16 GeV=s, and spectral parameters as given by
α ¼ 1.5, Ec ¼ 100 TeV. The solid black line represents the
angular profile predicted assuming an isotropic radiation distri-
bution, whereas the dashed blue line (visible in the upper left
corner) also includes a contribution from a population of radiation
which is distributed according to an r−2 profile, normalized to the
total spin-down power of Geminga. In either case, the predicted
profile is dramatically broader than the ∼2° extension reported by
both Milagro and HAWC.
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altered only very modestly, by less than 10% at ψ ¼ 1° (see
Fig. 1). Based on these considerations, it does not appear
that local concentrations of radiation play a significant role
in explaining the angular extent of the gamma-ray emission
observed from Geminga or B0656þ 14.
A more likely solution is that the conditions that dictate

cosmic-ray diffusion around Geminga and B0656þ 14 are
very different from those found elsewhere in the ISM,
leading energetic leptons to escape from the surrounding
regions much more slowly. In order to accommodate the
observed extension in this way, we require that these
particles only diffuse a distance of a few parsecs before
losing most of their energy. For an energy loss time of
5000 yr (corresponding to Ee ¼ 35 TeV and b ¼ 1.8×
10−16 GeV=s), this requires a diffusion coefficient of
D ∼ 1027 cm2=s (see Fig. 2). Although this is signifi-
cantly smaller than that found in the bulk of the ISM,
we note that it is similar to that predicted for standard
Bohmian diffusion, DBohm ¼ rLc=3≈1.2×1027 cm2=s ×
ðEe=35 TeVÞðμG=BÞ.
If pulsars such as Geminga are typically surrounded by a

region with inefficient diffusion (D ≪ DISM), the volume
of such regions must be fairly small to avoid conflicting
with secondary-to-primary ratios in the cosmic-ray spec-
trum as measured at Earth. In particular, if such regions
have a typical radius of rregion, then such regions will
occupy roughly the following fraction of the volume of the
Milky Way’s disk,

f ∼
Nregion ×

4π
3
r3region

πR2
MW × 2zMW

∼ 0.03 ×

�
rregion
50 pc

�
3
�
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0.03 yr−1

��
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�

×

�
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�
2
�
200 pc
zMW

�
; ð2:13Þ

where _NSN is the rate at which new pulsars appear in the
Galaxy, τregion is the length of time that such regions persist,
and Nregion ¼ _NSN × τregion is the number of such regions
present at a given time. The quantities RMW and zMW
denote the radius and half-width of the Galaxy’s cylindrical
disk. Combined with Milagro and HAWC observations of
Geminga and B0656þ 14, these considerations suggest
5 pc≲ rregion ≲ 50 pc, for which there will be little impact
on the observed secondary-to-primary ratios (other than the
positron fraction).
In Fig. 3, we plot the gamma-ray spectrum from the

region surrounding Geminga, compared to the measure-
ments by HAWC and Milagro (at 7 and 35 TeV, respec-
tively). In performing this calculation, we utilized the full
differential cross section for inverse Compton scattering
[44]. In the left (right) frame, we have adopted a spectrum
of injected electrons with an index of α ¼ 1.5 (1.9) and in
each case selected a value of Ec that provides the best fit to
the combination of these two measurements. In this part of
our calculation, we have parametrized the transport of the
cosmic rays out of the region surrounding Geminga with an
escape time, tesc, which is intended to account for phenom-
ena such as convective winds or energy-independent
diffusion [7]. In particular, we show results for two values
of the escape time (tesc ¼ 1.8 × 104 and tesc¼ 1.8×105 yr),
which if interpreted in terms of convection correspond to
vc ¼ 554 km=s × ðrregion=10 pcÞ and vc ¼ 55.4 km=s ×
ðrregion=10 pcÞ, respectively. In these four cases, the best
fits were found for Ec ¼ 44 TeV (α ¼ 1.5, tesc ¼ 1.8×
105 yr), Ec ¼ 35 TeV (α ¼ 1.5, tesc ¼ 1.8 × 104 yr), Ec ¼
67 TeV (α ¼ 1.9, tesc ¼ 1.8 × 105 yr), and Ec ¼ 49 TeV
(α ¼ 1.9, tesc ¼ 1.8 × 104 yr).
In addition to their flux measurement, the HAWC

Collaboration has also reported a value of −2.23� 0.08�
0.2 (statistical and systematic uncertainties, respectively)
for Geminga’s spectral slope at 7 TeV. Among the models
shown in Fig 3, those with tesc ¼ 1.8 × 105 yr predict
spectral slopes at 7 TeV of −2.47 (α ¼ 1.5) or −2.59
(α ¼ 1.9). Such values are in some tension with those
reported by HAWC. In contrast, for those models with a
shorter escape time, tesc ¼ 1.8 × 104 yr, we instead predict
a spectral slope of −2.23 (α ¼ 1.5) or −2.32 (α ¼ 1.9),
in excellent agreement with HAWC’s measurement.
This favors scenarios in which convection or energy-
independent diffusion plays a very important role in the
transport of high-energy leptons, especially among those

