
Chapter 5

High energy leptonic originated

neutrinos from astrophysical

objects

The IceCube experiment recently reported the first detection of extra-terrestrial

high energy (∼ 20 TeV and above) cosmic neutrinos [205, 291] and thereby a new

era of high energy neutrino astronomy has begun. A standard belief is that un-

ambiguous identification of the acceleration sites of hadronic cosmic rays, which

remain unknown so far, is one of the long-standing questions in high-energy astro-

physics that can be addressed and resolved with high energy neutrino astronomy

[162, 292]. This is because high energy neutrinos are produced when energetic

hadrons from cosmic ray sources interact with ambient matter/radiation via me-

son decay. High energy gamma rays are also produced together. Being electrically

neutral, both gamma rays and neutrinos detected on the Earth point back towards

their sources and thus can be used to locate and study the cosmic ray sources.

However, very high energy gamma rays also can be originated from energetic lep-

tons via inverse Compton process and therefore, observation of high energy gamma

rays does not warrant the presence of relativistic atomic nuclei in the source. High

energy neutrinos, on the other hand, are supposed to be dominantly created only

in hadronic processes and therefore, they unambiguously carry the signature of

presence of cosmic ray hadrons at the source location [162, 292].

In this work, we would demonstrate that high energy astrophysical neutrinos also

can be generated from very energetic leptons at several potential cosmic ray sources
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with flux level comparable to the hadronic originated neutrino flux at very high en-

ergies (quantitatively defined in the relevant part of the text below) and thereby

very high energy neutrino astronomy cannot conclusively identify the hadronic

cosmic ray sources without studying the energy spectrum of neutrinos over a wide

energy range. We shall further argue that a combine detection of high energy

gamma rays and neutrinos with appropriate flux levels and spectral pattern over

a wide energy range can identify the acceleration sites of hadronic cosmic rays

unambiguously. This study is motivated in part by the early works regarding the

production of high energy neutrinos by ultra-high energy (EeV) photons inter-

acting with cosmic back ground radiation at high red shift via electromagnetic

process [293]. The emphases in the two works, however, are quite different.

At high energies above the muon/pion pair production threshold, interaction of

electrons with ambient radiation field can lead to generation of pair of muon and an

electron (to be denoted as MPP in the rest of the chapter) (e +γ → e+µ++µ−) or

pair of charged pions (PPP) (e +γ → e+π++π−) via higher order electromagnetic

processes which subsequently decay into neutrinos. MPP (as well as PPP) is a

third-order electromagnetic process and in the large (well above the threshold

energy) square of centre-of-mass energy (s) limit the cross section (σMPP (s)) of

the MPP interaction is given by [294]

σMPP (s) ' 2α3

m2
µ

ln(2)ln

(
s

m2
e

)
, (5.1)

where α (' 1/137) is the electromagnetic fine structure constant, mµ and me

are the rest mass of muon and electron respectively. For the PPP cross section

(σPPP (s)), mµ has to be replaced by charged pion mass (mπ) in the above equation.

The threshold energy (Eth) for such a muon pair production reaction is

Eth =
√
sth > 2mµ . (5.2)

(in the natural unit) which translates to the following condition

εeεγ > 0.02fg GeV
2 (5.3)

where

fg = (1− cosθeγ)−1 , (5.4)
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εe and εγ are the energy of electron and photon respectively and θeγ is the angle

between electron and photon direction. For PPP reaction, the right hand side of

the inequality given by Eq. 5.2 will be 2mpi and consequently the threshold energy

is slightly higher than that of MPP.

The observation of bright day-long gamma-ray flares above 100 MeV (supposed to

be synchrotron radiation by relativistic electron-positron pairs) in the Crab Nebula

by the gamma-ray space telescope AGILE [295] and the Fermi [296] suggest the

presence of PeV electrons in the nebula. It is not unlikely that electrons can

be accelerated to even higher energies in some more violent sources like Active

Galactic Nuclei (AGNs), Gamma Ray Bursts (GRBs) etc. If εe is of the order of

PeV, εγ has to be few tens of eV to satisfy the above threshold conditions. The

typical temperature of accretion disc of AGNs [297], young supernova remnants

[298], young neutron stars [299, 300] is of the order of 0.1 keV (corresponding to

106 K) while in Gamma Ray Bursts (GRBs) it is even higher [301]. Hence, in all

such kind of sources, the energy threshold condition given by Eq. 5.3 can easily

be satisfied.

The mean free path for muon pair production

l(r) = (σMPPnγ)
−1 (5.5)

where σMPP is the muon pair production cross section, nγ is the density of photon.

The σMPP is around 0.1 to 1 µb for s >> 20m2
µ [294].

