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Abstract

Cosmic rays (CRs) accelerated in astrophysical sources like supernovae (SNe), active galac-

tic nuclei interacting with different targets such protons (ambient medium, interstellar gas) or

photons (ambient photons, ISRF, CMB, ERB, EBL) can produce different secondary particles

such as gamma-rays, high energy neutrinos, electrons and positrons. Among these secondaries,

Gamma-rays (photons) and high energy neutrinos play crucial role in the study of high energy

astrophysics. Neutrinos being weakly interacting propagate without any losses, while pho-

tons can attenuate due pair production losses on the background photons, e.g., CMB, ERB.

These secondaries have emerged to be powerful multi-messenger tools as they carry informa-

tion about both the origin and propagation of CRs. Due to advancement of experiments like

Fermi-LAT (gamma-ray) and IceCube (neutrino), detection of these secondaries has become

a reality, opening the door to multi-messenger analysis. In this thesis, we explore gamma-

ray and neutrino flux produced in different point as well as diffuse CR sources and analyse

their detection prospects with current and upcoming generation of different gamma-ray (e.g.,

Fermi-LAT, LHAASO ,CTA, Auger, GRAND) and neutrino (e.g., IceCube, IceCube-Gen2,

KM3NeT,Auger, GRAND) telescopes.

For point sources, we consider several galactic sources (SN remnants, pulsars) detected

by LHAASO as well as different types (IIn, II-P, IIb/II-L, Ib/c and Ib/c (LT)) of young SNe

(YSNe) powered by shock-CSM interaction. For diffuse fluxes of gamma-rays and neutrinos,

we consider YSNe and Ultra-high Energy CRs (UHECR). Galactic sources and YSNe con-

tribute in the energy range from GeV to a few decades of PeV, whereas the UHECRs contribute

in the EeV energies. In the lower energies, gamma-rays and neutrinos are produced through

interaction of CRs with target protons i.e, inelastic p− p collisions. While in the UHE energies,

gamma-rays and neutrinos are produced as result of CRs interacting with CMB photons, the

so called GZK process. The effect of ERB on the propagation of the GZK photons is crucial

and depends on different ERB models. We explore the impact of different ERB models and
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associated uncertainties on the GZK photon flux in detail.

We show that the fluxes of gamma-rays and high energy neutrinos from the galactic

sources are detectable in the experiments like CTA, IceCube-Gen2, and KM3NeT. Whereas

among the YSNe types, Type IIn has been found to be detectable in neutrino and gamma-ray

telescopes up to a few Mpc. The remaining YSNe types are found to be detectable at shorter dis-

tances. In fact, our study shows that the diffuse flux of high energy neutrinos from YSNe can ex-

plain the diffuse neutrino flux detected by IceCube. The corresponding diffuse gamma-ray flux

is found to be below the diffuse gamma-ray flux measured by Fermi-LAT. In the UHE regime,

we estimate the fluxes of GZK photons and GZK neutrinos. The ERB uncertainties are found

to give rise to large uncertainties in the GZK photon flux. Our estimated GZK fluxes are be-

low the existing sensitivities of current experiments such as Auger and IceCube, but detectable

in upcoming IceCube-Gen2 and GRAND experiments. We use the IceCube-Gen2 sensitivity

to obtain the primary UHECR properties as the neutrino flux propagates without attenuation.

Using these constraints, we obtain a multi-messenger limit on the GZK photon flux.
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Chapter 1

Introduction

Ever since the discovery of cosmic rays (CRs) by Victor Hess in 1912, our understanding

of CRs has been growing in leaps and bounds. In particular, the CR spectrum has been mea-

sured in great detail. The CR spectrum measured by various experiments extends over a broad

energy range from 109 eV to 1020 eV. (1; 2). A single power law fitting of this spectrum has

revealed a spectral index of about 2.7 and two breaks at energies around 1015 eV and 1018 eV

which are traditionally referred to as the “knee” and “ankle”, respectively (1; 2). The general

understanding of the observed CR spectrum is that the CRs are certainly extrasolar, originating

either in our own Galaxy (Milky-way) or in some external galaxies. The CRs up to the knee

are thought to be originated in Milky-way, whereas those above the ankle have extra-galactic

origin (1; 2). The CRs above the ankle are generally referred to as ultra-high energy cosmic

rays (UHECR) (3). However, yet there are many open questions about the properties and origin

of CRs (4; 3; 1). These CRs are believed to be mostly produced through shock acceleration

of low energy particles. Several acceleration mechanisms have been proposed to explain the

observed CR spectrum at different energies, but a complete understanding is yet elusive. Simi-

larly, detection of CRs, (5; 6; 7) beyond the Greisen (8), Zatsepin and Kuzmin (9) (GZK) cut-off

(4×1019 eV) necessitates a thorough comprehension of the propagation of UHECR. This is be-
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cause CRs above this cut-off travelling more than 6 Mpc are expected to attenuate substantially

after interacting with the CMB and there are no known sources within this distance (3; 10).

The composition of UHECR is another issue in UHECR physics. Our present understanding

of the CR composition based is on different observations. The Fly’s Eye experiment reported

a prevalence of predominantly light elements at these energies (11). However, the AGASA ex-

periment failed to confirm this observation (12). Recent measurements carried out by the Auger

Observatory suggest that as energies increase, there is an increasing tendency for cosmic rays to

consist of heavier elements (13; 14; 15; 16; 17). In fact, all these issues in CR physics multiply

as the direct observations of CRs are not sufficient to decode the sources and propagation of

CRs. This is due to the fact that the CRs can deflect in the Galactic as well as inter-galactic

magnetic fields.

Recent developments in multi-messenger astronomy emerge to be powerful tools in CR

physics probe and can be helpful in understanding the CR sources and propagation (18; 19; 20).

Multi-messenger analysis primarily involves the examination of various potential signals such

as electromagnetic radiation, gravitational waves, gamma-rays and high energy neutrinos as-

sociated with CRs. Once CRs undergo acceleration, they can engage in collisions with var-

ious targets, including ambient gas or photons within the source region. Moreover, during

their journey through the Galaxy, they may interact with interstellar gases and different radia-

tion fields, such as the Inter-Stellar Radiation Field (ISRF) or Cosmic Microwave Background

(CMB). These interactions typically involve inelastic processes, such as proton-proton (p− p)

collisions and photo-hadronic interactions (pγ). These collisions give rise to the production of

secondary particles, which include electrons, high-energy neutrinos, and gamma-rays. While

secondary electrons, being charged particles, experience energy losses due to interactions with

magnetic fields and exhibit deviations in their trajectories, rendering them less useful for di-

rectional analysis. However, the trajectories of gamma-rays and neutrinos are not influenced

by magnetic fields. Detecting gamma-rays and neutrinos, therefore, provides a means to trace

back to the sources’ directions. Neutrinos, characterized by their weak interactions, undergo

negligible energy losses and hence proven valuable for gaining insights into the properties of

CR sources. Conversely, gamma-rays can interact with low-energy photons within the source

environment or with photons from various backgrounds such as the ISRF, CMB, Extra-galactic

Background Light (EBL), and Extra-galactic Radio Background (ERB), leading to the produc-

tion of electron-positron pairs. Consequently, gamma-rays may experience energy losses along

2TH-3334_186121018



their journey. Detecting gamma-rays offers a means to understand the region between the CR

sources and Earth, shedding light on the processes of CR propagation. Thus, the combined

detection of gamma-rays and neutrinos serves as a powerful probe for investigating the origin

and propagation of cosmic rays.

The field of multi-messenger analysis has undergone a profound transformation thanks

to advancements in detection technologies, exemplified by instruments like Fermi Large Area

Telescope (Fermi-LAT) for gamma-rays and IceCube for high-energy neutrinos 1. Perhaps the

most notable illustration of multi-messenger detection is the joint observation of the blazar TXS

0506+056 by these telescopes (21). Beyond Fermi-LAT, there are other gamma-ray detectors

like Large High Altitude Air Shower Observatory (LHAASO) and Tibet-ASγ that have un-

veiled captivating discoveries in recent times (22; 23). Currently, the Auger Observatory plays

a crucial role in searching ultra-high-energy cosmic rays (UHECRs) and the secondary particles

resulting from the Greisen-Zatsepin-Kuzmin (GZK) mechanism. Looking ahead, the future of

multi-messenger astrophysics appears promising with the advent of numerous planned experi-

ments and detectors. These forthcoming initiatives encompass projects such as the Cherenkov

Telescope Array (CTA) (24), IceCube-Gen2 (25), KM3NeT (26), and the Giant Radio Array for

Neutrino Detection (GRAND) (27). These developments have collectively rendered the field of

multi-messenger astrophysics not only captivating but also full of promise.

In this thesis, we undertake a comprehensive multi-messenger exploration of CR sec-

ondary particles (high energy neutrinos and gamma-rays) encompassing a wide span of the CR

spectrum, ranging from TeV to ZeV. Our research involves detailed phenomenological investi-

gations into the fluxes of gamma-rays and high-energy neutrinos, commencing with the early

phases of various supernovae (SNe) types and extending to the phenomena occurring within

supernova remnants (SNRs). Additionally, we engage in a multi-messenger examination of the

origins of UHECR through detecting GZK photons and GZK neutrinos. Below, we offer an

overview of the diverse topics that will be addressed throughout this thesis.

In the lower energies around the knee, indirect evidences for CR production up to PeV

energies have been provided by recent gamma-ray detection by LHAASO from several Galac-

tic sources like supernova remnants (SNR), pulsars (22; 28). This is because CR interaction

1We must not forget the recent revolution in gravitational wave astronomy via detection of numerous sources

of gravitational waves.
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with neighbouring molecular cloud (inelastic p− p collision, (29)) can produce a number of

charged and neutral pions that further decay to secondaries like gamma-rays and high energy

neutrinos. However, no neutrinos are detected by the present high energy neutrino detectors

like IceCube and ANTARES. In this regard, we analyse the detection possibilities of neutrinos

from these sources with present and upcoming high energy neutrino telescopes like IceCube

(30; 21; 31), IceCube-Gen2 and KM3NeT. Although the sources are found to be beyond the

reach of IceCube, the upcoming IceCube-Gen2 and KM3NeT might be able to detect some of

these sources.

Particle (protons) acceleration up to a few decades of PeV energies is also found to be fea-

sible in early phase (1 year time scale) of supernova (SN) explosion (32; 33; 34; 35; 36). Strong

shock waves created by interaction of high speed SN ejecta with dense circumstellar medium

(CSM) may drive such acceleration. The dense CSM is created by heavy mass-loss of massive

stars in years prior to SN explosion, (37; 38; 39; 40). The accelerated protons then collide

with the non-relativistic protons (inelastic p− p collision) in the unshocked CSM producing

secondary gamma-rays and high energy neutrinos. Evidence of CSM interaction has been in-

ferred from multi-wavelength observations of many SNe (38; 41; 42; 43; 44). However, neither

gamma-rays nor neutrinos have yet been detected from such sources. Probable recent SN event

candidates are found to have occurred at distances, beyond the reach of present gamma-ray and

neutrino detectors (34; 33; 45). Recently, Fermi-LAT detected gamma-rays from the direction

of a peculiar supernova iPTF14hls (46). Such discovery is however uncertain because of the

presence of a blazar in the detection error circle. We analyse the reach of the current and forth-

coming gamma-ray and high energy neutrino detectors for different types of such SNe (IIn,

II-P, IIb, II-L and Ib/c). One might also look for such gamma-rays and high energy neutrinos

in the SN graveyard. The reason being past SNe across the universe could create diffuse back-

grounds these secondaries. These diffuse backgrounds might have contributions to the Isotropic

Gamma-ray Background (IGRB) (47) and High Energy Starting Events (HESE), (48) detected

by Fermi-LAT and IceCube, respectively. We analyse these possible contributions from differ-

ent types of SNe like IIn, II-P, IIb, II-L and Ib/c. The diffuse gamma-ray background from SNe

is found to be much below the Fermi-LAT IGRB. On the other hand, the corresponding diffuse

neutrino background is found to have significant contributions to the HESE events.

In the extreme energies beyond the ankle, we investigate the fluxes of GZK secondaries
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such as gamma-rays and neutrinos which are produced as a result of UHECRs interacting with

the CMB (the GZK effect) (8; 9; 10). This interaction produces charged and neutral pions giving

rise to the secondaries, GZK neutrinos and GZK photons (gamma-rays) (49). As a result of the

GZK effect, the UHECR flux at Earth is expected to attenuate substantially above the GZK

cut-off (∼ 4×1019 eV) (10; 50). Detection of the secondary signals from this GZK process can

provide us with an opportunity for multi-messenger study of UHECRs. We estimate the diffuse

background of GZK neutrinos and GZK photons for a wide range of the source and propagation

parameter space. Subsequently, we analyse the detection prospects of these secondaries with

various present and upcoming UHECR and UHE neutrino detectors (5; 25; 51; 27). The present

detectors are found to be incapable of detecting these secondary signals. However, some of the

proposed future detectors (IceCube-Gen2, GRAND200k and Auger upgrade) show exciting

potential for GZK flux detection. In addition, we provide a multi-messenger constraint on the

GZK photon flux from the IceCube-Gen2 sensitivity limit to the GZK neutrino flux.

In the following sections, we offer a brief overview of CR physics, encompassing insights

into their sources and the mechanisms responsible for their production. Furthermore, we delve

into the intricate process of cosmic ray propagation, which results in the generation of secondary

signals, notably high-energy neutrinos and gamma-rays. We then explore the significance of

these signals in the context of conducting multi-messenger analyses, serving as valuable tools

for investigating the realm of cosmic ray physics.

1.1 Cosmic rays

Cosmic ray experiments play a pivotal role in unraveling the mysteries of high-energy particles

originating from space. These experiments span a wide range of energies and locations to pro-

vide insights into cosmic ray composition, origins, and behavior. The Pierre Auger Observatory

(Auger), located in Argentina, focuses on UHECR, operating within the energy range of 1018

eV to 1020 eV (52). It employs an extensive array of surface detectors and fluorescence tele-

scopes to investigate the sources of the most energetic CRs. The Telescope Array (TA) Project,

situated in Utah, USA, primarily studies high-energy CRs, typically ranging from a few 1017

eV to 1020 eV (53). Using fluorescence detectors and ground-based detectors, it delves into the
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sources and composition of these CRs. AMS-02 (54), onboard the International Space Station,

observes medium to high-energy CRs, spanning from a few GeV to several TeV. It serves a dual

purpose by not only studying CRs but also searching for dark matter and antimatter in space.

The Fly’s Eye Experiment, conducted in Utah, USA, specializes in UHECRs, particularly those

exceeding 1019 eV. This pioneering experiment employed fluorescence detectors to scrutinize

and analyze the highest-energy CRs. AGASA (Akeno Giant Air Shower Array), based in Japan,

concentrates on UHECRs, typically above 1018 eV (7). AGASA consisted of an array of detec-

tors to investigate the arrival directions and energies of these high-energy particles.

Looking to the future, the Giant Radio Array for Neutrino Detection (GRAND) is an

upcoming experiment that aims to explore CRs using radio signals (27). GRAND will cover a

broad energy range and offer valuable insights into the most energetic particles in the universe,

complementing the efforts of existing experiments.

Together, these experiments contribute significantly to our understanding of CRs, shedding

light on their energy spectra, sources, and composition across various energy ranges. Each

experiment is tailored to its specific energy range of interest, advancing our knowledge of these

enigmatic particles from space.

The global CR energy spectrum measured by the various experiments is shown in Fig. 1.1.

The spectrum spans over about 12 decades of energies, starting from GeV to beyond 1020 eV.

The most striking feature of this spectrum is that it has a single power law behaviour throughout

all energies with a spectral index of about 2.7. However, there are certain deviations at energies

around the knee (∼ 1 PeV) and the anke (∼ 1 EeV). At low energies (below TeV), the CR

flux is very large, i.e., every second, there is 1 CR particle hitting 1 m2 area of the Earth’s

atmosphere. The rate of CRs drops rapidly with energy, e.g., the rate around the knee is about

1 particle/(m2 − year). Cosmic rays at the extreme tail of the spectrum are very rare, i.e, we

observe about 1 particle per km2 in a century. The CR composition is also measured in the above

mentioned experiments and found to be primarily consisting of about 90% protons, 9% alpha

particles and 1% other heavier nuclei (1). The CRs at low energies (below the knee) as well as

those above are reasonably understood. However, there are several open issues regarding the

CRs such as their sources, composition and production mechanism which are not yet completely

understood. In the following, we provide a brief overview of these questions.
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Figure 1.1: Cosmic ray spectrum measured by different experiments (55).
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1.1.1 Sources

The sources of cosmic rays (CRs) are known to exhibit a wide range of diversity. CRs with

energies just a few orders of magnitude above the ‘knee’ are thought to originate from particles

accelerated by SN blastwaves within our own Milky Way galaxy. Apart from SNR, Galactic

pulsars are also found to be probable CR source candidates. Substantial supporting evidence

backs this theory, including the detection of statistically significant anisotropy in the distribution

of CRs below the knee (3). Furthermore, it is expected that the intensity of CRs will be at its

highest near the Galactic center and gradually decrease as one moves away from this central

region. This distinctive pattern is anticipated to be reflected in the production of secondary

gamma-rays resulting from the interaction between CRs and interstellar gas. Although not

definitive, there are observational indications that lend support to this argument (3).

The spectral feature known as the ‘ankle,’ occurring around 1 EeV in the cosmic ray (CR)

spectrum, is widely considered to mark the transition point from Galactic to extra-galactic cos-

mic rays. Cosmic rays above the ankle are seldom referred to as ultra-high energy cosmic rays

(UHECRs) and are believed to originate from extra-galactic sources. Several factors contribute

to this hypothesis. Firstly, these UHECRs exhibit a high degree of isotropy in their distribution.

Secondly, within the Milky Way, there are no known sources capable of producing particles

with such exceptionally high energies. This is primarily because the gyration radius of protons

in the Galactic magnetic field is of a comparable scale to that of our entire Galaxy, render-

ing containment and effective acceleration mechanisms implausible. While the identification

of specific extra-galactic objects as definitive sources of UHECRs remains elusive, several po-

tential candidates have been proposed, including active galactic nuclei (AGNs), radio galaxies,

pulsars, and gamma-ray bursts (GRBs). The production of UHECR in these sources is believed

to be through shock acceleration in relativistic jets.

In addition to this bottom-up approach of UHECR production, there is a top-down mech-

anism in the literature. In this top-down hypothesis, UHECRs are believed to be produced

through the decay of exotic objects such as super heavy dark matter, cosmic strings and many

more (see Ref. 3, for details). However, these models are very strongly constrained by different

UHECRs observations (52). In this thesis we shall be focusing on the bottom-up approach only.
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1.1.2 Composition

The chemical composition of the high energy CRs represents another aspect that remains poorly

comprehended. The prevailing anticipation is that these CRs should consist of a diverse range of

elements (1; 2; 3). Our understanding of cosmic ray composition relies on data collected from

various ground-based and space-based telescopes, as well as balloon experiments. However,

it’s important to note that this data primarily reflects the composition of cosmic rays at Earth or

just beyond Earth’s atmosphere. It’s quite possible that the composition of cosmic rays at their

source differs significantly from what these measurements indicate.

Based on the measurements, it has been determined that CRs up to energies of approxi-

mately 1 TeV are overwhelmingly comprised of protons. These CRs are primarily believed to

originate within the confines of our solar system, potentially accelerated within the solar wind.

Note that at these energies, other particles such as electrons, positrons, and anti-protons exist,

but their abundance is orders of magnitude lower than that of protons. Notably, the composi-

tion of CRs has been observed to change with increasing energy. For example, As we move

beyond the 1 TeV energy range, the CR spectrum encompasses a variety of elements together

with protons and is predominantly composed of particles originating from outside our solar sys-

tem. However, in the vicinity of the CR spectrum knee, the contribution of the heavier elements

towards the composition decreases.

In the UHE regime, specifically beyond the ankle, the composition of CRs also remains

a subject of uncertainty. The Fly’s Eye experiment initially reported a predominantly light

composition at these energies (11). However, the AGASA experiment could not substantiate this

finding (12). Recent measurements conducted by the Auger Observatory have indicated that the

prevalence of heavier elements in CRs tends to rise with increasing energy (13; 14; 15; 16; 17).

1.1.3 CR acceleration

A significant inquiry in the realm of cosmic ray physics pertains to the mechanisms responsible

for generating CR particles spanning from GeV to ZeV energies. Broadly, there are two con-

ceivable production scenarios referred to as ‘top-down’ and ‘bottom-up.’ As previously men-
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tioned, top-down production models face considerable constraints imposed by observations.

Conversely, the literature predominantly explores ’bottom-up’ approaches, where particles are

accelerated to high energies, primarily grounded in Fermi’s original proposal. In the following,

we briefly discuss these bottom-up models.

In 1949, Fermi introduced the original Fermi mechanism, proposing a method to accel-

erate particles (56; 1; 2). According to his idea, these particles accelerate undergoing multiple

encounters with magnetized clouds within the galaxy. During each interaction, the particle’s

energy would either increase or decrease, depending on whether the encounter was head-on

or overtaking. The magnetized nature of the clouds would lead to collisionless scattering of

the particles with the magnetic field irregularities, preventing energy loss and thermalization.

Given that head-on collisions outnumber overtaking ones on average, particles would tend to

gain energy through this process. The net gain in energy for a particle after exiting the accel-

eration region is proportional to the square of the cloud velocity (v), i.e
(v

c

)2, where c is the

speed of light. Because of this velocity squared dependence, this process is known as second

order acceleration. The accelerated particles results in a power law distribution in energy with

a power law index which depends on the escape timescale of the particle as well as fraction of

energy gain.

However, this acceleration mechanism is not very efficient due to the
(v

c

)2 dependence of

the energy gain. In addition, the power law index depends on various properties of the accel-

eration region such as cloud speed and escape time of the particles. Due to these limitations of

the Fermi’s original idea, several alternate acceleration mechanisms were proposed in the late

1970s. This led to development of the Fermi’s first order acceleration mechanism which is often

referred to as diffusive shock acceleration. This mechanism was developed independently by

Axford, Leer and Skadron (1977) (57), Krymsky (1977) (58), Bell (1978) (59) and Blandford

and Ostriker (1978) (60). We shall discuss here the approach of Bell (1978) in which the be-

haviour of individual particle is studied. This model is based on particle acceleration by strong

shock waves produced by astrophysical environments such as supernova (SN) explosions, ac-

tive galactic nuclei (AGN). The shock is assumed to be collisionless so that energy losses due

to different particle interaction is negligible. In this acceleration, a strong shock is generally

assumed to move with supersonic velocity (v1) sweeping up a diffuse gas. Thus, the shocked

gas moves away from the shock with a velocity (v2) relatively smaller than the shock speed. In
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this process, the particles in the shocked gas attain a net velocity which is equal to |v1−v2| im-

plying the net energy gain proportional to this velocity difference. Due to presence of magnetic

field in the plasma, charged particles can be trapped in the acceleration region for sufficiently

long time causing repeated back and forth encounters with the shock. This process can lead the

particles to accelerate to extremely high energy. Like the second order mechanism, this mecha-

nism also gives rise to a power law distribution of the accelerated particles. The key feature of

the particle distribution in this process is that it gives power law index which is independent of

the properties of the acceleration environment and predicted to be around 2.

Because of the universal nature of the spectral shape, this mechanism has been widely

acknowledged by the astrophysical community. However, it has certain limitations arising from

oversimplified assumptions. These assumptions encompass an oversimplified shock geometry,

a lack of consideration for the impact of accelerated particles on the shock’s structure, and the

lack of understanding for the origin of the necessary magnetic field fluctuations responsible for

particle scattering. Furthermore, this approach is primarily tailored to non-relativistic shocks,

which may not be suitable for ultra-relativistic shocks found in objects such as GRBs. One can

expect significant modifications in the particle distribution such as deviation of spectral index

from the standard value, 2 due to the influence of these phenomena (see 3; 61; 62, for details).

Thus in the following analysis, we allow the spectral index of the primary CR particles to vary

around 2.

Another aspect of this acceleration mechanism is the maximum energy of a particle that

a astrophysical source can produce. This maximum energy is estimated by the famous Hillas

Criterion (63), i.e, for CRs to be accelerated to energies beyond a certain threshold (Emax),

the gyration radius of these particles within the accelerator region (rg) must be smaller than or

comparable to the size of the accelerator (R). When this condition is met, it implies that CRs

can be effectively confined and accelerated within the source. The maximum attainable energy

(Emax) can then be calculated by rearranging the gyration radius equation:

Emax = qBR ≈ 1 EeV×Z
(

B
µG

)(
R

kpc

)
(1.1)

This fundamental limit on maximum achievable energy provides an intuition on the nature
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of the sources of CR accelerators such as size and magnetic field.

1.2 Production and propagation of secondaries

CRs accelerated to very high energies in different astrophysical sources can undergo various

propagation effects effectively interacting with the background particles create a flux of sec-

ondary particles such as neutrinos, gamma-rays, electrons and positrons (29; 49). These back-

ground target particles can be of different origin such as interstellar gas, molecular clouds in

the Galaxy and extra-galactic photon backgrounds like CMB, ERB, EBL. The general interac-

tion of CRs with gas particles or molecular clouds is considered to be inelastic proton-proton

(p− p) collision (29), whereas the major interaction with photon background is considered to

be photo-production (pγ) of pions (49). It is crucial to note that the CRs can also take part in

other interactions such as electron pair production on photon backgrounds and other radiative

losses such as synchrotron, inverse Compton. Depending on the energy of the parent CRs, these

processes can show dominant effects at different energies. In general, the p− p collision has

a lower threshold energy (GeV) and leads to production of charged and neutral pions. On the

other hand, the threshold energy of CRs for the pγ interaction depends on the energy of the

target photons, e.g, a CR particle requires energy of about 4×1010 GeV to interact with a CMB

photon (3). This process also produces charged and neutral pions. In both the above processes,

the charged and neutral pions decay to give rise to secondary high energy particles such as

gamma-rays, neutrinos and electrons. In the following we briefly discuss the propagation of

gamma-rays and neutrinos.

The secondary particles produced in CR interaction can take part in various interaction in

their production site or during propagation to Earth depending on the propagation medium. The

charged secondaries, electrons and positrons suffer severe radiative losses such as synchrotron

and bremsstrahlung and their trajectories are strongly deflected by magnetic field in the inter-

galactic space or in our own Milky-Way (3). In most cases, these charged secondaries are

attenuated heavily and can not reach Earth. Hence, they are not treated useful messengers.

While on the other hand, propagation of the secondary gamma-rays and high energy neutrinos

are not effected by magnetic field. Thus, their trajectories can point back to the direction of
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their origin and can be useful to probe the sources.

The neutrinos being weakly interacting in nature propagate without any losses. Thus,

neutrinos are crucial information carriers. While the gamma-rays can interact with low energy

photons as well as ambient matter at source and with different photon backgrounds such as

EBL, CMB and ERB during propagation through space (45; 10; 3; 64). Due to such interactions

gamma-rays can produce electron positron pairs and suffer losses resulting in attenuated flux.

The attenuation depends on the optical depth of the target photons which in turn depends on

the energy of the target photons as well as their number density. As the photons of CMB, EBL

and ERB have different energies, their effects show up at different energies in the gamma-ray

flux. For instance, as the CMB photons have higher energies than the ERB ones, the attenuation

due to CMB in the gamma-ray flux would be pronounced in lower energies whereas the effect

of ERB would appear at higher energies. It should be noted that gamma-ray flux can also be

modified by electromagnetic cascades such pair annihilation, inverse Compton by primary and

secondary electrons. Thus, the resultant gamma-ray flux at Earth encodes information about all

these processes and the photon backgrounds. Note that secondary electrons as well as shock

accelerated primary electrons can produce low energy gamma-rays as well as hard X-rays which

can dominate the low energy flux (34; 65). However in this thesis we mostly focus on high

energy gamma-rays, i.e, above 100 MeV where these contributions are negligible.

Although neutrinos suffer negligible energy losses during propagation as mentioned above,

they can undergo flavour oscillation. In general, neutrino oscillations are of two types: vac-

uum and Mikheyev-Smirnov-Wolfenstein (MSW) oscillation. Vacuum oscillation occurs when

neutrinos propagate through space over large distance, whereas MSW oscillation arises when

neutrinos traverse through matter with varying electron density, such as those found in the Sun

or the Earth. The neutrino oscillation probability increases with propagation length but de-

crease with increasing energy (see 66, for details). Thus, the high energy neutrinos need to

propagate large distances (cosmological scale) to undergo substantial flavour conversions. The

maximum impact of MSW oscillation occurs at resonance which requires a high resonance

matter density for TeV-PeV neutrinos (67). As the density of the Earth or Sun is not high

enough to achieve resonance, the expected effect of MSW oscillation on high-energy neutrino

flux is negligible. Therefore, neutrinos can undergo vacuum oscillation only. In the vacuum

oscillation scenario, the flavour ratio of astrophysical high energy neutrinos becomes equal, i.e,
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νe : νµ : ντ = 1 : 1 : 1 (68; 69; 70; 71; 72). Hence, we will consider the equal flavour ratio

through out this thesis.

As neutrinos and gamma-rays are linked to the parent cosmic rays through the p− p or

pγ interaction channel, their combined detection can lead us to multi-messenger analysis which

can be useful for understanding the properties of CR sources as well as CR propagation. In

the following, we briefly discuss the essence of multi-messenger analysis with gamma-ray and

neutrino detectors.

1.3 Multi-messenger analysis

Multi-messenger astrophysics represents a cutting-edge approach to unravel the mysteries of

the universe by simultaneously studying multiple cosmic messengers, such as high-energy neu-

trinos, gamma-rays, gravitational waves and electromagnetic radiation (X-rays, radio waves

etc.) (18; 19; 20). These messengers provide complementary insights into some of the most ex-

treme and enigmatic astrophysical phenomena. In this thesis, we focus on the study involving

high energy neutrinos and gamma-rays.

High-energy neutrinos are nearly massless, chargeless particles that can traverse vast cos-

mic distances without interaction, making them ideal for studying distant and highly energetic

sources. They can be produced in extreme environments like supernovae, gamma-ray bursts,

and active galactic nuclei as a result of CR interactions as discussed above. Detecting high-

energy neutrinos on Earth is a significant challenge due to their elusive nature, but specialized

detectors like IceCube at the South Pole have made remarkable progress in this field. In addition

to IceCube, Auger is another detector capable of detecting UHE neutrinos. While these detec-

tors are currently operating, there are several future plans such as IceCube-Gen2, KM3NeT,

GRAND (25; 73; 27).

On the other hand, the CR interaction which produces the high energy neutrinos can also

produce gamma-rays. Instruments like Fermi Gamma-ray Space Telescope and Auger have rev-

olutionized our understanding of gamma-ray astronomy through detection of various gamma-

ray source (74; 47; 75; 76; 77; 78; 5; 79). Recent inclusion in the technology, the LHAASO and

Tibet-ASγ experiments have provided new insights in this field by detecting various gamma-ray
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sources in our Milky-way (22; 23). In the coming future, detectors like CTA and GRAND will

be able unveil many more secrets of the gamma-ray sky.