FIG. 2. The angular distribution of the flux of inverse Compton
emission (per solid angle) from 35 TeV electrons from the
Geminga pulsar, for different choices of the diffusion parameters,
D0, δ [such thatD ¼ D0ðEe=GeVÞδ]. We have adopted an energy
loss parameter of b ¼ 1.8 × 10−16 GeV=s and spectral parame-
ters of α ¼ 1.5 and Ec ¼ 100 TeV. To accommodate the ∼2°
extension reported by Milagro and HAWC, Geminga must be
enclosed within an environment with a diffusion coefficient that
is ∼103 times smaller than that corresponding to the typical
conditions of the ISM.
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with energies below ∼10 TeV. We lastly note that, among
this range of models, between 7.2% and 29% of Geminga’s
total current spin-down power is being deposited into
electron-positron pairs with Ee > 10 GeV.

III. IMPLICATIONS FOR THE COSMIC-RAY
POSITRON EXCESS

Although the angular extent of the emission observed
from Geminga and B0656þ 14 by HAWC and Milagro
indicates that very high-energy (Ee ≳ 10 TeV) leptons are
effectively trapped within a few parsecs of these sources,
the same fate need not be experienced by lower-energy
electrons and positrons. In particular, even a modest degree
of convection (i.e. the streaming of particles away from the
source at a constant velocity) can remove sub-TeV leptons
from the region before they lose a substantial fraction of

their energy, while higher-energy leptons lose the vast
majority of their energy to inverse Compton scattering
before escaping the same region [7].
To address this more quantitatively, we can compare the

time scale for energy losses, τloss ¼ 1=Eeb, to that for the
escape from the region, τescape ¼ rregion=vc. For convective
winds with a velocity of vc, particles with Ee ≪ vc=brregion
are left largely unaffected, while those with Ee ≫
vc=brregion lose the majority of their energy before escap-
ing. In the left frame of Fig. 4, we plot the fraction of energy
that an electron loses before escaping a region of radius
10 pc for several values of vc. It is expected that future
observations by the Cherenkov Telescope Array (CTA) will
provide an important test of this transition by measuring the
intensity and angular extent of the ∼0.1–10 TeV emission
from Geminga and B0656þ 14.

FIG. 3. The gamma-ray spectrum from the region surrounding Geminga, compared to measurements by HAWC and Milagro (shown
at 7 and 35 TeV, respectively). In the left (right) frame, we adopt a spectrum of injected electrons with an index of α ¼ 1.5 (1.9) and have
in each case selected a value of Ec that provides the best fit to the combination of these two measurements. The blue-dashed (solid green)
curves correspond to a case in which the escape time from the region surrounding Geminga is 1.8 × 105ð1.8 × 104Þ yr. As discussed in
the text, the case of tesc ≃ 1.8 × 105 yr is disfavored by the value of the spectral index reported by the HAWC Collaboration.

FIG. 4. Left: The fraction of energy that is lost by an electron over the time that is required to move via convection a distance of 10 pc.
Right: The mean fraction of energy that is lost by an electron over the time required to move via either convection (vc ¼ 100 km=s) or
energy-independent diffusion (D0 ¼ 1026 cm2=s) a distance of 10 pc. For comparison, in each frame, we show the (gamma-ray)
energies at which HAWC and Milagro have reported fluxes.
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Although one can describe the escape of sub-TeV from
the regions surrounding Geminga and B0656þ 14 in terms
of convection, we emphasize that other physical means are
also possible. For example, if we simply introduce a
diffusion coefficient with no energy dependence (δ ¼ 0),
we effectively mimic the effects of convection (see the right
frame of Fig. 4). We remain agnostic as to the physical
means by which sub-TeV leptons escape the regions sur-
rounding these sources and encourage the reader to inter-
pret convection within this model as a proxy for whatever
mechanism expels particles from the low-diffusion region,
as quantified in the previous paragraph.
In Fig. 5, we plot the cosmic-ray positron fraction as

measured by AMS-02, compared to the predictions from
the Geminga pulsar, using the same choices of parameters
as adopted in Fig. 3. In each frame, the solid black curve
denotes the contribution from standard secondary produc-
tion in the ISM, while the other curves include both this
contribution and that from Geminga. We remind the reader
that those models with tesc ¼ 1.8 × 105 yr (dotted blue
curves) do not lead to a spectral index compatible with the
measurement of HAWC and thus should be viewed as a
poor fit to the data. We have not presented the contribution
to the cosmic-ray electron spectrum from Geminga, as we
do not expect this individual source to dominate the
spectrum in the energy range considered here. In our
estimation, it remains likely that sources such as supernova
remnants significantly contribute to the observed spectrum
of cosmic-ray electrons.
The positron fraction presented in Fig. 5 includes a

distinctive feature at 400–500 GeV, which is a result
of energy losses. More specifically, a positron with an
infinite energy will be reduced over a time t to an energy
of Ee ≃ ðbtÞ−1, which for t ¼ 370;000 yr (the age of

