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The NS magnetosphere
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RNS =10km
P = 0.001− 7s
Bsurf =108−12G

Acceleration sites and efficiency?

Unipolar inductor (AGN, GRB, Magnetar)
EM extraction of rotational energy.
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Main evidence for the presence of 
accelerated plasma produced by the 

pulsars are:

Pulsed Radio emission 

Pulsed Gamma-ray emission

Presence of synchrotron nebulae
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NS surface electric field

E ~ ΩRB/c  
Φ ~ ΩBR2/c

Particle acceleration to high lorentz 
factors

Accelerated electrons cool in strong field

dE/dt ~ e4B2γ2/m2c3   
ω ~ eγ2B/mc

Particles move along field lines - curvature radius ~ 
Light Cylinder radius

Curvature radiation is emitted as gamma rays 
ω ~ γ3c/R

hω > mc2  then one can have secondary pair creation

Curvature radiation from accelerated new pairs can 
give rise to a pair creation cascade 

For young objects also ICS on the thermal surface 
emission
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Gap acceleration
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If the entire magnetosphere is in FF equilibrium 
then E●B = 0 - No acceleration

There are regions where the FF charge is not achieved
Those regions can lead to vacuum acceleration and are 

called gaps

One gap is on the polar cap - 
We already noticed that the 

field there can pull electrons 
out of the surface

Note that the GJ charge goes like
B●Ω

So there are regions of positive and 
negative charges-

+ Outer gaps?
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Polar or Outer ?
gamma ray pulsars
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 Fig. 4: Crab pulsar spectral cutoff. The black points and triangles on the left represent flux 

measurements from EGRET and COMPTEL (17). The arrows on the right denote upper limits from 

various previous experiments. We performed a joint fit of a function [F(E) = A E
-!

 exp(-(E/E0)
")] to the 

MAGIC, EGRET and COMPTEL data. The figure shows all three fitted functions for "=1 (red line) 

and "=2 (blue line) and the best fit "=1.2 (green line). The black line indicates the energy range, the 

flux and the statistical error of our measurement. The yellow band illustrates the joint systematic error 

of all three solutions. The measurement is compared with three current pulsar models, a polar cap 

model, a slot-gap model and an outer gap model. The sharp cut-off of the polar cap (27) model is due 

to magnetic pair production close to the surface of the neutron star. The slot gap model (6) does not 

reach the observed cut-off energy, while the outer gap (8) model can explain the high energy cut-off. 

The numbers in the parentheses refer to the list of references. 
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FIG. 5.— The phase-averaged Vela spectral energy distribution (E2dNγ/dE). Both statistical (capped) and systematic (uncapped) errors are shown. We
believe that the latter are conservative; they dominate at all energies below 7GeV. EGRET data points (diamonds, Kanbach et al. 1994) are shown for comparison.
The curve is the best-fit power law with a simple exponential cut-off.

Polar caps are more successful at explaining radio 
emission - Outer are favored for gamma-ray emission 

Vela 

Crab 
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Maximum energy - Composition
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To shorten the electric field a typical change density (GJ) is required
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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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1999; Gruzinov 2005; Spitkovsky 2006; Timokhin 2006;
Komissarov 2006; Kalapotharakos & Contopoulos 2009),
but they do not yet include any particle acceleration, or
pair creation self-consistently. Therefore, in this paper we
decouple particle acceleration from the rest of the cascade
and focus on the cascade produced by a primary electron1

injected into the magnetosphere with a given initial Lorentz
factor γ0 (cf. Daugherty & Harding 1982). We also consider
the cascade produced by a single “primary” photon emitted
by the primary electron, in the case where photon emission
within the acceleration gap is important (i.e., for cascades
where the dominant mechanism for high-energy photon pro-
duction is inverse Compton scattering).

The outline of the paper is as follows. In Section 2 we
summarize our method for estimating the initial parameters
(e.g., γ0) of the primary cascade particles, for use in our sim-
ulations. In Section 3 we describe the details of the numer-
ical simulations, both for cascades with photon production
dominated by curvature radiation and by resonant inverse
Compton scattering (resonant ICS, or RICS). In Section 4
we present our results (e.g., photon and pair plasma spec-
tra) for a wide range of parameters: surface magnetic fields
B = 1012–1015 G, rotation periods 0.1–10 s, surface tem-
peratures T = (0.3–3) × 106 K, and pure dipole and more
complex field geometries. In Section 5 we summarize our
findings and discuss their implications for the radio emis-
sion and high-energy (hard X-ray and gamma-ray) emission
from pulsars and magnetars. Some technical details (on our
treatment of inverse Compton scattering, on our treatment
of attenuation coefficients and e+e− energy levels for pair
production, and on deriving semi-analytic fits to our nu-
merical results) are given in the appendix.

2 ESTIMATING THE INITIAL PARAMETERS

FOR THE PRIMARY PARTICLES

2.1 Primary electrons

In our cascade simulation (described in Section 3) we do not
include an actual acceleration region, since we wish in this
work to remain as model-independent as possible. Instead,
we model the effect of this region on the cascade by giving
the primary electron an initial energy γ0mec2 equivalent to
the energy it would reach upon traversing the entire gap,
and injecting it into the magnetosphere at the neutron star
surface (cf. Daugherty & Harding 1982). Obviously, this ap-
proximation excludes a proper treatment of the slot gap and
outer gap acceleration models. However, in most parts of the
polar cap region (i.e., except for the boundary region adja-
cent to the open field lines), the main voltage drop occurs
near the stellar surface, regardless of the nature of the “gap”
(vacuum gap or space charge limited flow). Such inner gap
models and other global models with near-surface accelera-
tion are allowed in our analysis.

For a dipole magnetic field geometry, most active pul-
sars with inner gap accelerators have gap voltage drops in

1 Although the primary particle could also be a positron (or even
an ion), we assume here for simplicity that the pulsar is oriented
such that electrons are accelerated away from the star.

the range Φ ∼ (1–2) × 1013 V, regardless of the accelera-
tion model (e.g., Hibschman & Arons 2001a; Medin & Lai
2007, hereafter ML07). For the surface field strengths we
are considering, B ≥ 1012 G, the primary electrons are not
radiation-reaction limited within these gaps (ML07; cf. the
millisecond pulsar models of Harding, Usov, & Muslimov
2005), so we can set γ0 = eΦ/mec2. We therefore restrict
γ0 to the range (2–4)× 107 for dipole fields. Note that these
large voltage drops do not occur in pulsars where the gap
electric field is fully screened due to inverse Compton scat-
tering by the primary electron. We discuss this case in Sec-
tion 2.2.