Multi-messenger analysis involves combining data from high-energy neutrino detectors

like IceCube with observations from gamma-ray telescopes to gain a more comprehensive view

of cosmic events. This synergy pinpoints the sources of high-energy phenomena with greater

precision. For example, the detection of a high-energy neutrino can prompt astronomers to scan

the sky for simultaneous gamma-ray emissions, helping to identify the astronomical objects

responsible for these neutrinos. This was the case in 2017 when IceCube detected a high-

energy neutrino, and astronomers were able to trace it back to the blazar TXS 0506+056, a type

of active galactic nucleus, through its gamma-ray emissions (21).

This approach offers several advantages, including enhanced source localization, improved

astrophysical modeling, and a deeper understanding of the extreme environments in the uni-

verse. It also provides an opportunity to test fundamental physics, such as the properties of

neutrinos and the nature of cosmic accelerators.

In this thesis, we shall be utilizing observations of high energy neutrino detectors and

gamma-ray telescopes mentioned to model gamma-ray and neutrino emission from CR inter-

action in sources like SNe. We shall also explore potential of the future planned telescopes to

probe CR interactions through detection of high energy neutrinos and gamma-rays.

1.4 Structure of the thesis

This thesis is designed as follows. In Chapter 2, we estimate the gamma-ray and the high en-

ergy neutrino fluxes from 12 Galactic gamma-ray sources recently detected by the LHAASO

experiments, followed by the analysis of their detection prospects. In Chapter 3, we explore

the high energy neutrino and gamma-ray emission in interaction-powered SNe (interaction of

SN ejecta with CSM). We estimate the fluxes of these particles for different types of SNe (IIn,

II-P, IIb/II-L, Ib/c) and analyse their detection prospects. In Chapter 4, we provide a detailed

analysis of gamma-ray and neutrino emission from a subclass of Ib/c SNe that have exhibited

late interaction with far away dense CSM (based on observation of SN 2014C), followed by

detection prospects of similar future events. In Chapter 5, we estimate the diffuse backgrounds
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of gamma-rays and high energy neutrinos created by past interaction-powered SNe across the

Universe. We also explore their possible connection with the observed neutrino and gamma-

ray backgrounds by IceCube and Fermi-LAT. In Chapter 6, we explore production of UHECR

and their interaction with CMB that leads to production of GZK neutrinos and photons. We

also explore the dependence of these GZK secondaries on source properties and their propaga-

tion through inter-galactic space. In Chapter 7, we discuss in detail the impact of ERB model

uncertainties on the propagation of GZK photon flux and analyse the detection prospects of

both GZK secondaries with current and future experiments. The analysis is complimented by

a multi-messenger analysis leading to crucial constraints on the GZK photon and neutrino flux.

Finally, in Chapter 8, we provide a brief summary of the thesis and conclude.
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Chapter 2

Point sources: The LHAASO PeVatrons

The advancement of high energy neutrino and gamma-ray detectors such as IceCube and

Large Area Telescope on board the Fermi Space Telescope has opened up the window to multi-

messenger analysis at high energies (TeV-PeV). Recent additions to the gamma-ray detection

technology such as the Large High Altitude Air Shower Observatory (LHAASO) and Tibet Asγ

experiments have provided new insights to this aspect. All these detectors are capable of dis-

covering point sources as well as diffuse sources. Detection of any specific point source can

provide crucial information about various properties such as high energy constituents, shock

acceleration. On the other hand, the diffuse sources can provide with a broad understanding

of high energy astrophysical sources such as their distribution across the Universe and the opti-

mum limits of the source properties. Indeed, these detectors have already made some significant

discoveries regarding both point sources as well as diffuse sources. In this chapter, we partic-

ularly discuss several Galactic gamma-ray sources detected by the LHAASO. We estimate the

high energy neutrino fluxes from these sources utilizing the gamma-ray data from the LHAASO

experiment and discuss their detection prospects with current and upcoming neutrino detectors.

Detection of these neutrinos will open up multi-messenger probe of these sources and can be

useful in understanding properties of these sources such as hadronic or leptonic, shock acceler-
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ation.

2.1 The LHAASO Galactic PeVatrons

The LHAASO has recently detected PeV gamma-rays from a dozen of Galactic sources (PeVa-

trons). These gamma-rays are probably connected to the knee region of the observed cosmic

ray (CR) spectrum at around 3 PeV and are expected to be produced by the Galactic sources

(80). The probable source candidates for these gamma-rays are inferred to be Supernova rem-

anants (SNRs), Pulsars, Pulsar Wind Nebulae (PWN) and star forming regions. However, none

of these sources is firmly established as the origin of the PeV gamma-rays, except for the one

which is found to be associated to the Crab Nebula. One of these sources has also been detected

by the Tibe Asγ and found to be spatially associated with the SNR G106.3+2.7. It is important

to note that, there has been detection of plethora of TeV gamma-ray sources, namely the TeV

Catalogue (TeVCat) by various experiments such as High Altitute Water Cherenkov Observa-

tory (HAWC), High Energy Stereoscopic System (H.E.S.S.), Very Energetic Radiation Imag-

ing Telescope Array System (VERITAS) and Major Atmospheric Gamma Imaging Cherenkov

Telescopes (MAGIC). On the other hand, the IceCube neutrino observatory has very recently

announced a 4.5σ significance discovery of high energy neutrinos from the Galactic plane. The

origin of these neutrinos is speculated to be either Galactic diffuse emission or some unresolved

point sources. Nevertheless, this neutrino detection is found to be consistent with the gamma-

ray source distribution.

There are two possible physical processes capable of producing PeV gamma-rays, i.e., the

leptonic and hadronic. In the lepnonic process, gamma-rays of PeV energies can be produced

through inverse Comptonisation of low energy photons by CR electrons. On the other hand, the

hadronic process i.e., inelastic pp collision can yield gamma-rays via the decay of neutral pions

produced in the pp collision. This hadronic process also produces charged pions that decays

to create secondary neutrinos. Hence, the gamma-rays produced in hadronic process must be

accompanied by high energy neutrinos. This multi-messenger connection distinguishes the

hadronic origin from that of leptonic origin.

Both leptonic as well as hadronic processes requires CR particle (electrons and protons)
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acceleration up to PeV energies. Supernova remnants (SNRs) and pulsars are considered to be

the most favourable Galactic objects producing CRs around PeV energies (81; 82; 83; 84; 85).

The LHAASO collaboration paper (22), have listed the SNRs and pulsars that are spatially

associated with the observed gamma-rays and are consistent with the expected potential sources

of CRs (86; 87; 88). Individual supernova remnants (SNRs), i.e., IC 443 and W44, in our Galaxy

have also been detected by the Fermi-Satellite in the MeV-GeV band, providing important hints

of proton acceleration in SNRs (89). Further, decade long observations of the Galactic centre

region by the HESS telescope have indicated that Sagittarius A∗ could accelerate protons upto

PeV energies (90).

Another interesting source in our Galaxy is CRAB pulsar wind nebula (PWN), in which

the radiation has been observed from radio wavelengths to PeV gamma-rays. LHAASO col-

laboration have also detected high energy photons from CRAB PWN upto a maximum en-

ergy of (1.12± 0.09) PeV (91). They have interpreted the multi-wavelength radiation using a

synchrotron self-Compton model with electrons having maximum energy ≈ 2.15 PeV, hence

termed as leptonic PeVatron. However, the slightly larger gamma-ray flux at the tail of the

UHE spectra in CRAB PWN is considered to be of hadronic origin (CR proton acceleration)

(92; 93). Hence, CRAB PWN might be a source of both CR electrons and protons upto PeV

energies. Indeed, the observed CR proton data by Dark Matter Particle Explorer (DAMPE)

satellite indicates more than one class of Galactic CR sources (94; 95).

The gamma-rays detected by LHAASO can also have the possibility of both leptonic or

hadronic origin (28; 22). In the leptonic channel, such gamma-rays may be produced by inverse

Compton of relativistic electrons. For the hadronic channel, the interaction of CR protons with

background protons in dense gas medium can provide a dominant contribution. Gamma-rays

and neutrinos are produced simultaneously in this hadronic interaction (87; 96). Detection of

the associated neutrinos together with the gamma-rays will probe this hadronic origin (97; 98)

and will differentiate leptonic channel.

For the hadronic channel, interaction of CR protons accelerated in SNR with molecular

cloud is considered to be a prominent source of the UHE flux. SNRs with age (tage ∼ 100 yr) are

favoured as accelerators of CRs upto PeV energies due to amplification of the magnetic field

in the downstream shock regions (83). The acceleration depends on the confinement time of

CR protons and gas density of the acceleration zone. Longer confinement would provide the
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protons with sufficient time to accelerate to higher energies. The association of UHE gamma-

ray sources with old SNRs (tage ≥ 10 kyr) might indicate a long time confinement of CR protons,

surrounding the SN shocks (99; 100). The gas density determines magnetic field strength and

also responsible for CR energy losses due to interaction like p− p collisions. For example,

for a confinement time of about 10 kyr, the required source gas density is found to be about

10 cm−3 (see 101, for details). These accelerated protons are expected to escape the source

and interact with neighbouring molecular clouds. Therefore, detection of neutrinos produced in

these interactions is crucial to probe the origin of these PeVtrons.

These neutrinos might be detected by current (IceCube) and future (IceCube-Gen2, KM3NeT)

high energy neutrino detectors. In fact, it has been shown that IceCube and KM3NeT are sensi-

tive to objects like SNR G40.5-0.5 and Vela junior (102). IceCube has detected bunch of diffuse

neutrinos over a period of 7.5 years (103). Although, most of these neutrinos are found to be

of extra-galactic origin (45; 104; 36), the possibility of few of these events originating in the

galaxy can not be ruled out (105; 106). In addition, detection of gamma-rays by LHAASO and

TibeT AS+MD makes Galactic PeVatrons strong contenders of high energy neutrino factories,

detection of neutrinos can reveal these gamma-ray associated PeVatrons.

In the following section, we shall build a hadronic (p − p) interaction model utilising

the gamma-ray observations of two specific sources; SNR G106.3+2.7 and SNR G40.5-0.5

to estimate the gamma-ray and neutrino fluxes for the LHAASO sources. Both these sources

have associated molecular cloud in close vicinity. The gamma-rays mostly illuminated by the

molecular cloud motivates for this hadronic model with protons acceleration and diffusing out

of the SNR interacts with the protons in molecular cloud.

2.2 Model of Secondary Gamma-ray and Neutrino emission

The interaction of CR protons with the molecular cloud leads to the production of charged

π± and neutral pions π0, respectively. The decay of neutral pions produces gamma-rays (γ)

and charged pions produce neutrino (ν) fluxes. The fluxes of these gamma-rays and neutrinos

depend on the CR proton spectra (Jp(Ep)), the molecular cloud density (nH), and the production

spectra of the secondary particles (Fγ, ν ) for a given energy of proton (Ep) (29). The spectra of
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secondary particles is expressed as (29),

Qi,pp(Ei) = cnH

∫
∞

Ei

σpp(Ep)Jp(Ep)Fi

(
Ei

Ep
,Ep

)
dEp

Ep
, (2.1)

where, i = γ or ν f and f stands for neutrino flavours (e, µ). The CR protons are assumed

to follow a power-law type distribution with an exponential cutoff above E0, i.e., Jp(Ep) =

ApE−α
p exp(−Ep/E0) TeV−1. The power-law index α is typically chosen to be 2 based on

Fermi’s diffusive shock acceleration mechanism (1). The normalization constant Ap is related

to the total energy (Ep,total) of the CR protons by the relation
∫

∞

mp
EpJp(Ep)dEp = Ep,total and

σpp(Ep) is the energy dependent cross-section for the p− p interaction (107). Eq. 2.1 can

be qualitatively understood as follows. The function Fi gives the spectral distribution of sec-

ondaries for a single proton energy, and the product of σpp(Ep)Jp(Ep) provides us with an

estimate of the secondaries created for a single proton target (29). To obtain the total number

of secondaries created, we integrate Eq. 2.1 over Ep and multiply with the target density nH. In

particular, the upper limit of this integration is the maximum proton energy, Ep,max which de-

pends on the magnetic field of the acceleration zone, confinement time and shock speed (1; 28).

In case of SNR, this Ep,max is found to be a few PeV (28). Since, Jp has an exponential cutoff,

the integrand drops very rapidly at high energies. Thus, the integration is not sensitive to the

exact value of Ep,max.

Now, these secondary gamma-rays and the neutrinos are produced from the same p−

p interaction implying a connection between the final state fluxes of these secondaries. The

secondary fluxes are connected by the following relation at Eγ ≈ 2Eν (68)

Eγ

dNγ(Eγ)

dEγ

≃ e−d/λγγ
2
3 ∑

f
Eν f

dNν f (Eν)

dEν f

, (2.2)

where, dNγ (Eγ )
dEγ

and
dNν f (Eν )

dEν f
are the differential fluxes of gamma-rays and neutrinos of

flavour f respectively. λγγ is the mean free path for the UHE gamma-rays in the Galactic

radiation fields for a source located at a distance d. Therefore, one might predict the neutrino
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flux from SNR using this multi-messenger connection, i.e., from gamma-ray observations.

The same secondary gamma-ray and neutrino flux at earth can also be estimated directly

from Eq. 2.1 and given by

E2
i

dNi

dEi
=

E2
i Qi,pp(Ei)

4πd2 . (2.3)

Since we are interested in detection of muon tracks with high energy neutrino detectors

like IceCube, the muon flux at earth, E2
νµ

dNνµ

dEνµ

is computed by assuming the flavour ratio 1 : 1 : 1.

Note that neutrinos and anti-neutrinos are treated as same here. Clearly, for sources with known

properties like nH , E0 etc., one may use Eq. 2.3, otherwise the Eq. 2.2 can be used for sources

with only gamma-ray observations.

Neutrinos being weakly interacting in nature can propagate to earth without any losses.

However, gamma-rays may undergo absorption during propagation. Absorption might effect

the gamma-rays produced in SNRs and therefore, it is important to analyse this absorption

process. This might also effect the cut-off energy, E0 of the CR protons i.e., large absorption

would allow large E0 for the primary CR flux. The absorption is due to pair production on

low energy photon backgrounds like cosmic microwave background (CMB) and the Galactic

interstellar radiation field (ISRF). This is estimated by the factor e−τγγ , where τγγ = d/λγγ is the

attenuation of gamma-rays on the low energy photons (108). Larger the optical depth, larger

is the absorption. The optical depth depends on the density and average energies of these low

energy photons and the distance to the source d. Clearly, gamma-ray fluxes from further sources

experience larger absorption. The CMB photons’ number density is about 440 cm−3 and has

an average energy of the order of 10−4 eV. This results in threshold energy for gamma-rays to

interact with CMB photons at about 100 TeV (108). Since the CMB is uniform, the amount of

absorption on CMB effectively depends only on the distance, d. On the other hand, the energies

of Galactic ISRF photons are larger than that of CMB photons and the distribution of ISRF

photons is highly non-uniform. Therefore, the threshold energy for ISRF is lower than 100

TeV and the absorption depends on the location of the source (108). For example, for a source

located in a denser ISRF region will have larger absorption than that of a source located in a

thinner ISRF.

22TH-3334_186121018





▲

▲
▲

▲ ▲

◼
◼ ◼

◼

Gamma-rays without absorption

Gamma-rays with absorption

Fermi-LAT

Tibet AS+MD

VERITAS

10-3 10-2 10-1 100 101 102 103
10-13

10-12

10-11

Eγ (TeV)

d
N

γ
/d
E
γ
×
E
γ
2
(T
e
V
c
m

-
2
s
-
1
)

IceCube, δ=60o

IceCube-Gen2, δ=30o

νμ+νμ

10-3 10-2 10-1 100 101 102 103

10-13

10-12

10-11

Eνμ
(TeV)

d
N

ν
μ
/d
E
ν
μ
×
E
ν
μ

2
(T
e
V
c
m

-
2
s
-
1
)

Figure 2.1: Hadronic gamma-rays (left), and muon neutrinos (right) from SNR G106.3+2.7.

The high gamma-ray flux is fitted to the Tibet AS+MD data for a primary proton spectra with

index 1.8 and the total energy of proton is 8× 1047 erg. The low energy part of the spectra is

fitted to the Fermi-LAT and VERITAS data. The absorption due to pair production on ISRF is

negligible that results in overlapping of the gamma-ray flux with (red-dashed) and without ab-

sorption (blue). The distance to the source is taken to be 0.8 kpc. The correlated muon neutrino

flux has been plotted (right) in addition to the detectors’ sensitivities. The sensitivities of the

neutrino detectors are chosen for declination, δ = 60° for IceCube and δ = 30° for IceCube-

Gen2 which are closest available to the declination of this SNR. IceCube is not sensitive to this

neutrino flux but IceCube-Gen2 has good sensitivity.

In the following, we use the method of direct calculation, i.e., Eqs. 2.1 and 2.3 for the

secondary fluxes from the Galactic SNR sources, G106.3+2.7 and G40.5-0.5, as requisite prop-

erties are known from observations.

SNR G106.3+2.7

SNR G106.3+2.7 is one of the probable PeVatron source in which CR protons are accelerated

due to the high shock speed (109). The distance of this source is 0.8 kpc and its shape is not per-

fectly spherical but a comet shaped SNR of length 14 pc and width of 6 pc (110). Recently, The

Tibet ASγ Collaboration reported the discovery of gamma-rays above 10 TeV which extends

upto 100 TeV gamma-rays (28). Further, the LHAASO collaboration also reported the discov-
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Figure 2.2: Hadronic gamma-rays (left), and muon neutrinos (right) from SNR G40.5-0.5. The

gamma-ray flux is fitted to the LHAASO J1908+0621 data for a primary proton spectra with

index 1.75 and the total energy of protons is 9× 1049 erg. The distance to the source is taken

to be 8.5 kpc. Gamma-rays above 10 TeV suffer tiny loss due to pair production on ISRF that

is shown by the red-dashed curve while the gamma-ray spectra without absorption is shown by

the blue curve. The corresponding neutrino flux has good sensitivity to IceCubt-Gen2 but weak

to IceCube. The sensitivities of the neutrino detectors are shown for the declination, δ = 0°

closest available to the declination of this SNR.

ery of UHE gamma-rays from this spatial region from the source LHAASO J2226+6057 (22).

These UHE gamma-rays are found to be spatially correlated with a molecular cloud and hence

CR proton interactions are considered to be strong contenders (28). This is also supported by

the hadronic interaction models developed for this source (111; 112). The probable density of

the molecular cloud region is approximately 10 cm−3 and is consistent with the Bremsstrahlung

radiation of electrons (113).

Figure 2.1 shows the model fitting of Tibet AS+MD gamma-ray data (left) and the corre-

sponding neutrino emission in the model (right). The multi-messenger nature of the emission is

crucial in fitting the gamma-ray spectra. The spectra data at the lower energies (10−3 −1 TeV)

are from Fermi-LAT (114), at intermediate energies (1− 10 TeV) are from VERITAS (115),

and at higher energies (∼ 10 TeV) are taken from Tibet ASγ (28). The best fitting parameters

Ep,total, E0 and α are such that both the normalisation and the slope of the spectra are well ex-

plained (see Table 2.1). We note the smaller Ep,total for this SNR and this may be due to low

transfer of shock kinetic energy to accelerated protons (28). Moreover, the power law index,

α in this object is found to be less than 2 from gamma-ray spectra fitting. This is in contrast
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with the diffusive shock acceleration theory that predicts α = 2. Extreme pressure at shock

front might cause such efficient particle acceleration (see e.g., 116). These fit parameters are

also consistent with (28). The source being located only at 0.8 kpc, the gamma-ray flux has

negligible absorption during propagation to earth (28; 108).

Based on these parameter choices, we estimate the gamma-ray flux from this object. The

resulting gamma-ray flux gives a good fitting to the gamma-ray data at both low energy and

high energy. As mentioned, absorption during propagation is negligible which resulted in the

overlap of the blue and red dashed curves. The associated neutrino flux is estimated using

Eq. 2.3 and is found to be consistent with Eq. 2.2. This neutrino flux is found to be much below

the detection sensitivity of IceCube. However, IceCube-Gen2 will be able to detect neutrinos

from this source. Note that larger α would change the sensitivity.

SNR G40.5-0.5

SNR G40.5-0.5 is spatially overlapped with the UHE gamma-ray source LHAASO J1908+0621

(22). In earlier observations, this SNR was found be overlapped with extended TeV source

MGRO J1908+06, detected by Milagro Galactic plane survey (117). This source was also

detected by the H.E.S.S. telescope in gamma-rays (118). UHE gamma-rays were also discov-

ered from MGRO J1908+06 source by the HAWC detector (119) that makes SNR G40.5-0.5

a plausible CR particle accelerator. The source distance is uncertain and CO Molecular-line

emission infers a source distance of approximately 3.4 kpc (120) but at a larger distance of 5.5

to 8.5 kpc using Σ−D relation (121). The mean gas density in the associated molecular cloud

is ∼ 45 cm−3 taking the source distance 8 kpc (122) and the source linear size at this distance

would be approximately 60 pc.

Model fit of the gamma-ray data of this object is shown in the left panel Fig. 2.2 for

the parameters listed in Table 2.1. The low energy (10−3 − 10−1 TeV) data are from Fermi-

LAT (123; 22) and at high energies (> 10−1 TeV) data are taken from HESS (124), HAWC

(119), and LHAASO (22). The parameters listed in Table 2.1 can well explain these multi-

messenger gamma-ray data. Note that Ep,total in this SNR is found to be larger than that of SNR

G106.3+2.7. However, the power-law index α is found to be similar to that of G106.3+2.7.
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Parameters SNR G106.3+2.7 SNR G40.5-0.5

Ep,total (erg) 8×1047 9×1049

E0 (TeV) 6×102 4×102

α 1.8 1.75

Table 2.1: Model parameters chosen for the two prototype SNRs. These parameters give the

best fit to the observed gamma-ray data of these objects. SNR G106.3+2.7 is located at 0.8 kpc

and G40.5-0.5 is located at 8.5 kpc. The target gas density, nH for SNR G106.3+2.7 is 10 cm−3

and for G40.5-0.5 is 45 cm−3.

Since this source is farther away, gamma-rays suffer larger absorption due to pair production on

ISRF compared to G106.3+2.7. However, this absorption is still tiny and negligible; and shown

by the red dashed curve. The corresponding neutrino flux is estimated using Eq. 2.3 and shown

in the right panel. This neutrino flux estimation is found to be consistent with Eq. 2.2. To check

the IceCube neutrino sensitivity, we look into the closest available declination of IceCube, i.e.,

δ = 0° to the source declination. The neutrino flux has weak sensitivity to IceCube but has

reasonably good sensitivity to IceCube-Gen2. Hence, this object sets an outstanding goal to

neutrino detection in IceCube-Gen2 as the neutrino flux is much above the detection sensitivity.

In the following, we investigate the parameter space of Galactic PeVatrons allowed by

gamma-ray observations (28; 22) and discuss the future detection prospects with gamma-ray

and neutrino detectors.

2.3 Detection prospects of Galactic PeVatrons

In the preceding sections, we have computed the expected muon neutrino flux in detail for the

two prototype sources. The neutrino flux estimates of such objects show that the flux might be

detected by the current and upcoming generation of IceCube experiment. This motivates one

to look further into the detection prospects of these Galactic objects. Based on this, we make

estimate of future detection of such sources motivated by the two detected prototype SNRs. We

also estimate the expected neutrino events in IceCube from the LHAASO catalog sources (see

Table 2.2 and (22)) to check the consistency of our chosen parameter space.
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Figure 2.3: Left: Detection prospects of gamma-rays from Galactic SNR at 10 kpc with different

gamma-ray telescopes. The curves in different colours shows the sensitivities of Fermi-LAT

(green) (125), LHAASO (magenta) (126), Tibet AS+MD (brown) (127) and CTA (black) (24).

The orange band shows gamma-ray flux for the parameter space based on the observations of

SNR G106.3+2.7 and G40.5-0.5. This shows that the high energy gamma-ray detectors will

probe large fraction of this parameter space for SNR at 10 kpc. Right: Corresponding detection

prospects at high energy neutrino detectors. The sensitivities of IceCube, IceCube-Gen2 and

KM3NeT are shown by the blue dot-dashed, magenta and green lines respectively (128; 25; 73).

These neutrino detectors will also probe some part of the parameter space.
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Figure 2.4: Left: Detection horizon of SNRs for different gamma-ray telescopes. The orange

band show integrated flux above 1 TeV as a function of distance (kpc) for the same parameter

as in Fig. 2.3.. The horizontal lines show the detectors sensitivities (126; 125; 24; 127). All

these gamma-ray telescopes are capable of probing a large part of the parameter space . The

upcoming CTA will probe sources as far as 50 kpc. Right: Corresponding detection horizon of

different neutrino detectors. The orange band shows the energy integrated (101 −102 TeV) νµ

flux as a function of distance (kpc) for the same parameter as in Fig. 2.3. The horizontal lines

show the energy integrated sensitivities (corresponds to δ = 0° in the energy range 101 − 102

TeV) of IceCube (blue), IceCube-Gen2 (magenta) and KM3NeT (green) (128; 25; 73). This

shows that the maximum reach of IceCube is about 10 kpc whereas for IceCube-Gen2 and

KM3NeT, the maximum reach is about 50kpc. The stars of different colours in both panels

show the energy integrated γ and νµ flux for the sources listed in Table 2.2.
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In order to investigate the detection possibility, a range of CR proton spectra parameters is

considered, motivated by the observations (22; 28). This parameter space is obtained by varying

the total energy Ep,total (1048 − 1051 erg) and the power law index α (1.7− 2.0) based on the

gamma-ray observations of SNR G106.3+2.7 and G40.5-0.5. While varying the parameters, we

choose to keep the cut-off energy, E0 fixed as both objects show similar values. The power law

index, α is also found to be similar in these two objects, i.e., about 1.8. However, this index

is in contrast with the diffusive shock acceleration theory which predicts a power law index

α = 2.0 (1). Such smaller value of α is possibly due to very efficient proton acceleration in

these objects (116; 129). Indeed, observation of neutrinos from such sources by the neutrino

detectors in question will be crucial to probe the softer spectra i.e., large α . Therefore, the

variation of α is considered in the range (1.7−2.0).

For the parameter space discussed above, gamma-ray and muon neutrino fluxes are esti-

mated for an SNR at 10kpc. The left panel in Fig. 2.3 shows the gamma-ray flux and the right

panel shows the corresponding muon neutrino flux. The orange band in both panels corresponds

to the uncertainty in the parameters Ep,total and α . In the gamma-ray plot, the sensitivities of

different gamma-ray telescopes operating at different energy ranges have been shown. At low

energy, Fermi-LAT is capable of probing a small part of the SNR parameter space. Interestingly,

the high energy gamma-ray telescopes like LHAASO, Tibet AS+MD and CTA (upcoming) will

be able to probe a much larger fraction of the SNR parameter space.

In addition to the correlated neutrino flux, high energy neutrino detectors’ sensitivities

have also been plotted in right panel of Fig. 2.3. The blue dot dashed line corresponds to the

sensitivity of IceCube (128), the magenta line shows the sensitivity of IceCube-Gen2 (25) and

the green-dashed line is the sensitivity of KM3NeT (73). This shows that IceCube is hardly

sensitive to such neutrinos from sources at 10 kpc. However, IceCube-Gen2 and KM3NeT

might be able to detect these neutrinos from SNRs provided the neutrino fluxes produced are

> (10−13) TeVcm−2s−1 above 10 TeV. Nevertheless, these future detectors together with the

gamma-ray telescopes can put stringent constraints on a significant region of the SNR parameter

space. For this, the UHE gamma-rays detected by LHAASO (22) might assist to scan this

parameter space and help us to understand the future detection possibilities.

The PeVatron sources detected in gamma-rays by LHAASO (22) are listed in Table 2.2.

The estimation of neutrinos from these sources is not straightforward due to the following rea-
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Sl No. LHAASO sources IceCube events, Nνµ
(5 yr)

I J0534+2202 2.74

II J1825-1326 0.28

III J1839-0545 0.08

IV J1843-0338 4.68

V J1849-0003 2.82

VI J1908+0621 4.55

VII J1929+1745 0.85

VIII J1956+2845 1.33

IX J2018+3651 2.33

X J2108+5157 1.05

XI J2032+4102 1.07

XII J2226+6057 2.57

Table 2.2: Expected number νµ events at IceCube for the LHAASO catalogue. The sources

J2226+6057 and J1908+0621 are associated with SNR G106.3+2.7 and G40.5-0.5 respectively.

The conventional atmospheric νµ flux produces a background of O(104) events on top of these

events.
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sons. All of these objects might not be pure hadronic PeVatrons and therefore might not produce

much neutrinos (101). In fact, the source J0534+2202 is found to be associated with the Crab

nebula and most of these gamma-rays are expected to be of leptonic origin except for the tail

of the spectra which might be hadronic (91). Therefore, we use the gamma-ray-neutrino corre-

lation given by Eq. 2.2 to estimate the maximum possible neutrinos from the Crab considering

these gamma-rays to be completely hadronic. For the remaining LHAASO sources, association

of any molecular cloud is not well known (22) and model of CR interacting with molecular

cloud might not be appropriate. In addition, only the fluxes at 100 TeV are available for these

sources (91). Thus, we assume a proton power law index α = 1.8 and normalize the gamma-ray

flux at 100 TeV to estimate the neutrino fluxes from these objects (22).

To analyze the detection possibility of these sources with IceCube, we have computed the

number of νµ tracks at IceCube by the following formula

Nνµ
= T

∫ 100 TeV

0.1 TeV
dEνµ

dNνµ

dEνµ

Ae f f (δ ) (2.4)

where, T is the observation time and Ae f f (δ ) is the declination dependent effective area (130).

The declination of the source plays an important role in the detection of neutrinos. Therefore,

the declination of each source in Table 2.2 is taken into account for the calculation of IceCube

events. The number of events for 5 years are shown in Table 2.2. The events are found to be so

tiny that they might be buried deep in the large conventional atmospheric background (O(104)).

This explains the non-observation of neutrinos till date from such SNRs (131).

It is clear from the above analysis that the source distance is also an important parameter

for the detection of these PeVatron sources by gamma-ray and neutrino telescopes. Fig. 2.4

shows the energy integrated gamma-ray (left) and muon neutrino (right) flux as a function of

source distance (in kpc). The orange band in both panels corresponds to the uncertainty in the

SNR parameters, Ep,total and α as discussed above. The gamma-ray flux is integrated above 1

TeV following the best sensitive energy ranges of the different detectors. The horizontal lines

in the left plot are the integral sensitivities for CTA, LHAASO and Tibet AS+MD. All these

gamma-ray telescopes are well capable of detecting SNRs in the galaxy. In future, CTA will

probe vast region of the SNR parameter space.
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Similarly, detection horizons of different high energy neutrino telescopes like IceCube,

IceCube-Gen2 and KM3NeT are shown in the right panel of Fig. 2.4. The orange band shows

the integrated νµ flux in the range (10− 102) TeV for the parameter space discussed above.

Energy integrated sensitivities in the range 101 − 102 TeV of IceCube, IceCube-Gen2 and

KM3NeT for declination angle δ = 0° have also been plotted. This plot shows that the maxi-

mum reach of IceCube is about 10 kpc whereas for IceCube-Gen2 and KM3NeT the maximum

reach is about 50kpc. However, for the lower limit of the neutrino flux, the detection horizon

for IceCube falls below 200 pc and for IceCube-Gen2, KM3NeT, it falls below 1 kpc.