For an astrophysical object of temperature T , the radiation field density is given

by

nγ(R) = (a/2.8k)([1 + zg]T )3 ∼ 9× 1019T 3
0.1 keV cm

−3. (5.6)

This gives

l(r) ∼ 1012T 3
0.1 keV cm. (5.7)

which is well within the radial extent of different celestial sources like SNR, AGN,

pulsar nebula, GRBs.

The modeling of energies and momenta of the final three particles in MPP process

is very complicated and require detail Monte Carlo study. However, we can esti-

mate the order of energies of the produced neutrinos via MPP reaction. The inelas-

ticity of MPP reaction (ηMPP ) at large ‘s’ limit is given by ηMPP ∼ 3.44
(
s/m2

µ

)−0.5
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[294]. At
√
s = 10 mµ, ηMPP becomes about 0.34 that reduces to ∼ 0.17 at

√
s = 20 mµ. The energy of the produced muons will therefore of the order of

hundreds of TeV. When muon decays, its energy will be (on the average) equally

distribute among the three secondary leptons which include one electron neutrino

and one muon neutrino. So on the average the produced neutrinos will have ener-

gies tens of TeV or so.

After establishing the viability of production of energetic neutrinos by leptonic

processes, the most relevant issue at this stage is the flux of so produced leptonic

neutrinos. If the flux of so produced neutrinos is too low, there will be not much

relevance of leptonic originated neutrinos from astrophysical sources. The peak

value of the cross-section in delta resonance is about 500 µb whereas the cross

section for MPP reaction is around 0.1 to 1 µb for s >> 20m2
µ. So leptonic

originated neutrino flux should be two to three order lower than those produced in

pγ interactions. However, at higher energies the situation is dramatically different

due to enhancement of effective interaction cross section of MPP process as argued

below.

Above the electron pair production threshold energy the dominant production

process in interaction of electrons with ambient photon fields is the triplet pair

production (TPP) e + γ → e + e+ + e− [302] and the inverse Compton (IC)

scattering. However, in TPP reaction the loss of energy of electrons is insignificant

and IC is the main energy loss process (of electrons) till very high energies. The

cross section of IC scattering, however, decreases at large energies (in the deep

Klein-Nishina regime) as ln(2ε′)
ε′

where ε′ (≡ εeεγ
me

) is the photon energy in the

electron rest frame. In contrast, the cross section of TPP (as well as MPP/PPP)

reaction remains logarithmically constant. When ε′ > 300 m2
e, σTPP overtakes

σIC [303]. At higher energies, particularly above around ε′ ∼ 300 m2
µ even σMPP

will dominate over σIC and thereby the MPP/PPP becomes the main energy loss

process for electrons at such high energies.

The ratio of the cross sections of MPP and TPP is ∼ m2
e

m2
µ

which implies if 105

e + γ reactions undergo triplet production, only two reactions give MPP. How-

ever, the inelasticity of TPP reaction ηTPP is very small; at large s limit ηTPP ∼
3.44 (s/m2

e)
−0.5

which implies that one of the produced electrons in TPP carries

most of the incident electron’s energy. The leading electron can again interact

with the ambient photon field and the cycle will continue till the energy of elec-

tron becomes so low that the threshold energy condition given in Eq. 5.3 breaches.
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There will be probability for MPP/PPP reaction to occur in each such interac-

tion of leading electrons with object’s radiation field. As a result the probability

of production of muons or pions via MPP/PPP process will be enhanced largely

particularly at large energies and the effective cross section for MPP/PPP process

will be ' σTPP . So when the enhancement factor due to small inelasticity of TPP

reaction is taken into account, at high energies the leptonic neutrino production

is comparable or even higher to those produced from pγ interactions. As one ap-

proaches to lower energies (ε′ < 300 m2
µ) σIC will start dominating over σMPP and

hence the enhancement factor will be increasingly smaller. Consequently, neutri-

nos from leptonic processes will be lower than those produced from pγ interactions

at those lower energies. So the energy spectrum of neutrinos produced in leptonic

reactions should have a break corresponding to ε′ ∼ 300 m2
µ which is notably

different than that generated hadronically. The neutrino energy at the spectral

break point depends on the energy of the radiation field and has to be determined

case to case basis. For instance, if the interacting radiation field is the soft x-rays

with energy few keV as may be in the case of AGN, the electron energy has to be

around 1 PeV for equality of the cross-sections of MPP and IC reactions. Accord-

ingly, the corresponding neutrino energy may be evaluated which is of the order of

tens of TeV. For lower radiation field temperature, the neutrino energy at spectral

break point will be higher.