Geminga) yields a final energy of ∼500 GeV. Any posi-
trons from Geminga above this energy were injected at later
times and thus have not cooled to the same extent.
The main lesson from the results shown in Fig. 5 is that

when the spectral shape and overall normalization of
Geminga are fixed to reproduce the results of HAWC
and Milagro, this pulsar is found to generate a non-
negligible portion of the observed positron fraction. That
being said, the overall size of this contribution to the
cosmic-ray positron flux can vary by a factor of order unity
depending on the precise values of the escape time, tesc, and
spin-down time scale, τ [see Eq. (2.10)] that are adopted.
The impact of the convection velocity is clearly evident
in Fig. 5. The resulting positron flux scales approximately
as τ−1 (we have adopted a value of τ ¼ 9.1 × 103 yr).
Furthermore, the time profile of a pulsar’s emission could
plausibly depart to some extent from that predicted from
standard magnetic dipole braking [46], potentially altering
the normalization of the positron flux predicted here, as
well as the inferred age of the pulsar.
Finally, in Fig. 6, we plot the contributions to the

positron fraction from the Geminga and B0656þ 14
pulsars, as well as the average contribution from those
pulsars located more than 500 pc away from the Solar
System. For each source, we have adopted α ¼ 1.9,
Ec ¼ 49 TeV, and tesc ¼ 1.8 × 104 yr and normalized their
contributions with τ ¼ 4.3 × 103 yr and adopted a total
birth rate of two pulsars per century in the Milky Way.1 For
other details regarding the calculation of the contribution
from distant pulsars, we direct the reader to Ref. [6]. In

FIG. 5. The cosmic-ray positron spectrum as measured by AMS-02, compared to the predictions from standard secondary production
in the ISM (solid black) and including a contribution from the Geminga pulsar. In each case, we have chosen the normalization and
spectral shape to match that of the very high-energy gamma-ray emission measured by HAWC and Milagro (see Fig. 3). In the left
(right) frame, we adopt a spectrum of injected electrons with an index of α ¼ 1.5 (1.9) and have in each case selected a value of Ec that
provides the best fit to the combination of the HAWC and Milagro measurements. The solid green curves correspond to a case with
tesc ¼ 1.8 × 104 yr. For comparison, we also show as blue-dashed curves the result with tesc ¼ 1.8 × 105 yr, although this case is
disfavored by the spectral index reported by the HAWC Collaboration.

1We produce nearly identical results if we instead adopt our
default value for τ≃ 9.1 × 103 and a somewhat lower value for
the escape time, tesc ¼ 8.4 × 103 yr.
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reality, we expect many of these parameters to vary from
pulsar to pulsar, making a detailed prediction of this kind
difficult and possibly unreliable. That being said, this
exercise clearly demonstrates that in light of the measure-
ments by HAWC and Milagro, it appears very likely that a
sizable fraction of the observed positron excess originates
from this class of sources. In addition, we note that it was
recently shown that the stochastic acceleration of cosmic-
ray secondaries in supernova remnants is also likely to
contribute to the local positron flux [32].

IV. SUMMARY AND CONCLUSIONS

In this paper, we have made use of measurements by the
very high-energy gamma-ray telescopes HAWC and
Milagro to better understand and constrain the injection
of high-energy electrons and positrons from the nearby
pulsars Geminga and B0656þ 14. The angular extension of

the ≳TeV gamma-ray emission observed from these pulsars
indicates that very high-energy leptons are effectively
trapped within the surrounding several parsecs around these
sources. Furthermore, their very high-energy gamma-ray
spectra indicate that lower-energy leptons are able to escape
more easily, suggesting the presence of features such as
strong convective winds or energy-independent diffusion.
In models that are able to reproduce the characteristics of

the gamma-ray emission reported by HAWC and Milagro,
these pulsars invariably provide a significant contribution
to the local cosmic-ray positron spectrum, and thus to the
measured positron fraction. Although it is not yet possible
to precisely predict the normalization of the positron flux
from these sources, these results show that Geminga and
B0656þ 14 are expected to generate a significant fraction
of the observed high-energy positron flux. If we make the
entirely reasonable assumption that other pulsars in the
Milky Way behave in a fashion similar to Geminga and
B0656þ 14, we find that it is very likely that pulsars are
responsible for much, if not the entirety, of the reported
positron excess.
An important test of this conclusion will come from

future Imaging Atmospheric Cherenkov Telescopes
(IACTs), such as the CTA. Although existing IACTs have
not yet reported any significant detection of TeV-scale
emission from Geminga or B0656þ 14 [47,48], next
generation telescopes will be far better suited to detect
emission that is extended over the angular scales reported
by Milagro and HAWC. Such a measurement is expected to
be able to confirm the basic features of the model presented
here and enable us to produce a more detailed determi-
nation of the spectrum of electrons and positrons that are
injected from this class of sources.
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