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Abstract

Neutrinos with energies above a few TeV are produced in supernovae as a result of

proton-proton interactions as the shock propagates in the circumstellar medium. In

addition, neutrinos of high energy can be produced if a jet is harbored and choked

in the supernova envelope. In this scenario no electromagnetic radiation would be

visible. In this project, we will explore these different explosion scenarios and ex-

plore how to discriminate the explosion mechanism through non-thermal neutrinos.

The models described lead to TeV neutrino production through different non-

thermal particle cooling methods like proton-proton collision, photo-proton collision,

synchrotron, Inverse Compton, and the Bethe-Heitler process. These processes de-

cide the cooling timescale which then compared to the acceleration timescale due to

the magnetic field gives the maximum energy the hadrons and leptons can acceler-

ate to. We aim to extend the detection horizon of Ice-Cube by proposing expected

neutrino spectra and event rates from these mechanisms and discuss how good the

predictions and the detections could be, for an event in Milky Way.
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Chapter 1

Introduction

Before studying the neutrino emission from the supernovae, it’s very important to

know the physics behind the supernova explosions, the very basics of which are

driven by the properties of progenitor stars. After this, we will shed some light on

the abundant ”ghost particles” of the universe referred to as Neutrinos. It is one

of the many particles produced in supernova explosions and has proved to be very

promising as a probe of the universe.

Figure 1.1: Life cycle of star
Credits : NASA
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1.1 Supernovae

When a massive star (>8M� approx.) reaches the end of its evolutionary cycle

and collapses under its own gravity or a binary star system with a white dwarf is

triggered into a runaway fusion reaction, these conditions lead to a violent expulsion

of outer layers of the star referred to as supernova. Supernova explosions(SNe) have

a short observation time window but have a high peak optical luminosity before

fading away, this increases the need for their exploration as they can give more

information in less time [1].

Supernovae are a site of extreme particle acceleration and sources of various

particles in our universe, one of them being neutrinos. They are also considered

one of the sources of elements heavier than iron through neutron capture by atomic

nuclei. These atomic nuclei are formed by nucleosynthesis when nuclear fusion takes

place at a collapse-induced shockwave in the stellar envelope. Therefore, one can

say that such cosmic explosions are essential for the biological life forms consisting

of these heavy elements like iron, zinc, manganese, etc. [2]

Some of the bright SN in our Milky Way galaxy have been directly observed by

people back in history. The rate of SNe in the Milky Way is about three stars per

century making it important to look outside the Milky Way [1]. Fortunately, tran-

sient astronomy is growing rapidly and hundreds of such transient events are being

observed every night with the help of various wide-field sky surveys like the Palo-

mar Transient Factory (PTF), Zwicky Transient Facility (ZTF), upcoming Large

Synoptic Survey Telescope (LSST), etc.

1.1.1 Classification

Supernovae are classified on the basis of their spectral features and sometimes by

the light curves. They are broadly classified into two categories type-I and type-II

depending on the presence of hydrogen lines in the spectrum. Type-I is further

subcategorized into three groups on the basis of the silicon absorption feature and

the presence of helium lines in the spectrum whereas type-II is subcategorized into
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four types depending upon the shape of the light curve and the spectrum [3][4] as

shown in Table 1.1.

Supernova taxonomy

Type I
no hydrogen

Type Ia
presence of Si line

Thermonuclear

Type Ib/c
no Si absorption feature

Type Ib
shows a He line

Type Ic
weak or no He line

Core-collapseType II
shows hydrogen
lines

Type II-P
reaches a ”plateau” in its light curve

Type II-L
displays a ”linear” mag. decrease in light curve

Type IIn
narrow spectral lines

Type IIb
broad spectral lines

Table 1.1: Supernovae classification and process driving them [3][4].

Further in Fig 1.2, we can see the typical light curves for different supernovae. These

light curves don’t insist on any specific values for a given type but compare a general

trend of how they look for different supernovae types. We can see the light curve of

supernova II-P is flat between day-10 and day-90 whereas for II-L it is decreasing

linearly till the end. SN Ia is generally the brightest of all emitting ≥ 1043 erg/s in

optical, billion times that of the Sun and is driven by the runaway thermonuclear

mechanism whereas the rest of them are driven by the core-collapse mechanism.