The voltage drop across the gap can be no larger than
the voltage drop across the entire polar cap of the neutron
star (e.g., Ruderman & Sutherland 1975):

Φcap $ ΩBp

2c
R3Ω
c

= 7× 1012Bp,12P
−2
0 V , (1)

where R is the radius of the star (assumed in this pa-
per to be 10 km), P0 is the spin period in units of 1 s,
and Bp = 1012Bp,12 G is the polar surface magnetic field
strength. If the voltage drop, Φ, required to initiate pair
cascades is not available, i.e., Φ > Φcap, the magnetosphere
should not produce pulsed radio emission; the locus of points
where Φ = Φcap defines the pulsar death line.2 A typical
death line for an inner gap model, plotted in P -Ṗ space, is
shown on the left panel of Fig. 1. The line was made using
three assumptions: (i) The magnetosphere field geometry is
dipolar. (ii) The pair cascade occurs primarily above the
gap, (through curvature radiation) once the primary elec-
tron has reached a large Lorentz factor γ0 ∼ 107. (iii) The
spindown power of the pulsar, given by

Ė = −IΩΩ̇ =
4π2IṖ
P 3

, (2)

is approximately equal to the spindown power of a magnetic
dipole with its magnetic field and rotational axes orthogonal
to each other:

Ė $
B2

pΩ
4R6

6c3
=

2Φ2
capc

3
. (3)

The polar magnetic field strength inferred from this
frequently-used approximation is

Bp,12 $ 2.0
√

P0Ṗ−15 , (4)

where Ṗ−15 is the period derivative in units of 10−15 s/s and
I = 1045 g-cm2 is assumed.

A well-known problem with the death line made using
these assumptions is that it cuts right through the middle of
the main group of pulsars (Ruderman & Sutherland 1975;
Hibschman & Arons 2001a; Harding & Muslimov 2002;
Medin & Lai 2007); i.e., the model incorrectly predicts that
there will be no radio emission from many neutron stars that
are observed to be active pulsars.

Several authors have proposed models of the neu-
tron star magnetosphere that shift the theoretical death
line closer to the observed death line by altering one

2 This applies to the vacuum gap model. In the space-charge-
limited-flow model the condition is Φ = κgΦcap, with κg ! 0.15
(e.g., Hibschman & Arons 2001a).
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Ė = −IΩΩ̇ =
4π2IṖ
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ABSTRACT

We investigate a stationary pair production cascade in the outer magnetosphere of a spinning neutron star.
The charge depletion due to global flows of charged particles causes a large electric field along the magnetic
field lines. Migratory electrons and/or positrons are accelerated by this field to radiate !-rays via curvature
and inverse Compton processes. Some of these !-rays collide with the X-rays to materialize as pairs in the
gap. The replenished charges partially screen the electric field, which is self-consistently solved together with
the energy distribution of particles and !-rays at each point along the field lines. By solving the set ofMaxwell
and Boltzmann equations, we demonstrate that an external injection of charged particles at nearly
Goldreich-Julian rate does not quench the gap but shifts its position and that the particle energy distribution
cannot be described by a power law. The injected particles are accelerated in the gap and escape from it with
large Lorentz factors. We show that such escaping particles migrating outside of the gap contribute
significantly to the !-ray luminosity for young pulsars and that the soft !-ray spectrum between 100 MeV
and 3 GeV observed for the Vela pulsar can be explained by this component. We also discuss that the
luminosity of the !-rays emitted by the escaping particles is naturally proportional to the square root of the
spin-down luminosity.
Subject headings: gamma rays: observations — gamma rays: theory — magnetic fields —

methods: numerical —
pulsars: individual (Geminga, PSR B1055!52, PSR B1706!44, Vela pulsar)

1. INTRODUCTION

Recent years have seen a renewal of interest in the theory
of particle acceleration in pulsar magnetospheres, after the
launch of theCompton Gamma-RayObservatory (e.g., for the
Vela pulsar: Kanbach et al. 1994; Fierro et al. 1998; for PSR
B1706!44: Thompson et al. 1996; for Geminga: Mayer-
Hasselwander et al. 1994; Fierro et al. 1998; for PSR
B1055!52: Thompson et al. 1999). The modulation of the !-
ray light curves testifies to the particle acceleration either at
the polar cap (Harding, Tademaru, & Esposito 1978;
Daugherty & Harding 1982, 1996; Sturner, Dermer, &
Michel 1995) or at the vacuum gaps in the outer magneto-
sphere (Cheng,Ho, &Ruderman 1986a, 1986b; hereafter col-
lectively CHR; Chiang & Romani 1992, 1994; Romani &
Yadigaroglu 1995; Higgins & Henriksen 1997, 1998). Both
models predict that electrons and positrons are accelerated in
a charge depletion region, a potential gap, by the electric field
along the magnetic field lines to radiate high-energy !-rays
via the curvature process. However, there is an important dif-
ference between these two models: a polar gap accelerator
releases very little angular momenta, while an outer gap one
could radiate them efficiently. In addition, three-dimensional
outer gap models commonly explain double-peak light
curves with strong bridges observed for !-ray pulsars. On
these grounds, the purpose of the present paper is to explore
further into the analysis of the outer gap accelerator.

In the CHR picture, the gap is assumed to be geometri-
cally thin in the transfield direction on the poloidal plane in
the sense D?5W , where D? represents the typical trans-

field thickness of the gap, while W represents the width
along the magnetic field lines. In this limit, the acceleration
electric field is partially screened by the zero-potential walls
separated with a small distance D?; as a result, the gap,
which is assumed to be vacuum, extends from the null
surface to (the vicinity of) the light cylinder. Here the null
surface is defined as the place on which the local Goldreich-
Julian charge density

"GJ " !!Bzðs; zÞ
2#c

ð1Þ

vanishes, where ! refers to the angular frequency of the
neutron star, Bz is the magnetic field component projected
along the rotational axis, and c is the velocity of light; s and
z refer to the coordinates parallel and perpendicular, respec-
tively, to the poloidal magnetic field. The star surface corre-
sponds to s ¼ 0; s increases outwardly along the field lines.
The last-open field line corresponds to z ¼ 0; z increases
toward the magnetic axis (in the same hemisphere).

If Bz > 0 holds in the starward side of the null surface, a
positive acceleration field arises in the gap. The light
cylinder is defined as the surface where the azimuthal veloc-
ity of a plasma would coincide with c if it corotated with the
magnetosphere. Its radius from the rotational axis becomes
the so-called light cylinder radius, $LC " c=!. Particles are
not allowed to migrate inward beyond this surface because
of the causality in special relativity.

It should be noted that the null surface is not a special
place for the gap electrodynamics in the sense that the
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To be compared with typical pair creation energies ~ 103-4 eV
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Pair production
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How many particles are produced? What limits production?