The gamma-ray and neutrino fluxes produced by the LHAASO sources (22) listed in Ta-

ble. 2.2 are also shown in Fig. 2.4 by the star symbols in different colours. All these sources are

above the sensitivities of LHAASO and CTA, while they are below the sensitivity of IceCube.

Interestingly, the upcoming neutrino detectors IceCube-Gen2 and KM3NeT will be able to de-

tect neutrinos from such SNRs. As pointed out earlier, all of these sources might not be pure

hadronic PeVatrons (101). Therefore, the neutrino fluxes shown here can only be treated as up-

per limits. As mentioned earlier, the Crab gamma-ray fluxes are expected to be mostly leptonic

(91). Thus, neutrino emission from Crab might be faint and not detectable. Even for the purely

hadronic model, the neutrino flux from Crab is found to be below IceCube sensitivity. Indeed,

IceCube-Gen2 and KM3NeT will be able to constrain the hadronic nature of these sources.

Note that the detection of neutrinos strongly depends on the source declination, δ . The

sensitivities shown here for the neutrino detectors are for δ = 0°. For declination angle other

than this, the sensitivity would be lower and some of the sources might fall below the detectors’

sensitivities. Nevertheless, the upcoming neutrino detectors might still be able to detect some

PeVatrons and unravel the nature of these sources, i.e, hadronic or leptonic.

2.4 Summary and Conclusion

The 12 sources detected by LHAASO in TeV gamma-rays provide evidence of CR acceleration

to very high energies. If these gamma-rays are created by hadronic interaction of CR protons

with background protons, they should be accompanied by neutrinos. However, no neutrinos

are expected for leptonic origin of these gamma-rays. Therefore, detection of neutrinos will
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play a crucial role to identify the nature of these sources. Based on the gamma ray data, we

have estimated the plausible neutrino fluxes from these sources and test their detectability in

IceCube, IceCube-Gen2 and KM3NeT.

These objects detected by LHAASO are found to be spatially associated with SNRs and

pulsars. CRs accelerated in SNRs and pulsar interacting with any nearby molecular cloud can

be the origin of these gamma-rays. In fact, for two of these sources, gamma-rays are found to

be originated in the molecular clouds of SNR G106.3+2.7 and G40.5-0.5. However, for some

of these sources no molecular clouds have been identified yet. On the other hand, one of these

objects is found to be connected to the Crab nebula where the emission is expected to be mostly

leptonic. Therefore, detection of the associated neutrino signal is important to probe the nature

of these sources.

Using the gamma-ray data of SNR G106.3+2.7 and SNR G40.5-0.5, we have developed a

p− p interaction model and estimated the neutrino fluxes from these objects. The age of SNR

G106.3+2.7 is ∼ 10 kyr, while for SNR G40.5-0.5, it is in between 10-20 kyr (see e.g., 22).

For these two sources, model parameters, i.e., CR proton energy Ep,total, spectral index α , the

cutoff energy E0 are listed in Table 2.1. We found α and E0 to be similar for both SNRs (1.8

and ∼ 500 TeV) but their Ep,total is very different. The asymmetry in the source geometry and

cloud morphology can affect the escape of the CR protons and may cause this difference in

the total energy in CR protons (113). Our chosen spectral indices are harder compared to the

standard diffusive shock acceleration model, which predicts α = 2 (132). However, if the shock

compression ratio is very high then the CR spectral index can be harder; i.e. α = 1.5 (133)

as also predicted using nonlinear diffusive shock acceleration mechanism (129). The neutrino

flux from SNR G106.3+2.7 is found to be below IceCube sensitivity and SNR G40.5-0.5 has

poor sensitivity to IceCube. This also explains the non-observation of neutrinos from these

two sources. However, both these sources appeared to be sensitive to IceCube-Gen2. Hence,

IceCube-Gen2 will be able to probe the hadronic channel in these objects.

Based on the analysis of these two sources, we have derived the probable parameter space

of this SNR + molecular cloud model. The parameter space has been constructed considering

uncertainties in the model parameters, i.e., spectral index, α and total energy, Ep,total. The

upper limit of α = 2.0 is considered based on the standard CR acceleration mechanism. The

wide variation in Ep,total is taken based on the observation the two SNR G106.3+2.7 and G40.5-
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0.5. Future neutrino telescopes (IceCube-Gen2 and KM3NeT) will be able to probe a large

portion of this parameter space, provided the events are located within 50 kpc. However, the

best possibility of detection indeed lies within a region of 10 kpc which is inferred by the

LHAASO sources.

We have also estimated the neutrino flux from Crab nebula based on the gamma-ray spec-

tra observed by LHAASO. Most of these gamma-rays are expected to be of leptonic origin.

Thus, the neutrino signal is expected to be weak. The neutrino flux from Crab is found to be

below IceCube sensitivity, even for the purely hadronic model. Neutrino fluxes for the remain-

ing LHAASO sources are estimated based on the gamma-ray data and assuming a power law

index 1.8. All these sources are found to be below IceCube sensitivity but many of them might

be detectable in IceCube-Gen2 and KM3NeT.

Further, primary and secondary electrons accelerated at the shock regions, can also con-

tribute towards the multi-wavelength radiation. Their synchrotron radiation depends on the

magnetic field and hence this can be tuned to get the radio to X-ray spectrum consistent with

the observations. The inverse-Compton radiation can be another channel for the gamma-ray

spectrum in the UHE regime. In this work we are mainly interested in estimating the maximum

neutrino flux from SNRs, hence we have not discussed the radiation due to electrons. However,

contamination from the leptonic channel of the concentric PWN cannot be discarded in these

sources (134; 135; 136)

To conclude, we have analysed the detection prospects of the LHAASO sources and also

similar possible sources in the Galaxy. IceCube might be able to detect closer objects within 1

kpc but for extremely neutrino bright sources the detection horizon extends up to 10 kpc. The

future detectors KM3NeT and IceCube-Gen2 can have detection sensitivity up to 50 kpc. Such

detection will probe the nature of Galactic PeVatrons.

In this chapter, we have estimated the neutrino fluxes from 12 Galactic PeVatrons detected

by the LHAASO experiment, considering the gamma-rays are created in interaction of shock

accelerated protons in SNR with nearby molecular cloud. Detection of neutrinos in future by

detectors like IceCube-Gen2 and KM3NeT will constrain this hadronic interaction scenario as

well as particle acceleration in such objects. Particle acceleration to PeV energies in SNRs oc-

curs in a long timescale which is about the lifetime of SNRs. However, such acceleration can

also be achieved in new born SNe through interaction of ejected material with dense circumstel-
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lar material. In the next chapter, we discuss the secondary gamma-ray and high energy neutrino

emission in such scenarios for different types of CCSNe.
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Chapter 3

Point sources: Young Supernovae

In this chapter, we analyse a different category of point source, the young Supernovae

(YSNe). These YSNe pertain to the phenomenon of interaction between the material ejected

during a supernova event and the surrounding dense circumstellar medium (CSM). This interac-

tion typically transpires shortly after the supernova explosion, often within a matter of days, and

can result in the acceleration of protons through shock processes. These accelerated protons,

upon colliding with the lower-energy protons within the CSM, can generate secondary particles,

including high-energy neutrinos and gamma-rays. In the subsequent sections, we undertake the

task of estimating the fluxes of these secondary particles for various types of young Supernovae.

Additionally, we evaluate the potential for detecting different classes of these YSNe utilizing

both presently available and forthcoming gamma-ray and high-energy neutrino detectors.

3.1 Interacting circumstellar medium

The astrophysical community has been periodically intrigued by distinctive observations of

core collapse supernovae (CCSNe), which arise as a consequence of the demise of stars. Such
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distinct features arising due to varying mass and metallicity of stars lead to classification of

CCSNe into various categories such as IIn, II-P, IIb, II-L, Ib and Ic. In addition, numerous multi-

wavelength observations in the last few decades have revealed presence of dense circumstellar

medium (CSM) around such objects.

The dense CSM is made up of matter deposited through stellar winds further enriched as

the progenitor star loses mass via wind and/or violent outbursts (e.g., see Ref. (37) and ref-

erences therein). The CSM was previously thought to originate from stars losing their mass

through steady stellar winds. However, recent SN observations have challenged this tradition-

ally accepted picture (see e.g. (37)). It is now clear that substantial and impulsive mass losses

occur in at least 10% of massive stars within one year from the core collapse.

The stellar progenitor of SN2009ip, whose repeated eruptions occurred in the years be-

fore explosion, is the best studied example among Hydrogen (H)-rich massive stars (137). The

progenitor of this SN was a Luminous Blue Variable (LBV) star. An LBV is a massive star that

can have sporadic, violent mass loss events and exhibits mass loss rate as high as 10 M⊙yr−1

(138; 139; 140; 141). LBVs were previously thought to be a transitional phase of stellar evolu-

tion. However, several recent works have shown that they can be progenitors of Type IIn SNe

(see e.g. (142) and references therein). The interaction between the CSM and the SN ejecta

is evident from the observation of narrow, symmetric emission lines in “flash" spectroscopy of

SNe. This might be due to the photo-ionization of the CSM occurring during the progenitor

mass loss phase before explosion, see e.g. (143; 144). UV/optical excesses observed in SNe at

early times also hint towards such mass loss phenomena, see e.g. (145).

The interaction of the SN ejecta with this dense CSM may lead to the production of sec-

ondary particles, such as neutrinos and gamma-rays, via inelastic proton-proton (p− p) colli-

sions (29; 146; 147; 148; 149; 150; 151; 152; 153; 154; 155). In most cases, the interaction

of the SN ejecta with the CSM is dominant during the early stages of the SN evolution, for a

few months to a few years (38). After this preliminary phase, the interaction weakens due to

the fall in the CSM density (156). We focus on the high-energy particle emission during this

initial SN phase and refer to it as “Young Supernova (YSN)”. Note that, a clear distinction be-

tween YSNe and SN remnants (SNRs) is not straightforward (157; 158; 159). In a SNR, the

SN ejecta interacts with and sweeps up the far away CSM or the Interstellar Medium (ISM).

For a sufficiently old SNR (1 kyr), the medium is significantly less dense and has a density of
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1− 103 cm−3. While the dense CSM during the YSN phase can have densities in the scale

of 109 − 1012 cm−3 (160; 104; 35; 36). Thus the largest contribution to the secondary par-

ticle emission is reasonably considered to originate from the YSN phase. These high-energy

neutrinos emitted from SNe are possibly detectable by neutrino telescopes like the IceCube

Neutrino Observatory (33; 36; 161; 162) and from YSNe, gamma-rays could also be observed

by Fermi-LAT (163; 75; 77) and the Cerenkov Telescope Array (CTA) (164).

In the following, we consider YSNe of different Types IIn, II-P, II-L and Ib/c, and explore

the related gamma-ray and neutrino emission and investigate their detection prospects with

Fermi-LAT (163; 77) and CTA (164) as well as IceCube (30; 48), IceCube-Gen2 (25), and

Km3NeT (73).

While neutrinos produced in YSNe propagate undisturbed to Earth, gamma-rays undergo

energy losses as they interact with low energy photons (γγ −→ e−e+) and ambient matter

(γN −→Ne−e+, where N is nucleus) in the source (34). In addition, over cosmic scales (∼Gpc),

the Extra-galactic Background Light (EBL) absorption further affects the gamma-ray flux ex-

pected at Earth (165; 166), becoming significant for the diffuse SN emission, but negligible for

point source detection in the local universe (i.e., below ∼ 10 Mpc).

One can estimate the fluxes of these secondary particles by modelling the necessary in-

gredients such as the accelerated proton spectrum, the CSM density, the shock profile and the

propagation effects based on different SN observations. In the following section, we discuss the

model that we have adopted for the estimation of the secondary fluxes.

3.2 Neutrino and gamma-ray production in young supernovae

In this Section, we model YSNe interacting with the CSM in the early phase after the explo-

sion. We focus on YSNe about a year old and develop a model for the shock-CSM interaction,

describing the creation of secondary particles: neutrinos and anti-neutrinos 1 and gamma-rays.

1Note that we do not distinguish between particles and antiparticles in the following and use “neutrinos” to

indicate both species.
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3.2.1 Model setup

The material expelled by the massive star at the end of its life forms the CSM. The CSM con-

sists of shells of mostly light elements like H or helium (He). The massive star eventually

explodes in the form of a core-collapse SN 2. The SN shock and the expanding ejecta inter-

act with the surrounding CSM. Charged particles (electrons and protons) in the shocked CSM

are accelerated to relativistic energies via Fermi’s diffusive shock acceleration (168; 169; 1).

In particular, we are interested in high energy processes with dominant neutrino production,

hence we focus on inelastic p− p collisions. Here, relativistic protons collide with the non-

relativistic protons (inelastic p− p collisions) in the CSM and produce a large number of π

and η mesons. Secondary neutrinos, electrons and gamma-rays are produced from the decay

of π and η mesons (170; 171; 29; 35; 40; 36). High energy protons can also undergo photo-

hadronic (pγ) interactions with low energy photons in the CSM. However, the energy loss due

to this process is negligble and hence neglected (see Appendix A).

The CSM shell is assumed to be spherically symmetric with an effective inner radius rin

and outer radius rout. The inner radius is defined as rin = max[rbo,re] (33). The shock breakout

radius3, rbo, corresponds to the beginning of shock acceleration, and re is the radius of the stellar

envelope. Thus rin may differ according to the SN Type (see Sec. 3.3 for details). The outer

radius or size of the CSM shell also depends on the SN Type. Given the assumption of spherical

symmetry, the radial dependence of the CSM mass density can be modelled in the following

way (159):

ρCSM(r) =
ṀW

4πrw
invw

(rin

r

)w
. (3.1)

Here w is the power-law index of the CSM density profile (e.g., w = 2 for a wind-like CSM—

see, e.g., Ref. (38)), ṀW is the mass loss rate of the progenitor star and vw is the wind velocity.

The radial dependence is provided by the propagation of the shock, r being the shock radius.

The number density of the protons in the CSM (nCSM(r)= ρCSM(r)/mp) also varies accordingly.

2We focus on core-collapse SNe as the vast majority of Type Ia SNe do not exhibit a dense CSM (with the

notable exception of e.g., (167)).
3The shock breakout radius corresponds to the optical depth, τ = c/vsh, of the material through which the shock

propagates, where vsh is the shock velocity introduced in the following (172).
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Thus, the CSM at the inner radius is nin,CSM = ρCSM(rin)/mp = ṀW/(4πmpr2
invw), where mp is

the mass of the proton.

A fraction of the protons injected in the shocked region will be accelerated to high energies

and in turn produce secondary particles while interacting with the CSM protons. To model this,

the SN shock is assumed to expand spherically in the CSM and has a power law dependence on

the radius. The velocity of the shock (vsh) expanding in the CSM varies slowly with radius (38):

vsh(r) = vin

(
r

rin

)α

, (3.2)

where vin is the shock velocity at rin and α characterises the shock velocity profile. The index

α can be expressed in terms of the power law indices of the CSM and SN ejecta density profiles

and is usually found to be negligible, i.e. the shock velocity is nearly constant over the length

of the CSM shell during the early phase of the YSN. For more details on the choice of α , see

Ref. (40). In our YSN computations, we assume α = 0 implying vsh = vin.

To estimate the secondary particle population, we need the injection spectra of the acceler-

ated protons in the shocked region. We assume a power law distribution between the maximum

(Ep,max) and minimum (Ep,min) proton energy for the injection spectra (35):

Ninj
p (Ep,r) ∝ E−αp

p exp
(
−

Ep

Ep,max(r)

)
, (3.3)

where Ep is the proton energy, αp is the power law index and it is assumed to be equal to 2

unless otherwise mentioned. The choice αp = 2 is motivated by diffusive shock acceleration

theory (1). The normalization of the injected spectra is obtained from the energy budget of

the shock [EK = (9π/8)mpv2
shr2nCSM(r), energy per unit radius]. A fraction of this energy,

εp, is transferred to the charged particles (protons) confined in the shocked region due to the

presence of a strong magnetic field and thus accelerates protons to high energies. The frac-

tion εp is a free parameter of the problem and may depend on the SN Type. This is due to

the fact that CSM density, ejecta kinetic energy and progenitor mass vary for different SN

Types (173). The minimum proton energy Ep,min is taken as the proton rest mass mp. The

maximum energy (Ep,max) of the accelerated protons depends on the different loss processes

competing with the acceleration time scale (tacc = 6Epc/eBv2
sh) (174; 35), B being the mag-
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netic field strength. The magnetic field is inversely proportional to the shock radius r and it is

B= 3/2(4πεBmpnin,CSMv2
sh)

1/2(rin/r), where εB is the fraction of the post shock thermal energy

that goes into the magnetic field (35; 175; 176). A detailed analysis on the effects of magnetic

field on Ep,max can be found in Ref. (177).

The energy losses suffered by relativistic protons mainly come from two competing pro-

cesses, due to the adiabatic expansion of the shock shell and the p− p interactions with the

CSM protons. The adiabatic loss time scale or the dynamical time scale is tad ∼ tdyn = r/vsh

and the p− p collision time scale is tpp = [4κppσppnCSM(r)c]−1, where κpp = 0.5 is the proton

inelasticity and σpp is the energy dependent p− p interaction cross-section (178). tpp (35; 36)In

addition, protons undergo other energy loss processes, as detailed in Appendix A. Thus, Ep,max

can be estimated from tacc = 6Ep,maxc/eBv2
sh = min[tpp, tad] and changes according to the radial

evolution of the background environment.

The radial evolution of the steady state proton number, Np(Ep,r) is described by the fol-

lowing equation (179; 168; 180; 35; 36):

∂Np(Ep,r)
∂ r

+
Np(Ep,r)
vshtpp(r)

− ∂

∂Ep

[
EpNp(Ep,r)

r

]
= Ninj

p (Ep,r) , (3.4)

where the second term on the left hand side corresponds to energy losses via p− p collisions

and the third term stands for adiabatic losses. This primary steady state proton number drives

the production of the secondary neutrinos and gamma-rays. The time evolution of the fluxes

can be probed from the relation betweeen the shock radius and the shock velocity: r = vsht.

3.2.2 Gamma-ray production

Gamma-rays can be produced through p− p interactions via decay of neutral π and η mesons,

with the following decay channels: π0 −→ 2γ , η −→ 2γ , η −→ 3π0, η −→ π+π−π0, and

η −→ π+π−γ (29). The contribution from π0 meson dominates over the contribution from η

meson (see e.g., 29). The radial evolution of gamma-rays with energy Eγ produced in p− p
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collisions can be computed as follows (34; 32):

dNγ(Eγ ,r)
dr

+
Nγ(Eγ ,r)

vshtesc
= Ninj

γ (Eγ ,r), (3.5)

where tesc = r/4c is the escape time of secondary particles. The factor 4 corresponds to the

compression of the CSM due to shock pressure (168). The source term, Ninj
γ (Eγ ,r), below

Ep = 0.1 TeV is given by (29)

Ninj
γ (Eγ ,r) = 2

η̃

Kπ

4cnCSM(r)me

vshmp

∫
∞

Emin

dEπ√
E2

π −m2
π

σpp
(
Ep

)
Np

(
Ep

)
, (3.6)

where Ep = mp +Eπ/Kπ and Emin = Eγ +m2
π/Eγ . Above Ep = 0.1 TeV,

Ninj
γ (Eγ ,r) =

4cnCSM(r)me

vshmp

∫
∞

mp

dEp
σpp(Ep)

Ep
Np(Ep,r)Fγ

(
Eγ

Ep

)
, (3.7)

with Fγ

(
Eγ/Ep

)
being the gamma-ray production rate, and Eγ the gamma-ray energy. The

parameters Kπ and η̃ are free parameters, used for connecting the injection rates above energy

Ep = 1 TeV.

The total gamma-ray flux observed at Earth from a source at luminosity distance dL is

given by:

E2
γ,obsΦγ(Eγ,obs) =

e−τγ,EBL(Eγ ,z)

4πd2
L

E2
γ φ

s
γ (Eγ)

=
e−τγ,EBL(Eγ ,z)

4πd2
L

∫ rmax

rin

dr
E2

γ Nγ(Eγ ,r)e−(τγγ+τBH)

mec2tescvsh
, (3.8)

where Eγ = (1+ z)Eγ,obs, z is the cosmological redshift and φ s
γ is the gamma-ray flux at source.

The maximum shock radius, rmax corresponds to the end of particle production (see Sec. 3.2.3

for details). Here, τγγ and τBH are the optical depths for gamma-gamma and Bethe-Heitler

interactions, respectively; their modeling is introduced in the following. τγ,EBL(Eγ ,z) is the

optical depth for the interaction of gamma-rays with the EBL (181; 165).

The gamma-rays produced in the hadronic processes can interact with the low energy

thermal photons present in the CSM (34; 32; 35). In these interactions, electron-positron pairs
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can be produced. Electron-positron pairs can also be produced in Bethe-Heitler processes,

where high-energy photons interact with nuclei (mostly protons) in the ejecta (32).

The attenuation of the gamma-ray spectra due to photon-photon pair production is taken

into account through the factor e−τγγ in Eq. 3.8; the optical depth τγγ of the CSM thermal

photons is computed as follows

τγγ = rmax

∫
∞

0
nph(ε)σγγ(Eγ ,ε)dε , (3.9)

where ε is the energy of thermal photons and σγγ(Eγ ,ε) is the photon-photon annihilation cross

section (182; 32). The number density of thermal photons follows a black-body spectrum,

nph(ε) ∝
ε2

exp(ε/T )+1
, (3.10)

where T is the temperature of the thermal photons and can be defined in terms of average energy,

εav of photons as T = εav/3.15. The constant of proportionality is such that

∫
∞

0
dεnph(ε) =Uph,av . (3.11)

The average energy density of thermal photons in the CSM is:

Uph,av =
1

rmax

∫ rmax

rin

dr
LSN,pk

4πcr2 , (3.12)

where LSN,pk is the SN peak luminosity. In general, the energy density of thermal photons scales

as 1/r2 with the shock radius, r. We take the average energy density of the thermal photons in

the interaction zone, i.e. between rin ≤ r < rmax, to make a reasonable estimate of the absorption

of gamma-rays caused by the thermal photons.

In addition to γγ pair production losses, Bethe-Heitler pair production losses can also

affect the gamma-ray spectra. The loss due to this process can be estimated by the factor e−τBH

in Eq. 3.8, where τBH is the optical depth. The latter depends on the mass and composition of

the ejecta and we model it as in Ref. (32).

The electrons (positrons) produced in these processes may lose energy via synchrotron
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radiation due to the presence of magnetic fields in the shocked CSM. They also lose energy due

to inverse Compton scattering with low-energy photons in the CSM. Electrons and positrons

can then annihilate and produce low-energy gamma-rays, which in turn modify the observed

gamma-ray spectra. This cascading of electromagnetic (EM) interactions modifying the gamma-

ray spectrum can be estimated with a broken power law and is given by (183),

φγ,cascade(Eγ) ∝

E−1.5
γ (Eγ < Eγ,b)

E−αγ

γ (Eγ,b < Eγ < Ecut)

(3.13)

where Ecut is the cut-off energy defined as τγγ(Eγ = Ecut = Emax) = 1, Eγ,b is the break energy

given by Eγ,b = 4E2
cut/3(2mec2)2εav and the power law index αγ = 2. This cascaded flux is

normalized to the total energy lost above Ecut due to pair production. This suggests that the

larger the absorption, the larger the cascaded flux. Therefore, harder spectra would produce

large cascaded gamma-ray flux.

The primary electrons accelerated in the shock could also produce gamma-rays via inverse

Compton. The gamma-ray contribution of p− p collisions (i.e., π0 −→ 2γ) generally dominates

in the high-energy range (GeV), hence the gamma ray contribution from the primary electrons

can be ignored, see e.g. (34).

3.2.3 Neutrino production

Neutrinos are produced through the decay of charged pions created in p− p interactions, π −→

µνµ and µ −→ eνeνµ . The decay of η mesons also produces neutrinos, but their contribution

is smaller than the one of pions (29). The evolution of neutrinos at different radii is governed

by the following equation (36):

dNνf(Eν ,r)
dr

+
Nνf(Eν ,r)
vshtesc(r)

= Ninj
νf (Eν ,r) , (3.14)

where tesc(r) = r/4c is the time required for neutrinos to escape the CSM (see comments below

Eq. 3.5). of flavour f ( f = e,µ at the source) with neutrino energy Eν . The neutrino injection
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term Ninj
νf (Eν ,r) is obtained by following Ref. (29).

For Ep < 0.1 TeV:

Ninj
νe (Eν ,r) = 2

η̃

Kπ

4cnCSM(r)me

vshmp

∫
∞

Emin

dEπ√
E2

π −m2
π

σpp
(
Ep

)
Np

(
Ep,r

)
fνe

(
Eν

Eπ

)
Ninj

νµ
(Eν ,r) = 2

η̃

Kπ

4cnCSM(r)me

vshmp

∫
∞

Emin

dEπ√
E2

π −m2
π

σpp
(
Ep

)
Np

(
Ep,r

)
×
[

f (1)νµ

(
Eν

Eπ

)
+ f (2)νµ

(
Eν

Eπ

)]
(3.15)

where Ep =mp+Eπ/Kπ , and Eπ is the energy of pion and me is mass of electron. The minimum

energy of pion is given by Emin ≃ Eν +m2
π/4Eν . The parameters Kπ and η̃ are free parameters

and used for connecting the injection rates above energy Ep = 1 TeV.

For Ep ≥ 0.1 TeV:

Ninj
νe (Eν ,r) =

4cnCSM(r)me

vshmp

∫
∞

mp

dEp
σpp(Ep)

Ep
Np(Ep,r)Fνe

(
Eν

Ep

)
Ninj

νµ
(Eν ,r) =

4cnCSM(r)me

vshmp

∫
∞

mp

dEp
σpp(Ep)

Ep
Np(Ep,r)

×
[

F(1)
νµ

(
Eν

Ep

)
+F(2)

νµ

(
Eν

Ep

)]
. (3.16)

Here, Fνe , F(1)
νµ

, F(2)
νµ

and fνe , f (1)νµ
, f (2)νµ

are the neutrino distributions from pion decay valid for

Ep ≥ 0.1 TeV and Ep < 0.1 TeV, respectively (29). The energy dependent cross-section σpp(Ep)

is taken from Ref. (29). The neutrino flux of flavour f at source is given by,

E2
νφ

s
νf
(Eν) =

∫ rmax

rin

dr
vsh

E2
νNνf(Eν ,r)
mec2tesc

. (3.17)

The all flavour flux at source is E2
νφ s

ν = ∑f E2
νφ s

νf
(Eν). During propagation to Earth, the flavour

combination may change due to flavour mixing (184), leading to the following flavour compo-

sition at Earth: νe : νµ : ντ = 1 : 1 : 1.

E2
ν ,obsΦν(Eν ,obs) =

∑f E2
νφ s

νf
(Eν)

4πd2
L

, (3.18)
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where Eν = (1+ z)Eν ,obs and z is the cosmological redshift.

Note that the neutrino (gamma-ray) production from p− p interactions ceases to be signifi-

cant as the shock radius reaches the maximum radius, rmax. This is determined by min[rdec,rout].

The deceleration radius, rdec, of the SN shock corresponds to the radius when the ejecta mass,

Mej, sweeps up the same amount of CSM mass and is defined as rdec = Mejvw/ṀW = rin +

Mej/(4πmnin,CSMr2
in). The region r < rdec is known as the free expansion phase of the CSM.

Particle acceleration and production are dominant in this phase. Once the shock reaches the

maximum radius i.e., rmax, the interaction of the shock with the ISM begins, which is beyond

the scope of this work4.

Most SNe show signs of interaction within a few years of their evolution with rarer cases

showing interaction on timescales of O(10) years, see e.g. Refs. (185; 186; 187; 188; 189; 190).

Since the maximum time, tmax (corresponding to rmax) depends on the extent of the CSM, YSNe

with extended CSM could have tmax ∼ O(10) years. However, this extended CSM is less dense

than the CSM of tmax ≃ 1 year. Therefore, the neutrino and gamma-ray fluxes for this extended

CSM are similar to that of YSNe with CSM of 1 year (results not shown here). Therefore, we

take rmax = rout (corresponds to tmax = 1 year) throughout this work.

Different classes of YSNe produce different fluxes of secondaries (gamma-rays and neutri-

nos) due to wide differences in these input parameters. In the following, we discuss the different

Types of YSNe and their impact on the secondary production.

3.3 Young supernova types

Supernovae are classified as Type-I and Type-II based on the presence of H lines in the observed

spectra. Type-I SNe do not show H lines, whereas Type-II do. Supernovae are further classified

into different sub-Types of Type-I (Ia, Ib and Ic) and Type-II (IIn, II-P, IIb, II-L) SNe depending

on different observed characteristics. Type Ia SNe show Silicon II (Si II) absorption lines in

their spectra. Presence of He lines in Type Ib SNe differentiates them from Type Ic. Type IIn

4In the case of old SNR ( 1 kyr), the flux due to the Sedov-Taylor phase (r > rdec) decreases by several (more

than 3–4) orders of magnitude due to the very low target (CSM or ISM) density. Thus, the total flux from the

Sedov-Taylor phase will be negligible compared to the early YSN phase.
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and IIb exhibit narrow and broad H lines respectively. The spectra of Type II-P SNe show a

plateau whereas Type II-L SNe show linearly declining spectra (for details on SN classification,

see e.g. Refs. (191; 192)). Except for SNe Ia, all other SN classes are powered by the collapse

of the stellar core.

The diverse classes of YSNe differ in parameters like mass loss rate, wind velocity, size

of the CSM, and efficiency of shock energy transfer to protons. Below we report about these

characteristic parameters as from electromagnetic observations for different Types of YSNe.

• Type IIn SNe are found to have very dense CSM as a result of heavy mass loss (10−4–101

Ṁ⊙yr−1) before explosion (37; 193). The wind velocity, vw, for such SNe can typically

vary between 30–600 kms−1 (37). Their progenitors are not well known and have been

found to be connected to LBV, Red Supergiant (RGB) and Yellow Hypergiant (YHG)

stars (see e.g., (44; 194; 195; 196) and references therein). These stars have large mass

loss rates (ṀW ∼ 10−3-101 M⊙yr−1) and moderate wind velocity (vw ∼ 100 kms−1) (37;

193). Therefore, Type IIn SNe show a dense CSM (nin,CSM ∼ 1011 cm−3 (37)). Their

shock velocity, vsh, ranges between 103 and 104 km s−1 (36; 38; 40) (see Eq. 3.1). The

fraction of kinetic energy, εp, that goes into high energy protons is estimated to be 10−2–

1.5× 10−1 (173). Therefore, we choose the range of εp as 10−2–10−1. The fraction of

post-shock magnetic energy, εB, can be constrained from radio observations of SNe and

is in the range εB ∼ 10−4–10−2 (38; 39; 158; 197).

• Type II-P SNe show a plateau in their light curves up to a few months (∼ 20–100 days)

after the explosion (198; 199). This is due to the abundance of hydrogen in the SN ejecta.