However, core-collapse supernovae are more energetic than Ia. A few percent of the

type Ib/c supernovae are associated with gamma-ray bursts (GRB) as well. Let’s

keep in mind, light curves of Ib-Ic or IIb-IIn may or may not be alike because their

classification is based on absorption spectral features rather than light curves.
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Figure 1.2: Typical light curves for several types of supernovae; in practice, magni-
tude, and duration varies within each type. See [5] for types Ia, Ib, II-L and II-P;
[6] for types Ic and IIb; and [7] for type IIn.

Well, the classification has always been on how the supernova looks and what are its

properties but not necessarily on its cause. Supernovae are driven by either runaway

thermonuclear or core-collapse mechanisms. Let’s talk a little about the mechanism

driving them.

1.1.2 Runaway thermonuclear supernova

A runaway thermonuclear SN happens in a binary system consisting of a white

dwarf accumulating material from a close companion star. This increase in mass at

a high accretion rate increases the core density and temperature enough to ignite the

fusion, which results in a runaway thermonuclear reaction, completely destroying it.

The fusion reactions continue all the way up until iron group elements are produced

throughout the star. There are two theoretical ways: accretion of material from a

companion star probably a giant or the collision of two white dwarfs. The dominant
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mechanism by which type Ia supernovae are produced remains unclear [8].

SN Ia has very uniform properties and is useful standard cosmic candles over

intergalactic distances, even if there is no surety about the underlying mechanisms.

Some calibrations are required to compensate for small variations in brightness or

for the gradual change in properties of abnormal luminosity supernovae [9][10] (in

which the mass exceeds Chandrashekhar limit [11] but have less ejected kinetic en-

ergy than normal and is supported by the rotation of star [12]).

Figure 1.3: Runaway thermonuclear mechanism for SN Ia. [13]

1.1.3 Core-collapse SN

A core-collapse supernova can be either type I (Ib/c) or type II (II-P/L/n/b), as

discussed in 1.1.1 the only observational distinction between them is the presence

or absence of hydrogen lines in their spectrum.

When a massive star is exhausted of hydrogen for burning, the core pressure

drops and it can’t sustain against its own gravity. As a result, the core is compressed

and simultaneously heated up initiating further fusion reaction. While the core

contracts and produce elements till iron through nuclear fusion, the stellar envelope
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expands and cools down. After an iron core is formed, fusion stops due to iron’s

highest binding energy per nucleon and the temperature doesn’t rise anymore. The

core of the star with iron group elements has a mass ' 1.4M� and diameter ∼

6 × 103 km (similar to a white dwarf density) which collapses to the scale of a

neutron star [14] (diameter ∼ 30 km) within a second due to lack of counter-pressure

against its own gravity, causing an explosion that results in a core-collapse supernova

(CCSN) [15].

The energy liberated in such a collapse is the same as the increase in the grav-

itational binding energy of the core (typically ∼ 1053 erg) and is easily estimated.

It turns out that the kinetic energy of the outgoing stellar envelope released in the

explosion is ∼1% of the gravitational binding energy of the core in such a supernova

and the energy released in electromagnetic radiation is about ∼1% of the former

[16]. The outer envelope of a pre-collapsed star is usually more massive than the

core, but also much less dense (diameter ∼ 6 × 108 km) and less gravitationally

bound due to the small core. So, the energy required to completely destroy the

envelope is just a small fraction of the energy released in the core collapse [15].

The CCSNe generally leaves either a neutron star or a black hole [17] depending

upon the properties of the core during the collapse with low-mass degenerate cores

forming neutron stars, higher-mass degenerate cores mostly collapsing completely

to black holes, and non-degenerate cores undergoing runaway fusion [18][19]. The

higher-mass degenerate cores that collapse into black holes do not result in a vis-

ible supernova [20]. This happens because the core collapse is never stopped by

the degeneracy pressure due to its large mass and the mechanism that produces an

explosion never happens.

The four images in Fig. 1.4 are snapshots from a 20s animation and show a

massive star exploding in a CCSN. As the fusion continues inside the star, eventually

it can’t support its own weight and the star collapse [21]. These snapshots are

described as:

• at t=0s, there is a pre-collapse star generally a red supergiant.
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(a) at t=0s (b) at t=4s

(c) at t=8s (d) at t=10s

Figure 1.4: Snaps of a core-collapse supernova(CCSN) from an animation [21]
Credits: NASA/JPL-Caltech

• at t=4s, the core is collapsing and the temperature rises.

• at t=8s, a bounce shock expands, driven by the collapse and probably powered

by neutrinos produced through photo-disintegration and neutronization inside

the core.