We know from emission from the 
nebulae that 

the pair injection rate is ~ 104-5  

times higher than the GJ current.
32 Jonathan Arons

appearing in Figure 13 show clearly that for lower voltages (Φ < 1013.5 V),
where most pulsars lie, the pair multiplicities drop well below unity,

Fig. 13. Multiplicities (number of pairs per particle in the Goldreich-Julian density)
across the PṖ diagram, from Hibschman & Arons (2001b). Harding et al. (2002) re-
port similar results, using a more elaborate analysis. Both used similar versions of
space charge limited beam acceleration in the polar cap region, and both included
the contribution of synchrotron cascades to the total multiplicity. Crosses refer to
objects where curvature emission provides the gamma rays that convert to pairs,
circles to objects where non-resonant inverse Compton upscatter of thermal X-rays
(both from the polar cap heated by backflow bombardment and from the whole
surface of he cooling neutron star) provides the gamma rays, while asterisks show
the more strongly magnetized stars where the cyclotron resonance in the scattering
cross section makes a significant contribution to the gamma ray production rate. All
these calculations used a star centered dipole for the magnetic geometry, and can
be substantially affected by surface magnetic anomalies, e.g. offsets of the dipole
center from the stellar center, as in Arons (1998b), or higher order multipoles,
as in Melikidze et al. (2006). The modern force-free model of the oblique rotator
(Spitkovsky 2006) offers the possibility of investigating the pair multiplicity within
a self-conistent geometric setting, either with the traditional starvation electric fields
or with improvements that take into account the full magnetospheric current system
and charge densities, as outlined in §2.7.

far below the level assumed in almost all models of the radio emission, and
also required in models of propagation effects that have had some success in
the interpretation of radio polarization and beaming structure (e.g. McKinnon
1997; Barnard & Arons 1986), or indeed needed to explain the death line in
Figure 1.

Multiplicity depends on emission 
mechanism CR/ICS

It is strongly dependent on age

Hibsman & Arons 07 
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By solving the time dependent force free equations, Spitkovsky (2006)
showed that the force-free magnetosphere evolves with RY → RL, starting
from a static vacuum magnetic dipole on a star instantaneously set into rota-
tion with angular velocity Ω; at t = 0, the electric field on the stellar surface
was set equal to −(Ω × r) × B. The rate of approach of RY to RL depends
on the artificial resistivity used to control singular behavior at current sheets.
Komissarov (2006) and Bucciantini et al. (2006) found similar results using
a relativistic MHD model (i.e. inertial forces included). Spitkovsky’s method
allowed the current sheet to have an arbitrary shape. Thus, he also succeeded
in finding the force free solution for arbitary i; the resulting 3D model of the
magnetic field appears in Figure 3. Within the assumption of a magnetosphere
everywhere filled with plasma of density sufficient to short out parallel elec-
tric fields (and no physics that might support such electric fields in a plasma
of density greater than |ηR|/e), a full solution for the electromagnetic struc-
ture of the RPP’s magnetosphere (both aligned and oblique rotators) is now
available, after 38 years of discussion. Spitkovsky’s result,

ĖR = k
µ2Ω4

c3
(1 + sin2 i), k = 1 ± 0.1, (6)

contains all the aligned rotator studies as a special case. As is clear from Figure
3, the magnetic topology of the oblique rotator (closed field lines terminating
at a Y line, current sheet extending from the Y line separating regions of
oppositely directed field in the wind) is a rotationally distorted version of the
simpler aligned rotator geometry.

Fig. 3. Left: A snapshot of a force free simulation of a RPPs magnetosphere, for
r < 2RL (from Spitkovsky 2006). Right: Total current (c/4π)∇ × B, the sum of
conduction and displacement currents.

The ration of particle energy vs total spin down power at the LC is 
generally << 1  - FF magnetic dominated wind

Data from nebulae show that at 
larger distances the flow has 

small magnetization and higher 
lorentz factor

Plasma is reaccelerated before 
the nebula and magnetic 

energy is dissipated
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in a reconnection model, the magnetic field flows into the sheets, to disappear
in expanding islands of hot plasma around O-lines, with velocity εRvA ≈ εRc
(Lyubarsky 2005), with εR expected11 to be on the order of 0.1 to 0.2. In the
pulsar’s center of mass frame, the dissipation time then has the lower limit
Td > Γ 2

windRL/c; in a reconnection model, Td ≈ Γ 2
windRL/εRc.

Fig. 16. Magnetic geometry of the inner regions of a striped wind emerging from
an oblique rotator with a large obliquity i. a) Magnetic structure of the force free
rotator for i = 60◦, from Spitkovsky (2006). b) One of the two interleaved current
sheets for the 60◦ rotator, derived from Bogovalov’s oblique split monopole model
(Bogovalov 1999) c) The same as b) but for i = 9◦, shown for clarity. d) and e)
Meridional and equatorial cross sections of the striped wind current sheet, for the
60◦ rotator. f) A snapshot of a 2D PIC simulation of the equatorial stripes, by
Spitkovsky (2002)

11 An expectation based on kinetic simulations and experiments on non-relativistic
reconnection, as in Birn al. (2001); relativistic reconnection in a pair plasma, the
case relevant here, has just started to receive attention (Bessho & Bhattacharjee
2005).

Efficient dissipation of the 
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CIAO 2.2 procedures, using the Townsley QEU calibration
file.

An important consideration in our analysis is spectral
distortion due to CCD photon pile-up. Pile-up occurs when
more than one photon is recorded as a single photon event
in a CCD readout frame. This can severely skew the spec-
trum by registering the summed energy of two photons as
one; it also causes the loss of soft photons when the recorded
energy of two or more photons exceed the valid range of the
instrument. For the pulsars measured herein, the expected
magnitude of pile-up spans the range of 3%–8%. Pile-up can
result in the flattening of the pulsar spectrum relative to the
spectrum of the nebulae and is accounted for by using the
pile-up model available in XSPEC on all pulsar spectral fits.

The extracted spectra were fitted with an absorbed
power-law model whose flux is given by FðEÞ / e#!ðEÞNH

E#!, where C is the photon index,NH the interstellar hydro-
gen column density to the source, and !ðEÞ the Wisconsin
interstellar absorption cross section (Morrison & McCam-
mon 1983). In order to avoid potential soft thermal emission
contamination, the spectral fits for both the pulsars and
nebulae were restricted to energies above 2 keV, where the
fits are largely insensitive to NH. In these fits, the NH was
held fixed to the value determined from fits to the nebula
spectra over the full ACIS band. The spectral fits to the pul-
sar emission included the addition of a CCD pile-up model.