This SN class usually arises from red supergiant (RSG) stars (37; 200; 201; 202; 203)

and they are found to have large CSM density. Eruptive mass losses of such stars just

before [O(1) year] the SN explosion are believed to be the reason of their large CSM

densities (198; 204). The typical mass loss rate during this phase has been reported to

be O(10−3) Ṁ⊙yr−1 (204; 205; 206) with wind velocity of O(10) km s−1 (207). Larger

mass loss rates [O(1)Ṁ⊙yr−1] with wind velocity 100 km s−1 have also been predicted,

see (199; 198); however, this might be an exception (see e.g., (208; 143; 209)) 5. Inter-

5Ref. (199) investigated early light curves of some Type II SNe. Their results suggest the need for local CSM

(r < 2× 1014 cm) in order to reproduce the rapid rise time and brighter emission at peak observed in some SNe.

This is an exception and we therefore focus on the average mass loss over a longer period of time.
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estingly, our calculation only depends on the ratio ṀW/vW (see Eq. 3.1); hence, given

the evidence of large mass loss rates, we adopt 10−2 Ṁ⊙yr−1 as our typical mass loss

rate with wind velocity O(100) km s−1 (204; 199). This choice is equivalent to assume a

mass loss rate 10−3 Ṁ⊙yr−1 with wind velocity 10 km s−1.

The eruptive mass loss is responsible for a dense CSM which is found to exist up to

∼ 1015 cm (205). The CSM density beyond this radius is smaller and is due to the stellar

wind of RSG stars (37). A typical RSG wind has a mass loss rate in the range 10−6–

10−5 Ṁ⊙ yr−1 with wind velocities of about 10–20 km/s (37). We distinguish these

two different phases of the CSM by naming them “eruptive” (for the large mass loss

rates) and “normal” (the smaller RSG winds). The shock velocity for this YSN class is

O(104) km/s (206).

• Type II-L SNe have linear light curves, while Type II-b show broad He lines in their

spectra. Their progenitors have similar mass loss rates, which lie in the range 10−5–10−4

Ṁ⊙yr−1 and have wind velocity between 2× 101–102 km s−1 (210; 37; 211; 212; 41;

213; 143). The shock velocity for these Types of SNe is found to be of the order of 104

km/s (214).

• Type Ib/c SNe are rich in helium (He) and usually have lower mass loss rates (10−7–

10−4 Ṁ⊙ yr−1) than IIn and II-P SNe (37; 215; 216; 145). The wind velocity for Ib/c

SNe is very large (vw ∼ 103 km s−1). Moreover, the inner radius of the CSM is small

(rin ≃ 1012 cm, corresponds to the size of the progenitor). This implies that the volume

of the CSM shell in the vicinity of rin is also small and therefore the total number of pro-

ton targets is quite low. Thus, the neutrino and gamma-ray emission from such YSNe is

negligible (as most of the secondaries are produced near rin). However, late time obser-

vations of SN 2014C (which was initially classified as Ib/c SN) highlight the presence of

interaction of the SN ejecta with the hydrogen rich CSM at 6×1016 cm (207). The CSM

is found to extend up to 2.5×1017 cm (42); hence, we assume rout = 1017 cm. This cor-

responds to the beginning of shock interaction at about 1.5 years after the explosion and

substantial reduction of the dense CSM interaction at about 3 years. Thus the duration of

emission is considered to be about 1.5 years. This dense CSM is possibly created by large

mass loss rate of O(1) M⊙yr−1 with wind velocity in the range (101−103 km s−1) (207).

However, smaller mass loss rate of O(10−3) M⊙yr−1 with velocity 100 km s−1 has also

49TH-3334_186121018



Table 3.1: Characteristic parameters for different YSN Types. We consider two different phases

of the CSM of II-P SNe namely, eruptive (created by the large mass loss occurring a few years

prior to explosion) and normal (due to the usual RSG wind during stellar evolution).

Parameters IIn II-P IIb/II-L Ib/c Ib/c (LT)

(1 yr) Eruptive Normal (1 yr) (1 yr) (1.5 yrs)

(≤ 12) (> 12 days)

nin,CSM (cm−3) 1011 1012 109 6×1011 2.4×1012 2×106

ṀW (M⊙ yr−1 ) 10−1 10−2 2×10−6 3×10−5 10−5 2×10−2

vw (kms−1) 102 102 1.5×101 3×101 103 102

rout (cm) 2×1016 1015 3×1016 3×1016 6×1016 1017

vsh (kms−1) 7×103 104 104 104 2×104 104

rin (cm) 4×1014 6×1013 6×1013 6×1012 3×1011 5×1016

εp 10−2 10−1 10−1 10−1 10−1 5×10−2

εB 10−2 10−2 10−2 10−2 10−2 10−2

SN Rate 9% 48% −− 17% 26% 2.6%

been proposed (217). Hence, we assume a mass loss rate of O(10−2) M⊙yr−1 and wind

velocity 100 km s−1 to be conservative. The exact mechanism of this large mass loss is

not well understood. Therefore, we assume a wind profile in order to obtain a conserva-

tive estimate of the CSM density. The deceleration radius, rdec (9×1016 cm) of the shock

moving forward in the CSM is comparable to rout . SN 2004dk and SN2019yvr are similar

examples of Ib/c SN with late time interaction after explosion (43; 218). Reference (207)

investigated a sample of 183 Ib/c SNe and found that 10% of the sample has late time

interaction like SN2014C, which is about 2.6% of the total core-collapse SNe. Hence, we

include late time interaction of Ib/c SNe in our analysis. We choose the SN 2014C as a

representative of the class Type Ib/c late time (LT) SN (217; 219; 207; 34).

In Table 3.1, we list the typical values adopted for each of our modelling parameters

for all SN Types introduced above. While we chose to be conservative in our choice of the

characteristic parameters, we also consider a range of variability for the most uncertain model

parameters and the latter defines a band in the final results (see Sec. 5.2 and 5.1).
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3.4 Dependence of the gamma-ray and neutrino emission on

the young supernova type

The YSN emission properties largely vary across different SN Types. In this Section, we first

characterize the gamma-ray and neutrino emission for our benchmark YSN IIn and then com-

pare the particle production across different YSN classes. Throughout this Section, the emission

of secondaries is computed for 1 year for all YSN Types, except for Ib/c (LT) YSNe for which

we consider an emission period of 1.5 years.

3.4.1 Characteristic gamma-ray and neutrino emission

As a primary example to illustrate the YSN neutrino and gamma-ray emission we consider

Type IIn SNe (see Sec. 3.2 and Table 3.1) as they have the highest mass loss rate in the SN

sample presented in Table 3.1. Unless otherwise specified, we assume that our benchmark YSN

is located at 10 Mpc from Earth. Most SNe are detected between 1 and 100 Mpc, with the

majority being discovered at O(90) Mpc, see e.g. Fig. 2 of Ref. (220). Hence, our choice of the

typical SN distance is somewhat optimistic, yet compatible with observations.

The top and bottom left (right) panels of Fig. 3.1 show the gamma-ray (neutrino) luminos-

ity and fluence. The top left panel shows the gamma-ray light curve at Eγ =1, 102, 104 GeV,

while the gamma-ray fluence produced by p− p collisions in IIn YSNe during its first year is

displayed in the bottom left panel. The fluence in the bottom left panel of Fig. 3.1 does not in-

clude any attenuation at the source. Gamma-rays above 100 GeV can interact with low energy

photons and ambient matter in the source and may get lost. This corresponds to τγγ and τBH,

respectively, in Eq. 3.8 and are discussed below (see discussion of Fig. 3.2).

The top panel on the right shows the neutrino light curve (blue) for three different energies

(Eν = 103, 104, 105 GeV) for the first year of the YSN. The light curves start around 7 days

after the explosion. This delay corresponds to the inner radius, rin (i.e., when the interaction

between the shock wave accelerated protons and the CSM protons has begun). The inner radius,

rin, also depends on the class properties of each SN Type. The plot in the bottom right panel
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Figure 3.1: Top panels: Luminosity of gamma-rays (left) and all-flavour neutrinos (right) of our

benchmark YSN IIn (see Table 3.1) as a function of time. The temporal evolution at the source

are shown for three representative energies (Eγ = 100,102, and 104 GeV for gamma-rays and

Eν = 103,104, and 105 GeV for neutrinos). Bottom panels: Corresponding gamma-ray (left)

and all-flavour neutrino (right) fluences at Earth as functions of the observed particle energy.

The distance of our YSN IIn from Earth is chosen to be 10 Mpc. Both fluences for neutrinos and

gamma-rays are time integrated over the first year of the SN evolution. Gamma-rays are shown

without any attenuation due to energy losses (see discussion of Fig. 3.2 for details). Therefore,

the spectra of both species from p− p collision follow a similar behaviour of growing with

particle’s energy and falling rapidly above 105 GeV.
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Figure 3.2: Gamma-ray fluence at Earth after including the relevant absorption processes and

EM cascades at the source as a function of the gamma-ray energy for our benchmark YSN IIn

(see Table 3.1) at a distance of 10 Mpc. The red-dashed curve represents the fluence obtained

via p− p collisions. The purple-dotted curve is the fluence after absorption due to γγ pair

production loss and Bethe-Heitler loss in the CSM. The gamma-ray fluence due to EM cascades

is shown by the dot-dashed magenta curve. The thick red solid curve represents total flux at the

source after absorption and EM cascades. The gamma-ray fluence between 102 to 104 GeV is

heavily attenuated due to the absorption processes occurring in the source. The final gamma-ray

flux (thick red curve) is a combination of the flux surviving to absorption and the EM cascaded

flux.

shows the energy spectra of the YSN emitted neutrinos for the first year. The neutrino flux

(top right plot) falls rapidly above energy Eν ∼ 105 GeV. This is due to the maximum energy

of protons Ep,max, which determines the exponential cut-off of the proton spectra. This clearly

suggests that the SN properties driving Ep,max will influence the cut-off, and the latter would be

different for different YSN Types. Note that these interpretations also hold for the gamma-rays

in the left panel.

The fluence in the bottom left panel of Fig. 3.1 will be affected by absorption processes.

Fig. 3.2 shows the effect of absorption and EM cascades on the gamma-rays produced via p− p

interactions for Type IIn YSNe for a thermal energy distribution of photons with average energy
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εav = 1 eV and SN peak luminosity LSN,pk = 1041 erg/s respectively (2; 35). We show gamma-

rays without any absorption (red-dashed curve), gamma-rays with absorption due to photon-

photon pair production and BH pair production (purple-dotted curve), and the EM cascade

(magenta dot-dashed curve). It is interesting to note that the initial flux above 200 GeV mostly

disappears except a little tail at higher energies due to photon-photon pair production losses.

This is due to the fact that the photon-photon cross section σγγ falls rapidly at higher energies

and the thermal photons, nph(ε), have a black-body spectrum; the product of both gives rise to a

optical depth, τγγ creating a well-shaped attenuation factor e−τγγ . The cascaded gamma-ray flux

also falls sharply at 200 GeV because the photon-photon pair loss factor e−τγγ hardly allows for

anything to survive above 200 GeV.

Bethe-Heitler losses generally have a tiny effect on the gamma-ray energy distribution. For

Type IIn SNe, the amount of attenuation is the small gap between the red-dashed and the purple

dotted curve below 200 GeV. Thus the final gamma-ray flux (thick red curve) is a combination

of the flux surviving to absorption (purple dotted) and EM cascaded flux (magenta dot-dashed).

The EM cascades are responsible for a boost in the gamma-ray spectra below 200 GeV. Propa-

gation to Earth is not important at 10 Mpc but important for large distances (∼ 1 Gpc) as losses

due to EBL will take place, for example for the diffuse flux (see Sec. 5.2).

3.4.2 Dependence on the young supernova type

Because of the intrinsic differences among the properties of the YSN Types introduced in

Sec. 3.3, we should expect a wide variation in the emission of secondary particles. Below

we discuss a few examples of these variations for the secondary gamma-rays and neutrinos for

a source at 10 Mpc and αp = 2.0.

We show the gamma-ray fluences produced by YSNe in the top left panel of Fig. 3.3 for

the benchmark parameters shown in Table 3.1. The fluxes are integrated over a year. Type IIn

YSNe produce the largest gamma-ray fluence. The other Types of YSNe create smaller fluences

and the fluence of Type Ib/c YSNe is extremely small relative to the one seen from the Type

IIn YSNe. The sharp fall and rise of these fluences at higher energies (above 10 GeV) is due

to the fact that gamma-rays suffer losses due to γγ pair production, as discussed in Sec. 3.2.2.
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Figure 3.3: Gamma-ray (left) and all-flavour neutrino (right) fluences integrated for a year at

Earth from different classes of YSN, as listed in Table 3.1, for a source located at 10 Mpc. For

both gamma-rays and neutrinos, Type IIn YSNe have the largest fluence, followed by II-P and

Ib/c (LT) YSNe.

The fall and rise of the fluences occur at different energies according to the YSN class. The

amount of losses are also different for different YSNe. This is due to the variation of the

parameters, i.e. average energy (εav) and peak luminosity (LSN,pk) of thermal photons expected

from different Types of YSNe. The parameter εav is assumed to be: 1 eV for IIn YSNe, 4.5 eV

for II-P YSNe, 1 eV for IIb/II-L and Ib/c YSNe, and 0.05 eV for Ib/c (LT) YSNe. The peak

luminosities are assumed to be 1041 erg/s for IIn SNe, ∼ 5× 1040 erg/s for II-P and Ib/c (LT)

SNe, and 1042 erg/s for IIb/II-L and Ib/c SNe (35; 205; 221; 214; 34; 222; 223). The fluence of

Type Ib/c (LT) YSN falls at higher energy than that of other SN Types due to its small average

energy of thermal photons. The average energy is small because of the lower temperature of

thermal photons as the CSM is located very far away (see Table 3.1) from the stellar envelope.

The large distance to the CSM also affects the density of the thermal photons that results in

less absorption of gamma-rays for Type Ib/c (LT) YSNe. Type IIn and II-P YSNe have similar

losses as the peak luminosities of thermal photons are quite similar. Heavy losses of gamma-

rays are seen for Type IIb/II-L and Ib/c YSNe because their thermal photon luminosity is quite

large which implies large thermal photon density.

The right panel of Fig. 3.3 shows the corresponding neutrino fluence integrated over a year

for the different YSN Types. Due to the dense CSM, Type IIn YSNe show the largest fluence

falling rapidly around Eν ∼ 106 GeV. The fluence of Type Ib/c (LT) YSNe starts to dominate

above Eν ∼ 3 × 106 GeV. The reason is that the maximum proton energy (Ep,max) strongly
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Figure 3.4: Total energy emitted by each source in gamma-rays (left) and neutrinos (right).

The duration of emission of secondary particles is taken to be a year and integrated in the

range 10−1–108 GeV. The total energy emitted in gamma-rays is generally smaller than that

of neutrinos; this is due to the attenuation of gamma-rays in the source. The largest energy is

emitted by Type IIn YSNe, followed by Type Ib/c (LT) and II-P YSNe.

depends on the shock velocity and shock radius. The shock velocity and shock radius for Ib/c

(LT) YSNe are larger than those of Type IIn YSNe, resulting in greater Ep,max. The fluence of

Type II-P6 and Ib/c (LT) YSNe are comparable at lower energies due to their dense CSM. The

fluences of Type IIb/II-L and Type Ib/c YSNe are quite small in spite of the large initial CSM

density, nin,CSM. This is due to the small size of their inner radius (rin) of the CSM; moreover,

most of the secondaries are only produced in the vicinity of rin.

The estimated neutrino fluences for the various YSNe classes are comparable to the ones

reported in Ref. (33) except for the ones of Type II-P YSNe. In this case, our YSNe-IIP fluence

is larger 7 since it relies on model parameters extrapolated from more recent observations of

II-P SNe, as discussed in Sec. 3.3; specifically, the mass loss rate that we adopt is one order of

magnitude larger than the one assumed in Ref. (33). On the other hand, a CSM density smaller

than our benchmark case in Table 3.1 would result in a smaller fluence (33).

Fig. 3.4 shows the total energy emitted in gamma-rays (left) and neutrinos (right) for each

6The fluences of Type II-P (gamma-rays and neutrinos) are dominated by the emission from the eruptive phase

(see Table 3.1), the contribution from the normal phase is negligible.
7Note that the large mass loss rates of II-P SNe discussed in Ref. (199) may be responsible for a fluence

comparable to the one of IIn YSNe (224; 155). However, such mass loss rates might be an exception, as we

discussed in Sec. 3.3 and therefore we do not consider them.
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YSN Type, in order to favour a comparison among their overall energetics. We have integrated

the gamma-ray and neutrino fluxes in the energy range 10−1–108 GeV for a year. Both for

gamma-rays and neutrinos, the largest energy is emitted by Type IIn YSNe, followed by Type

Ib/c (LT) and II-P YSNe. By looking at the fluxes of neutrinos and gamma-rays in Fig. 3.3, one

might have the impression that the total energy emitted in gamma-rays is smaller than that of

neutrinos due to the large absorption of gamma-rays (the dips). However this is not the case,

most of the attenuated high energy gamma-ray flux has reappeared at lower energies due to the

EM cascades (see Fig. 3.2 and discussion) determining an overall small amount of loss. If there

is no absorption of gamma-rays, the total energy of neutrinos is larger by a factor of about 3/2

than that of gamma-rays. This corresponds to the product of charged to neutral pion production

ratio (2) and the fraction of energy carried by the neutrinos in a charged pion decay (3/4).

3.5 Detection prospects of nearby young supernovae in gamma-

rays and neutrinos

Now that we have access to the estimated flux data of gamma-rays and neutrinos originat-

ing from various YSNe, we can proceed with an evaluation of their detection potential. The

detection of neutrinos and gamma-rays from nearby YSNe will help to constrain the model

parameters and can potentially provide complementary understanding of shock-CSM interac-

tions. In the following, we investigate the detection prospects of YSNe with present and future

gamma-ray telescopes and neutrino detectors.

Figure 3.5 illustrates the detection prospects for our benchmark YSNe in gamma-rays and

neutrinos. The top panels display the energy flux expected at Earth for a YSN at 10 Mpc. The

top left panel shows that the gamma-ray energy flux would be detectable for Type IIn YSN

by Fermi-LAT (163) and CTA (164), while other SN Types can be probed at distances smaller

than 10 Mpc. Interestingly, due to gamma-ray attenuation, dips could appear in the gamma-

ray spectra between 100–1000 GeV (see related discussion for Fig. 3.2), CTA may be able to

probe this feature for local YSNe. However, the detection of such dips requires more detailed

analysis (225; 226). The top right panel shows that corresponding neutrino flux from all YSNe

are detectable in IceCube (30) below 10 Mpc, in agreement with Ref. (33). Km3NeT (73) and
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Figure 3.5: Detection prospects of nearby supernovae using gamma-ray (left) and neutrino

telescopes (right). Top left panel: Gamma-ray energy fluxes from the different YSN Types at

10 Mpc as functions of the observed particle energy. The one year Fermi-LAT sensitivity is

shown by the thick light brown dashed curve (163) and the thick green dotted curve represents

the 100 hour CTA sensitivity (164). Type IIn YSNe may be detected by both Fermi-LAT and

CTA, while all other sources will be too dim at 10 Mpc. Top right panel: Corresponding muon

neutrino energy fluxes. The sensitivities of IceCube, IceCube-Gen2 and KM3NeT for point

source detection are plotted (thick dashed lines) in dark cyan (IceCube) (30), red (IceCube-

Gen2) (25) and dark brown (KM3NeT) (73). The sensitivities of IceCube, IceCube-Gen2 and

KM3NeT are plotted for the declination angle δ = 0o. All these neutrino observatories will be

able to detect YSNe at distances smaller than 10 Mpc. Bottom left panel: Gamma-ray YSN

detection horizon for Fermi-LAT (light brown) and CTA (green) as functions of the YSN Type.

For each YSN Type, the error band takes into account the model uncertainties (see Sec. 5.2.5).

Fermi-LAT and CTA could detect YSNe up to 10 Mpc (see YSNe IIn); CTA could have better

sensitivity than Fermi-LAT and reach up to 2 Mpc for YSNe Ib/c (LT). Bottom right panel:

Corresponding neutrino YSN detection horizon for IceCube (dark cyan), IceCube-Gen2 (red)

and KM3NeT (dark brown). IceCube-Gen2 will be able to detect YSNe up to ∼ 4 Mpc (see

YSNe Type IIn).
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IceCube-Gen2 (25) will also be able to detect neutrinos from these sources below 10 Mpc.

The bottom panels of Fig. 3.5 show the detection horizon of existing and upcoming gamma-

ray and neutrino telescopes for the different YSN Types, by considering the model parameter

uncertainties, see Table 5.1. The reach of different telescopes is calculated by taking into ac-

count the integrated flux of each YSN in the specific energy range of detectors’ best integral

sensitivity. For gamma-rays, the energy range [10−1,101] GeV is chosen for Fermi-LAT as

it has the best integral sensitivity in this range. However, the whole energy range of CTA,

i.e., [2× 101,7× 104] GeV is taken into account as the fluxes of most of YSNe are attenu-

ated where CTA is most sensitive. The maximum reach of Fermi-LAT and CTA for different

YSNe is shown in the bottom left panel of Fig. 3.5. Fermi-LAT and CTA could detect YSNe

up to 10 Mpc (see YSNe IIn, for the benchmark parameters). However, Fermi-LAT has com-

paratively better sensitivity to YSNe than CTA except for Ib/c (LT) YSNe. This is due to the

fact that CTA is more sensitive at higher energies and gamma-rays at these energies are atten-

uated by the thermal photons in the source. The exception of Ib/c (LT) YSNe is accounted for

the small gamma-ray attenuation in the source (see top left plot and the discussion of Fig. 3.3).

The detection horizon of CTA is affected by the amount of gamma-ray attenuation by the source

thermal photons as discussed above. Thus, the detection of these sources in gamma-rays has the

potential to unleash information about particle production, emission and propagation in YSNe.

Similarly, for the neutrino telescopes, we consider the YSNe fluxes in the energy range

[105,106] GeV as these detectors have best sensitivity to the astrophysical neutrino flux in these

energies (see the top right panel). The detection horizons marked in the plot refer to the ones

for which the integrated flux is equal to the detectors’ integral sensitivity (see the top panels).

For example, for YSNe Type IIn at distances above 2 Mpc, the integrated neutrino flux in the

energy range 105–106 GeV would fall below the IceCube sensitivity at δ = 0o declination.

The error bars represent the uncertainties in the model parameters. Our findings concerning

the detectability of neutrinos from YSNe IIn are in agreement with the ones of Ref. (36; 227).

Considering the uncertainties in the model parameters, IceCube-Gen2 will instead be able to

detect Type IIn YSNe up to ∼ 20 Mpc (4 Mpc for the benchmark parameters).
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3.6 Conclusion

In this chapter, we have investigated the high energy neutrino and gamma ray signals from

different classes of young SNe (Type IIn, II-P, IIb/II-L and Ib/c YSNe), up to one year after

their explosion. During this time, shock accelerated protons interact with the dense CSM around

these objects, leading to the production of secondary high-energy neutrinos and gamma-rays. In

addition, we have investigated the late time emission of YSNe Ib/c, coming from the interaction

of the SN shock with a dense hydrogen rich CSM far away from the stellar envelope.

The detection prospects of nearby YSNe with existing and upcoming gamma-ray and neu-

trino telescopes have also been explored. Among all YSNe, Type IIn SNe have the best dis-

covery potential up to ∼ 10 Mpc (∼ 4 Mpc) in gamma-rays with Fermi-LAT and CTA (in

neutrinos with IceCube, KM3NeT and IceCube-Gen2). Among the remaining Types, II-P and

Ib/c (LT) are found to be detectable up to a few Mpc, while the others (IIb/II-L and normal

Ib/c) are detectable at kpc scale only. Interestingly, CTA may be able to distinguish gamma-

ray attenuation features in the spectral energy distributions for nearby transients. However, a

possible amplification of magnetic field, e.g. due to effect like Bell non-resonant streaming of

cosmic rays, might influence proton acceleration and the resultant gamma-ray spectra (see e.g.,

228; 229; 230). Multi-messenger observations of such point sources will be crucial to probe

these mechanisms.

In addition to the conventional Ib/c YSN scenario, we have briefly explored the Ib/c (LT)

YSN case in this chapter. We have considered the density profile of Ib/c (LT) to be wind like

one. However, different studies in the literature reveals possible deviation from wind profile

leading to different CSM density profiles. In the subsequent chapter, we look in to the impact

of these CSM models on the emission of gamma-rays and high energy neutrinos.
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Chapter 4

Point source: A closer look at SN 2014C

The X-ray and radio observations of SN 2014C have unveiled interactions with a dense

hydrogen-rich medium far away from its progenitor. Understanding the origin and charac-

teristics of this CSM is still not complete. The analysis of available data has revealed different

plausible CSM profiles. In this chapter, we explore the various CSM profiles proposed in the lit-

erature for explaining observation of SN 2014C and analyse their potential effects on the fluxes

of gamma-rays and high-energy neutrinos, secondaries generated as a result of shock-CSM in-

teraction. We also conduct an assessment of the prospects for detecting future events similar to

SN 2014C with current and upcoming gamma-ray and high-energy neutrino experiments.

4.1 Implications of SN 2014C observations

Early multi-wavelength observations of SN 2014C have shown the signatures of a Type Ib

supernova. Supernovae (SNe) Ib and Ic, together labelled as Ib/c are hydrogen poor supernovae

and among the dominant SN types (26%) in the local universe (231). Typically, the light curve

of a SNe Ib/c fades after a few weeks (232; 233; 149). However, recent observations of SN
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2014C, a SN of Type Ib/c, have revealed that a fraction of SNe of Type Ib/c exhibits evidence

of late rebrightening at a few O(100) days (234; 207; 217). Such rebrightening resembles the

behavior of a hydrogen-rich SN (i.e. a SN of Type IIn). Due to this peculiar feature, SN 2014C

has also been referred to as the“chameleon SN” (207).

The late time (LT) rebrightening may result from the interaction of the SN ejecta with

a dense circumstellar medium (CSM) surrounding the dying star. Observations of SN 2014C

suggest that the shock may have interacted with a dense hydrogen (H) rich CSM located at

larger radii. Such CSM structure could be due to the ejection of the H envelope a few centuries

prior to explosion or the interaction of a Wolf-Rayet star wind with a dense red-supergiant

wind (42; 207). In addition, evidence for an asymmetric CSM hints towards an explosion

occurring within a binary system (235; 236). The dense hydrogen rich CSM of SN2014C is

found to be located at about 1016–1017 cm, which is at a distance far away from the stellar

envelope (∼ 1011 cm) and has a mass of about 1–2 M⊙ (207; 237; 42). Such dense CSM has

also been observed for different types of core collapse SNe (37; 38; 39; 137).

For a wind-like CSM, the CSM density depends on the mass-loss rate (ṀW) and the wind

velocity (vW). The CSM of conventional SNe Ib/c in the first few 100 days (early phase) exhibits

ṀW ∈ [10−7,10−4] M⊙ yr−1, with vW being approximately 102–103 km s−1 (37). However,

ṀW estimated for SN 2014C after about 200–300 days (late phase) is O(1) M⊙yr−1 (207), with

vW ∈ [10,103] km s−1 that corresponds to a CSM density ∼ 2× 106 cm−3 at 6× 1016 cm and

then falls as a function of the radius as r−2. Analysis of the available X-ray data suggest a

constant CSM density up to 8× 1016 cm which then falls following r−2.5 (42). Recent work

focusing on the X-ray data from SN 2014C instead infers two different density profiles (238).

One of these density profiles scales as r−1.5±0.01, while the other one has a steeper profile falling

as r−2.42±0.17. Interestingly, this analysis reports that the LT emission from SN 2014C is due to

a dense H-rich disk resulting an asymmetric CSM. These conclusions are in contrast with the

model based on a spherically symmetric CSM density profile falling as r−3 (237). Nevertheless,

it is clear that the CSM of SN 2014C is different from the ones usually observed with wind-like

CSM (i.e., r−2 profile).

Similar LT features have been observed for SNe 2003gk, 2004cc, 2004dk, 2004gk, and

2019yvr (207; 238; 43; 218; 239); additional examples of past SNe Ib/c showing indirect ev-

idence of similar LT activity have been reported in Refs. (207; 238). All these SNe initially
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showed properties of usual SNe Ib/c, but later evolved into IIn-like SNe with dense CSM. By

relying on current observations, the fraction of SNe Ib/c with LT emission is expected to be

about 2.6% of core-collapse SNe (207; 240). In the following, we assume SN 2014C as repre-

sentative of this class of chameleon SNe.

The interaction of the SN ejecta with the CSM may lead to the production of secondary

particles, such as neutrinos and gamma-rays, via inelastic proton-proton (p− p) collisions (29;

146; 147; 148; 149; 150; 151; 152; 153; 154; 155). The flux of neutrinos and gamma-rays from

the conventional early phase of SNe of Type Ib/c was found to be faint, with poor detection

prospects (the detection horizon being estimated to be around 2–6 Mpc) (33; 241; 242; 34).

However, due to the presence of the dense hydrogen rich CSM at large radii, the fluxes of

neutrinos and gamma-rays from SNe Ib/c LT can be larger than the ones expected in the early

SN phase.

Different CSM density profiles may yield different fluxes of neutrinos and gamma-rays.

Therefore, the detection of these secondary particles could be crucial to disentangle the proper-

ties of the CSM as well as probe the shock acceleration mechanism. In this chapter, we consider

the aforementioned CSM profiles to compute the expected fluxes of neutrinos and gamma-rays

and discuss their detection prospects with current and upcoming gamma-ray (Fermi-LAT and

CTA) and neutrino (IceCube, IceCube-Gen2 and KM3NeT/ARCA) telescopes.

4.2 Modeling of the circumstellar medium

Our understanding of the CSM density profile of SN 2014C is still uncertain and different

scenarios have been proposed in the literature (207; 42; 237; 238). In this section, we consider

the following CSM models:

• Model A—A spherically symmetric and dense CSM. The CSM density is assumed to be

constant (nCSM ≃ 106 cm−3) between the inner radius, ri ≃ 6× 1016 cm and the break

radius rb ≃ 8× 1016 cm (42). The CSM density beyond rb falls as r−2.5 up to the outer

radius, ro ≃ 2.5× 1017 cm. The origin of the constant CSM is not well understood. It

may originate from the interaction of a short lived Wolf-Rayet star wind with the remnant

of a dense red supergiant wind (240), due to mass loss (243), or to the ejection of the H
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envelope caused by binary interactions (42).

• Model B—An asymmetric CSM model (238). The asymmetry is proposed to be caused

by the H-rich disk in the equatorial plane and the observed X-ray emission from SN

2014C is attributed to this disk like CSM (238). Two different density profiles have been

proposed for the disk, one with a density profile falling as r−1.50±0.01 and the other with a

steeper profile of the form r−2.42±0.17. We take into account both density profiles: Model

B1 (r−1.5) and Model B2 (r−2.42).

To model the asymmetric CSM scenario, we introduce a geometrical (asymmetry) factor,

f (≤ 1)(238). The case f = 1 corresponds to spherical symmetry in the CSM and the

most asymmetric (disk-like) CSM is described by f = 0.1. The degree of the asymmetry

of the CSM of SN 2014C is still uncertain. Therefore, to take into account the possibility

of different asymmetric scenario f is varied between 1.0 and 0.1 (238). The variation of

the CSM density is proportional to f for Model B1, whereas it scales as
√

f for Model

B2. The asymmetry factor, f is multiplied to the CSM density to obtain its impact.