• at t=10s, a supernova explosion occurs due to the transfer of a fraction of

energy from the core collapse to the stellar envelope.

1.2 Neutrinos

A neutrino is a neutral elementary particle with a spin of 1/2 (also called a fermion)

that only interacts via weak interaction and gravity but shows no strong interaction
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[22]. The rest mass of the neutrino is very small as compared to other elementary

particles excluding gluon and photon whose rest mass is zero [23]. Due to the

short range of weak force and weak gravitational interaction of neutrinos, they pass

through normal matter unimpeded and undetected [24][25].

There are three flavors of neutrinos created by weak interactions [24], each asso-

ciated with one of the leptons:

• electron neutrino (νe) associated with electrons (e−),

• muon neutrino (νµ) associated with muons (µ−),

• tau neutrino (ντ ) associated with tau particles (τ−)

Initially, neutrinos were thought to be massless but later it was found that there

exist three distinct neutrino masses, however, each flavor state of neutrino is a

specific superposition of all the three mass states and the exact mass values are

unknown as of now. There also exists a unique phenomenon with neutrinos called

oscillation in which a definitive flavor of neutrino can be measured to change flavor

states while traveling long distances (in kms) [24].

They are also known to have a neutral antiparticle known as anti-neutrinos which

differs from corresponding neutrinos by having a lepton number with an opposite

sign and a right-handed chirality instead of left-handed.

1.2.1 Neutrino production

Neutrinos are produced in various sources by radioactive decay. Some of these are:

• β-decay of atomic nuclei or hadrons,

The study of beta decay provided the first physical evidence for the exis-

tence of the neutrino due to the non-conservation of energy and angular

momentum in the reaction.
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β− decay : n → p+ e− + ν̄e

udd
n

udu

p ν̄e

e−

W−

t

β+ decay : p → n+ e+ + νe

udu
p

udd

n νe

e+

W+

t

The Feynman diagram on the left is associated with β− decay whereas

the right is for β+ decay.

These Feynman diagrams show the fundamental process of neutrino pro-

duction where an up(down) quark changes to a down(up) quark by

emitting a W+/W− boson respectively that later decays into a pair of

fermions, constituting neutrino and positron or anti-neutrino and elec-

tron keeping lepton number preserved.

• nuclear reactions like in the core of a star, nuclear reactors, nuclear bombs, or

particle accelerators

These reactions have nuclear fusion and fission chain reactions going on

till the particles end up or become stable enough to not participate in

the reaction.

Some of the reactions that happen inside a star like our Sun is the

proton − proton or electron − capture chain reaction as shown in Fig

1.5.

• during a supernova

Stars end their life as supernovae with different mechanisms as described

in sub-sections 1.1.2 and 1.1.3.

Though there are neutrinos and antineutrinos coming from SN-Ia (run-

away thermonuclear) explosion due to decays of the fusion products that
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Figure 1.5: Different reactions taking place inside the star’s core producing neutrinos
Credits: Wikipedia

are beta unstable, most of the energy is released as the kinetic energy of

the ejecta and electromagnetic radiation, which is driven by the decays

of the iron group elements.

In core-collapse supernovae, most of the energy is directed into neutrino

emission, and some of this apparently powers the observed destruction

as described in 1.1.3. 99%+ of the neutrinos escape the star in the first

few minutes following the start of the collapse. High-energy(non-thermal)

neutrinos also originate when the particles accelerate at the forward shock

from collapse in the stellar envelope, or when the SN ejecta interacts with

the circumstellar medium (CSM) around the star, about which we will

talk in Chapter 2.

• when cosmic rays or accelerated particle beams strike atoms

Cosmic rays are high-energy particles primarily consisting of protons or

atomic nuclei that move through space at nearly the speed of light. They

have different sources of origin which can be some star or a distant galaxy.
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When a cosmic ray from space interacts with atoms in Earth’s atmo-

sphere it produces a shower of particles like pions(π), kaons(K), and

heavy baryons which are unstable and further decay into photons(γ),

and leptons(e, µ, νe/µ) which include neutrinos.

Some of the reactions that take place in the air shower before we observe

photons, muons, electrons, and neutrinos at the ground are :

π0 → γ + γ (opposite spin photons); π+ → µ+ + νµ (similarly for

π−); K± → π± + π0 ; K+ → µ+ + νµ (similarly for K−, there might

be different decay channels for a particle); γ → e+ + e− ; µ+ →

e+νe + ν̄µ (similarly for µ−) [26].