Table 1 lists the resultant spectral slopes for each object,
including the spectral slope of the pulsed emission only,
taken from published values, when available, or derived by
phase-resolved spectroscopy using ASCA or RXTE data. A
comparison between pulsed and unpulsed emission meas-
urements is a good test for systematic spectral distortion, as
the former measurements, based on phase-resolved spec-
troscopy using non-CCD detectors, are immune to pile-up.
Although the spectra of the pulsed and total emission need
not be the same (e.g., Crab; see Pravdo, Angelini, & Har-
ding 1997), it is reassuring that most agree to within mea-
surement errors (see Fig. 1 of Gotthelf 2003). Interesting
new exceptions are the N157B and 3C 58 pulsars, which
predict a phase dependence in their spectral slopes.

3. RESULTS

A comparison of the spectral indices and three interesting
parameters among the objects shown in Table 1 reveals
some remarkable trends. A plot of the index for each pulsar
versus that of its structured nebula is shown in Figure 1. A
linear regression fit to this data, taking into account the
uncertainties in both coordinates, yields

!PWN ¼ 0:86ð0:20Þ þ 0:72ð0:13Þ!PSR ; ð1Þ

TABLE 1

X-Ray Spectra of Young Pulsars with Bright Central Nebulae Observed withChandra

Remnant Pulsar CPWN
a CPSR

b Cpulsed
c

"d

(kyr)

_EEd

(1035 ergs s#1) Bp/BQED
d

G11.2#0.3 .............. PSR J1811#1926 1.28 & 0.15 0.63 & 0.12 0.60 & 0.60 23.0 53 0.04
Vela XYZ ............... PSR J0835#4510 1.50 & 0.04 0.95 & 0.24 0.93 & 0.26 12.0 67 0.08
G54.1+0.3 .............. PSR J1930+1852 1.64 & 0.18 1.09 & 0.09 1.06 & 0.86 2.9 118 0.23
Kes 75 ..................... PSR J1846#0258 1.92 & 0.04 1.39 & 0.11 1.10 & 0.30 0.7 82 1.10
MSH 15#52 ............ PSR J1513#5908 1.93 & 0.03 1.40 & 0.50 1.26 & 0.08 1.6 140 0.34
3C 58....................... PSR J0205+6449 1.92 & 0.11 1.73 & 0.15 1.11 & 0.34 5.0 263 0.08
SNR 0540-69........... PSR J0540#6919 2.09 & 0.11 1.88 & 0.11 1.83 & 0.13 1.7 1481 0.11
CrabNebula ........... PSR J0534+2200 2.14 & 0.01 1.85 & 0.09 1.87 & 0.05 1.3 4394 0.08
N157BNebula ........ PSR J0537#6910 2.28 & 0.12 2.07 & 0.21 1.60 & 0.35 5.0 4916 0.02

Note.—Ranked by increasing pulsar photon index, CPWN (then CPSR, where ambiguous). Data for the Crab pulsar and nebula were
obtained from Pravdo et al. 1997.

a Values for the following objects were taken from the literature: G54.1+0.3, Lu et al. 2002; SNR 0540#69, Kaaret et al. 2001.
b Includes both pulsed and unpulsed emission, corrected for pile-up.
c Pulsed spectrum references: Vela, Strickman, Harding, & Jager 1999; G11.2#0.3, Torii et al. 1997; Kes 75, Gotthelf et al. 2000;

N157B,Marshall et al. 1998; SNR 0540#69, Kaaret et al. 2001.
d The characteristic pulsar spin-down age is defined as " ' P=2 _PP and the spin-down power loss as _EE ¼ 4#2I _PP=P3, where I ' 1045 g

cm#2 and the inferredmagnetic fieldBp ¼ #6c3 _EE=R6"4 G is normalized toBQED ¼ m2
ec3=e#h ¼ 4:4( 1013 G, the quantum critical field.

Fig. 1.—Relationship between a pulsar’s spectral slope (CPSR) and that
of its structured nebulae (CPWN) in the 2–10 keV energy range, assuming a
simple power-law model for the objects presented in Table 1. The dashed
line indicates the best linear fit. The physical origin of this relationship has
yet to be determined.
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PSR pulsed emission have X-ray spectral properties 
that correlate with the X-ray spectrum of the nebula.
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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)

Get your favorite pair creation model for PSRs.
Polar/outer gaps? Acceleration mech? Losses?

Mylishev et al 09 

Mylishev et al 09 

Tuesday, January 26, 2010



01/26/2010 N. Bucciantini: CRs at OKC 2010

Positron excess 

15

6

3 kyr

10 kyr

30 kyr100 kyr
300 kyr

1 Myr

3 Myr

10 Myr

10 100 1000 104
0.01

1

100

104

E !GeV"

E3
dN dE

!G
eV

2
m
!
2
s!
1
sr
!
1 "

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)

Get your favorite pair creation model for PSRs.
Polar/outer gaps? Acceleration mech? Losses?

Mylishev et al 09 

L. Zhang and K. S. Cheng: Cosmic-ray positrons from mature gamma-ray pulsars 1067

Fig. 1. The positron production rate from γ-ray pulsar winds
in the Galaxy. Histogram and the long-dashed curve represent
the positron production rate from mature γ-ray pulsar winds,
where neutron star birth rate is assumed to be one per 100 yrs.
Dotted-dashed curve represents the result given by Harding &
Ramaty (1987)

for E ≥ 1.5 GeV, where E is positron energy. Therefore,
the positron production rate for E ≥ 1.5 GeV can be ap-
proximated as

qpsr
e+ (E) ≈ 4.3 10−5Ṅ100E

−1.6 exp
(
− E

80

)
GeV−1

g s
· (19)

In Eq. (19), we have taken the total mass of our Galaxy
to be Mg ≈ 1010 M", where M" is the solar mass.

From Eq. (19), the positron production rate from the
mature pulsars in the Galaxy depends on the birth rate
of the neutron star, Ṅ100. It is generally believed that
the birth rate of neutron stars is from one per 100 yrs to
one per 30 yrs. Therefore, the uncertainty of the positron
production rate is about a factor of 3 in our model. We
would like to point out that our model predicts the spacial
distribution of the mature pulsars in the Galaxy. These
mature pulsars are concentrated on the Galactic disk, and
their radial distribution can be approximated as f(R) ∝
(R/8) exp(−1.8(R − 8)/8).