We assume that the CSM ends abruptly at the outer radius, ro, for Models A and B. The

location of the CSM over density is uncertain (207; 237; 238), hence we choose to keep the

location unchanged in both models. Note that these CSM profiles are different with respect to

the conventional wind one (∝ r−2 (207)), which was considered in Chapter 3. Here we refer the

reader to Ref. (241; 34) for dedicated work on the production of neutrinos and gamma-rays for

the CSM wind profile.

4.3 Particle acceleration and Secondary production

As discussed in Chapter 3, the interaction material expelled by SN explosion with such CSM can

form collisionless high speed shock leading to particle (protons) acceleration to high energies.

The spectral energy distribution of accelerated protons is assumed to be a power-law distribu-

tion, Qinj
p (Ep,r) ∝ E−α

p exp
[
−Ep/Ep,max(r)

]
, where α is the power law index (170; 244; 29;

35; 40; 36; 33). We consider α ∈ [2.0,2.2] for our analysis (34; 245; 61; 62). The choice of

α depends on the details of the shock acceleration mechanism, also responsible for efficiently
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accelerating protons up to PeV energies. In particular, magnetic field amplification can be con-

sidered to be the primary requirement for efficient acceleration (246; 247). For example, plasma

instabilities may give rise to small scale magnetic field (32). Non-resonant hybrid (NRH) insta-

bility (228; 248; 249; 250; 251) in YSNe is another possibility. Such instability investigated for

SN remnants (228) shows that cosmic rays (CRs) in the upstream shock can excite turbulence

amplifying the initial background magnetic field. Such amplification can lead to long confine-

ment of CRs allowing for acceleration to very high energies. In the SN remnant environment,

the interaction of the strong shock with the upstream CRs is considered to be the requirement

for the NRH instability. Similar amplification in YSNe also becomes feasible due to the high

shock speed (∼ 0.1c) produced by these objects, see e.g. Ref. (250) for more details.

The maximum proton energy, Ep,max(r), governs the shape of the proton spectra at higher

energies. Ep,max(r) is determined by balancing the acceleration timescale with the cooling

timescales, i.e., tacc(r) = min[tad(r), tpp(r)], where tad and tpp are the cooling timescales for

adiabatic losses and p − p collisions, respectively. The acceleration timescale is given by

tacc = 6Epc/eBv2
sh in the Bohm limit, where B is the magnetic field strength of the post shock

CSM given by B = 3/2[4πεBmpnCSM(r)v2
sh]

1/2 (35). The fraction, εB, of the post shock ther-

mal energy converted to magnetic energy (35) can be estimated from SN radio observations

and is typically in the range 10−3–10−2 (234; 207; 34; 241; 252). The shock velocity, vsh,

slowly decreases as a function of the radius, therefore we assume that it is constant, O(104)

km s−1 (38; 40; 252; 207; 237; 42; 238). For a typical LT YSN, with nCSM ∼ 106 cm−3,

vsh ∼ 104 km s−1, εB ∼ 10−2, and B ∼ O(1) G. This large magnetic field can ensure long

confinement of protons in the shocked CSM accelerating them to very high energies; see

Refs. (253; 32). The acceleration timescale for YSNe remains competitive to the different

loss timescales. In particular, the acceleration of protons may be limited by cooling process

as well as dynamical losses. The cooling processes include inelastic p− p interactions and

different photo-hadronic interactions such as photopion and photopair production. However,

it has been shown for YSNe that photo-hadronic interactions are suppressed due to the low

energy of the target photons (253; 254; 35; 45). Hence, the only relevant loss timescales are

dynamical or adiabatic and the p− p collision timescales . The adiabatic timescale is defined

as tad(r) ∼ r/vsh and the p− p interaction timescale is given by tpp(r) = [κppσppnCSM(r)c]−1,

where κpp = 0.5 is the proton inelasticity and σpp is the p− p interaction cross-section (29).

For a typical LT YSN scenario (see Table 4.1), these timescales are tacc ∼ 6×105(Ep/PeV) s,
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tad ∼ 6×107 s, tpp ∼ 108 s. In addition, the diffusion of particles may also affect the acceleration

as well as the p− p interaction. For a Kolmogorov like diffusion (255), the diffusion timescale

is, tdiff ∼ 109/
√

Ep/PeV s. This shows that the acceleration timescale for PeV protons is sig-

nificantly smaller than the relevant loss timescales. Thus, the acceleration of protons to PeV

energies in a LT YSN environment can be possible due to such short timescale i.e., a few years.

The dependence of the maximum proton energy, Ep,max(r) on the parameters discussed

above can be obtained from the relation, tacc(r) = min[tad(r), tpp(r)]. In particular, Ep,max(r) de-

pends on εB, vsh and nCSM. Larger vsh and εB are responsible for larger Ep,max(r), while a denser

CSM slows down the shock, leading to a smaller Ep,max(r). Other possible losses, such as syn-

chrotron or inverse Compton losses, are negligible, see e.g. Ref. (241). In addition to these

loss timescales, the confinement time of the protons needs to be larger than the acceleration

timescale to prevent the particles from escaping the acceleration region. This requires the max-

imum wavelength of the scattering turbulence (λmax) to be larger than the gyro-radius (rg) of

the particles (256). The turbulence could be caused by the interaction of the accelerated protons

with the upstream CSM (228). However, if λmax ≪ rg, the maximum proton energy, Ep,max(r)

could be smaller than PeV (35). Hence, the detection of secondary signals (gamma-rays and

neutrinos) and their energy will provide crucial information on the acceleration efficiency.

The accelerated protons colliding with the CSM can lead to inelastic p− p interaction

giving rise to secondaries such as gamma-rays and high energy neutrinos. The fluxes of these

secondaries depend on the CSM density profiles as well as on the accelerated proton distribu-

tion. It is worthwhile to note that gamma-rays can suffer attenuation due to pair production

losses on the thermal photons in the source, while neutrinos remain unaffected being weakly

interacting. Thus, the estimation of gamma-ray flux requires consideration of these source ab-

sorption as well. For the details on the modelling of the fluxes of these secondaries, the reader

is referred to Chapter 3 as well as Ref. (257).
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Table 4.1: Characteristic model parameters of SN Ib/c emission, inspired by observations of

SN 2014C. The second column lists the model parameter typical of the early phase with a

wind density profile (r−2) (241). The third column represents the parameter values for the LT

emission. Uncertainties on the LT parameters are also reported in the fourth column.

Parameters Early phase Typical value (LT) Uncertainty range (LT)

vsh (km s−1) 2×104 104 (4–45)×104

ri (cm) 3×1011 6×1016 (5.5–6)×1016

ro (cm) 6×1016 2.5×1017 (1–2.5)×1017

nCSM (cm−3) 2×1012 2×106 —

εp 10−1 5×10−2 10−2–10−1

εB 10−2 1.5×10−2 10−3–10−2

DL (Mpc) 14.7 14.7 14.1−15.3

Onset time 180 s 250 days (100–400) days

Declination 34o —

4.4 Temporal evolution and energy distribution of neutrino

and gamma-ray signals

Because of the LT CSM interaction, we expect copious production of gamma-rays and neutrinos

about a year after the SN explosion, and the time evolution of the neutrino and gamma-ray

signals should carry crucial information about the CSM properties. For the calculation of the

gamma-ray and neutrino fluxes, our choice of the benchmark SN model parameters is motivated

by the observations of SN 2014C (207; 42; 217) and summarized in Table 4.1. Note that the

parameters in Table 4.1 are the ones common to all CSM models introduced in Sec. 4.2; the

differences among the models are due to the radial evolution of the CSM density profile between

ri and ro and the asymmetry parameter f .

Figure 4.1 shows the temporal evolution of the flux of gamma-rays (thick red) and muon

neutrinos (thin blue) at Earth for SN Model B1 (r−1.5 profile). The continuous and dashed

lines show the cases of minimum ( f = 1) and maximum ( f = 0.1) asymmetry of the CSM,

respectively (238). The initial emission (up to 250 days, left panel) is small as the CSM for
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Figure 4.1: Temporal evolution of the flux of muon neutrinos (thin blue) and gamma-rays (thick

red) at Earth from SN Model B1 (see also Table 4.1). The left plot extends up to 250 days and it

shows the early emission from SN Ib/c; the right panel shows the LT emission, i.e. beyond 250

days. The y-axis of the right panel is rescaled by a factor 105 at 250 days. The continuous and

dashed line styles represent the minimum ( f = 1) and maximum ( f = 0.1) CSM asymmetry,

respectively. Note that the gamma-ray distributions do not take into account absorption. One

can see that the early time emission from SNe Ib/c is significantly smaller than the correspond-

ing LT emission. The other SN models (A and B2) show a similar temporal evolution and are

therefore not shown.
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SNe Ib/c is thin (241; 33). The sharp rise (note the re-scaling of the y-axis at 250 days, right

panel) in the gamma-ray and neutrino spectra is due to the dense H-rich CSM. These fluxes are

computed up to 2000 days that correspond to the outer radius ro of the CSM.

The energy fluxes for SN Model B1, plotted in the top panel of Fig. 4.2 for gamma-rays (on

the left) and muon neutrinos (on the right), reveal the dependence of the production mechanism

on the SN model parameters. The curves in different colors and line styles represent fluxes at

different time snapshots (255, 1000, 1500, and 2000 days), highlighting the flux variation over

the LT phase. This panel also shows the flux averaged over 2000 days (black curve). Contrasting

the flux at 255 days (corresponding to the onset of the shock-CSM interaction) with the one

above 1000 days, one can see that the flux tends to increase with time. The maximum proton

energy, Ep,max(r), fixes the spectral shape at higher energies as it acts as an exponential cut-off

(see Sec. 4.3). Hence, the fluxes of both gamma-rays and neutrinos fall rapidly above 103 TeV.

The gamma-ray fluxes in the top left panel of Fig. 4.2 include absorption effects. In order

to estimate the amount of absorption, the average energy and luminosity of thermal photons

are assumed to be 0.05 eV and 5× 1040 erg/s (42; 207). The gamma-ray fluxes show dips of

different sizes due to pair production losses on the ambient thermal photons. The dips have

different sizes as the optical depth τS
loss(E

′
γ ,r) falls with the radius (241); this implies that the

gamma-rays produced at larger radii have smaller attenuation. However, the attenuation during

propagation due to the EBL is not significant since SN 2014C is at 14.7 Mpc (241); therefore

we neglect this effect.

The bottom panel of Figure 4.2 shows the fluxes averaged over 2000 days for Model A,

B1, and B2 (medium thick, thinnest and thickest, respectively). It is important to note that the

fluxes for Model B depend on the CSM asymmetry factor f . The spectral shape remains the

same for different f , but the normalization changes. For example, if we increase f to 1, the

time-averaged flux of Model B1 would be larger than the ones of the other CSM models. Note

that the time-averaged fluxes of gamma-rays and neutrinos (black curves) are smaller than the

maximum fluxes (at 2000 days) by a few factors. Hence, in the following, we consider the

time-averaged fluxes to be conservative estimates of the detection prospects of SN 2014C-like

events.
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Figure 4.2: Top: Time snapshots of gamma-ray (on the left) and muon neutrino (on the right)

fluxes as functions of the energy for SN Model B1 (see Table 4.1 for more details on the model

parameters). The different curves indicate the flux at 255, 1000, 1500, and 2000 days. We

consider the asymmetry factor to be f = 0.5 to describe the typical spectral variation over the

late emission phase. After the onset of the LT interaction, the fluxes increase with time. The

fluxes averaged over 2000 days has also been shown by the black curves. The gamma-ray fluxes

between 1–103 TeV are attenuated by pair production on the SN thermal photons. The amount

of absorption is initially large, but it becomes smaller with time as the thermal photon density

falls rapidly with the radius. Bottom: The fluxes of gamma-rays (left) and neutrinos (right)

averaged over 2000 days for Model A (medium thick), B1 (thinnest), and B2 (thickest) are

shown for guidance.

70TH-3334_186121018



4.5 Detection prospects for SN 2014C-like bursts

In this section, we explore the detection prospects of gamma-rays and neutrinos from SNe Ib/c

LT with current and upcoming gamma-ray (Fermi-LAT and CTA) and high energy neutrino

(IceCube, IceCube-Gen2 and KM3NeT/ARCA) detectors (30; 258; 25; 73; 259). For compari-

son, we consider Model B1 and Model B2 with CSM asymmetry f = 0.5.

Current and future detection prospects

The left (right) panel of Fig. 4.3 shows the gamma-ray (neutrino) flux for different models of the

CSM, as well as the detection sensitivity of gamma-ray (neutrino) telescopes. The sensitivity

curves of Fermi-LAT and CTA shown in the left panel correspond to 4 years and 50 hours

of observation time, respectively. Whereas we show the 6 year sensitivities of the neutrino

detectors in the right panel. The SN model parameters are plagued by various uncertainties.

In order to take this into account, we consider a range of variability for the microphysical

parameters that contribute to the largest uncertainty in the expected fluxes; we take α , εp and

εB to vary in the range 2.0–2.2, 10−2–10−1 and 10−3–10−2, respectively (234; 207; 34; 241).

The shaded bands in both panels of Fig. 4.3 also take into account the uncertainties on the CSM

profile and the asymmetry factor f . Note that the conventional wind profile (r−2) with our

benchmark parameters (Table 4.1) leads to fluxes similar to the ones of Model B1 with f = 0.5

(241). It is interesting to note that LHAASO holds sensitivity similar to CTA at around 100 TeV

and hence, will be able to probe such gamma-ray fluxes (126). On the other hand, the sensitivity

of HAWC is significantly lower in comparison to CTA and LHAASO.

While the detection prospects are less optimistic for Fermi-LAT, CTA may detect gamma-

rays, if the CSM has a smaller asymmetry (i.e., f ≥ 0.5) compared to the asymmetry for f = 0.5.

On the other hand, the non-detection of gamma-rays with CTA may contribute to constrain the

CSM asymmetry factor f . The forecasted neutrino flux is beyond reach for IceCube (6 years

with 90% confidence level (CL), (258)), in agreement with the fact that SN 2014C was not

detected in neutrinos—see e.g. Ref. (260). However, IceCube-Gen2 (6 years with 90% CL,

(25)) will have a better sensitivity and be closest to the predicted flux. For bursts occurring
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at closer distances than 15 Mpc, IceCube-Gen2 will have a reasonable prospect of detection.

Interestingly, KM3NeT/ARCA (10 years with 90% CL, (259)) is expected to hold similar sen-

sitivity as IceCube-Gen2 (6 years with 90% CL, (25)) and may probe similar SNe Ib/c LT

objects. However, due to the limited availability of the KM3NeT/ARCA sensitivity for the en-

ergy bins over the point source observation time, it is difficult to make a precise estimate of the

detector response and therefore we choose to do not explicitly show the detection prospects of

KM3NeT/ARCA in Fig. 4.3. Also, any comparison of the detector sensitivities with the pre-

dicted neutrino fluxes only provides a broad idea about the detection prospects. This is because

of the different sensitivities at different energy bins (261; 258). For a robust forecast, one should

compute the number of events considering the impact of the backgrounds. Since our neutrino

flux prediction has large astrophysical uncertainties, we only investigate the differential flux

sensitivities of the detector to give an idea of the detection prospects.

The secondary fluxes for the asymmetric CSM models are computed by assuming that the

disk (which gives rise to the asymmetry in the CSM) is aligned with the observer’s line of sight.

When the disk is not along the line of sight, the fluxes might be smaller than the ones shown in

Fig. 4.3. However, this uncertainty lies within the uncertainty bands shown in Fig. 4.3.

Detection horizon

The detection prospects of SNe with LT emission depend on the rate of such events. In the

local universe, we expect about 26% SNe Ib/c (240), of these about 10% should be Ib/c LT

(207). Thus, the local rate of SNe Ib/c LT is about 2.6% of the local core collapse SN rate

(1.25±0.5×10−4 Mpc−3yr−1 (262)).

To investigate upcoming detection prospects, we consider SN 2014C as the benchmark

SN Ib/c LT (Table 4.1, third column) and calculate the SN detection horizon defined as the

distance at which the source should be located, for which the energy integrated flux (averaged

over 2000 days) falls below the telescope sensitivity. The energy range for these integrated

fluxes is optimized according to the telescope sensitivity. For Fermi-LAT and CTA, we consider

10−4–10−2 TeV and 5×10−2–5×101 TeV respectively, whereas we focus on 102–104 TeV for

the neutrino telescopes. Note that the sensitivity for the neutrino telescopes depends on the

72TH-3334_186121018



Model A

Model B1

Model B2
Fermi-LAT

CTA

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
-13

10
-12

10
-11

10
-10

10
-9

10
-8

10
-7

Eγ (TeV)

E
γ
2
ϕ

γ
(E

γ
)
(G

e
V
c
m

-
2
s
-
1
)

IC

IC-Gen2

Model A Model B1 Model B2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
-13

10
-12

10
-11

10
-10

10
-9

10
-8

10
-7

Eνμ
(TeV)

E
ν
μ

2
ϕ

ν
μ
(E

ν
μ
)
(G

e
V
c
m

-
2
s
-
1
)

Figure 4.3: Left: Time averaged gamma-ray flux for different CSM models (see Table 4.1). The

red band represents the time-averaged flux of SN Ib/c LT obtained considering the uncertainties

in the model parameters (εP ∼ 10−2–10−1, εB ∼ 10−3–10−2 and f ∼ 0.1–1), while the other

model parameters are kept fixed as detailed in Table 4.1. The uncertainty band as been obtained

as follows: for the upper limit, we take α = 2.0, εp = 10−1, εB = 10−2 and f = 1 for Model B1;

for the lower limit, we choose α = 2.0, εp = 10−2, εB = 10−3, and f = 0.1 for Model B2. The

red continuous and dotted curves show the fluxes for Model B1 and Model B2, respectively, for

f = 0.5. The pink dashed curve represents the flux for Model A. The sensitivities of Fermi-LAT

(4 years) and CTA (50 hours) are plotted in brown and green, respectively. CTA may be able

to detect gamma-rays from SNe closer than ≃ 15 Mpc. Right: Corresponding neutrino flux and

sensitivities of IceCube (6 years with 90% CL) (258), IceCube-Gen2 (6 years with 90% CL)

(25). The blue band represents the uncertainty in the model parameters. The sensitivity chosen

for IceCube corresponds to the one at the declination of 0◦ where IceCube is most sensitive.

Neutrinos from SNe Ib/c LT may be detectable for bursts occurring closer than 15 Mpc.
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declination (30; 258; 25). Hence, unlike the gamma-ray telescopes, we consider a maximum

and minimum sensitivity resulting in a band.

Figure 4.4 shows the detection horizon for gamma-rays (left) and neutrinos (right). The

left panel only shows the detection horizon of CTA; Fermi-LAT is not shown because of its weak

sensitivity and different energy range compared to CTA (see Fig. 4.3). The gamma-ray fluxes for

Model B1 and Model B2 are represented by red continuous and dotted curves respectively, while

the pink dashed line shows the flux for Model A. The shaded bands in both panels correspond to

the uncertainty in the parameters (α ∈ [2.0−2.2], εP ∈ [10−2,10−1] and εB ∈ [10−3,10−2]) and

CSM asymmetry factor ( f ∈ [0.1,1]) as in Fig. 4.3. The horizontal dotted line represents the

sensitivity of CTA. The detection horizon for CTA extends up to 10 Mpc, while the detection

horizon of Fermi-LAT is limited to 4 Mpc (results not shown here). Interestingly, the density

profile of the CSM for SN (Model B1 and Model B2) plays an important role in the detectability

of such SNe. For example, the detection horizon of CTA is about 10 Mpc for Model B1 and

about 6 Mpc for Model B2. Note that the predicted gamma-ray flux is consistent with the upper

limits on the diffuse gamma-ray flux at PeV energies from Carpet-2 experiment (263). For

comparison, the upper limit on the diffuse flux at 10 PeV is about 10−7 GeV cm−2 s−1 sr−1.

The detection horizons of current and upcoming neutrino telescopes are shown in the right

panel of Fig. 4.4. The blue continuous and light-blue dotted lines show the integrated νµ flux

as a function of the SN distance (Mpc) for SN Model B1 and Model B2, respectively, and

the purple dashed line corresponds to Model A. The blue band takes into account the model

uncertainties (α , εp, εB, f ). The upper and lower limits of the sensitivity of neutrino telescopes

depend on the SN declination angle and are shown as bands in Fig. 4.4. The most optimistic

model prediction (upper limit of blue band) and most sensitive future telescopes (lower limit of

orange and green bands) combination imply that SNe Ib/c LT may be detected up to 10 Mpc

with IceCube-Gen2. On the other hand, the detection horizon of IceCube (red band) is limited

to about 4 Mpc.

For guidance, we also show in Fig. 4.4 the gamma-ray and muon neutrino fluxes of SN

2014C that occurred at 14.7 Mpc as well as the ones of SN 2019yvr observed at 22 Mpc (218).

The flux of SN 2014C (black inverted triangle) is obtained by relying on the same parameters

as the ones of the blue line. As for SN 2019yvr, we have chosen ri = 3×1016 cm (264; 218),

εp = 0.1, and εB = 0.01 to compute the flux upper limits. The other parameters for SN 2019yvr
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Figure 4.4: Left: Detection horizon (see main text for details) in gamma-rays for SNe Ib/c

LT. The time-averaged gamma-ray flux has been integrated over energy in the range 5×10−2–

5×101 TeV for SN Model B1 (red) and Modlel B2 (red dotted) for an asymmetry factor f = 0.5.

The pink dashed line represents the flux for SN Model A, slightly overlapping with the SN

Model B1 flux. The red band corresponds to the uncertainties in the parameters α ∈ [2.0−

2.2], and εP ∈ [10−2,10−1] and εB ∈ [10−3,10−2], and f ∈ [0.1,1]. The horizontal dotted line

represents the CTA sensitivity. The detection horizon is about 10 Mpc. Right: Corresponding

detection horizon for neutrinos. The blue band represents the time-averaged flux integrated in

the range 102–104 TeV. The purple dashed, blue and light blue dotted lines show the fluxes

for the SN Model A, Model B1 and Model B2 respectively. The 90% CL sensitivity bands

of different detectors are obtained by considering the variation of the declination angle (δ ) of

the source. The band for IceCube corresponds to the minimum detector sensitivity for δ =

−60◦ (30) and maximum detector sensitivity, δ = 0◦ (258). Similarly, we consider δ = 30◦

(minimum) and δ = 0◦ (maximum) for IceCube-Gen2 (25); IceCube-Gen2 has the potential to

detect SNe Ib/c LT up to 10 Mpc, while IceCube can only probe SNe up to 3 Mpc. For guidance,

the black data points in both panels show the fluxes of recent nearby SN Ib/c LTe: SN 2014C

and SN 2019yvr.
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are the same as in Table 4.1, due to limited information otherwise available for them. Both

these events lie beyond the detection horizon of gamma-ray and neutrino telescopes. These

findings are in agreement with the non-observation of neutrinos with IceCube and gamma-rays

with Fermi-LAT from SN 2014C and SN 2019yvr. Similar LT shock-CSM interaction has been

observed in other SNe Ib/c, such as SN 2003gk (estimated distance: 45 Mpc (265)), SN 2004dk

(estimated distance: 21.05 Mpc (43)), SN 2004cc (estimated distance: 18 Mpc (266)), and SN

2004gq (estimated distance: 26 Mpc (266)). Due to their larger or comparable distances, we do

not include them in Fig. 4.4, since we expect comparable or worse detection prospects. Using

the local SN rate (262) and the fraction of Ib/c observed, one can estimate the rate of such Ib/c

SNe within the detection horizon of the telescopes, i.e, within 10 Mpc. Thus, the rate of Ib/c

within the detection horizon can be expected to be 0.01 per year.

In Chapter 3 (see also 241), the discovery horizon of IceCube-Gen2 for SN 2014C-like

events was found to be about 6 Mpc. However, here we report a detection horizon of 10 Mpc.

This is because the results in Chapter 3 were based on a wind-like CSM profile (r−2) whereas

we consider different CSM profiles in this chapter (see Sec. 4.2). In addition, the sensitivity

of IceCube-Gen2 corresponding to 5σ CL considered in Chapter 3 is smaller than the 90% CL

sensitivity considered in this work. This also holds for the detection horizons of IceCube and

KM3NeT/ARCA. The discovery horizon of CTA for SN 2014C-like events was found to be

about 2–6 Mpc in Ref. (34) depending on the energy of gamma-rays and considering the SN

emission up to 396 days, for a dense wind-like CSM (207). These conclusions are in agreement

with our findings.

4.6 Conclusion

In this chapter, we have computed the fluxes of gamma-rays and high energy neutrinos from

SNe Ib/c LT, considering SN 2014C as the prototype SNe Ib/c with LT emission. Because of

the uncertainties related to the properties of the CSM, we have considered three different CSM

models: Model A (symmetric, r−2.5), Model B1 (asymmetric, r−1.5) and Model B2 (asymmet-

ric, r−2.4). According to the CSM profile, we predict a range of variability for the expected

fluxes of neutrinos and gamma-rays.
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Based on the observation of SN 2014C and the uncertainties in the model parameters,

we have investigated present and future detection prospects of SNe Ib/c LT in neutrinos and

gamma-rays. We find that the detection horizon for Fermi-LAT and CTA is 4 Mpc and 10 Mpc,

respectively. Similarly, for neutrinos, the detection horizon of IceCube is about 4 Mpc, while

IceCube-Gen2 and KM3NeT/ARCA can potentially detect SNe Ib/c LT up to 10 Mpc and

6 Mpc respectively. However, the detection horizon in neutrinos can vary up to a few Mpc

depending on the source declination. The highly symmetric CSM models are found to have

the best detection prospects while increasing the asymmetry in the CSM worsens the detection

prospects. Our findings are in agreement with the non-detection of gamma-rays and neutrinos

from SN 2014C and SN 2019yvr and other SN bursts with LT emission occurring at larger

distances. Yet, upcoming detection of neutrinos and gamma-rays from local SNe Ib/c LT will

be crucial to probe the CSM properties and the nature of such transients.

In the preceding chapters, we have explored the interaction of SN ejecta with dense CSM

which leads to the production of gamma-rays and high energy neutrinos in YSNe. Given the

occurrence of YSNe throughout the history of the Universe, they have the capability to generate

diffuse backgrounds of gamma-rays and high-energy neutrinos. In the subsequent chapter, we

will look into the assessment of these diffuse backgrounds and explore their potential implica-

tions in the realm of multi-messenger astrophysics.

77TH-3334_186121018



This page was intentionally left blank.

TH-3334_186121018



Chapter 5

Diffuse gamma-rays and high energy

neutrinos from young supernovae

In this chapter, we make an attempt to establish a connection between the High Energy

Starting Events data of IceCube neutrino observatory and the Isotropic Gamma-ray Background

detected by Fermi Large Area Telescope through a common origin i.e, the young supernovae.

For this, we will use the model of high energy neutrino and gamma-ray emission in young

supernovae developed in Chapter 3.

5.1 Observations

In the following, we will provide a brief introtuction to the diffuse gamma-ray background

observed by Fermi-LAT and the diffuse neutrino flux detected by IceCube. These backgrounds

serve as the key drivers behind the focus of this chapter.
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5.1.1 Isotropic Gamma-ray Background: Fermi Large Area Telescope

The Isotropic Gamma-ray Background (IGRB) represents the diffuse component of the Extra-

galactic Gamma-ray Background (EGB) (267). The EGB comprises of all possible Extra-

galactic individual and diffuse gamma-ray sources in the observable Universe. These sources

include Active Galactic Nuclei (AGN), star-forming galaxies (SFG) and gamma-ray bursts

(GRB). The first attempt of measurement of the IGRB was carried out in the year 2009 by

the Large Area Telescope (LAT) (74), an onboard instrument in the Fermi Gamma-ray Space

Telescope using 10 months of all sky survey data in the energy range between 200 MeV and

100 GeV. Estimation of the IGRB was obtained by subtracting the individual source Gamma-

ray background from the total EGB. Later in 2014, the Fermi-LAT collaboration reported an

updated measurement of the IGRB using 50 months of data survey and extending the range

from 100 MeV to 820 GeV (267). The measured IGRB spectrum has revealed an interesting

feature, i.e., a power law behaviour with an exponential cut-off. The spectral index is found

to be 2.32± 0.02, whereas the cut-off energy is (279± 52) GeV (267). The total intensity

of the IGRB above 100 MeV has been found to be (7.2± 0.6)× 10−6 cm−2 s−1 sr−1 (267).

The gamma-ray emission from blazars provide a good explanation to this IGRB, however a

small component at GeV energies remains unexplained (77; 47; 104). A recent study, (268)

shows that galaxy clusters can account for this unexplained flux. On the other hand, a recent

study has shown that SFGs alone can explain the IGRB (160). Although these analyses provide

robust explanation regarding the origin of the IGRB, possibilities of contribution from other

astrophysical sources such as GRB and SNe are still open.

5.1.2 High Energy Starting Events: IceCube

The IceCube neutrino observatory located deep within the Antarctic ice sheet has made several

groundbreaking discoveries over a decade. These discoveries include the PeV neutrino event

from the direction of Blazar (21), high energy neutrinos from the Galactic plane (269), and the

diffuse high energy neutrino flux known as the High Energy Starting Events (HESE) (48). The

HESE particularly refers to the events above energy 60 TeV within the fiducial volume of the
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detector (48). There are mainly two different types of events observed by IceCube: cascade and

tracks. The cascade events refer to the showers of secondary particles produced by interaction

(both charged and neutral current) of high energy neutrinos with ice (nucleus or electrons). On

the other hand, the track events are produced by charged current interaction of high energy

muon neutrinos with nuclei in the ice. The advantage of track events is their high angular

resolution (less than a few degrees), over cascade events with poor angular resolution (a few

tens of degrees). Hence, the track events are useful for point source detection. The HESE data

include both cascade and track events observed over 7.5 years. The HESE data being compatible

with isotropic flux models hints at Extra-galactic origin of these neutrinos (48). An interesting

feature of the HESE events is that they exhibit a power law behaviour with a spectral index of

2.87+0.020
−0.19 at 68.3% confidence interval. Even though several astrophysical flux models exist

in the literature (48; 270; 271; 272; 273; 274) providing explanation to these HESE events, the

origin of these events remain uncertain.

Thus both the Fermi-LAT’s IGRB and the IceCube’s HESE flux show certain similarities

such as power law behaviours and Extra-galactic origin. These similarities in the data of two

different experiments point at the possibilities of some common origin of these high energy

particles. Hadronic interactions such as p− p and pγ in cosmic acceleration sites are regarded

as prime sources of such common origin. In the following, we will investigate the diffuse

backgrounds of gamma-rays and high energy neutrinos from YSNe as a possible origin to these

groundbreaking observations.

