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Introduction

High-energy neutrinos are expected to be
produced in astrophysical objects by the de-
cays of charged pions made in cosmic-ray in-
teractions with surrounding photons and/or
matter [1-3]. As these pions decay, they pro-
duce neutrinos with typical energies of 5%
compared to those of the cosmic-ray nucleons
[4]. These neutrinos can travel long distances
undisturbed by either the absorption experi-
enced by high-energy photons or the magnetic
deflection experienced by charged particles,
making them a unique tracer of cosmic-ray
acceleration. Hence neutrinos are considered
to be important probes for exploring the high
energy Universe, and they may fill the miss-
ing link between the TeV gamma-rays and the
PeV - EeV cosmic-rays. At the same time,
neutrinos produced in cosmic-ray air showers
provide information about hadronic physics in
kinematic regions that are difficult to probe
with terrestrial accelerators.

If the stars magnetic moment µ and an-
gular velocity Ω satisfy µ.Ω < 0 (as one
would expect for half of the neutron stars),
protons/ions will be accelerated to infinity.
If the neutron star is young, its surface will
emit mainly soft X-rays or UV radiation, and
the protons in accelerated nuclei will scat-
ter with this radiation field. If the protons
are sufficiently energetic, they will exceed the
threshold for photomeson production through
the ∆ resonance (∆+ is an excited state of
the proton, with a mass of 1232 MeV). The
∆+quickly decays to a π+, and muon neutri-
nos are produced through the following chan-
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nels [5]:

p+γ → ∆+
→

{

p+ πo
→ p+ 2γ

nπ+
→ n+ e+ + νe + νµ + ν̄µ

We show that young neutron stars could be
strong sources of muon neutrinos, with ener-
gies ∼ 50 TeV, and with fluxes observable by
large-area neutrino observatories.

A young neutron star is generally encircled
by pulsar wind nebula. Positive ions, after
gaining energy from polar gaps will move away
from the pulsar practically along the open field
lines and will finally inject into the nebula. It
is very likely that these energetic ions would
be trapped by the magnetic field of the nebula
for a long period and consequently they should
produce high energy gamma rays and neutri-
nos by interacting with the matter of the neb-
ula. We, therefore, estimate the expected flux
of TeV gamma rays from pulsar nebulae and
by comparing with the observation for a cou-
ple of well known nebulae we check the con-
sistency of the model. We also calculate the
flux of TeV neutrinos from couple of pulsar
nebulae.

Magnetic trapping of pulsar accelerated

PeV ions in nebulae

Conservation of magnetic flux across the
light cylinder entails that outside the light
cylinder B ∼ r−1 whereas far from the light
cylinder radial component of magnetic field
varies as Br ∼ r−2. Thus (far) outside the
light cylinder the azimuthal component of the
magnetic field dominates over the radial field.
Therefore, accelerated protons while moving
away from the pulsar have to cross the field
lines (for instance magnetic field lines at wind
shock). The Larmor radius of particles (even
for proton) of energy about 1 PeV is expected

Proceedings of the DAE-BRNS Symp. on Nucl. Phys. 60 (2015) 858

Available online at www.sympnp.org/proceedings



to be smaller than the radius of nebula dur-
ing most of the time of the evolution of nebula
[6]. Thus it is very likely that energetic parti-
cles of PeV energies would be trapped by the
magnetic field of the nebula. The energetic
particles propagate diffusively in the envelope
and they escape from nebula when the mean
radial distance traveled by the particles be-
comes comparable with the radius of nebula
at the time of escaping. This time is some-
what uncertain due to uncertainty of the value
of diffusion coefficient but is estimated as at
least few thousand years.

Gamma rays and neutrinos from nebulae

of young pulsars

As pointed out in the preceding section the
pulsar injected ions of PeV energies should be
trapped by the magnetic field of the nebula for
a long period and consequently there would
be an accumulation of energetic ions in neb-
ula. These energetic ions will interact with the
matter of the nebula. The rate of interactions
(ξ) would be n0cσpA, where n0 is the number
density of protons in nebula and σpA is inter-
action cross-section. In each such interaction
charged and neutral pions will be produced
copiously. Subsequently the decays of neu-
tral pions will produce gamma rays whereas
charged pions and their muon daughters will
give rise to neutrinos.

Ifm is the mean multiplicity of charged par-
ticles in proton-ion interaction, then the flux
of gamma rays at a distance d from the source
roughly would be

φγ ≈ 2cβηfd(1− fd)no

(

R

d

)2

ξmt (1)

where β represents the fraction of pulsar ac-
celerated protons trapped in the nebula and
t is the age of the pulsar. Note that there
should not be any reduction of flux due to pul-
sar duty cycle in the case of emission to neb-
ula. Though no is taken as constant but actu-
ally at the early stages of pulsar no should be

larger owing to the smaller pulsar period. So
the above expression gives only a lower limit of
flux. Typical energy of these resultant gamma
rays would be ∼ 103/(6 ∗ m) TeV where for
(laboratory) collision energy of 1 PeV m is
about 32.

Numerical values of the integral TeV
gamma-ray fluxes from two nearby nebulae,
Crab nebula and Vela nebula have been esti-
mated for perfect trapping of pulsar acceler-
ated protons in nebulae. The model predic-
tions are 0.6 and 0.4 in 10−12 cm−2s−2 cor-
responding to n0 150 and 1 respectively. The
observed integral gamma ray fluxes above 1
TeV from Crab nebula and Vela nebuae are
22.6 and 12.8 in 10−12 cm−2s−2.

The neutrino fluxes from the nebulae would
be of nearly the same to those of gamma rays.
Incorporating the neutrino oscillation effect
the expected event rates in a neutrino tele-
scope due to TeV muon neutrinos from neb-
ulae of Crab and Vela are 0.2 km−2yr−1 and
0.1 km−2yr−1 respectively.

Conclusions

If protons are accelerated to UHE energies
by the pulsar, then pulsar nebulae are more
probable sites of energetic neutrinos provided
energetic particles of PeV energies are effi-
ciently trapped by the magnetic field of the
nebulae.
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