3. Cosmic-ray positron fraction

Once the positron production rate is known, the positron
propagation in our Galaxy can be described in “leaky box”
or diffusion models (e.g. Protheroe 1982; Moskalenko &
Strong 1998). In order to compare our predictions with
observed data, we have to consider the expected spec-
tra of cosmic-ray electrons and positrons with pure sec-
ondary origin, i.e. primary electron, secondary electron
and secondary positron fluxes. In principle, the diffusion
model is more realistic than the leaky box model to de-
scribe cosmic-ray propagation in the Galaxy. In the dif-

fusion model, the spatial properties, such as structure
of the Galaxy, the spatial distributions of source func-
tion and interstellar radiation and magnetic fields are
taken into account. These spatial properties are ignored
in the leaky box model; instead, the leaky box model as-
sumes a homogeneous spatial distribution (see, for exam-
ple, Berezinsky et al. 1990). Under some assumptions that
positron function is dependent only on the radial cylinder
coordinate and that the interstellar radiation and mag-
netic field is spatially uniform, Baltz & Edsjö (1999) gave
an analytic solution of the diffusion model for cosmic-ray
positron propagation. Moskalenko & Strong (1999) calcu-
lated propagation of cosmic-ray electrons and positrons
based on their numerical method and corresponding com-
puter code for the calculation of Galactic cosmic-ray prop-
agation in 3D (Strong & Moskalenko 1998). They pointed
out that a reliable background evaluation requires new ac-
curate positron measurements and further developments
in modeling production and propagation of cosmic ray
species in the Galaxy. Both models predict the same be-
havior of the positron fractions, i.e. a smooth, monotonic
decrease without a spectral feature (Coutu et al. 1999).
Because of the limited statistics and absence of accurate
positron data at high energies we will use the leaky-box
model, which allows us to qualitatively estimate propaga-
tion of primary positrons.

3.1. Cosmic-ray electron and positron background

To compare our predictions with the observed data of the
cosmic-ray positron fraction, we need to know the back-
ground spectra of cosmic-ray electrons and positrons re-
spectively. It is generally believed that primary cosmic-ray
electrons dominate in the cosmic-ray electron background
and the positron background is formed by secondary prod-
ucts of nuclear interactions of cosmic ray with the inter-
stellar medium. In the following, we use the recent cal-
culation (08-005 without reacceleration) by Moskalenko
& Strong (1998) as the background spectra of cosmic
ray electrons and positrons. Baltz & Edsjö (1998) have
parametrized these spectra as follows:

Je−,prim(E) =
0.16ε−1.1

1 + 11ε0.9 + 3.2ε2.15
GeV−1 cm−2 s−1 sr−1, (20)

Je−,sec(E) =
0.7ε0.7

1 + 470ε1.7 + 240ε2.9 + 580ε4.2
GeV−1 cm−2 s−1 sr−1,

(21)

Je+,sec(E) =
4.5ε0.7

1 + 650ε2.3 + 1500ε4.2
GeV−1 cm−2 s−1 sr−1, (22)

where ε = E/(1GeV). It should be noted that we have
corrected the formula given by Baltz & Edsjö (1998) for
secondary electrons.

Convolve with a suitable PSR 
population.

What is suitable?
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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)

Get your favorite pair creation model for PSRs.
Polar/outer gaps? Acceleration mech? Losses?
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Fig. 1. The positron production rate from γ-ray pulsar winds
in the Galaxy. Histogram and the long-dashed curve represent
the positron production rate from mature γ-ray pulsar winds,
where neutron star birth rate is assumed to be one per 100 yrs.
Dotted-dashed curve represents the result given by Harding &
Ramaty (1987)

for E ≥ 1.5 GeV, where E is positron energy. Therefore,
the positron production rate for E ≥ 1.5 GeV can be ap-
proximated as

qpsr
e+ (E) ≈ 4.3 10−5Ṅ100E

−1.6 exp
(
− E

80

)
GeV−1

g s
· (19)

In Eq. (19), we have taken the total mass of our Galaxy
to be Mg ≈ 1010 M", where M" is the solar mass.

From Eq. (19), the positron production rate from the
mature pulsars in the Galaxy depends on the birth rate
of the neutron star, Ṅ100. It is generally believed that
the birth rate of neutron stars is from one per 100 yrs to
one per 30 yrs. Therefore, the uncertainty of the positron
production rate is about a factor of 3 in our model. We
would like to point out that our model predicts the spacial
distribution of the mature pulsars in the Galaxy. These
mature pulsars are concentrated on the Galactic disk, and
their radial distribution can be approximated as f(R) ∝
(R/8) exp(−1.8(R − 8)/8).

3. Cosmic-ray positron fraction

Once the positron production rate is known, the positron
propagation in our Galaxy can be described in “leaky box”
or diffusion models (e.g. Protheroe 1982; Moskalenko &
Strong 1998). In order to compare our predictions with
observed data, we have to consider the expected spec-
tra of cosmic-ray electrons and positrons with pure sec-
ondary origin, i.e. primary electron, secondary electron
and secondary positron fluxes. In principle, the diffusion
model is more realistic than the leaky box model to de-
scribe cosmic-ray propagation in the Galaxy. In the dif-

fusion model, the spatial properties, such as structure
of the Galaxy, the spatial distributions of source func-
tion and interstellar radiation and magnetic fields are
taken into account. These spatial properties are ignored
in the leaky box model; instead, the leaky box model as-
sumes a homogeneous spatial distribution (see, for exam-
ple, Berezinsky et al. 1990). Under some assumptions that
positron function is dependent only on the radial cylinder
coordinate and that the interstellar radiation and mag-
netic field is spatially uniform, Baltz & Edsjö (1999) gave
an analytic solution of the diffusion model for cosmic-ray
positron propagation. Moskalenko & Strong (1999) calcu-
lated propagation of cosmic-ray electrons and positrons
based on their numerical method and corresponding com-
puter code for the calculation of Galactic cosmic-ray prop-
agation in 3D (Strong & Moskalenko 1998). They pointed
out that a reliable background evaluation requires new ac-
curate positron measurements and further developments
in modeling production and propagation of cosmic ray
species in the Galaxy. Both models predict the same be-
havior of the positron fractions, i.e. a smooth, monotonic
decrease without a spectral feature (Coutu et al. 1999).
Because of the limited statistics and absence of accurate
positron data at high energies we will use the leaky-box
model, which allows us to qualitatively estimate propaga-
tion of primary positrons.

