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Motivation

A window to fundamental physics at the highest
energies from the discovery of 3 Astrophysical
neutrinos at PeV scale by IceCube.

- M G Aartsen et al., PRL 111 021103 (2013)

“Bert” – 1.04 PeV “Ernie” – 1.14 PeV “Big Bird” – 2 PeV
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The highest energies in nature are believed to

reside in dense astrophysical environments



What are the sources for these astrophysical

neutrinos?

No correlation with any source class established

so far……

To explain their origins, about 22 Astrophysical

models have been proposed so far including our

work. – Laha & Brodsky; arXiv:1607.08240



Probable  candidates

• Laha & Brodsky; arXiv:1607.08240 and references therein

And



Galactic  origin

 The potential galactic candidate sources.

The remnants of supernova explosions - cannot
reach normally ~ 1017 eV , if cosmic rays are
protons.

Pulsars - may produce muon neutrinos up to few
hundredTeV only.

Magnetars - Stand out as capable of generating
PeV muon neutrinos.



Looking for the sources of cosmic rays



Detection of VHE neutrinos over gamma 

rays 

 TeV gamma ray sources - GRB, AGN, Pulsars etc. –
hadronic origin.

 Gamma rays are also produced -
Bremsstrahlung and Inverse Compton processes by electrons –

leptonic origin.

 Gamma rays – leptonic or hadronic origins !!

 Neutrinos are produced in hadronic processes and
form directional beam.

 Unambiguous identification of accelerators of high-
energy hadronic cosmic rays.



Pulsars/Magnetars as TeV neutrinos 

and/gamma rays emitters

 Magnetars and Pulsars have been proposed as

potential strong sources of TeV neutrinos.

- Zhang et al ApJ 2003; Link and Burgio PRL 

2005; MNRAS 2006, Bhadra & Dey; MNRAS 2009

 Protons/heavier ions are accelerated near the surface of

the pulsar/magnetar by the polar caps to PeV energies.

 They interact with the thermal radiation field of pulsar - 

resonance states are formed.

 TeV muon neutrinos and/or gamma rays are subsequently

produced from the decay of  states.



Galactic Magnetars as PeV neutrino 

and gamma ray sources 

Two conditions to be satisfied:

If -

1. Ions are accelerated near the Magnetar surface by the polar

caps up to 30 PeV or above.

2. Target photons/radiative background of the star are to be

converted from UV-C/X photons (0.2 – 0.4 keV) to UV-A/B

(0.01 keV) photons.

𝜸 → 𝜸 + 𝜸

𝜸𝟏 → 𝜸𝟏 + 𝜸𝟐 ; magnetized vacuum

𝜸𝟏 → 𝜸𝟐 + 𝜸𝟐 ; magnetized plasma



Then,

• Accelerated ions of energies > 30 PeV interact with the

modified radiative background of a magnetar resulting

an occurrence of  resonance state provided their

energies exceed the threshold energy for the process.

• PeV muon neutrinos & gamma rays are subsequently

produced from the decay of  particles.

• Constraint from PeV neutrino observation –

Some idea about the expected PeV gamma ray flux

should be readily available from the neutrino

observations.



Models for acceleration of protons or 

ions by Magnetars

 The Polar gap model:

- by Ruderman & Sutherland 1975.

 Acceleration of particles takes

place in the open field line

region above the magnetic pole

of the neutron star.
 Particles are extracted from

the polar cap and accelerated

by large rotation-induced

electric fields, forming the

primary beam.



Contd..

 The region of acceleration in the polar-gap model is
close to the magnetar surface.

 Two possibilities

electron may be accelerated

or,  may lead acceleration of positive    
ions

• The maximum potential drop that may be induced
across the magnetic field lines between the
magnetic pole and the last field lines that opens to
infinity

=BsRS
32/2c2 ~ 7  1021 B15Pms

-2

BS=B15  1015 G, Pms is the magnetar period in millisecond. 



Photomeson threshold

 The threshold condition for the production of -
resonance state between proton & modified radiative
field interaction is

p(1-cosp)  0.3 GeV2

p Proton energy,  photon energy

p angle between proton and photon in the Lab 
frame.

 The energy of a modified radiative photon near the
surface of the magnetar suffering photon splitting
process in star’s strong magnetic field is ~ 0.01 keV.

 Then the threshold limit for p would be ≥ 30 PeV.



