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ABSTRACT

The origin of cosmic rays is regarded as one of the fundamental open questions of mod-
ern physics. To inquire more clearly the astrophysical environments and the viable mech-
anisms which sustain the huge power for their acceleration, it is imperative to investigate
the fluxes of multi-messenger particles reaching the Earth. In this context, the discovery
of diffuse flux of astrophysical neutrinos in 2013 by IceCube added an important class of
multi-messenger particles into the field. The aim of the work performed by the author (in
collaboration with a few others) in this thesis is basically related to a theoretical estima-
tion of the TeV−PeV energy fluxes of these neutrinos and/or accompanying gamma rays
from some plausible astrophysical sources (point-like and diffuse sources). The main ob-
jectives of the thesis are

[i] to probe the origin of cosmic rays through TeV−PeV energy multi-messengers
namely neutrinos and gamma rays,

[ii] to estimate theoretically the TeV−PeV energy neutrino and/or gamma-ray fluxes
at Earth primarily from the aftermath processes of the acceleration era of VHE−UHE
protons and nuclei or electrons on the ambient matter and/or radiative background at
the source environment or ISM,

[iii] to apply the above methodology to estimate diffuse fluxes of TeV−PeV energy
astrophysical neutrinos coming from all directions in the sky contributed by three source
classes: (i) extragalactic milli-second pulsars; (ii) AGN and (iii) an extended source -
Galactic center. Moreover, we estimate astrophysical neutrino fluxes from some pre-
defined point-like galactic source classes by IceCube: (i) pulsars and nebulae, and (ii)
magnetars. We also estimated the TeV−PeV energy flux of gamma rays produced con-
currently with neutrinos in those astrophysical sources,

[iv] to understand the astrophysical origin of IceCube (diffuse neutrino flux) and also
the Antarctic Muon and Neutrino Detector Array - AMANDA-II (directed neutrino flux)
detected TeV−PeV energy neutrinos by analyzing the theoretically predicted fluxes of
neutrinos. This study is closely linked with the origin of cosmic rays. The thesis empha-
sizes to enlighten this area primarily,
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and

[v] to understand the observed data on gamma-ray fluxes obtained from experiments
viz. High Altitude Water Cherenkov (HAWC) and LHAASO by analyzing the predicted
fluxes of accompanying gamma rays.

The first chapter of this thesis has given an overview of the multi-messenger astron-
omy, aimed at exploring the cosmos by blending two important windows of astrophysics
with the use of cosmic messengers: TeV−PeV energy neutrinos and gamma rays.

A synopsis of the present status of the gamma-ray and neutrino astronomy from both
theoretical and experimental standpoints concerning cosmic-ray origin is given in the
second chapter. In this context, it also reviews the theoretical basis of adopted particle
acceleration models and photon-splitting process, a QED process that takes place in pres-
ence of strong magnetic fields.

The third to sixth chapters are focused on the author’s original research works on the
origin of cosmic rays through the study of TeV−PeV energy neutrinos and gamma rays.

The third chapter is divided into two main parts: in part A, an estimation of the fluxes
of TeV neutrinos and gamma rays to be observed at Earth from pulsars polar caps via in-
teraction of polar cap accelerated protons with radiative background is presented; part
B deals with the estimation of PeV neutrino and gamma-ray fluxes from magnetar po-
lar caps, considering that protons are accelerated in polar cap regions, and interact with
background photon fields (ultraviolet A and B type soft photons). In this context, the ob-
servational situation of neutrino and gamma ray detections by the current and possible
future experiments are discussed.

The fourth chapter goes into detail about the methodology of revised estimation of
the diffuse flux of PeV neutrinos produced in the accretion disk region of active galactic
nuclei (AGN) by centrifugally accelerated protons on the soft photon targets based on the
latest cosmological framework with a view to predicting the observed diffuse flux of PeV
neutrinos by IceCube. The diffuse PeV gamma rays produced together with neutrinos,
and their possibilities to be detected at Earth are also discussed.

The fifth chapter describes the hadronic emission scenario in the extended source
Sagittarius A⋆ with energies ∼ 100 PeV or more, followed by an estimation of the diffuse
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fluxes of PeV neutrinos and gamma rays produced via cosmic rays-gas/ISM (pp) inter-
actions. The chapter ends with a concise discussion on the detection feasibility of the
predicted low fluxes of galactic PeV neutrinos and gamma rays at Earth by the current
and future generations of neutrino and gamma-ray observatories.

Hadronic scenarios are widely accepted for the production of high-energy neutrinos.
Most of the models proposed in earlier studies took pγ and/or pp interactions for the
production of UHE neutrinos in different sources. But, the sixth chapter focuses on the
estimation of diffuse flux of PeV neutrinos contributed by the process of purely leptonic
origin, particularly, via the e−e+ interaction in new-born milli second pulsars in the uni-
verse at redshifts in the range 0.002 − 5. The chapter also derives the high-energy diffuse
gamma-ray flux for a relevant e−γlow interaction, in softer radiation field zones in pulsar’s
environment. The chapter ends with a discussion on the possibility of leptonic originated
diffuse neutrinos to be detected by IceCube.

A summary of the presented research work with a brief discussion is presented finally
in seventh chapter.

The results reported in this thesis have been published in peer-reviewed journal pa-
pers, and in proceedings/book chapters. A list of these papers is provided in the Preface
of the thesis.
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Preface

The origin of cosmic rays remains one of the greatest challenges in modern physics even
after more than 110 years of their discovery. They span an enormous range of energy
from about 1010 eV to beyond 1020 eV. Above 1015 eV, and up to ∼ 1019 eV, there are three
spectral breaks/features, namely the knee or the first knee, the 2nd knee and the ankle
in the observed energy spectrum of cosmic rays. Beyond this, the spectrum exhibits one
more interesting feature at around ≳4 × 1019 eV that can be explained with the theoreti-
cal GZK cut-off. The proper explanation of all of these features is supposed to be a corner
stone in understanding the origin of cosmic rays.