5.2 Diffuse gamma-ray and neutrino backgrounds from young

supernovae

In this Section, we first introduce the procedure adopted to compute the diffuse backgrounds

of high-energy particles. Then, we present our results on the diffuse gamma-ray and neutrino

backgrounds from YSNe. A discussion on the model uncertainties and comparison with existing

data follows.
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5.2.1 Diffuse flux and its ingredients

The differences among the different YSNe classes for what concerns the emission of secon-

daries give rise to interesting questions regarding the contribution of each YSN class to the

diffuse emission of gamma-rays and neutrinos. In addition to the individual YSN fluxes, the

diffuse flux of secondary particles embeds the contribution from the redshift dependence of the

various YSNe Types 1:

E2
j,obsφj,diff(Ej,obs) = ζ

c
H0

∫ zmax

0
dz

RCCSN(z)E2
j φ s

j (Ej)√
Ωm(1+ z)3 +ΩΛ

e−τj,EBL(Ej,z) , (5.1)

where, j = ν or γ , Ej = (1+ z)Ej,obs and τj,EBL(Ej,z) is optical depth of EBL. For neutrinos,

τν ,EBL = 0. For gamma-rays, the optical depth τγ,EBL is taken from Ref. (165). We adopt the

ΛCDM cosmological model, with Ωm = 0.31, ΩΛ = 0.69, and H0 = 68 km s−1Mpc−1 (276).

The fluxes of gamma-rays and neutrinos at source, φ s
j (Ej) are computed with the recipe

discussed in Chapter 3. The fraction of different SN Types may vary with redshift due to the

change in density of stars and metallicity of the host galaxies seen at higher redshifts. However,

unfortunately, the redshift distribution of SNe of different Types is quite uncertain, and limited

information is available up to z = 1, for some SN Types, which is not sufficient for our pur-

poses (275). Hence, we assume that all SN Types follow the core-collapse SN rate as a function

of the redshift. In addition, in order to take into account that some SN Types are more common

than others, we follow Ref. (231) and assume that the fraction of different core-collapse SN

Types at z = 0 (ζ ) holds at higher z as well. The fraction of different SN Types at z = 0 is shown

in Fig. 5.1.

The rate of core-collapse SNe is given by (277; 278; 279):

RCCSN(z) =
∫ 125M⊙

8M⊙
dMRSN(z,M), (5.2)

where

1We assume a constant luminosity function based on the benchmark parameters introduced in Table 3.1, in light

of the existing observational uncertainties (231; 275).
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Figure 5.1: Local rate of core-collapse SNe (231). Type II-P SNe are the most abundant ones at

z = 0. Type Ib/c and IIb/II-L SNe are also more frequent than Type IIn SNe. We assume Type

Ib/c (LT) SNe to be 10% of SNe Ib/c (207); the total rate of SNe Ib/c (i.e., 26%) includes the

one of Ib/c (LT) SNe.

RSN(z,M) =
η(M)∫ 125M⊙

0.5M⊙
dMMη(M)

RSFR(z), (5.3)

with η(M) ∝ M−2.35 being the initial mass function (following the Salpeter law) (280). The star

formation rate RSFR is (281),

RSFR(z) =C0

[
(1+ z)p1k +

(
1+ z
5000

)p2k

+

(
1+ z

9

)p3k
]1/k

, (5.4)

where k = −10, p1 = 3.4, p2 = −0.3 and p3 = −3.5. The constant of proportionality C0 is

determined by normalizing the SN rate to the local SN rate as
∫ 125M⊙

8M⊙
dMRSN(0,M) = 1.25±

0.5×10−4 Mpc−3yr−1 (262).
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5.2.2 Diffuse background of gamma-rays

The diffuse background of gamma-rays from YSNe can be computed by relying on Eq. 5.1.

Because of γγ interactions occurring between YSN gamma-rays and the EBL, losses similar to

the ones occurring in the source, and discussed in Sec. 3.2.2, can take place. Substantial EBL

losses can affect the high-energy tail of the gamma-ray spectral distribution, while gamma-rays

travel over large distances. For example, a 300 GeV gamma-ray photon would need to travel

about 1 Gpc to be attenuated by an amount of 1/e (165).

In order to compute the amount of EBL absorption, one needs to know the redshift de-

pendence of the EBL for different energies (181; 282; 165; 283). For this work, we model

τγ,EBL(Eγ) (see Eq. 5.1) following Ref. (165).

Fig. 5.2 shows the diffuse gamma-ray background for Type IIn YSNe (ζ ≈ 0.9, see

Fig. 5.1) as a function of the observed photon energy. The red-dashed curve shows the gamma-

rays produced through p− p interactions (without any energy loss). The purple dot-dashed

curve shows the diffuse flux with source absorption and EM cascade, where the small part of

the flux at higher energies (above 103 GeV) for the purple dot-dashed curve is due to the γγ

cross-section as discussed in Sec. 3.2.2. The red solid curve represents the gamma-ray flux

after taking into account all the absorption (source+EBL) processes and EM cascades. The pur-

ple dot-dashed and red solid curves are larger than the dashed red curve (no absorption) below

100 GeV because of the additional cascaded flux.

The left panel of Fig. 5.3 displays the diffuse gamma-ray background for the different

YSN Types by considering the benchmark values introduced in Table 3.1 and for αp = 2.0.

The largest contribution to the diffuse emission comes from Type IIn YSNe. The diffuse flux

of Type II-P YSNe falls at around 20 GeV, i.e. at lower energies than Type IIn YSNe because

the thermal photons of Type II-P YSNe have larger average energies than the ones of Type

IIn YSNe (εav = 1 eV for IIn YSNe vs. εav = 4.6 eV for II-P YSNe). The diffuse flux of

Type Ib/c (LT) YSNe falls at larger observed gamma-ray energies than the one of Type IIn

YSNe because of the average energy of thermal photons. It has been found that Type II-P

contributes small amount to the diffuse background at lower energies (below 10 GeV). Overall,

the contribution of Type IIb/II-L, and Ib/c (LT) YSNe to the total diffuse gamma-ray background
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Figure 5.2: Diffuse gamma-ray flux at Earth for our benchmark Type IIn YSN (see Table 3.1).

The red dashed curve corresponds to the diffuse gamma-ray flux without any absorption. The

purple dot-dashed curve shows the diffuse flux after losses (γγ and Bethe-Heitler) and EM

cascade at source. The final gamma-ray flux at Earth after EBL absorption is represented by

the thick red solid curve. EBL absorption is more pronounced above 100 GeV. Moreover, the

propagation loss in the diffuse flux has attenuated the higher energy tail above 104 GeV. Thus,

the final diffuse flux peaks at around 10 GeV and ends abruptly around 100 GeV.
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Figure 5.3: Diffuse gamma-rays (left) and all-flavour neutrinos (right) fluxes as functions of

the observed particle energy for the different YSNe classes (see Table 3.1 for our benchmark

model parameters). For both gamma-rays and neutrinos, Type IIn (black solid curves) YSNe

contribute the most to the total diffuse emission, followed by Type II-P (magenta dashed curves)

YSNe at lower energies. The contribution (despite being small) from Type Ib/c (LT) (blue dot-

dashed curves) YSNe may show up above 102 GeV in gamma-rays, whereas in neutrinos above

107 GeV. Type IIb/II-L (orange dotted curves) YSNe contribute negligibly. The flux of Type

Ib/c YSNe is not shown since it lies outside the plot range. The total diffuse gamma-ray and

neutrino fluxes are plotted as thick red and thick green curves. It can be seen that IIn, II-P and

Ib/c (LT) YSNe are the main contributors to the total diffuse spectra of both gamma-ray and

neutrinos.

is negligible. However, a small diffuse flux of gamma-rays from Ib/c (LT) YSNe may show

up above 102 GeV. Therefore, the total gamma-ray background (thick red curve) is mostly

dominated by the contribution from Type IIn SNe.

5.2.3 Diffuse background of high-energy neutrinos

The diffuse background of high-energy neutrinos for the different YSN Types can be computed

by relying on Eq. 5.1. The crucial difference with respect to the diffuse gamma-ray flux is the

loss of the gamma-ray flux due to the propagation.

The diffuse background of high-energy neutrinos is shown in the right panel of Fig. 5.3

for our benchmark model parameters introduced in Table 3.1 and for αp = 2.0. Similar to what
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Figure 5.4: Diffuse backgrounds of gamma-rays (in red) and all-flavour neutrinos (dark green)

for all YSNe Types as a function of the observed particle energy for αp = 2.0 (solid) and αp =

2.2 (dashed). The subscript j represents ν and γ . Larger values of αp are responsible for softer

energy spectra for both gamma-rays and neutrinos; the dependence of the diffuse spectrum on

αp is more pronounced for neutrinos than for gamma-rays.

observed for gamma-rays (see left panel of Fig. 5.3), the contribution from Type IIn YSNe is

larger than the one of Type II-P and Ib/c (LT) YSNe below Eν = 107 GeV. However, Type II-

P YSNe also have significant contribution and their flux is smaller than IIn YSNe by about a

factor of 2. The diffuse flux of Type Ib/c (LT) is small at lower energies but might show up

above Eν = 107 GeV, this is due to the fact that the maximum proton energy of this YSN Type

is large because of the larger shock velocity and shock radius (see also Fig. 6.3). Also note that

the contribution of Type IIb/II-L YSNe to the total diffuse emission of high-energy neutrinos is

negligible as the source flux of Type IIb/II-L YSNe is already quite small in comparison to the

one of other Types of YSNe.

5.2.4 Model parameter uncertainties

The injection spectral index of protons crucially affects the high-energy diffuse backgrounds.

Fig. 5.4 shows the total diffuse gamma-ray and neutrino backgrounds for αp = 2.0 (solid curves)
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Figure 5.5: Left panel: Diffuse gamma-ray background from all Types of YSNe as a function of

the observed gamma-ray energy. The solid red line indicated our benchmark diffuse emission

for αp = 2.0 and the other model parameters fixed as in Table 3.1. The band correspond to the

uncertainties in shock velocity vsh, power law αp, fraction of kinetic energy εp and fraction of

magnetic energy εB (see Table 5.1). The uncertainty associated to the local SN rate is repre-

sented by the thin band. Right panel: Correspondent diffuse all-flavour neutrino background.

The uncertainty from model parameters is larger than the one from the SN rate.

and αp = 2.2 (dashed curves). Both diffuse backgrounds are larger for αp = 2.0 than that for

αp = 2.2. This is due to the hardness of the energy distribution for αp = 2.0 at higher energies.

Moreover, for gamma-rays, the EM cascaded flux of αp = 2.0 is larger than that obtained by

using αp = 2.2. The dependence on αp is more pronounced for neutrinos than for gamma-rays.

This is because the higher energy part (above 100 GeV) of gamma-rays is heavily attenuated.

The left panel of Fig. 5.5 shows the total diffuse background of gamma-rays, including the

contribution from all YSN Types. For reference, the diffuse background estimated for bench-

mark model parameters as in Table 3.1 and αp = 2.0 is represented by the solid red curve.

The uncertainty band results from the convolution of the uncertainties on the parameters listed

in Table 3.1. In particular, the model parameters mostly affecting the spectral distribution are

vsh, εp and εB; the upper and lower limits of the parameters are reported in Table 5.1. Our

choices on the upper limits for these model parameters are conservative compared to observa-

tions (37; 205; 206). The remaining model parameters (see Table 3.1) are instead kept fixed.

Note that we have not considered uncertainties on the benchmark parameters of Type IIb/II-L

YSNe because their contribution to diffuse backgrounds is negligible. The lower limit of the

gamma-ray diffuse emission is instead obtained for αp = 2.2 and shows a softer energy distri-
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Table 5.1: Uncertainties on a selection of model parameters of different YSN Types (see Ta-

ble 3.1 for the benchmark parameters). Uncertainties on the model parameters of Type IIb/II-L

and Ib/c YSNe are not included because their contributions to diffuse backgrounds of high-

energy particles is negligible.

Parameters Type IIn Type II-P Type Ib/c (LT)

Upper Lower Upper Lower Upper Lower

vsh (kms−1) 9.5×103 5×103 2×104 8×103 2×104 5×103

εp 0.1 0.01 0.1 0.01 0.1 0.01

εB 10−2 3×10−4 3×10−2 10−3 3×10−2 10−2

bution. In addition, the uncertainty associated to the local SN rate (see Sec. 5.2) might also

have important consequences on the diffuse background spectra of gamma-rays and neutrinos.

This uncertainty is included in our benchmark diffuse spectra and shown by the thin band. In-

terestingly, the uncertainty in the diffuse background from the SN rate is smaller than the one

from the model parameters. Analogously, the right panel of Fig. 5.5 shows the total diffuse

background of high-energy neutrinos.

5.2.5 Discussion

Fig. 5.6 summarizes our findings on the gamma-ray and neutrino diffuse emission from YSNe.

For reference, the data points of the Fermi-LAT Isotropic Gamma-ray Background (IGRB)

between 100 MeV to 820 GeV are shown (267). Moreover, the unexplained IGRB component

in the range 50–1000 GeV is plotted with the purple dashed line (47; 161). We also show the

data points with error bars corresponding to 7.5 years by IceCube High-Energy Starting Event

(HESE). The best fit to the IceCube data is represented by the black-dashed line; the related

68% confidence level uncertainty is plotted in cyan (48). The diffuse neutrino flux sensitivity at

68% confidence level for KM3NeT is shown in light blue (284).

As for gamma-rays, a large fraction of the IGRB observed by Fermi-LAT may be coming

from blazars, although recent work shows evidence for star-forming galaxies as the dominant

contributors to the IGRB (166; 285; 286; 287; 160). Our findings are in agreement with this
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Figure 5.6: Total diffuse gamma-ray (in red) and all-flavour neutrino (in green) backgrounds

from YSNe as functions of the observed particle energy, analogous to Fig. 5.5. The subscript j

stands for ν or γ . For gamma-rays, the orange data points with error bars illustrate the diffuse

gamma-ray background measured by Fermi-LAT (IGRB) (267). The purple dashed curve shows

the unexplained portion of the IGRB (77; 47; 104). For neutrinos, the black-dashed line shows

the IceCube (HESE) diffuse flux best fit for 7.5 years of data (black data points with error bars);

the cyan band depicts the uncertainty on the IceCube diffuse flux at 68% confidence level (48).

The diffuse flux sensitivity of the future neutrino experiment KM3NeT is also shown by the

light blue band (284). It is evident that part of the parameter space considered for YSNe is

ruled out from multi-messenger constraints from Fermi-LAT and IceCube. Nevertheless, our

benchmark YSN parameters (Table 3.1) can very well explain part of the IceCube diffuse flux

without the correspondent gamma-ray emission being in tension with the Fermi-LAT gamma-

ray data. KM3NeT will further probe the diffuse neutrino flux from YSNe in the energy range

104-106 GeV.
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picture on the IGRB composition. In fact, our benchmark YSN gamma-ray background (red

solid line) is severely attenuated above 100 GeV and not in tension with blazar unexplained flux

(purple dashed line). Moreover, the gamma-ray diffuse emission from star-forming galaxies

should originate from the collisions of the SN accelerated protons with molecular clouds (ISM)

in these active galaxies (274; 288) and therefore include the contribution of YSNe as well.

However, the gamma-rays created in YSNe undergo larger attenuation (due to the dense CSM

environment) than gamma-rays created in a thin ISM (160). By comparing the diffuse gamma-

ray emission predicted in this work with the Fermi-LAT data in Fig. 5.5, it is evident that our

benchmark diffuse gamma flux is smaller than the Fermi-LAT IGRB and thus might negligibly

contribute to the total SBG flux.

As for high-energy neutrinos, our benchmark YSN neutrino background is in good agree-

ment with the IceCube HESE data below 106 GeV. Intriguingly, the YSN neutrino background

at low energies (104–105 GeV) is significantly large and can explain the HESE concentration at

these energies, in alternative to dark sources or hypernovae (270; 271; 272; 273; 274). Within

the YSN interpration, the low-energy component of the neutrino diffuse background may origi-

nate from Type IIn SNe, whereas the neutrino diffuse background above 105 GeV may also have

contributions from II-P and Ib/c (LT) SNe. This multi component interpretation, in addition to

likely contributions to the neutrino diffuse emission from other sources, can accommodate pos-

sible different power laws in different energy ranges in future data fits of IceCube data (48).

The KM3NeT sensitivity shows that it will be able to probe the diffuse flux of neutrinos from

YSNe in the energy range 104–106 GeV.

The contribution of YSNe may be subleading (e.g. for our benchmark model parameters)

to the IGRB, however it could explain very well the observed IceCube diffuse emission below

106 GeV, relaxing the tension between gamma-ray and neutrino data for hadronic sources in-

voked as motivation for “hidden” sources (270). Interestingly, part of the YSN parameter space

allowed by multi-wavelength electromagnetic observations (see Table 5.1) may overshoot the

Fermi-LAT and IceCube data, as shown by the bands in Fig. 5.6. This suggests that YSNe with

such extreme model parameters are not representative of the YSN population.

The green and red solid curves in Fig. 5.6 have been obtained for εp = 0.01 for Type IIn

SNe. The maximum value allowed by the IGRB data is εp ≃ 0.03, for which the corresponding

neutrino background is enhanced by a factor of 3. Kinetic simulations predict εp as large as

91TH-3334_186121018



0.2 (173), which may be in conflict with the high-energy diffuse backgrounds, if representative

of the whole Type IIn YSN population.

The diffuse neutrino flux from Type IIn SNe reported in Ref. (36) relies on εp ∼ 0.2, which

may be in tension with the Fermi-LAT IGRB. On the other hand, the Monte-Carlo simulations

of Ref. (36) for randomly distributed εp in the range [0.01,0.1] produced a smaller diffuse flux,

contributing up to 10% to the IceCube HESE flux. We find that the IceCube HESE data can

be accommodated by smaller values of εp, thus remaining consistent with the IGRB data. In

our case, the smaller εp is allowed as the total diffuse background also includes non-negligible

contributions from Type IIP and Ib/c (LT) YSNe. In particular, Ib/c (LT) YSNe having the

harder spectra dominate the higher energy tail above 1 PeV.

Our findings are also in agreement with the ones of Ref. (289), which estimated the neu-

trino and gamma-ray emission from a range of non-relativistic shock powered transients, con-

cluding that the observed neutrino emission may come from gamma-ray dim sources. However,

their model is based on optical observations of these transients, while we relied on YSN model

parameters coming from a wide range of multi-wavelength surveys.

Upper limits on the high-energy diffuse neutrino background from SNe have been pro-

vided in Refs. (242; 290), which found that the diffuse neutrino background is dominated by

SNe II-P, followed by SNe IIn and Ib/c. These findings are in contrast with ours because of the

different choices of the local SN rates (Ref. (242) assumes ξ = 52.4% for SNe II-P, 6.4% for

SNe IIn, and 25% for SNe Ib/c, while we considered the YSN fractions summarized in Fig. 5.1).

In addition, Refs. (242; 290) do not take into account gamma-ray constraints.

We note that the larger mass loss rates of SNe II-P reported in Refs. (199; 198) (see also

Sec. 3.3) can produce a diffuse emission from YSN II-P comparable to that of Type IIn SNe.

This, in turn, may further constrain the parameters characteristics of the SN IIn population.

5.3 Conclusions

In this chapter, we have computed the diffuse backgrounds of gamma-rays and high energy neu-

trinos produced by YSNe as a result of interaction of SN ejecta with dense CSM. Despite intense
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research activity, the origin of the bulk of the diffuse high-energy neutrino background observed

by the IceCube Neutrino Observatory as well as the the Isotropic Gamma-Ray Background de-

tected by Fermi-LAT is yet unknown. Our benchmark (intermediate) diffuse neutrino emission

from YSNe is in excellent agreement with the IceCube HESE data and suggests that YSNe

could constitute the bulk of the high-energy diffuse neutrino emission observed by IceCube be-

low 106 GeV, while being dim enough in gamma-rays to avoid any conflict with Fermi-LAT

data.

The largest contribution to the diffuse neutrino emission mainly comes from Type IIn

YSNe, followed by II-P and Ib/c (LT) YSNe, with Type IIn YSNe dominating the overall

neutrino diffuse emission up to 107 GeV. Type Ib/c (LT) YSNe populate the diffuse neutrino

emission above 107 GeV. The Type II-P YSN contribution is also significant, but smaller than

the Type IIn SN one. Similar findings also hold for the diffuse gamma-ray background, after

including all attenuation effects taking place both in the source and en route to Earth.

Intriguingly, the uncertainty bands obtained for the diffuse high-energy backgrounds by

taking into account the uncertainties on the shock velocity, injection spectral index of protons,

the kinetic and magnetic energy fractions, and the YSN rate suggest that a large fraction of the

YSN parameter space inferred from multi-wavelength electromagnetic observations of YSNe is

excluded by Fermi-LAT and IceCube HESE data.

To conclude, the high-energy neutrino emission (especially coming from Type IIn, II-P

and Ib/c (LT) SNe) can be a strong contender to explain the low-energy IceCube HESE dataset.

The corresponding diffuse gamma ray emission is not in tension with the IGRB data from

Fermi-LAT as YSNe gamma-rays are heavily attenuated and effectively “hidden.” The detection

of high-energy particles from young supernovae will provide new insights on the processes

linked to particle acceleration in young SNe.
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Chapter 6

Ultra-high energy cosmic rays: production

and propagation of GZK fluxes

In this chapter, we discuss the production and propagation of GZK secondaries such as

GZK protons, GZK photons and GZK neutrinos which are created by the interaction ultra-high

energy cosmic rays with the cosmic microwave background. We also discuss the dependence

of these secondary fluxes on various UHECR source properties.

6.1 The GZK process

Soon after the discovery of the cosmic microwave background (CMB), Greisen (8), Zatsepin

and Kuzmin (9) (GZK) in 1966 suggested that the UHECR protons can interact with CMB

photons via ∆⋆ resonance (Eth ∼ 4× 1019 eV) and get attenuated if they originate in sources

more distant than 10 Mpc.

The GZK interaction (p+γCMB) yields charged pions (π±) and neutral pions (π0) that sub-

sequently decay to produce high energy neutrinos (GZK or cosmogenic neutrinos) and gamma
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rays (GZK photons) as secondaries. However, the UHECR spectrum extending well beyond the

GZK cut-off (the trans-GZK UHECRs) opens up new window to our understanding about the

origin and propagation of these UHECRs (5; 6; 7; 291). One possible reason for this could be

attributed to the piling up of UHECR protons around the GZK cut-off due to energy losses (see

292, for details). In order to resolve this puzzle, one needs to probe the sources and production

mechanism of these UHECRs. Concerning the production of these UHECRs, there are two

broad classes of models : bottom-up and top-down. In the bottom-up model, the initial UHE-

CRs at the source can be produced by accelerating low energy particles. Charged particles, such

as protons and electrons can be efficiently accelerated to extreme energies (around 1020 eV) via

Fermi’s diffusive shock acceleration mechanism (1). The acceleration depends on the size of

the acceleration region, forward shock speed and the magnetic field strength (1). Thus, for pro-

duction of UHE particles, one needs large sources with fast shock and strong magnetic fields.

Possible sources of UHECRs include Active Galactic Nuclei (AGN) such as blazars or quasars,

radio galaxies, pulsars and Gamma-ray bursts (GRB). Recent detection of a PeV neutrino event

by IceCube neutrino observatory from the direction of the blazar TXS 0506+056 provides us

with an indirect evidence of particle acceleration to very high energies (21). UHECRs de-

tected by various cosmic ray experiments such as Akeno Giant Air Shower Array (AGASA),

High Resolution Fly’s Eye (HiRes), Pierre Auger Observatory (Auger) and Telescope Array

support the idea that UHECRs could emanate from these sources. Note that shock waves pro-

duced in supernova explosion could also produce high energy protons upto a few O(10 PeV)

(45; 154; 257; 35; 36). In contrast to the bottom-up model, the top-down model leads to the

production of UHECRs via exotic sources (293) such as decay of heavy dark matter parti-

cles (294; 3; 295; 296; 50; 297), topological defects, cosmic strings etc (see Ref. 3, for details).

The generic prediction of this class of models is that photons should dominate over nucleons

but this is not supported by Auger data (52). Thus, the top-down models are currently dis-

favoured. In what follows, we shall consider the bottom-up model i.e., shock accelerated origin

of UHECRs.

In addition to directly probing the UHECR primaries, we can also probe the secondaries

such as cosmogenic or GZK neutrinos and GZK photons which are expected to be produced

in the GZK process (298; 299; 300; 301; 302; 303; 304). With the advancement in detection

prospects of high energy neutrinos and gamma rays, the possibility of probing the origin of

UHECRs (trans-GZK) via multi-messenger approach opens up.
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The GZK neutrinos, being weakly interacting, are not impacted by the propagation effects

and can reveal useful information about the source spectrum of the UHECR primaries. On

the other hand, the GZK photons are expected to suffer attenuation due to pair production loss

on the CMB and the extra-galactic radio background (ERB). Apart from the pair production

loss, other propagation effects like inverse Comptonisation of these background photons can

also affect the GZK photon flux. The attenuation of GZK photon flux by the CMB is well-

estimated as the CMB spectrum is well-described by a thermal distribution (305) However, the

attenuation of GZK photons by the ERB is not very well-estimated, primarily because models

describing the ERB spectrum have large uncertainties. (306; 307). These model uncertainties

can cascade to the GZK photon flux prediction and can give rise to the substantial uncertainties

(10; 65; 308). Apart from these uncertainties, the ARCADE2 experiment (309) has detected an

excess ERB at GHz frequencies and can influence the prediction of the GZK photon flux.

In the following, we discuss the properties of the primary UHECR spectrum and the sub-

sequent production of GZK secondaries: protons, photons and neutrinos. We also discuss the

propagation of these secondaries and their dependence on the primary UHECR properties.

6.2 GZK flux: Production and Propagation effects

UHECRs upto 1020 eV have been detected by CR observatories (5; 6; 7). These UHECRs

are believed to be produced in high energy astrophysical environments through the mechanism

of diffusive shock acceleration (1). The diffusive shock acceleration results in a power law

distribution of CRs with a cut-off at higher energies related to the maximum CR energy (3).

This power law behaviour is also well-motivated from the CR observations (5; 6). Thus, we

can model the primary UHECR proton spectrum to be a power law with an exponential cut-

off (310),

Jp(Ep) =
dNp(Ep)

dEp
∝


(

Ep
Ep,min

)−α

, Ep ≤ Ecut(
Ep

Ep,min

)−α

exp
(

1− Ep
Ecut

)
, Ep > Ecut ,

(6.1)
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where, Ep,min is the minimum energy of the UHECR protons and α is the power-law index. The

spectrum falls rapidly for energies larger than the cut-off energy, Ecut. The standard diffusive

shock acceleration theory predicts α to be around 2 (1; 311). However, complex nature of shock

acceleration, magnetic field amplification and effect of cosmic ray pressure can lead to devia-

tions from 2 (312; 313). Both α < 2 and α > 2 have been indicated by secondary high energy

particles considered to be originated from parent CRs. For example, Galactic PeV gamma-ray

observations (α < 2) (22; 28; 154), the diffuse neutrino background at IceCube (α > 2) (314),

and the diffuse CR spectra (α ̸= 2) (315; 5). The underlying acceleration mechanism deter-

mines the power law and changes from object to object. Our focus is on the UHE part of the

CR spectra. At these energies, the UHECR observations suggest α to be larger than 2 and in the

range, [2.0−2.7]. Note that the spectral index at source might differ from the observed spectral

index as CR interaction within source as well as during propagation could influence the spectral

index (79). Therefore, we assume α in the range [2.0−2.7] for our analysis. The other source

parameter, Ecut also depends on the source environment and the confinement duration of CRs in

the source environment. These CRs escaping the confinement zone due to dynamical and/or ad-

vective and/or diffusion losses can make the acceleration at very high energies inefficient (3; 1).

Thus, the CR spectrum is expected to fall rapidly at very high energies resulting in a cut-off en-

ergy Ecut ∼ O(1020) eV (10; 3). Note that, the Eq. 6.1 is not normalised. The normalization is

fixed from the cosmic ray data above 1017 eV (5; 6; 7), thus fixing the minimum proton energy,

Ep,min = 1017 eV.

Fig. 6.1 shows the dependence of the primary UHECR spectrum (in arbitrary units (a.u.))

of a point source on the different model parameters. The left panel shows CR spectra for three

values of the spectral index, α = 2.0, 2.4, 2.7 with a fixed cut-off energy, Ecut = 1022 eV, while

the right panel displays CR spectra for different cut-off energies, Ecut = 1020, 1021, 1022 eV

with α = 2.0. It is clear that smaller spectral index produces harder spectra. As discussed

above, the cut-off energy plays an important role in determining the spectral shape at very

high energies, evident in our model spectra. The spectra in the right panel shows that the CR

spectrum falls rapidly for energies Ep > Ecut.

Based on this primay UHECR spectra modelling, one may estimate the CR and secondary

fluxes and compare with observational limits. As mentioned above, secondary particles such

as photons and neutrinos are produced as a result of interaction of UHECR above a certain
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Figure 6.1: UHECR proton spectra at the source for different values of power law index, α and

cut-off energy, Ecut. The left panel shows the UHECR spectra for three different power laws,

α = 2.0 (green dotted), α = 2.4 (black dot-dashed) and α = 2.7 (black dashed) with fixed cut-

off energy Ecut. Effect of variation in Ecut on the UHECR spectrum for fixed power law index,

α = 2.0 is shown in the right panel by choosing the Ecut as 1020 eV (green dotted), 1021 eV

(red solid) and 1022 eV (blue dashed). The cut-off energy ensures the UHECR spectrum falls

rapidly above Ecut.

threshold energy with the CMB photons. We next describe the GZK process and the production

of secondaries. We also discuss the reach of upcoming UHE neutrino and photon detectors.

6.2.1 The GZK effect and secondary production

Greisen, Zatsepin and Kuzmin (8; 9) proposed that the UHECR spectrum beyond Eth ≃ 4×1019

eV should be suppressed due to the interaction of CR particles (protons or nuclei) with the

low energy photons of the CMB primarily due to the ∆⋆ resonance. For protons, the pion

photoproduction produces neutral or charged pions,

p+ γCMB → ∆
⋆ → N +π

±(π0) (6.2)

The pions produced in the GZK process (Eq. 6.2) decay to give rise to secondaries (49) which

include electrons, neutrinos and photons. The charged secondaries (electrons, positrons) from
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GZK process can not reach Earth due to interaction with inter-galactic magnetic field and am-

bient matter (10). The neutral pions decay to produce “GZK photons" and charged pions decay

to produce “GZK or cosmogenic neutrinos",

π
0 → γ + γ

π
± → µ

±+ ν̄µ(νµ)

↪→ e±+νe(ν̄e)+ ν̄µ(νµ) . (6.3)

The CMB spectrum follows a blackbody distribution with a mean temperature of 2.7 K

and peaks at around 4×10−4 eV. Using this, we can estimate the cut-off energy of the protons to

be ∼ 4×1020 eV. This is referred to as the GZK cut-off. The UHECR protons observed above

the GZK cut-off are termed as “GZK protons". While the charged secondaries get deflected

and can not reach Earth, the neutral ones, GZK photons and GZK neutrinos have promising

detection prospects.

The GZK photons and GZK neutrinos propagate through the intergalactic space filled

with low energy photon backgrounds, i.e., CMB and ERB. These backgrounds are crucial for

the propagation of GZK photons as they can take part in interactions such as pair production

and inverse Compton. In order to estimate the impact of CMB and ERB on the propagation of

GZK photons, one needs a proper estimate of the background photons (ERB and CMB). While

the CMB is well-described by a blackbody spectrum (316) as mentioned above, understanding

of ERB is not at the same level. The models describing the ERB spectrum, in general, have

large uncertainities and therefore the attenuation of GZK photons by the ERB is not very well-

estimated. In the following, we shall adopt a model of ERB to demonstrate the impact of ERB

on GZK photon propagation (306). It should be noted that the GZK neutrinos do not suffer

propagation losses, owing to their weakly interacting nature.