3.1. Cosmic-ray electron and positron background

To compare our predictions with the observed data of the
cosmic-ray positron fraction, we need to know the back-
ground spectra of cosmic-ray electrons and positrons re-
spectively. It is generally believed that primary cosmic-ray
electrons dominate in the cosmic-ray electron background
and the positron background is formed by secondary prod-
ucts of nuclear interactions of cosmic ray with the inter-
stellar medium. In the following, we use the recent cal-
culation (08-005 without reacceleration) by Moskalenko
& Strong (1998) as the background spectra of cosmic
ray electrons and positrons. Baltz & Edsjö (1998) have
parametrized these spectra as follows:

Je−,prim(E) =
0.16ε−1.1

1 + 11ε0.9 + 3.2ε2.15
GeV−1 cm−2 s−1 sr−1, (20)

Je−,sec(E) =
0.7ε0.7

1 + 470ε1.7 + 240ε2.9 + 580ε4.2
GeV−1 cm−2 s−1 sr−1,

(21)

Je+,sec(E) =
4.5ε0.7

1 + 650ε2.3 + 1500ε4.2
GeV−1 cm−2 s−1 sr−1, (22)

where ε = E/(1GeV). It should be noted that we have
corrected the formula given by Baltz & Edsjö (1998) for
secondary electrons.

Convolve with a suitable PSR 
population.

What is suitable?
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FIG. 5: Statistical cutoff as a function of the diffusion in-

dex and the birth rate of pulsars in the Galaxy. The cutoff

in e+e− flux from pulsars is determined by the age of the

youngest pulsar within the diffusion distance from the Earth.

The average such cutoff is a universal quantity that depends

on the properties of ISM (the energy losses and the diffusion

coefficient) and on the pulsar birth rate, but it is insensitive to

the properties of the injection spectrum from the pulsars. We

assume D0 = 100 pc2kyr−1 and b0 = 5 × 10−6GeV−1kyr−1.

observation point has an age T and diffusion distance

R. For a given pulsar birth rate Nb, we estimate Mstat

by demanding that there is at least one pulsar within R

younger than T . Therefore, we have a system of three

equations for the three unknowns R, T and Mstat:

Mstat =
1

b0T
, (30)

R2 = 4D(Mstat)T, (31)

NbT
πR2

Agal
= 1. (32)

Solving this system of equations, we find

Mstat =

(

4π D0 Nb

b2
0 Agal

)
1

2−δ

. (33)

Assuming Rgal = 20 kpc, D0 = 10−4kpc2 kyr−1, and

b0 = 5 × 10−6GeV−1kyr−1, we get

Mstat =
(

4 × 105Nb

)
1

2−δ GeV, (34)

where Nb is in units of kyr−1. In Fig. 5, we show the

statistical cutoff as a function of Nb and the diffusion

index δ. This calculation should be viewed as a rough

estimate, with the actual flux from the distribution of real

pulsars having a cutoff that differs by as much as an order

of magnitude. Additionally, it is possible that current
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FIG. 6: The flux from a continuous distribution of pulsars.

The parameters are chosen to fit the Fermi and PAMELA

data points, ηW0=6.5 × 1048 erg and n = 1.5. In this plot,

instead of the injection cutoff M = 10 TeV, we use the statis-

tical cutoff Mstat = 1 TeV. The backgrounds are the same as

in Fig. 2. The propagation parameters are described in Sec.

IIA.

data are missing a feature at high energies (E ! 2 TeV)

due to poor statistics. A comparison between the flux

from a continuous distribution of pulsars with Mstat = 1

TeV and the current data is shown in Fig. 6.

We note that Eq. (33) can also be used to find the

cutoff in the primary background if we assume that it is

generated by the supernova explosions. For instance, for

the supernova rate in the Milky Way NSN = 10kyr−1 and

δ = 0.4, it gives the cutoff in the primary background

around 3 TeV. Using the same reasoning as above one

may expect some features in the spectrum of the primary

electrons at several TeV. Below ∼ 1 TeV we do not expect

significant fluctuations in the primary background and

the presence of the features should be interpreted as the

signature of pulsars.

Propagate in the galaxy
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Old pulsars vs young ones

16

PSR older than 107 yr have 
negligible pair creation.

More problematic to establish a limiting constraint for 
younger PSR. 

In general the typical age 105 yr is used. SNR confinement.

Starting age depends on PSR 
kick velocity 50-500 km/s.

SNR confinement can be 
modified by SNR evolution.

Also old system are confined,
perhaps up to voltage energy

X-ray / Radio tails are observed formany PSR with 
enough spin-down power to produce observable nebulae

Tails are many PC long  
What causes mixing with eth ISM?
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Magnetars

Magnetar are NS with surface B ~ 1014-15 G
Typical periods of a few second and spin down age of 104  yr

AXPs / SGRs with Lt ~ 1046 erg >> Erot ~1044 erg

High magnetic filed from dynamo origin at 
birth implies P ~ tconv ~ ms  

Only a few magnetars are known in 
the galaxy 
5+ -SGRs
7+ -AXPs

They are supposed to be 
formed in every galaxy with a 
typical rate of 1 every 1000 yr

Initial period is highly 
uncertain 

If born as ms rotator the associate SN 
should have ~ 1052 erg - GRB.

UHECR can have GRBs origin 
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Pair cascades of strongly-magnetized neutron stars 3

1999; Gruzinov 2005; Spitkovsky 2006; Timokhin 2006;
Komissarov 2006; Kalapotharakos & Contopoulos 2009),
but they do not yet include any particle acceleration, or
pair creation self-consistently. Therefore, in this paper we
decouple particle acceleration from the rest of the cascade
and focus on the cascade produced by a primary electron1

injected into the magnetosphere with a given initial Lorentz
factor γ0 (cf. Daugherty & Harding 1982). We also consider
the cascade produced by a single “primary” photon emitted
by the primary electron, in the case where photon emission
within the acceleration gap is important (i.e., for cascades
where the dominant mechanism for high-energy photon pro-
duction is inverse Compton scattering).

The outline of the paper is as follows. In Section 2 we
summarize our method for estimating the initial parameters
(e.g., γ0) of the primary cascade particles, for use in our sim-
ulations. In Section 3 we describe the details of the numer-
ical simulations, both for cascades with photon production
dominated by curvature radiation and by resonant inverse
Compton scattering (resonant ICS, or RICS). In Section 4
we present our results (e.g., photon and pair plasma spec-
tra) for a wide range of parameters: surface magnetic fields
B = 1012–1015 G, rotation periods 0.1–10 s, surface tem-
peratures T = (0.3–3) × 106 K, and pure dipole and more
complex field geometries. In Section 5 we summarize our
findings and discuss their implications for the radio emis-
sion and high-energy (hard X-ray and gamma-ray) emission
from pulsars and magnetars. Some technical details (on our
treatment of inverse Compton scattering, on our treatment
of attenuation coefficients and e+e− energy levels for pair
production, and on deriving semi-analytic fits to our nu-
merical results) are given in the appendix.