The interaction of energetic cosmic rays with ambient matter or radiative fields in the
vicinity of their accelerators or in ISM is believed to produce VHE−UHE neutrinos and
gamma rays. In principle, the leptonic mechanisms can generally produce gamma rays
while high-energy neutrinos are the indicator for hadronic mechanisms. Moreover, the
unique propagation feature of neutrinos through dense environments or ISM thus make
them as a unique tracer of the sources of cosmic rays. Hence, probing the origin of cosmic
rays can be realized through TeV−PeV energy multi-messengers namely neutrinos and
gamma rays.

In 2013, IceCube reported the first observation of a diffuse flux of TeV−PeV energy
astrophysical neutrinos of extragalactic origin. Later in 2018, IceCube also reported the
first clear evidence of association of astrophysical neutrinos (e.g. IceCube 170922- A neu-
trino event) with a cosmic-ray source - the flaring blazar TXS 0506+056. However, the
responsible astrophysical accelerators for the production of the detected HESE (high en-
ergy starting-events) neutrino events of IceCube still remain unexplained. This unsettled
issue requires some additional studies, a part of which has been carried out during my
research. The main goal of the thesis is to understand the astrophysical origin of Ice-
Cube (diffuse neutrino flux) and also the Antarctic Muon and Neutrino Detector Array -
AMANDA-II (directed neutrino flux) detected TeV−PeV energy neutrinos by analyzing
our theoretically predicted fluxes of neutrinos. Additionally, the suggested analysis of
the predicted gamma-ray fluxes are utilized to understand the observed data on gamma-
ray fluxes obtained from experiments viz. HAWC and LHAASO.
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In order to contextualize the results obtained on the theoretical estimation of gamma-
ray and neutrino fluxes from some plausible astrophysical sources (point-like and diffuse
sources) during my research work, the thesis is organized as follows:

Chapter 1 gives an overview on multi-messenger astronomy, aimed at exploring
the cosmos by blending two important windows of astrophysics with the use of cos-
mic messengers: TeV−PeV energy neutrinos and gamma rays. The chapter introduces
cosmic rays and their connection to neutrinos and gamma rays, lists potential galac-
tic/extragalactic astrophysical accelerators, and how they can produce these cosmic mes-
sengers.

Chapter 2 reviews the current status of gamma-ray and neutrino astronomy from
both theoretical and experimental standpoints concerning cosmic-ray origin. In this con-
text, it also reviews the theoretical basis of adopted particle acceleration models and
photon-splitting process, a QED process that takes place in presence of strong magnetic
fields.

In the following four chapters author’s original research (in collaboration with few
others) on cosmic-ray origin through the study of TeV−PeV energy neutrinos and gamma
rays is discussed.

Chapter 3 is divided into two main parts: in part A, an estimation of the fluxes of
TeV neutrinos and gamma rays to be observed at Earth from pulsars polar caps via in-
teraction of polar cap accelerated protons with radiative background is presented; part
B deals with the estimation of PeV neutrino and gamma-ray fluxes from magnetar po-
lar caps, considering that protons are accelerated in polar cap regions, and interact with
background photon fields (ultraviolet A and B photons). In this context, the observa-
tional situation of neutrino and gamma ray detections by the current and possible future
experiments are discussed.

Chapter 4 goes into detail about the methodology of revised estimation of the diffuse
flux of PeV neutrinos produced in the accretion disk region of AGN by centrifugally ac-
celerated protons on the soft photon targets based on the latest cosmological framework
with a view to predicting the observed diffuse flux of PeV neutrinos by IceCube. The
diffuse PeV gamma rays produced together with neutrinos, and their possibilities to be
detected at Earth are also discussed.

Chapter 5 describes the hadronic emission scenario in the extended source Sagittar-
ius A⋆ with energies ∼ 100 PeV or more, followed by an estimation of the diffuse fluxes



xii

of PeV neutrinos and gamma rays produced via cosmic rays-gas/ISM (pp) interactions.
The chapter ends with a concise discussion on the detection feasibility of the predicted
low fluxes of galactic PeV neutrinos and gamma rays at Earth by the current and future
generations of neutrino and gamma-ray observatories.

Chapter-6 Hadronic scenarios are widely accepted for the production of high-energy
neutrinos. Most of the models proposed in earlier studies took pγ and/or pp interac-
tions for the production of UHE neutrinos in different sources. But, this chapter focuses
on the estimation of diffuse flux of PeV neutrinos contributed by the process of purely
leptonic origin, particularly, via the e−e+ interaction in new-born millisecond pulsars in
the universe at redshifts in the range 0.002 − 5. The chapter also derives the high-energy
diffuse gamma-ray flux for a relevant e−γlow interaction, in softer radiation field zones in
pulsar’s environment. The chapter ends with a discussion on the possibility of leptonic
originated diffuse neutrinos to be detected by IceCube.

Chapter 7 gives a summary of the presented research work with a brief discussion.

The thesis is based on the results presented in Chapter 3 to Chapter 6. Major results
of it have already been published in the following peer-reviewed journals/proceedings,
some of which, are attached at the end of the thesis.

SCI Journals:
• Authors: Rajat K. Dey, Sabyasachi Ray and Sandip Dam
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• Authors: Sabyasachi Ray and Rajat K. Dey
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Journal: Communicated for publication in 2023.
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