6.2.2 Extra-galactic radio background and secondary propagation

The ERB comprises of radio photons of KHz-GHz frequencies emitted by radio galaxies and

star forming galaxies (306; 307; 317). These radio photons are produced through free-free
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Figure 6.2: The figure shows the intensity (Iν ) of ERB photons as a function of frequency (ν)

for the Protheroe and Biermann model (306). The black-dashed line shows the CMB intensity

for comparison.

emission of thermal electrons and synchrotron radiation of high energy electrons (307). At high

frequencies (GHz), the ERB is dominated by the radio galaxies, whereas at low frequencies

(below MHz), the contributions from star forming galaxies are more pronounced. Both radio

and star forming galaxies contribute almost equally to the ERB in the intermediate frequencies,

i.e., MHz-GHz. The intensity of this ERB can be estimated by using observed luminosity func-

tions of star forming and radio galaxies (306; 307). This estimation also requires radio emission

of individual galaxy which can be obtained by modeling the thermal and non-thermal electron

densities of the galaxy. Two models of ERB are available in the literature, namely the Protheroe

and Biermann (PB96) and Nitu et. al. (Nitu21) (306; 307). These models shall be discussed

in detail in Sec. 7.1. Fig. 6.2 shows the lower estimate of ERB PB96 (306). This shows that

the ERB peaks at around 100 KHz frequency and then falls rapidly. Note that various sources

of uncertainty such as luminosity function and electron density impact the ERB estimate. Also,

the predictions of the two ERB models (306; 307) have substantial difference. To demonstrate

the role of ERB on GZK photon propagation, we choose the conservative estimate of ERB

from the literature as shown in Fig. 6.2 (306). We also show the CMB intensity in Fig. 6.2 for

comparison. In Sec. 7.1, we provide a detailed discussion on the different ERB models, their

associated uncertainties and the effect of these on the GZK photon flux propagation.
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Now with the above ERB model, one can estimate the GZK photon flux at Earth for

sources of interest, i.e., point or diffuse. Note that we focus on diffuse flux prediction in this

study. The estimation also depends on the properties of primay UHECRs producing these GZK

photons along with GZK neutrinos through the GZK process. In the following, we discuss the

methodology adopted for the estimation of GZK particles, i.e., protons, photons and neutrinos.

6.3 GZK flux: Estimation

Detection of GZK photon and neutrino flux produced in photo-hadronic interaction in point

sources may reveal properties of the source and the propagation characteristics (49). Estimating

the GZK photon flux at Earth includes various propagation effects like pair production, sub-

sequent cascading and inverse Compton on different photon backgrounds like CMB, ERB and

Extra-galactic Background Light (EBL) (10). The effects of EBL dominate at lower energies

around 100 TeV. Hence, we will not discuss the EBL effects in the subsequent sections. Con-

trary to the GZK photons, the GZK neutrinos come un-attenuated due to their weakly interacting

nature. In this work, we focus on the diffuse background of GZK photons and neutrinos coming

from a large number of sources distributed across the Universe. An estimate of these diffuse

fluxes after incorporating propagation details is complicated and time-consuming. We employ

the public Monte-Carlo simulation code CRPropa 3.2, (310; 318) to estimate the diffuse GZK

photon and neutrino flux. CRPropa 3.2 is primarily written in C++ interfaced to Python. CR-

Propa 3.2 contains different modules for the aforementioned propagation effects that allow the

evaluation of these processes independently. The code also allows distributing sources across a

large length scale (upto Gpc) to compute the diffuse spectra of UHECR.

In order to demonstrate the GZK proton and secondary production, we compute the fluxes

of GZK protons, photons and neutrinos for a point source at 50 Mpc using 1D simulation in

CRPropa 3.2. The point source fluxes are plotted in arbitrary units in the left panel of Fig. 6.3.

The source proton spectrum is described by Eq. 6.1 with the parameters α = 2.0 and Ecut = 1022

eV, shown as dashed black line in the left panel of Fig. 6.3. The interaction of these protons with

CMB photons creates the resultant GZK protons (black solid curve). The sudden attenuation of

the GZK proton flux above ∼ 1020 eV is due to the GZK effect. Among the GZK secondaries,
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the GZK photons will suffer attenuation due to their interaction with the CMB and ERB. The

secondary GZK photon flux without these propagation losses is shown by the red dotted curve

in the left panel of Fig. 6.3. To understand the propagation effect on the GZK photons, we

first study the attenuation on the CMB and then add the ERB effect. The red dashed curve in

the left panel of Fig. 6.3 shows the sole effects of CMB on the GZK photon flux. The relevant

interactions for CMB are pair production and Inverse Compton. The ERB also impacts the GZK

photon flux and is dominated by pair production loss on ERB at energies above 1019 eV (10).

The attenuation would be minimum for the lower estimates of ERB. Therefore, we consider the

lower estimate of PB96 ERB model for conservative prediction of the GZK photon flux. The

resultant GZK photon flux including attenuation on ERB is shown by the red solid curve in the

left panel of Fig. 6.3. This flux shows that the effect of the ERB is significant at energies above

1019 eV. On the other hand, the GZK neutrino flux remains unaffected by these backgrounds

and only undergo flavour equalisation (1 : 1 : 1) during propagation (319). The GZK neutrino

flux (single flavour) is shown by the blue curve in the left panel of Fig. 6.3.

We now compute the diffuse flux of GZK protons, photons and neutrinos. The individual

source proton spectrum is described by Eq. 6.1, and we choose the benchmark parameter values

as Ecut = 1022 eV and α = 2.0. The sources are assumed to be distributed in the range of 0.1

Mpc to 10 Gpc. The simulation results in the diffuse flux of GZK protons at Earth and depends

on the normalization of the individual source proton spectra. This is taken care by normalizing

the GZK proton flux with the observed CR data (6; 5; 7).

The right panel of Fig. 6.3 shows the diffuse fluxes of primary UHECR proton, GZK

protons, GZK photons (with and without propagation effects) and GZK neutrinos as a function

of energy. The source spectra appear as a horizontal flat line (black dashed) as the spectral

index is α = 2.0. These protons undergo attenuation due to the GZK effect. The resultant

GZK protons at Earth are shown by the black curve. The GZK proton flux is normalized to the

observed cosmic ray data at energy black 4×1019 eV (6; 5; 7). The magenta data points show

the Auger data (5), whereas the gray data points represent the HiRes data (6). The corresponding

secondaries have also been scaled with this normalization to obtain the GZK photons (red curve)

and GZK neutrinos (blue curve) at Earth.

The diffuse flux of GZK photons without any propagation effects is shown by the dotted

red curve in the right panel of Fig. 6.3. The diffuse photon flux undergoes substantial losses on
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CMB and ERB. Out of these photon backgrounds, while CMB is known precisely, the present

ERB estimates have a large uncertainty (306; 307). The uncertainty in ERB can significantly

affect the prediction of GZK photons, especially at the ultra-high energies (> 1019 eV) as shown

in the case of point source above. The attenuation of the GZK photon flux due to CMB is shown

by the red dashed curve in the right panel of Fig. 6.3. The resulting diffuse GZK photon flux

after interaction with ERB is shown by the red solid curve in the right panel of Fig. 6.3. Clearly,

the effect of ERB becomes important above energies 1019 eV as in the point source case.

So far we have discussed the impact of background photons (CMB and ERB) on the GZK

primary and secondaries. We next discuss the dependence of the fluxes of GZK protons, GZK

photons and GZK neutrinos on the different source properties. We also study the effect of

different ERB models on the GZK photon flux.

6.4 GZK flux: Dependence on source properties

The properties of the primary UHECRs at the source impact the estimation of the secondary

GZK photon and GZK neutrino fluxes at Earth. These properties depend on the acceleration

mechanism producing these UHE particles. The primary UHECR proton spectra described by

Eq. 6.1 depend on various parameters like spectral index, α and the cut-off energy, Ecut. These

parameters depend on the acceleration mechanism at the source. In addition, the estimation of

these fluxes depends on the distribution of these sources. The attenuation of the GZK photon

flux depends on the propagation length. The UHECR sources are modelled to be distributed

over the space in the region dmin ≤ d ≤ dmax, where dmin and dmax are the minimum and maxi-

mum distances to the source. Since, the likely sources of UHECRs are extra-galactic, we choose

to vary dmin in the range [0.1,100] Mpc. On the other hand, we fix dmax to be 10 Gpc which

corresponds to a redshift of 1.4. Further, for the propagation of GZK photons, the choice of

ERB model is crucial and we choose ERB PB96 for our analysis (306).
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Figure 6.3: Left: Fluxes of GZK protons (black solid), GZK photons (red) and GZK neu-

trinos (blue, single flavour) for a point source at 50 Mpc. The primary UHECR spectrum

(black dashed) parameters are, α = 2.0, Ecut = 1022 eV. The red dotted and blue curves show

the gamma-rays and neutrinos (single flavour) without propagation effects respectively. The

gamma-rays after interaction with CMB is shown by the red dashed curves, whereas the red

solid curve shows the effects of both CMB and ERB. The neutrinos do not suffere any losses.

Right: Diffuse fluxes of GZK protons, GZK photons and GZK neutrinos produced by interac-

tion of UHECR protons with CMB photons. The parameters are chosen as α = 2.0, Ecut = 1022

eV and dmin = 0.1 Mpc. The black dashed line represents the primay UHECR proton spectrum.

The sources are assumed to be distributed between 0.1 Mpc to 10 Gpc. The black solid curve

shows the diffuse GZK proton flux and normalised with the observed cosmic ray data by Auger

(magenta data points) (5) and HiRes (gray data points) (6). The corresponding GZK photon and

GZK neutrino (single flavour) fluxes (without propagation effects) produced in photo-hadronic

interaction are shown by the red dotted and blue curves respectively. The red dashed and red

solid curves correspond to propgation loss on CMB and CMB with ERB respectively. Both the

panels show that the effect of CMB on GZK photons is more pronounced at lower energies,

whereas the effect of ERB is crucial at higher energies.
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6.4.1 Dependence on the spectral index (α)

The spectral index (α) is crucial to estimate the UHECR flux at highest energies and is predicted

to be about α = 2 (1) from the diffusive shock acceleration theory. However, several indirect

galactic and extra-galactic evidences suggest substantial deviation from this standard theory

(312; 313; 315). The observed CR spectrum in fact hints at power law index of about 2.7 (315).

Due to the existence of the knee and ankle, the observed CR spectrum may also incorporate

multiple spectral indices (1; 65; 320). Therefore, we vary α in the range [2.0,2.7] to illustrate

the effect of α on the fluxes of GZK protons, GZK photons and GZK neutrinos.

Fig. 6.4 shows the fluxes of GZK protons (left panel), GZK photons (red curves in right

panel) and GZK neutrinos (blue curves in right panel) for three different values of α . The dotted

curves correspond to α = 2.7, the solid curves represent α = 2.0 and the dashed curves show

the fluxes for α = 2.4. The other parameters are kept fixed, Ecut = 1022 eV and dmin = 0.1

Mpc. We also depict the observed CR data by HiRes and Auger (6; 5) for comparison. Clearly,

smaller spectral index produces harder spectra. For α = 2.4 and α = 2.7, the GZK proton

spectrum produces a good fit to the HiRes and Auger data. However, α = 2.0 doesn’t yield

a reasonable fit to the data. This shows that different values of α are possible for the primary

UHECR spectrum. The variation of α also results in significantly different secondary fluxes.

The dependence of GZK photon and GZK neutrino flux on α is shown in the right panel of

Fig. 6.4. As expected, the fluxes of GZK neutrinos are much larger than GZK photons. The

difference due to variation of α is more prominent at higher energies. Thus, detection of the

associated GZK photons and GZK neutrinos can indirectly allow us to probe the spectral index.

The harder spectra corresponding to lower values of α (≲ 2) find can not explain the

observed UHECR data. For the rest of the discussion, we focus on α > 2 as the diffuse CR flux

observations above 1017 eV point towards softer fluxes at the highest energies, i.e., α ∼ 2.5−2.7

(5; 6; 7). In order to probe the effect of spectral index variation, we shall consider α in the range

between 2.2 and 2.7.
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Figure 6.4: Diffuse fluxes of GZK protons, GZK photons and GZK neutrinos (single flavour)

for different power law indices, i.e., α = 2.0 (solid), α = 2.4 (dashed) and α = 2.7 (dotted). The

remaining parameters are kept fixed as Ecut = 1022 eV and dmin = 0.1 Mpc. The left panel shows

the GZK protons fluxes for different α normalised to Auger and HiRes data. The corresponding

normalised GZK photon flux (red curves) and the GZK neutrino flux (blue curves) are shown

in the right panel. These plots show that smaller α produces harder fluxes at high energies.

6.4.2 Dependence on the composition of UHECR

So far, the UHECR primary is taken to be proton. The recent data by Auger (321; 5) suggests

that the UHECR could be composed of heavy elements but the fractional component of these

heavy elements is still debatable (65; 322; 323). The presence of heavy elements along with

protons would lead to lowering of the fluxes of GZK neutrinos and GZK photons (324; 325;

326). In order to illustrate the impact of heavy elements in the UHECR primary, we consider a

hypothetical scenario where the UHECR is composed of 100 % iron nuclei. Fig. 6.5 describes

the effect of heavy nuclei on the GZK proton flux, GZK photon flux and GZK neutrino flux

at Earth. In the left panel of Fig. 6.5, we show a comparison of the two constituents (protons

and iron) at the source. The pure proton UHECR spectra is shown as black solid line and pure

iron UHECR spectra is shown as black dashed line in the left panel. In the right panel, we

show the secondary spectra of GZK neutrinos (blue solid line) and GZK photons (red solid

line). We note that GZK neutrinos and GZK photons are an order of magnitude smaller than the

corresponding flux for pure proton case. In turn, this would impact the detection prospects of
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Figure 6.5: Effect of heavy elements in the primay UHECR spectrum on the GZK protons, GZK

photons and GZK neutrinos (single flavour). The primay UHECR is assumed to be composed

of pure Iron. The left panel shows the UHECR flux at Earth for pure proton (black continuous)

and pure Iron (black dashed). The corresponding GZK neutrinos (blue) and GZK photons (red)

for each case are shown in the right panel. This shows that presence of heavy elements might

result in significantly lower flux of GZK secondaries.

these GZK neutrinos and GZK photons. We would like to remark that in all our computations,

we consider UHECR to be composed of protons only. As a result, our flux estimates represent

the upper limits of the fluxes of the secondaries produced via the GZK interaction.

6.4.3 Dependence on the cut-off energy (Ecut)

The spectra of primary UHECRs is expected to fall-off rapidly at higher energies due to the

maximum energy of the CRs (10). This effect is implemented to the UHECR spectrum via

the cut-off energy, Ecut as defined in Eq. 6.1. This cut-off energy also influences the fluxes

of GZK protons, GZK photons and GZK neutrinos. The observation of CRs above 1020 eV

hints at possibility of Ecut > 1020 eV. The conventional diffusive shock acceleration theory also

allows acceleration of CRs upto energies larger than 1020 eV (3). However in this section,

to demonstrate the effect of Ecut we vary Ecut in the range [1020,1022] eV. The left panel of

Fig. 6.6 shows the GZK proton fluxes for three values of Ecut i.e., 1020 eV (dashed), 101021
eV
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Figure 6.6: Diffuse fluxes of GZK protons, photons and neutrinos (single flavour) for differ-

ent cut-off energies, i.e., Ecut = 1020 eV (dashed), Ecut = 1021 eV (solid) and Ecut = 1022 eV

(dotted). The remaining parameters are kept fixed as α = 2.0 eV and dmin = 0.1 Mpc. The

left panel shows the GZK protons fluxes for different Ecut normalised to Auger and HiRes data.

The corresponding normalised GZK photon flux (red curves) and the GZK neutrino flux (blue

curves) are shown in the right panel. These plots show that larger Ecut produces harder fluxes at

high energies.
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(solid) and 1022 eV (dotted). The other parameters are chosen as α = 2.0 and dmin = 0.1 Mpc

for all Ecut values. The spectral shapes of all the fluxes are similar except for a sharp cut-off

corresponding to Ecut. The fluxes of GZK photons and GZK neutrinos corresponding to these

Ecut are shown in the right panel of Fig. 6.6. The variation of Ecut produces large differences

between the fluxes of different Ecut. For lower values of Ecut for instance, Ecut = 1020 eV, both

GZK photons and GZK neutrinos produce softer spectra at higher energy and fluxes fall rapidly

at energies larger than 1020 eV. However, higher Ecut yields harder spectra at higher energies.

Thus, to probe the cut-off energy in the source spectra, one needs to look at the GZK photon

and GZK neutrino fluxes at higher energies.

Clearly, the observation of CR fluxes extending above 1020 eV suggests that the cut-off of

primary UHECR must be larger than 1020 eV (6; 7; 5). Therefore, while studying the detection

prospects, we shall consider the lower limit of the cut-off energy, Ecut to be 5×1020 eV. How-

ever, the conventional CR acceleration theory allows Ecut to be as large as 1022 eV depending

on the nature of the CR source. Thus, we shall vary the Ecut ∈ [5×1020 −1022] eV in order to

the acceleration mechanism at the highest energies.

6.4.4 Dependence on minimum distance to source (dmin)

The minimum distance to the source, dmin is also an important parameter and can effect the

UHECR spectra. There are no known sources in the Milky way or any nearby galaxies that are

capable of producing CRs upto energies as large as 1018 eV (3) . In fact, such CR accelerators

might be located very far away from Earth. Thus, this is encoded in dmin. The nearest galaxy

(M31) to Milky way is about 1 Mpc away, this can be treated as a reasonable choice for dmin. To

study the effect of dmin, we take the lowest value of dmin to be 0.1 Mpc. The highest value of the

dmin is taken to be 100 Mpc (10). The left panel of Fig. 6.7 shows GZK proton fluxes for three

different dmin i.e., 0.1 Mpc (solid curve), 50 Mpc (dashed curve) and 100 Mpc (dotted curve).

The flux corresponding to dmin = 0.1 Mpc has the maximum flux, i.e., minimum loss above the

GZK cut-off due to the close proximity of sources. On the other hand, the flux for dmin = 100

Mpc has the minimum flux estimate as the propagation loss is larger for the far away sources.

Thus, we see that the GZK suppression is more pronounced (less pronounced) for larger values

(smaller values) of dmin, and the smaller dmin have lower attenuation.
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Figure 6.7: Diffuse fluxes of GZK protons, photons and neutrinos (single flavour) for different

minimum distances, i.e., dmin = 0.1 Mpc (solid), dmin = 50 Mpc (dashed) and dmin = 100 Mpc

(dotted). The remaining parameters are kept fixed as α = 2.0 eV andEcut = 1022 eV. The left

panel shows the GZK protons fluxes for different dmin normalised to Auger and HiRes data.

The corresponding normalised GZK photon flux (red curves) and the GZK neutrino flux (blue

curves) are shown in the right panel. These plots show that larger dmin produces softer proton

and photons fluxes at high energies. However, the neutrino fluxes do not depend on dmin as

neutrinos do not suffer losses during propagation. Therefore, the neutrino fluxes overlap for all

dmin.
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The effect of dmin on diffuse flux of GZK photons (red) and GZK neutrinos (blue) is shown

in the right panel of Fig. 6.7 for the three different values of dmin, i.e., 0.1 Mpc (solid), 50 Mpc

(dashed) and 100 Mpc (dotted). We note from Fig. 6.7 (right panel) that the variation of dmin

does not play any role in case of diffuse flux of GZK neutrinos. This is because neutrinos are

weakly interacting in nature. In contrast, the diffuse flux of GZK photons depends on dmin. The

larger the value of dmin, the larger are the losses. Note that the suppression is more visible at

higher energies and this is due to the fact that ERB is more sensitive to GZK photons at higher

energies and this causes more attenuation for larger values of dmin.

6.5 Conclusion

In this chapter, we have discussed the interaction of UHECR with CMB, i.e., the GZK pro-

cess and subsequent production of GZK secondaries such as photons and neutrinos. We have

also discussed the propagation of these secondaries through inter-galactic medium. The GZK

photons are attenuated severely during propagation due to pair production losses on low energy

photon backgrounds: CMB and ERB. On the other hand, the GZK neutrinos travel uninter-

rupted due to their weakly interacting nature. We have analysed these propagation effects on

the GZK photon flux. In addition, we have discussed the dependence of the GZK photon and

GZK neutrino flux on various properties of the primary UHECR spectrum.

Due to the propagation effects, the computation of GZK flux is complicated and time

consuming. We have employed the public code CRPropa3.2 to estimate the fluxes of the GZK

particles. We have assumed the primary UHECR spectrum to be a power law distribution with

an exponential cut-off. The power law index and the cut-off energy is considered to be in the

range, (2.0− 2.7) and (1020 − 1022) eV, respectively. In principle, the spectrum of UHECRs

can consist of different elements together with protons. Hence, the composition of the UHECR

primaries plays a crucial role in the prediction of GZK secondary fluxes. In addition to these

parameters, the spatial distribution UHECR is crucial for the prediction of the GZK fluxes.

Thus, the UHECR sources are considered to be distributed up to 10 Gpc. The fact that there

are no known sources in the Milky-way or in its vicinity, sets up the minimum distance to the

sources to be larger than 0.01 Mpc. Hence, we vary the minimum distance to the source in the
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range (0.1−100) Mpc.

We have analysed the effect of these four parameters (power law index, source composi-

tion, cut-off energy and minimum distance to the sources) on the GZK photon and GZK neutrino

fluxes. The variation of the power law index has shown that smaller power law index produces

harder flux at higher energies for both GZK photons and GZK neutrinos. The presence of any

heavier elements in the UHECR primaries can result in lower fluxes of GZK photons and GZK

neutrinos compared to the pure proton composition. The cut-off energy of the UHECRs gives

rise to an exponential cut-off to the GZK photon and GZK neutrino fluxes. This exponential

fall in the secondary fluxes appears at energy smaller than the primary UHECR cut-off energy.

For example, for a cut-off energy of 1020 eV, the fluxes of the GZK photons and GZK neutrinos

would fall at energies smaller than 1020 eV. The effect of the minimum distance to the source

is found to be negligible to the GZK neutrinos due to their weakly interacting nature. However,

it is found to have strong effects on the GZK photons as well as the GZK protons. Larger the

minimum distance to the source, larger would be the GZK suppression in the UHECR flux at

Earth (GZK protons). The GZK photon flux for large minimum distance to the source, also

undergoes severe attenuation during propagation.

The GZK photon and GZK neutrino fluxes are found to have strong dependence on the

UHECR source characteristics as well as the location of the UHECR sources from Earth. Hence,

it is clear that estimation of these fluxes requires reasonable understanding of these characteris-

tics. In the next chapter, we make an estimation of the GZK photon and GZK neutrino fluxes

and analyse their detection prospects with multi-messenger approach.
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Chapter 7

GZK fluxes and ERB: multi-messenger

analysis

This chapter is dedicated to the detection prospects of the GZK photon and GZK neutrino

fluxes and plausible multi-messenger implications from the detection of these GZK fluxes. The

prediction of the GZK photon flux depends on the different ERB models. Hence, we start this

chapter with a detail discussion on the impact of different ERB models and their uncertainties

on the GZK photon flux.

7.1 Dependence of the GZK photon flux on ERB

The ERB is distributed over seven decades in frequency and impacts significantly the GZK pho-

ton flux. Any reasonable prediction of the GZK photon flux requires a good understanding and

estimation of the ERB. We consider the two models in literature, PB96 (306) and Nitu21 (307).

The observational constraints on ERB is only available in certain ranges of the frequencies.

The ERB in the frequency range of 0.1− 1 GHz is constrained by radio source counts (307).
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Figure 7.1: The figure shows the intensity (Iν ) as a function of frequency (ν) of different ERB

models. The red curve and the red band together shows the ERB model of Nitu et al., (ERB

Nitu21) (307). The red curve represents the best fit estimates, whereas the red band shows

the associated uncertainty. The ERB model of Protheroe and Biermann (ERB PB96), (306) is

shown in blue colour. The blue curve corresponds to the mid estimate of ERB PB96 and blue

band shows the associated uncertainty. The ERB measured by the ARCADE2 experiment has

been shown by the brown curve (ERB Fixsen) (309).
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However, uncertainties due to unresolved radio sources cannot be ignored (327). Both the ERB

models have adopted a similar approach for the estimation of ERB. The estimation is based on

the modelling of radio emission of individual galaxies. Based on this individual galaxy emission

model the ERB from all possible sources (radio and star forming galaxies) is obtained by using

luminosity functions (306; 307). Below 100 MHz, there is significant uncertainty due to the

uncertainty in the evolution of luminosity functions of radio and normal galaxies (306). On the

other hand, the galactic foreground emission severely distorting the ERB produces extremely

large uncertainties at KHz frequencies (307). Note that, these uncertainties at low frequencies

might also get significantly impacted by different competing radiative processes such as free-

free emission, synchrotron self-absorption (328; 329). Note that the ERB intensity evolves with

redshift due to the evolution of the luminosity fuctions. The redshift evolution of the luminosity

fuctions is of the for (1+ z)4.

In addition to these uncertainties, ARCADE2 experiment has reported an excess in the

ERB (309). This excess was realised through the measurement of absolute sky temperature

at different frequencies (3,8,10,30 and 90 GHz). This analysis estimated the excess temper-

ature, T = 24.1± 2.1 (K) (ν/ν0)
−2.599±0.036 (ν0 = 310 MHz) in the frequency range of 22

MHz−10 GHz in addition to the CMB temperature of 2.725± 0.001 K. The origin of this ex-

cess is not well understood. A possible explanation could be attributed to the unresolved radio

sources (327). The authors in (330) adopted a simple geometry (plane parallel slab) to model

the Galactic emission and estimated the extragalactic contribution. The residual ERB compo-

nent is found to exceed the integrated contribution of the known population of extragalactic

radio sources by factors of five or more (309; 331). However, it was shown that (332), a more

realistic modeling led to estimates for the uniform extragalactic brightness that were consis-

tent with expectations from known extragalactic radio source populations. The excess ERB has

motivated dark matter interpretations for its origin (333) and could be a consequence of gravita-

tional wave modeling for dark energy (334). Note that the CMB component at GHz frequencies

dominates over the ERB component. However, excess measured by ARCADE2 experiment is

still larger than the CMB. Note that observation of radio sources across a wide range of fre-

quencies with telescopes like Low frequency Array (LOFAR) (335) and the upcoming Square

Kilometer Array (SKA) (336; 337) might help to resolve this issue.

Fig. 7.1 shows two different ERB models, PB96 (306) and Nitu21 (307) with their associ-

117TH-3334_186121018



ated uncertainties. The red curve shows the best-fit ERB spectra corresponding to ERB Nitu21

model along with the associated uncertainties shown as red band. Similarly, the blue curve and

the blue band depict the typical estimate and the uncertainties of ERB PB96 model, respectively.

The excess detected by ARCADE2 has also been depicted by the brown curve (ERB Fixsen).

This shows that ERB has large uncertainties at both low and high frequencies which impact the

prediction of the GZK photon flux (see Sec. 6.2.1 for details). Therefore, in what follows, we

analyse the effect of the ERB uncertainties and the ARCADE2 results on the GZK photon flux.

The GZK neutrinos do not interact with ERB and are insensitive to the ERB. The propa-

gation of GZK protons is impacted by CMB only and effect of ERB is negligible in the energy

range our interest. Fig. 6.3 shows that the ERB plays a crucial role in the propagation of high

energy (above 1018 eV) GZK photons and the uncertainty in the ERB leads to variation in the

estimated GZK photon flux.

The effect of the above ERB models (PB96 and Nitu21) and the ARCADE2 results on

the GZK photon flux are shown in the left panel of Fig. 7.2. For this, we have adopted the

GZK photon flux corresponding to a primary UHECR spectra with α = 2.0, Ecut = 1022 eV and

dmin = 0.1 Mpc. The GZK proton flux at Earth, normalized to Auger and HiRes data, is also

shown on the plot. The solid blue curve shows the GZK photon flux with the medium estimate

of PB96 (see Fig. 7.1), whereas the solid red curve depicts the GZK photon flux for the best-

fit ERB model of Nitu21. The ERB measured by ARCADE2 at high frequencies can create

additional GZK photon absorption. Thus, the effect of ARCADE2 ERB (in addition to ERB

Nitu21) is shown by the brown curve. Note that the ERB models have large effect at energies

above 1018 eV.

The ERB models of PB96 and Nitu21 have associated uncertainties as shown in Fig. 7.1

that can result in uncertainty in GZK photon flux as well. The right panel of Fig. 7.2 shows

the uncertainty in the GZK photon flux due to the ERB models. The blue band shows the

uncertainty due to ERB model of PB96. The lower edge in this band comes from the upper

estimate of PB96, whereas the upper edge is due to the lower estimate of PB96. Similarly, the

uncertainty in the GZK photon flux due to ERB Nitu21 is shown by the red band. Clearly, the

uncertainty due to ERB Nitu21 is smaller than that of PB96. This is because the ERB above

frequency 105 Hz mostly contributes to this uncertainty and at those frequencies, the uncertainty

in Nitu21 model is smaller than that of PB96. The ARCADE2 results along with the upper limit

118TH-3334_186121018



GZK γ with PB96

GZK γ with Nitu

GZK γ with Nitu+Fixsen

α=2.0, Ecut=10
22 eV, dmin=0.1 Mpc

HiRes

Auger

10
18

10
19

10
20

10
21

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

E [eV]

E
2
J
(E
)[
e
V
c
m

-
2
s
-
1
s
r
-
1
]

10
18

10
19

10
20

10
21

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

E [eV]

E
2
J
(E
)[
e
V
c
m

-
2
s
-
1
s
r
-
1
]

Figure 7.2: Effect of different ERB models on GZK photon propagation. The model parameters

are chosen as α = 2.0, Ecut = 1022 eV and dmin = 1 Mpc. The left panel shows the GZK photon

flux with different ERB models: PB96 (blue), Nitu21 (red) and Fixsen (brown). The blue and

red curves represent the GZK photon flux with the medium estimate of PB96 and the best

estimate of Nitu21 respectively. Lower ERB yields larger GZK photon flux and vice-versa. The

effect of ARCADE2 ERB results (ERB Fixsen) on GZK photon flux in addition to the effect

of ERB Nitu21 is also shown by the brown curve. The right panel shows uncertainty in the

GZK photon flux due to the model uncertainty. The blue band shows the uncertainty in the

ERB model of PB96 whereas the red band shows the uncertainty in the model of Nitu21. This

shows the uncertainty in the ERB models gives rise to large uncertainties in the GZK photon

flux. Note that we also plot the UHECR flux with the CR data for reference.
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of ERB Nitu21 gives rise to a lower GZK photon flux as shown by the brown curve. All these

ERB model estimates together with the model uncertainties yield a large (about an order of

magnitude) uncertainty for the GZK photon flux. A proper understanding of these uncertainties

is crucial for the detection of the GZK photon flux.