2 ESTIMATING THE INITIAL PARAMETERS

FOR THE PRIMARY PARTICLES

2.1 Primary electrons

In our cascade simulation (described in Section 3) we do not
include an actual acceleration region, since we wish in this
work to remain as model-independent as possible. Instead,
we model the effect of this region on the cascade by giving
the primary electron an initial energy γ0mec2 equivalent to
the energy it would reach upon traversing the entire gap,
and injecting it into the magnetosphere at the neutron star
surface (cf. Daugherty & Harding 1982). Obviously, this ap-
proximation excludes a proper treatment of the slot gap and
outer gap acceleration models. However, in most parts of the
polar cap region (i.e., except for the boundary region adja-
cent to the open field lines), the main voltage drop occurs
near the stellar surface, regardless of the nature of the “gap”
(vacuum gap or space charge limited flow). Such inner gap
models and other global models with near-surface accelera-
tion are allowed in our analysis.

For a dipole magnetic field geometry, most active pul-
sars with inner gap accelerators have gap voltage drops in

1 Although the primary particle could also be a positron (or even
an ion), we assume here for simplicity that the pulsar is oriented
such that electrons are accelerated away from the star.

the range Φ ∼ (1–2) × 1013 V, regardless of the accelera-
tion model (e.g., Hibschman & Arons 2001a; Medin & Lai
2007, hereafter ML07). For the surface field strengths we
are considering, B ≥ 1012 G, the primary electrons are not
radiation-reaction limited within these gaps (ML07; cf. the
millisecond pulsar models of Harding, Usov, & Muslimov
2005), so we can set γ0 = eΦ/mec2. We therefore restrict
γ0 to the range (2–4)× 107 for dipole fields. Note that these
large voltage drops do not occur in pulsars where the gap
electric field is fully screened due to inverse Compton scat-
tering by the primary electron. We discuss this case in Sec-
tion 2.2.

The voltage drop across the gap can be no larger than
the voltage drop across the entire polar cap of the neutron
star (e.g., Ruderman & Sutherland 1975):

Φcap $ ΩBp

2c
R3Ω
c

= 7× 1012Bp,12P
−2
0 V , (1)

where R is the radius of the star (assumed in this pa-
per to be 10 km), P0 is the spin period in units of 1 s,
and Bp = 1012Bp,12 G is the polar surface magnetic field
strength. If the voltage drop, Φ, required to initiate pair
cascades is not available, i.e., Φ > Φcap, the magnetosphere
should not produce pulsed radio emission; the locus of points
where Φ = Φcap defines the pulsar death line.2 A typical
death line for an inner gap model, plotted in P -Ṗ space, is
shown on the left panel of Fig. 1. The line was made using
three assumptions: (i) The magnetosphere field geometry is
dipolar. (ii) The pair cascade occurs primarily above the
gap, (through curvature radiation) once the primary elec-
tron has reached a large Lorentz factor γ0 ∼ 107. (iii) The
spindown power of the pulsar, given by

Ė = −IΩΩ̇ =
4π2IṖ
P 3

, (2)

is approximately equal to the spindown power of a magnetic
dipole with its magnetic field and rotational axes orthogonal
to each other:

Ė $
B2

pΩ
4R6

6c3
=

2Φ2
capc

3
. (3)

The polar magnetic field strength inferred from this
frequently-used approximation is

Bp,12 $ 2.0
√

P0Ṗ−15 , (4)

where Ṗ−15 is the period derivative in units of 10−15 s/s and
I = 1045 g-cm2 is assumed.

A well-known problem with the death line made using
these assumptions is that it cuts right through the middle of
the main group of pulsars (Ruderman & Sutherland 1975;
Hibschman & Arons 2001a; Harding & Muslimov 2002;
Medin & Lai 2007); i.e., the model incorrectly predicts that
there will be no radio emission from many neutron stars that
are observed to be active pulsars.

Several authors have proposed models of the neu-
tron star magnetosphere that shift the theoretical death
line closer to the observed death line by altering one

2 This applies to the vacuum gap model. In the space-charge-
limited-flow model the condition is Φ = κgΦcap, with κg ! 0.15
(e.g., Hibschman & Arons 2001a).

Maximum energy achievable is

For B ~ 1014 G and Millisecond period 
can reach 1020 eV

Change in slope at the ankle suggest new contribution to UHECR origin
Possible association with SG-equator suggest “galactic” population

Arons 03 

Importance of GW losses and   SN confinement (Bubbles/Jets)
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 Local contribution to the positron excess.
Are there nearby sources?

Closest accelerator is GEMINGA

gamma-ray PSR
550 ly

Age = 300000 yr
P = 0.2 sec 

L = 3x1034 erg/s

Coincidence with a MILAGRO TeV 
source suggest the presence of 

accelerated particles.

The lack of a detected x-ray/radio 
nebula was used to assume high 

diffusion for pairs
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TeV Gamma Rays from Geminga and the Origin of the GeV Positron Excess

Hasan Yüksel,1 Matthew D. Kistler,2 and Todor Stanev1

1Bartol Research Institute and Department of Physics andAstronomy, University of Delaware, Newark, Delaware 19716
2Center for Cosmology and Astro-Particle Physics and Department of Physics, Ohio State University, Columbus, Ohio 43210

(Dated: May 5, 2009)

The Geminga pulsar has long been one of the most intriguing MeV–GeV gamma-ray point sources.
We examine the implications of the recent Milagro detection of extended, multi-TeV gamma-ray
emission from Geminga, finding that this reveals the existence of an ancient, powerful cosmic-ray
accelerator that can plausibly account for the multi-GeV positron excess that has evaded explana-
tion. We explore a number of testable predictions for gamma-ray and electron/positron experiments
(up to ∼ 100 TeV) that can confirm the first “direct” detection of a cosmic-ray source.

PACS numbers: 95.85.Ry, 98.70.Rz, 98.70.-f

Introduction.— Geminga holds a place of distinction
among gamma-ray sources, being the first pulsar to be
discovered through gamma rays, with a history of obser-
vations through a variety of techniques [1]. While one
of the brightest MeV–GeV gamma-ray point sources in
the sky, there was no certain evidence of high-energy ac-
tivity beyond the immediate neighborhood of the pulsar
or its x-ray pulsar wind nebula (PWN) until the recent
detection by Milagro of gamma rays at ∼ 20 TeV from
a region of ∼ 3◦ around the pulsar [2, 3]. This detection
places Geminga among the growing class of TeV PWNe
(e.g., [4, 5]) and is important for understanding aged pul-
sars and their winds. An immediate consequence is the
existence of a population of high-energy particles.

The relative proximity of Geminga raises an interesting
possibility, namely that these high-energy particles, most
likely electrons and positrons, may be at the root of the
explanation of the “positron excess”, the observed [6, 7,
8] overabundance of multi-GeV positrons as compared
to theoretical expectations [9] (see Fig. 1). Severe energy
losses of high-energy positrons require a local source of
some kind [10], such as Geminga [11] or even dark matter
through its annihilation products [12].