Gamma ray and Neutrino production, and 

their fluxes.

 Gamma-rays and neutrinos are produced via -

resonance through the following channels

 The charge-changing reaction takes place just one-third of

the time,

 On the average four high-energy gamma-rays are produced

for every three high-energy neutrinos.

 The gamma-ray/neutrino flux at the Earth from a magnetar

of distance d is given by

𝝓𝝊𝝁/𝜸=2cfb𝒇𝒔fd(1-fd)nGJ(R/d)2PC



The flux of muon neutrinos and 

gamma-rays

B Zhang et al., ApJ 595 (2003)

For a typical galactic magnetar:

d ∼ 2 kpc, P ∼ 350 ms, 𝑩𝟏𝟓 ∼ 1.5,

𝑻𝟎.𝟏 keV ∼ 0.0255, and 𝒇𝒅𝒄 ≤ 0.10 

in both the cases when,

𝜼𝑨 is equal to (i) 1 and (ii) 𝛀R/(4c) .

We choose Z = 1 and 𝒇𝒅 = ½, and 

𝒇𝒔 = 𝟏 here.

This type of magnetars (P = 200 – 500

ms) has not reported yet.

P-B diagram



Calculation for Energy, Flux and Event 

Rates

𝑬𝟐𝝓𝜸 ~ 𝟒𝟖. 𝟑𝟒 × 𝟏𝟎
−𝟏𝟎

𝑬𝟐𝝓𝝂𝝁/ 𝝂𝝁 ~ 𝟔. 𝟎𝟑 × 𝟏𝟎
−𝟏𝟎

𝑮𝒆𝑽 𝒄𝒎−𝟐𝒔−𝟏 for 𝜼𝑨 = 𝟏

𝑬𝟐𝝓𝝂𝝁/ 𝝂𝝁 ~ 𝟎. 𝟎𝟎𝟎𝟗 × 𝟏𝟎
−𝟏𝟎

𝑬𝟐𝝓𝜸 ~ 𝟎. 𝟎𝟎𝟕 × 𝟏𝟎
−𝟏𝟎

𝑮𝒆𝑽 𝒄𝒎−𝟐𝒔−𝟏 for 𝜼𝑨 =
𝜴𝑹

𝟒𝒄
P.C.

𝑬𝟐𝝓𝝂𝝁/ 𝝂𝝁 ~ 𝟐. 𝟒𝟎 × 𝟏𝟎
−𝟗 𝑮𝒆𝑽 𝒄𝒎−𝟐𝒔−𝟏 from IceCube

𝒅𝑵

𝒅𝑨𝒅𝒕
(𝝂𝝁 → 𝝁)~ 𝟐. 𝟓 × 𝟏𝟎

−𝟒 𝒌𝒎−𝟐𝒚𝒓−𝟏 expected event rates

1.02 – 3.2 PeV from IceCube (2017)



Present/Future VHE Ground-based 

Experiments

 Model predicted PeV neutrino events and flux are much

lower compared to IceCube limits with its current

sensitivity.

 Next generation IceCube i.e. ‘Gen2’ – 10 𝒌𝒎𝟑& 75 𝒌𝒎𝟐:

Expected to cover these lower limits of flux of muon

neutrinos.

𝑬𝟐𝝓𝝂𝝁/ 𝝂𝝁 ~ 𝟔. 𝟎𝟑 × 𝟏𝟎
−𝟏𝟎 case (i)
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𝑬𝟐𝝓𝝂𝝁/ 𝝂𝝁 ~ 𝟎. 𝟎𝟎𝟎𝟗 × 𝟏𝟎
−𝟏𝟎 case (ii)



Concluding remarks

 If protons reach 10 - 100 PeV energy scale in a magnetar then their
interactions withmodified UV-A/B photon targets may generate
PeV neutrino events with energies between 1 - 4 PeV as observed by
the IceCube experiment.

 No possible indication of any statistically significant excess from the
direction of any local magnetar (therefore it is not found in
IceCube’s catalogue as a probable PeV neutrino point
source to be observed in near future).

 The present study takes into account the effect of the photon
splitting mechanisms that should modify the radiative
background, and provide an energetically favourable condition to
produce the neutrino and gamma-ray fluxes at PeV energies.

 Gen2 IceCube detector and/or upgraded HAWC Observatory
would provide opportunities to explore the possible origin of very
high energy neutrinos and gamma-rays including from magnetars.
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