Note that, the large ERB uncertainties at low frequencies (Fig. 7.1) may not yield signifi-

cant effect on the GZK photon flux. This is because the threshold energy of GZK photons for

pair production on such low energy ERB photons is above 1021 eV. The primary cosmic ray flux

above these energies (Ecut ∼ O(1022 eV)) being extremely small, the low energy ERB impact

is much below the sensitivity limitations of various UHE photon and UHE neutrino detectors.

7.2 Detection prospects: multi-messenger approach with GZK

photons and GZK neutrinos

As pointed out before, along with the flux of UHECRs there is a guaranteed flux of GZK

neutrinos and GZK photons. Naturally, measuring the flux of these different messengers at

UHE would allow us to probe the nature of these UHECRs and their sources much better. As far

as the detection of UHECR and GZK photons is concerned, we have the currently operational

UHECR detectors such as the Pierre Auger Observatory (Auger) (52; 319; 5; 321), Telescope

Array (TA) (53) as well as proposed detectors such as Giant Radio Array for Neutrino Detection

(GRAND) 1 (338; 27). In addition, for the GZK neutrino detection, we also have Antarctic

Impulsive Transient Antenna (ANITA) (339), the IceCube neutrino observatory (IceCube and

upcoming IceCube-Gen2) (314; 25), the Askaryan Radio Array (ARA) (51), the Radio Ice

Cherenkov Experiment Observatory (RICE) (340). These neutrino experiments rely on the

principle of Askaryan effect (339; 51; 27; 25). Using lunar Cherenkov technique, SKA will

also be able to detect the GZK neutrinos. For a comparison of sensitivities of different detectors,

see (319; 25).

In Fig. 7.3, we show the flux of GZK photons (left panel) and GZK neutrinos (right panel)

as a function of energy for the benchmark values of parameters given in Table 7.1, considering

UHECR primaries to be protons only. The units of the fluxes in each plot are appropriately

1Auger and GRAND can also detect UHE neutrinos along with the UHECRs.
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Figure 7.3: Detection prospects of GZK photon (left) and single flavour neutrino (right) fluxes.

The left (right) panel shows the typical estimate of GZK photon (neutrino) flux by the red

(blue) curve with associated uncertainty in red (blue) band. The typical estimate is obtained by

choosing the parameters as α = 2.4, Ecut = 1021 eV and dmin = 1 Mpc with minimum estimate

of ERB PB96. For the upper limit of the band, we take α = 2.2, Ecut = 1022 eV and dmin = 0.1

Mpc with minimum estimate of ERB PB96, while for the lower limit, we choose α = 2.7,

Ecut = 5×1020 eV and dmin = 100 Mpc with ERB Fixsen and the maximum estimate of ERB

Nitu. The sensitivities of the UHE photon and neutrino detectors have also been also plotted.

The flux predictions are consistent with the experimental limits (Auger, TA) and theoretical

limit i.e, Waxman-Bahcall for neutrino. Most of the present detectors are not sensitive to the

fluxes. However, future proposals will have sensitivity for detection like Auger 2023 for photon,

GRAND for photon and neutrino, IceCube-Gen2 for neutrino. We have also shown the lower

limit of the fluxes of GZK photons (red dashed) and neutrinos (blue dashed) for 100% UHECR

primaries.
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Parameters Benchmark value Range

α 2.4 2.2−2.7

Ecut (eV) 1021 5×1020 −1022

dmin (Mpc) 1 0.1−100

Table 7.1: The choice of benchmark parameter values and the range considered in our analysis

for Fig. 7.3, see Sec. 6.4 for justification.

chosen so as to draw a comparison with the existing sensitivities of different experiments. The

GZK photon flux has been plotted in units of km−2 y−1 sr−1, whereas the GZK neutrino flux is

shown in units of eV cm−2 sr−1. In the left (right) panel, the red (blue) solid curve corresponds

to the benchmark values whereas the red (blue) band corresponds to the range of variation of

parameters given in Table 7.1 for gamma-rays (neutrinos). The photon band also incorporates

the ERB uncertainty. For the upper limit of the red band, we consider the minimum estimate

of PB96 ERB, whereas the lower limit is obtained by considering the maximum estimate of

ERB Nitu21 together with the ARCADE2 results (ERB Fixsen). The sensitivities of existing

detectors are depicted on the plots which allow for a direct comparison with our prediction. Note

that the GZK neutrino band below 1020 eV is narrower compared to the GZK photon band. This

is due to the fact that the effect of UHECR source parameters (α and Ecut) is more prominent at

the higher energies (see Sec. 6.4) and there is no propagation effect on the GZK neutrinos. It is

evident from observations that there are heavier elements in the UHECR spectrum. The heavier

elements in the UHECRs can result in lowering the GZK photon and GZK neutrino fluxes.

Hence, in addition to the pure proton primary case, we also show the GZK photon (red dashed)

and GZK neutrino (blue dashed) fluxes due to heavier composition, considering 100% iron

primaries. For this estimation, we consider the parameter values as α = 2.7, Ecut = 5×1020 eV

and dmin = 100 Mpc. These fluxes show that the uncertainty in the GZK photon and GZK

neutrino fluxes can extend about an order lower than the lower limit of the pure proton case.

For any mixed UHECR composition, the corresponding GZK photon (neutrino) flux should fall

in between the upper edge of the red (blue) band and the red (blue) dashed curve.

From left panel of Fig. 7.3, it is evident that the existing detectors do not have the sensitiv-

ity to probe the predicted GZK photon flux. However, Auger SD 2025 (brown line) (321) and

GRAND 200k 3 years (gray line) (338) may be able to access the GZK photon flux. Likewise,
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from the right panel it is clear that existing neutrino detectors are insensitive to the predicted

GZK neutrino flux. Only IceCube-Gen2 (25) and GRAND200k (338; 27) could provide us with

opportunities of detection of these fluxes in the future. Note that the IceCube-Gen2 sensitivity

is a band rather than a line due to the radio array design uncertainties of the detector (25).

7.2.1 What can we learn from non-observation GZK photon and GZK

neutrino flux ?

Current upper limits on the UHE photon flux by different detectors (Auger and TA) have been

shown by the downward arrows in the left panel of Fig. 7.3. The sensitivities of the Auger 2025

upgrade (brown line) (321) and the future proposal, GRAND200k 3 years (gray line) (338) have

also been plotted. The upper limit on the GZK photon flux is well below the sensitivity of the

Auger Hybrid (52) and TA (53) detector. However, The sensitivity of the Auger SD 1500 m (52)

detector is found to be close to the benchmark flux in the energy range (1−4)×1019 eV. The

photon fluxes (in the red band) in this energy range above the typical flux mostly come from

the smaller power law index (α < 2.4) and large cut-off energy (Ecut = 1022 eV) of the primary

UHECR spectra. The upper limit at these photon energies (< 1020 eV) also corresponds to

a smaller ERB flux at the medium and higher frequencies. The non-observation of the GZK

fluxes at Auger and the sensitivity of Auger SD 1500 m slightly overlapping with these GZK

photon fluxes can be due to large spectral index, α ≥ 2 and/or heavy UHECR primaries. .

However, one needs to detect the GZK photon flux over a wide energy range to constrain these

parameters. The upcoming Auger upgrade and the GRAND detector will be able to put such

constraints more firmly.

Similarly, sensitivities of different UHE neutrino detectors are plotted in the right panel

of Fig. 7.3. The neutrino flux corresponding to our benchmark parameter values is found to

be consistent with the Waxman-Bahcall limit (341) (Black dashed line). The neutrino bench-

mark flux is also below the sensitivity of IceCube (magenta curve) (25) and Auger (purple

curve) (319) and is consistent with the GZK non-observation at both the detectors. The com-

bined sensitivity of ANITA I+ II+ III (green curve) (342) is found to be above the upper limit

on the GZK neutrinos. The sensitivities of the future detectors ARA37 (orange curve) (51) and
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Figure 7.4: Constraints on GZK photon flux from detection/non-detection of GZK neutrinos at

IceCube-Gen2. The blue and red bands show our estimated GZK neutrino (ν , single flavour)

and GZK photon (γ) fluxes respectively. The brown band shows the sensitivity of IceCube-Gen2

to GZK neutrinos. Following the neutrino sensitivity (brown band), the corresponding limit on

the GZK photon flux has been estimated, shown by the black band. This band also takes into

account of the ERB uncertainties. Detection of GZK neutrinos by IceCube-Gen2 would mean

that the GZK photon flux is above (or within due to ERB uncertainties) this black band.

SKA low (cyan curve) (319; 25) are also found to be above the GZK neutrino flux upper limit.

Thus, none of these detectors are capable of probing the benchmark neutrino flux. However,

the proposed sensitivity (brown band) of the next generation of IceCube experiment (IceCube-

Gen2) will be able to probe the GZK neutrino flux upto 1020 eV. It should be noted that these

neutrino detectors can not probe the effect of the parameter Ecut. Further, the neutrino flux is

nearly independent of the parameter dmin, hence dmin can only be probed through the detection

of GZK protons and photons. In addition, the GZK neutrino flux at lower energies (< 1019 eV)

is almost independent of the parameters α , Ecut and dmin. The variation of the neutrino flux in

these energies can be due to composition effects only. Hence, detection of GZK neutrinos in

IceCube-Gen2 and GRAND will help us to constrain the UHECR composition.
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7.2.2 What can IceCube-Gen2 limit say about GZK photon flux ?

Having discussed the flux prediction and sensitivity limits of the existing detectors for the GZK

photons and GZK neutrinos separately, we now address if observation of any one of the com-

ponent can have implications for detection of the other component, thereby utilizing the power

of multi-messenger approach. In particular, we discuss the implications of GZK neutrino flux

measured by IceCube-Gen2 on GZK photon flux. As we have seen from Fig. 7.3, IceCube-

Gen2 detector is sensitive to the GZK neutrinos upto 1020 eV. Using IceCube-Gen2 neutrino

sensitivity, we compute the corresponding GZK photon flux limit. We compute this limit for

the scenario of UHECR primary to be protons only.

For this estimation, we use the IceCube-Gen2 limit to obtain the normalization and the

spectral index of the primary UHECR proton flux. However, this primary UHECR proton flux

may produce different GZK photon flux due to different propagation effects. In this regard, we

estimate the GZK photon flux corresponding to the neutrino flux sensitivity of IceCube-Gen2

considering propagation effects of both the CMB and ERB. The uncertainties in the ERB give

rise to a band in the GZK photon flux. Our results are shown in Fig. 7.4. The constraints from

IceCube-Gen2 together with the GZK neutrino (blue) and photon (red) fluxes (see Fig. 7.3)

from our analysis are plotted in Fig. 7.4. The brown band shows the GZK neutrino flux sensi-

tivity of IceCube-Gen2 whereas the black band represents the corresponding constraint on the

GZK photon flux. The GZK photon band is wider in comparison the neutrino sensitivity band

primarily due to the effect of ERB uncertainties. Indeed, our limit of the GZK photon flux is

well below the model prediction in the corresponding energies. Thus pointing at the following

crucial multi-messenger implications:

• If IceCube-Gen2 detects GZK neutrinos - the GZK photon flux is guaranteed from the

GZK interaction and expected to lie above or within the black band (Fig. 7.4).

• If IceCube-Gen2 does not detect GZK neutrinos - it would create a tension between the

observed UHECR data and our understanding of the GZK process which links the fluxes

of UHECR primary and secondaries.

This photon flux corresponding to the IceCube-Gen2 neutrino sensitivity can be interpreted

as multi-messenger limit on the GZK photon flux. However, it shouldn’t confused with the
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lowest GZK photon flux that nature can produce. The present limit is for 100 percent protons,

however we found that different composition of UHECR primaries will lead to very similar

multi-messenger limit as the overall normalization is fixed by the IceCube-Gen2 limit. We have

also found that there could be a little variation in the spectral shape of this limit due to the choice

of the primary UHECR spectral index. Nevertheless, this difference is found to be negligible

compared to the uncertainties due to the ERB. However, it should be noted that the GZK photons

suffer from propagation uncertainties and hence it is not possible to derive a similar limit for the

GZK neutrinos from the detection of GZK photons. Also, different UHECR parameters (source

and propagation) lead to the same GZK photon flux as shown in Fig. 7.3. This arbitrariness

makes the reverse correspondence from GZK photons to GZK neutrinos inconclusive.

7.3 Conclusion

In this chapter, we have numerically estimated the diffuse flux of GZK secondaries (neutrinos

and photons) and discussed possibilities of their detection with current and upcoming UHECR

and UHE neutrino experiments. For estimation of the fluxes, we have used the code CRPropa

3.2 assuming that UHECR primary has a power-law distribution with an exponential cut-off.

In Chapter 6, we have analysed the dependence on various parameters such as the spectral

index (α), the cut-off energy (Ecut) and the minimum distance to the source (dmin) and based on

these analysis, we have estimated the GZK secondary flux in this chapter. In order to obtain the

expected flux of the GZK photons, it is important to consider the attenuation of GZK photons by

the CMB as well as ERB. We have considered the impact of both the CMB and ERB (including

the impact of associated uncertainties) on the propagation of GZK photons. Finally, we have

also discussed the possible multi-messenger phenomenological implications of GZK neutrinos

(especially with IceCube-Gen2) on the flux of GZK photons.

The predicted GZK photon flux is found to be below the sensitivities of the telescopes,

Auger and TA. However, in future, Auger 2025 and GRAND200k will be able to probe the

GZK photon flux parameter space. The sensitivity of GRAND200k is expected to be one order

smaller than our predicted upper limit of the GZK photon flux and will be the best option for

GZK photon detection. In addition, we have found that the uncertainties at the high frequency
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part of the ERB spectra can have significant impact on the low energy GZK photon flux. This

low energy flux being detectable at the upcoming UHE photon detectors, Auger SD 2025 and

GRAND200k can provide us better understanding of the high energy ERB spectra uncertainties

(like, ARCADE2 radio excess). The IceCube-Gen2 neutrino detector being sensitive in these

low energies can also provide multi-messenger constraints.

The predicted GZK neutrino flux is beyond the reach of the UHE neutrino detectors like

Auger, IceCube, ANITA, ARA37 and SKA low. The GZK neutrino flux estimate is found to

be in excellent agreement with the Waxman-Bahcall limit (341). The reach of the proposed

IceCube-Gen2 will be better and hence, it is expected that IceCube-Gen2 would be able to

detect GZK neutrinos. It should be noted that uncertainties in source parameters have little

impact on the GZK neutrino flux at energies below 1020 eV and can be used to calibrate the

GZK photon flux for any multi-messenger study.

Apart from discussing the flux prediction and sensitivity limits of the existing detectors

for the GZK photons and GZK neutrinos, we have also addressed the impact of detection of

any one of the component on the other component utilizing the power of multi-messenger ap-

proach. Using IceCube-Gen2 neutrino sensitivity, we have computed the corresponding GZK

photon flux limit. This limit is consistent with our model predictions and yields the follow-

ing crucial conclusions. Any future detection of GZK neutrinos in IceCube-Gen2 will imply a

guaranteed GZK photon flux which can expected within this limit. However, non-detection of

GZK neutrinos at IceCube-Gen2 may create a tension between the observed UHECR flux and

the present understanding of the GZK process. Moreover, detection of the GZK secondaries

can also indirectly lead to an improved understanding of the ERB.

Note that our prediction of GZK neutrinos and GZK photon fluxes is based on the as-

sumption of pure proton composition of UHECR primaries. However, the presence of heavy

elements in the UHECR primaries might result in lower fluxes depending on the fraction of

different heavy elements. Though this is expected to be a minor effect, in principle, the fluxes

of GZK neutrinos and GZK photons presented in this work are representing the upper limits, in

regards to the presence of heavier elements in the UHECR fluxes.
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Chapter 8

Summary and Conclusion

The study of CRs is fascinating as these particles spread over almost 12 decades of ener-

gies from GeV to ZeV and come from different parts of our Universe. Understanding the CRs

will help us in unfolding several issues in CR physics such as their sources, composition and

production mechanism. Observations by various CR experiments have provided us with a rea-

sonable understanding of these issues but not yet complete. Advancements of different gamma-

ray and high energy neutrino telescopes have opened up a new window to multi-messenger

astrophysics providing new insights into the CR physics paradigm. This is because CRs dur-

ing propagation can produce different secondary particles such as gamma-rays and high energy

neutrinos. Neutrinos being weakly interacting propagate through space without any losses and

can be useful in understanding CR source properties. While the gamma-rays attenuate during

propagation due to interaction with these background photons such as CMB, ERB making them

essential to understand the nature of the propagation background. Thus, combined detection of

gamma-rays and neutrinos and a multi-messenger analysis are crucial for the understanding of

the sources and propagation of CRs. Neutrino detectors such as IceCube, Auger (also upcom-

ing KM3NeT, IceCube-Gen2, GRAND) and gamma-ray detectors like Fermi-LAT, Auger (also

upcoming CTA, GRAND) are the drivers of this multi-messenger approach.
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In this thesis, we have performed phenomenological studies of gamma-ray and high energy

neutrino fluxes produced by high energy CRs as well as UHECRs interacting with different

target particles and analyse their detection prospects with the various telescopes mentioned

above. We have also utilized (wherever applicable) the multi-messenger connection discussed

above to constrain these fluxes. In the following, we provide a brief summary of the different

analyses done in this thesis and highlight the major findings.

In Chapter 2, we have estimated the gamma-ray and high energy neutrino fluxes from

the 12 Galactic sources (known as PeVatrons) detected in TeV-PeV gamma-rays by LHAASO,

(22; 28). These detected gamma-rays are expected to be produced by CRs accelerated in sources

like, SNR or pulsars through either hadronic process (CR protons interacting with neighbouring

molecular cloud, i.e, p− p interaction) or leptonic process (inverse Compton by CR electrons).

In the hadronic channel, gamma-rays are accompanied by high energy neutrinos as both are

produced through charged and neutral pion decays created by pp collision. Therefore, detection

of these neutrinos is crucial to probe the hadronic nature of these sources. We have adopted two

prototype sources (SNR G106.3+2.7, SNR G40.5–0.5) for modeling (p − p interaction) the

gamma-ray emission and fitted the gamma-ray fluxes to the observed data (22; 28). Using this

fitting approach, we have obtained the corresponding neutrino fluxes for these two sources.

We have also estimated the neutrino fluxes for the remaining LHAASO sources and analyse

their detection prospects with IceCube, IceCube-Gen2 and KM3NeT. Our study have shown

that several of these LHAASO sources will be discoverable in the upcoming IceCube-Gen2 and

KM3NeT detectors.

In Chapter 3, we have estimated gamma-ray and neutrino fluxes from different types of

young SNe: IIn, II-P, IIb/II-L and Ib/c. In this young SNe scenario, gamma-rays and neutrinos

can be produced by inelastic p− p interaction caused by SN ejecta crashing into a dense CSM.

This interaction of SN ejecta with CSM can produce a fast forward shock accelerating particles

to very high energies (upto a few decades of PeV). The fluxes of these secondary gamma-rays

and high energy neutrinos depend on the properties of the shock as well as on the CSM environ-

ment, i.e, size and density of the CSM. The gamma-ray flux however can undergo absorption

due to pair production on low energy thermal photons in the CSM. The amount of gamma-

ray attenuation depends on the average energy of the thermal photons as well as their density.

Considering all these effects, we have estimated the fluxes of gamma-rays and high energy neu-
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trinos for different types YSNe. We have found that type IIn YSNe produce the largest fluxes of

gamma-rays and neutrinos as the CSM in these SNe are densest. The second largest fluxes are

produced by Ib/c (LT), which have dense CSMs far away from the progenitors giving rise to late

CSM interaction and followed by the fluxes of II-P. The fluxes produced by IIb/II-L and usual

Ib/c YSNe are found to be very small compared to the other types as the CSMs found in these

SNe are very thin. Furthermore, we have analysed the detection prospects of these different

YSNe with current and upcoming gamma-ray (Fermi-LAT and CTA) and neutrino (IceCube,

IceCube-Gen2 and KM3NeT) detectors. We have found that type IIn YSNe having the largest

fluxes are detectable upto 10 Mpc in both gamma-rays and neutrinos, whereas type Ib/c (LT)

and II-P are detectable upto a few Mpc. The remaining YSNe are found to be detectable only

at Galactic distances.

In Chapter 4, we have performed a detailed analysis on the gamma-ray and neutrino flux

from Ib/c (LT) YSNe following different CSM models of SN 2014C in literature. Observations

of certain SNe, such as SN 2014C, in both X-ray and radio wavelengths have unveiled a phe-

nomenon where they experience a resurgence in brightness over a period of approximately one

year following their initial detection. This intriguing discovery suggests a transformation from

a hydrogen-poor SN of Type Ib/c to a hydrogen-rich SN of Type IIn. In our study, we have

undertaken calculations to estimate the neutrino and gamma-ray fluxes emanating from such

Ib/c (LT) SNe. Our calculations have taken into account interactions between protons accel-

erated by the shockwave and the non-relativistic protons within the CSM. We have considered

three different CSM models, inspired by recent electromagnetic observations, to estimate the

fluxes of gamma-rays and neutrinos. Furthermore, we have assessed the potential for detect-

ing these signals using existing and forthcoming gamma-ray telescopes such as Fermi-LAT and

the CTA, as well as neutrino observatories like IceCube, IceCube-Gen2, and KM3NeT. Our

research aligns with the existing results, the non-observation of gamma-rays and high energy

neutrinos from SN 2014C. Nevertheless, our analysis suggests promising prospects for detect-

ing late-time emission from SNe using the Cerenkov Telescope Array and IceCube-Gen2 (in

conjunction with Fermi and IceCube), particularly if the SN event occurs within a range of

10 Mpc (4 Mpc).

In Chapter 5, we have estimated the diffuse fluxes of gamma-rays and high energy neu-

trinos from different types of YSNe discussed in Chapter 3 and Chapter 4. The estimation of
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these diffuse fluxes is motivated by the diffuse gamma-ray observation by Fermi-LAT as well

as the diffuse neutrino flux detected by IceCube. To calculate these diffuse fluxes, several key

factors come into play, including the initial gamma-ray and neutrino fluxes at the source (see

Chapter 3), the rate of CCSNe as a function of redshift, the distribution of different types of

SNe, and the parameters of the cosmological model (ΛCDM) (45). When computing the dif-

fuse fluxes for individual SN types, we have also considered the abundance of each type in

the local Universe (277). The analysis reveals that the diffuse fluxes of gamma-rays and high-

energy neutrinos originating from Type IIn SNe are the most substantial, followed by Type II-P,

Type Ib/c, and Type IIb/II-L. We have also calculated the overall diffuse fluxes encompass-

ing all these YSN types. Interestingly, the total diffuse neutrino flux is found to be consistent

with the data from IceCube’s High-Energy Starting Events (HESE). The corresponding diffuse

gamma-ray flux remains significantly below the data from Fermi-LAT’s Isotropic Gamma-Ray

Background (IGRB). This suggests that for such YSNe with dense CSM, the origin of the IGRB

and HESE signals may not share a common source and no tension between HESE and IGRB

observations for YSNe being the source for HESE.

In Chapter 6, we delved into the intricate processes governing the propagation of UHE-

CRs through the intergalactic space. We have examined the production and propagation of GZK

photons and GZK neutrinos, along with the significance of the ERB in the context of GZK pho-

ton flux propagation. It is expected that the CRs reaching beyond the GZK cut-off threshold

energies (approximately 4×1019 eV) interact substantially with the CMB and suffer significant

attenuation of the UHECR flux. Therefore, the observation of CRs beyond the GZK cut-off

presents a new avenue for investigating the origin and propagation mechanism of UHECRs.

The GZK interaction, involving proton collisions with CMB photons (p+ γCMB), results in the

production of charged and neutral pions through the ∆∗ resonance, subsequently decaying into

gamma-rays (GZK photons) and neutrinos (GZK neutrinos) (49). Detecting these GZK sec-

ondary particles offers vital insights into the UHECR’s source and propagation. To calculate

the fluxes of these GZK secondary particles, it is imperative to comprehend the properties of

the primary UHECR sources as well as the propagation of these secondaries through various

intervening backgrounds. We have formulated the primary UHECR spectrum as a power-law

distribution with an exponential cut-off, representing the maximum energy attainable by CRs

(10; 65; 310). Using this source spectrum model, we have illustrated the production of GZK

photons and GZK neutrinos. The GZK photon flux experiences significant attenuation due to
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interactions such as pair production and inverse Compton scattering with the CMB and the

ERB. The ERB spectrum, characterized by considerable model uncertainties and influenced

by the ARCADE2 radio excess, plays a pivotal role in shaping the predictions for the GZK

photon flux, resulting in substantial uncertainties (306; 307; 309). To exemplify these prop-

agation effects, we calculate the attenuation of GZK photons independently when interacting

with the CMB and the ERB using the CRPropa 3.2 code (310). We have analysed the depen-

dence of GZK neutrino and GZK photon flux on the UHECR source parameters (spectral index

and cut-off energy) as well as on the minimum distance to the UHECR sources. Our analysis

in this chapter establishes the expected properties of the GZK fluxes for variation of differ-

ent source and background characteristics. The large spectral index of the primary UHECR

spectrum is found to imply softer secondary flux and smaller cut-off energies of the primary

UHECR spectrum have resulted in exponential fall of the secondary flux at smaller energies.

The GZK photon flux is found to be strongly dependent on the minimum distance to the source.

For sources located far away from Earth, the GZK photon flux suffers large attenuation. How-

ever, the neutrinos being weakly interacting remain unaffected by the minimum distance to the

sources. We have also shown that impact of ERB on the GZK photon flux is more pronounced

at energies larger than 1019 eV.

In Chapter 7, we have first analysed the impact of ERB model uncertainties on the GZK

photon flux propagation. The two ERB models in the literature: PB96 and Nitu21 have signifi-

cant uncertainties due to observational limitations. In addition to these model uncertainties, the

ARCADE2 experiment’s measurement has identified an excess radio signal at GHz frequencies.

As the propagation of GZK photons is strongly impacted by the ERB photons leading to severe

attenuation, the uncertainties in the ERB models can also affect the prediction of GZK photon

flux. We have analysed the impact of the ERB model uncertainties on the GZK photon flux at

Earth and found that these uncertainties could lead to about a order of uncertainties in the GZK

photon flux. Since the GZK neutrinos are not affected by the ERB or any other propagation ef-

fects, their detection will help in constraining the UHECR source properties, eventually leading

to contraints on the GZK photon flux. This constrained GZK photon flux is also dependent on

the ERB model uncertainties. This multi-messenger probe might be feasible with the upcoming

UHECR (Auger upgrade, GRAND200k) and UHE neutrino (IceCube-Gen2) detectors. In or-

der to understand the detection prospects of the GZK fluxes, we compute the GZK photon and

neutrino fluxes based on constraints available from UHECR observations. We have found that
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the estimated GZK photon and GZK neutrino fluxes are below the sensitivities of the currently

operating detectors. However, the future planned experiments mentioned above are found to

have substantial sensitivities to these fluxes. In fact, the sensitivity of IceCube-Gen2 to GZK

neutrino flux is found to be best among all the detectors and will be able to hunt the GZK neu-

trino flux one order lower than the current prediction. So the detection of GZK neutrinos will

allow us to constrain the GZK photon flux. Following this multi-messenger approach, we have

also computed the limit on the GZK photon flux corresponding to the IceCube-Gen2 neutrino

sensitivity, considering propagation uncertainties due to ERB.

To conclude, we have investigated the potential for detecting gamma-rays and UHE neutri-

nos originating from a range of astrophysical sources and examined the multi-messenger impli-

cations of such detections. The presence of substantial uncertainties in the fluxes of gamma-rays

and high-energy neutrinos is primarily attributed to observational limitations. Nevertheless, it’s

important to note that the inventory of astrophysical observations continues to evolve regularly,

thanks to advancements in various telescope technologies. Looking ahead, the forthcoming

IceCube-Gen2 and GRAND detectors hold the promise of unveiling a multitude of cosmic ray

mysteries in the near future.
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Appendix A

Acceleration and different cooling

timescales of CRs

Shock accelerated protons lose energy through different processes such as pp interactions,

dynamic or adiabatic losses, proton synchrotron, inverse Compton, Bethe-Heitler, etc. In this

Appendix, we provide an overview of the different energy loss time scales for high energy

protons and compare them with the acceleration time scales.

Acceleration time scale

The proton acceleration time scale is given by (174):

tacc =
6Epc
eBv2

sh
, (A.1)

where the magnetic field B is given in Sec. 3.2.1.
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Figure A.1: Acceleration time scale of protons and various proton energy loss processes as

functions of the proton energy for Type IIn YSNe (top panels) and Type II-P SNe (bottom

panels) using the parameters in 3.1 and Sec. 3.4.2. The left panels show the interaction time for

r = rin, while right panels consider r = 10 rin. Proton cooling is dominated by pp losses and

therefore the total cooling timescale is the same as the pp collision timescale.
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Adiabatic loss time scales

The adiabatic loss time scale for protons is same as the dynamical time scale and is given by:

tad ∼ tdyn =
r

vsh
. (A.2)

Proton-proton collision time scale

The pp collision time scale is given by

tpp = (κppσpp(Ep)nCSM(r)c)−1, (A.3)

where κpp = 0.5 is the pp collision inelasticity.

Proton synchrotron time scale

High energy protons may lose energy due to proton synchrotron radiation. The corresponding

synchrotron time scale is given by (343; 344):

tsyn =
γmpc2

Psyn
, (A.4)

where γ = Ep/mpc2 and Psyn is the synchrotron power loss and is given by

Psyn =
4
3

σT c
(

me

mp

)2 B2(r)
8π

(vsh

c

)2
γ

2 , (A.5)

where σT is the Thomson scattering cross-section.
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Inverse Compton loss time scales

Protons may lose energy to low energy SN photons via inverse Compton scattering and the

corresponding loss time scale is given by (343)

tIC =
γmpc2

PIC
, (A.6)

where the inverse Compton power PIC is given by

PIC =
4
3

σTcUph(r)γ2
(vsh

c

)2
(

me

mp

)2

, (A.7)

where, Uph(r) is the energy density of photons in CSM (35):

Uph(r) =
LSN,pk

(4πcr2
in)

(rin

r

)2
. (A.8)

The SN peak luminosity LSN,pk for different YSNe can be found in Sec. 3.4.2.

Bethe-Heitler energy loss time scale

The Bethe-Heitler energy loss time scale is

tBH = τBH

(
r

rin

)2

(A.9)

where τ
−1
BH = (κBHσBHcUph(rin))/εav and κBHσBH ≈ 6×10−31 cm2 (35).
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Dominant energy loss processes

Fig. A.1 shows the time scales introduced above as functions of the proton energy for the dom-

inant YSN classes: SNe IIn (top panel) and II-P (bottom panel), see Table 3.1. Since the

CSM density and SN thermal photon density change with the shock radius, the acceleration

timescale and different cooling timescales also change. Therefore, we show the evolution of

these timescales for two different values of shock radius, i.e., r = rin (left panel) and r = 10rin

(right panel). For both classes of SNe, the dominant energy loss processes are pp collisions

and adiabatic losses for both shock radii. Note that photo-hadronic (pγ) interactions are not

important here as the average energy of SN thermal photons is about 1 eV; the threshold energy

of protons for this process is ∼ 10 PeV and the SN flux of protons above this energy is very

small. Moreover, the cross-section of pγ interactions (∼ 10−28 cm2 (49)) is much smaller than

that of pp interaction (∼ 10−26 cm2 (29)).
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