If instead we consider TeV neutrinos from p−p collisions, σpp is more than an

order higher than the effective σMPP . But to interpret the observed GeV to TeV

gamma ray flux via leptonic production, energetic electron density has be taken

higher than the proton density as σpp is much higher than σIC . In accretion

flow electron to proton ratio is expected to be one due to charge neutrality but

the strong radio emission from sources like AGN , pulsars implies presence of

energetic electrons with high densities. In the strong magnetic field of these sources

electron positron plasma are expected to produce through pair production. Multi-

wavelength observations of the powerful gamma-ray quasar PKS 1510089 suggest

that number of electrons and/or positrons that exceeds the number of protons

by a factor of at least 10 [304]. So at very high energies the leptonic generated

TeV neutrino flux also should be of the same order than those originated via p-p

collisions whereas at lower energies (ε′ < 300 m2
µ) the leptonic generated neutrino

flux will be much lower than the flux of hadronic originated neutrinos.
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In an early work non-hadronic neutrino production mainly via η-resonance for-

mation in several astrophysical sources was discussed [305]. In that production

channel for neutrinos in leptonic processes a low energy thermal photons (γ′)

gain energy interacting with energetic electrons via inverse Compton mechanism

(e + γ′ → e + γ) and subsequently the upscattered photons (γ) interacting with

low energy environmental photons gives rise η resonance and the subsequent de-

cay (with branching ratio of around 23%) of η particle leads to charged pions

(γ + γ′ → η → πo + π+ + π−). The peak cross-section of η-resonance production

is about 3 mb, substantially higher than the MPP reaction. However, because of

the multi step processes, inverse Compton to produce high energy gamma rays

from energetic electrons and subsequent η-resonance production and decay, the

neutrino flux via this channel will substantially small. For leptonic origin, the en-

ergetic gamma ray flux from the stated sources is supposed to be the upscattered

photons via inverse Compton process. Hence, the ratio of high energy neutrinos

to high energy gamma rays will be about ∼ nγ′ση which is roughly about 10−10

corresponding to a radiation field with temperature 0.1 keV. The interaction of

the upscattered photons with low energy thermal photons also may give rise to

charged muon pairs (γ′ + γ → µ+ + µ−) but the cross section of the charged pair

muons is << 1 µb.

It is thus clear that high energy TeV neutrinos also can be originated from ener-

getic leptons. The flavor ratio of the leptonic originated neutrinos at the Earth

also should be 1 : 1 : 1 as in the case of hadronic originated neutrinos due to

neutrino oscillations. The nature of energy spectra of leptonic and hadronic orig-

inated neutrinos, however, will be significantly different and this feature may be

exploit to identify the sites of hadronic cosmic rays unambiguously from neutrino

observations.

The accompanying high energy gamma ray flux can provide a strong and necessary

support to identify the origin of detected neutrinos. In the interaction of high en-

ergy protons with radiation field, on the average four high-energy gamma-rays are

produced for every three high-energy neutrinos, in p-p interaction also the ratio of

gamma photons to neutrinos is ∼ 1. The high energy gamma rays are produced

in leptonic interactions via inverse Compton process. In fact the observations of

TeV gamma rays from the sources like AGN , GRBs , SNRs are often explained

in terms of IC scattering of the radiation field of the source by energetic electrons.
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The ratio of fluxes of leptonic originated gamma rays and neutrinos will propor-

tional to the ratio of the cross sections of IC scattering (σIC) and the effective cross

section in MPP process which should increase with energy when ε′ > 300 m2
µ. In

the case of hadronic originated gamma rays and neutrinos, by contrast, the ratio

of flux of these two species will be nearly one over the wide energy range.

On various estimation of astrophysical neutrinos, such as diffuse neutrino flux,

the production mechanism of neutrinos is important. The interstellar radiation

field and the interstellar gas are the targets for diffuse gamma-ray production by

energetic hadronic cosmic rays. In view of the present findings, the role of energetic

electrons in production of TeV neutrinos by interaction with galactic ultra-violate

and soft x-rays background radiation also need to be at least judged.

In conclusion, we may say that detection of neutrinos from an astrophysical source

does not conclusively mean the presence of energetic hadrons in the source; ap-

propriate fluxes of gamma rays and neutrinos together over an energy range or

even the nature of energy spectrum of detected neutrinos from a source over

a wide energy range may give clear signature of hadronic cosmic ray sources.

A joint venture between upcoming high energy gamma ray telescopes such as

Cerenkov Telescope Array (CTA) and the Precision IceCube Next Generation Up-

grade (PINGU)/Icecube thus may give conclusive evidence for sites of hadronic

cosmic rays. A detail Monte Carlo simulation will be done in near future to ex-

amine the detail energy spectrum and flux level (compared to hadronic originated

neutrinos) of leptonic originated neutrinos.