Here, we connect the Milagro TeV gamma-ray “halo”
to electrons and positrons with energies up to at least
100 TeV, expected to be accelerated in PWNe (e.g.,
[13, 14]; for a review see [15]), and present several pre-
dictions. Principally, while Geminga is apparently young
enough to still produce high-energy particles, it is old
enough that multi-GeV electrons and positrons from its
more active past could have made it to Earth. The ex-
tended gamma-ray emission is strong evidence for e± pro-
duction, acceleration, and escape, suggesting an explana-
tion of the positron excess. Moreover, this single nearest
high-energy astrophysical source can reasonably account
for the e− + e+ spectrum as measured by Fermi [16] and
HESS [17, 18] with an extension to energies beyond sev-
eral TeV, where no signal might be expected otherwise.

The Gamma-ray Source Next Door.— The observation

of high-energy gamma rays from an astrophysical source
implies the presence of higher-energy particles, typically
e± or protons, that gave rise to them. One striking ele-
ment of the observation of ∼ 20 TeV gamma rays (with a
significance of 4.9 σ in the PSF-smoothed map [2], 6.3 σ
for an extended source [3]) from Geminga by Milagro is
the extent of the emission, θ ∼ 3◦ [2], which corresponds
to a physical size of sG ∼ 10 pc (θG/3◦)(rG/200 pc),
where rG is the distance to Geminga. Since the angu-
lar resolution of Milagro is better than a degree and the
characteristic age of the pulsar, tG ∼ 3 × 105 yr [19],
seemingly excludes a typical TeV supernova remnant, we
shall consider an extended PWN with emission from a
much larger region than seen in x-rays [20, 21]. We will
draw guidance from the TeV-PWN HESS J1825–137 [4],
which, while only a tenth the age of Geminga, would
appear tens of degrees wide if placed at rG ∼ 200 pc.

We first examine whether the gamma rays can be ex-
plained through inverse-Compton (IC) up-scattering of
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FIG. 1: The cosmic-ray positron fraction. Shown are data
compiled from Refs. [7, 8, 31, 34], and scenarios based on the
secondary model of Ref. [9] (shaded) and a plausible Geminga
contribution (solid, dashed, and dotted lines) dependent upon
distance and energetics (see text for details).
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The Geminga pulsar has long been one of the most intriguing MeV–GeV gamma-ray point sources.
We examine the implications of the recent Milagro detection of extended, multi-TeV gamma-ray
emission from Geminga, finding that this reveals the existence of an ancient, powerful cosmic-ray
accelerator that can plausibly account for the multi-GeV positron excess that has evaded explana-
tion. We explore a number of testable predictions for gamma-ray and electron/positron experiments
(up to ∼ 100 TeV) that can confirm the first “direct” detection of a cosmic-ray source.

PACS numbers: 95.85.Ry, 98.70.Rz, 98.70.-f

Introduction.— Geminga holds a place of distinction
among gamma-ray sources, being the first pulsar to be
discovered through gamma rays, with a history of obser-
vations through a variety of techniques [1]. While one
of the brightest MeV–GeV gamma-ray point sources in
the sky, there was no certain evidence of high-energy ac-
tivity beyond the immediate neighborhood of the pulsar
or its x-ray pulsar wind nebula (PWN) until the recent
detection by Milagro of gamma rays at ∼ 20 TeV from
a region of ∼ 3◦ around the pulsar [2, 3]. This detection
places Geminga among the growing class of TeV PWNe
(e.g., [4, 5]) and is important for understanding aged pul-
sars and their winds. An immediate consequence is the
existence of a population of high-energy particles.

The relative proximity of Geminga raises an interesting
possibility, namely that these high-energy particles, most
likely electrons and positrons, may be at the root of the
explanation of the “positron excess”, the observed [6, 7,
8] overabundance of multi-GeV positrons as compared
to theoretical expectations [9] (see Fig. 1). Severe energy
losses of high-energy positrons require a local source of
some kind [10], such as Geminga [11] or even dark matter
through its annihilation products [12].

Here, we connect the Milagro TeV gamma-ray “halo”
to electrons and positrons with energies up to at least
100 TeV, expected to be accelerated in PWNe (e.g.,
[13, 14]; for a review see [15]), and present several pre-
dictions. Principally, while Geminga is apparently young
enough to still produce high-energy particles, it is old
enough that multi-GeV electrons and positrons from its
more active past could have made it to Earth. The ex-
tended gamma-ray emission is strong evidence for e± pro-
duction, acceleration, and escape, suggesting an explana-
tion of the positron excess. Moreover, this single nearest
high-energy astrophysical source can reasonably account
for the e− + e+ spectrum as measured by Fermi [16] and
HESS [17, 18] with an extension to energies beyond sev-
eral TeV, where no signal might be expected otherwise.

The Gamma-ray Source Next Door.— The observation

of high-energy gamma rays from an astrophysical source
implies the presence of higher-energy particles, typically
e± or protons, that gave rise to them. One striking ele-
ment of the observation of ∼ 20 TeV gamma rays (with a
significance of 4.9 σ in the PSF-smoothed map [2], 6.3 σ
for an extended source [3]) from Geminga by Milagro is
the extent of the emission, θ ∼ 3◦ [2], which corresponds
to a physical size of sG ∼ 10 pc (θG/3◦)(rG/200 pc),
where rG is the distance to Geminga. Since the angu-
lar resolution of Milagro is better than a degree and the
characteristic age of the pulsar, tG ∼ 3 × 105 yr [19],
seemingly excludes a typical TeV supernova remnant, we
shall consider an extended PWN with emission from a
much larger region than seen in x-rays [20, 21]. We will
draw guidance from the TeV-PWN HESS J1825–137 [4],
which, while only a tenth the age of Geminga, would
appear tens of degrees wide if placed at rG ∼ 200 pc.

We first examine whether the gamma rays can be ex-
plained through inverse-Compton (IC) up-scattering of
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FIG. 1: The cosmic-ray positron fraction. Shown are data
compiled from Refs. [7, 8, 31, 34], and scenarios based on the
secondary model of Ref. [9] (shaded) and a plausible Geminga
contribution (solid, dashed, and dotted lines) dependent upon
distance and energetics (see text for details).
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PSR B1509
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Beautiful example of particle accelerated by a PSR.
For once NOT CRAB!

However ...........

Too young to contribute
1550 yr

Too far to contribute
6-10 kpc

Too Faint  to contribute
 About 1/10 of Crab
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Pulsar are excellent accelerators
Copious production of pairs
Pair energy is consistent with 
PAMELA Excess
Uncertainties in multiplicity and 
population
Confinement
Magnetars  can be the origin of 
UHECR
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