Figure 1.6: Production of neutrinos by cosmic-ray interactions with atoms in the
Earth’s atmosphere. It happens around 15km above the ground [27].

1.2.2 Neutrino Astronomy

Neutrino astronomy is the branch of astronomy that observes astronomical objects

with the help of neutrinos. When astronomical bodies are studied using light, only
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the surface of the object can be directly observed. Any photons produced in the

core of a star will interact with particles in the outer layers of the star, taking

thousands of years to reach the surface. Neutrinos rarely interact with matter, unlike

photons. Therefore, neutrinos offer a special method to observe what’s happening

inside astronomical objects with high matter density that restrict photons to emerge

instantly and hence, hidden from optical telescopes, such as reactions in the Sun’s

core.

Figure 1.7: IceCube Neutrino Observatory with the in-ice array, sub-array Deep-
Core, and the cosmic-ray air shower array IceTop [28].

Since neutrinos interact weakly, neutrino detectors have large target masses,

thousands of tons. Currently, there are many functioning neutrino observatories

all around the globe like IceCube, Hyper-Kamiokande (Hyper-K), Jiangmen Under-

ground Neutrino Observatory (JUNO), India-based Neutrino Observatory (INO),

Baikal Deep Underwater Neutrino Telescope, Cubic Kilometre Neutrino Telescope

(KM3NeT), Neutrino Ettore Majorana Observatory (NEMO), etc.
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Some of the applications of neutrino astronomy are -

• Supernova alert system - Seven neutrino experiments: Super-K, LVD, IceCube,

KamLAND, Borexino, Daya Bay, and HALO work together as the Supernova

Early Warning System (SNEWS) [snews.bnl.gov].

In a core collapse, while photons are trapped for hours, neutrinos escape in

seconds and most of the energy is released in neutrinos. So, they can reach

Earth before photons do. If more than one SNEWS detectors observe an

increased flux of neutrinos coincidentally, an alert is sent to prepare for su-

pernova observation. The alert can also point toward the supernova’s location

in the sky by using the distance between detectors and the time difference

between detections.

Figure 1.8: Energy spectrum of the astrophysical neutrino flux vs atmospheric neu-
trino flux from kaon and pion decay(blue shaded) and charmed decay(green line)
Credits: IceCube Collaboration

• High-energy astrophysical events - Neutrinos can either be produced in as-

trophysical processes or from cosmic ray interactions. We have discussed the
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latter in 1.2.1. At low energies, the flux of atmospheric neutrinos is greater

than astrophysical neutrinos whereas the astrophysical neutrino flux domi-

nates at high energies (∼ 102 TeV ) as shown in Fig 1.8.

There are many sources of high-energy neutrinos like compact binary pairs of

black holes and neutron stars, supernovae, gamma-ray bursts, active galactic

nuclei, and relativistic jets. If the neutrino interacts within a detector and

produces a muon, the muon will produce an observable track. At high energies,

the neutrino direction and muon direction are closely correlated which helps

in tracing the source of neutrino [29].

These neutrinos and cosmic rays from different astrophysical processes along

with electromagnetic and gravitational observations from different sources can

provide better information and are probes of multi-messenger astronomy.
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Chapter 2

Theory

This work focuses on high-energy (non-thermal) neutrino production that might

be observed from a core-collapse supernova(CCSN) or choked jets in a roughly

estimated distance of 10 kpc from Earth which reaches the center of the Milky

Way(MW) galaxy.

Figure 2.1: (Left) Local rate of core-collapse SNe [30]. Type II-P followed by Ib/c
are the most common ones at z = 0. (Right) Additional distribution of 21 expected
SN candidates in Milky Way A.1 suggesting Ib/c as a probable SN type candidate.

The distribution of different CCSN types varies with redshift due to the change

in the density of stars and varying metallicity of the host galaxies seen at higher

redshift. Unfortunately, the distribution of CCSN types at increasing redshift is

uncertain, and limited information is available up to z = 1 [31]. So, to take into
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account that some CCSN types are more common than others, we assume that the

distribution of CCSN types at z = 0 shown in Fig 2.1 is also true at higher redshift

[30].

So, IIP and Ib/c are the most probable CCSN type that may occur in MW and

hence, I chose to work on high-energy neutrino production from these two SN types

in Milky Way. While IIP candidates produce most of the high-energy neutrinos

from the CSM-ejecta interaction, Ib/c is also believed to harbor jets inside which

amounts to explain the observed neutrino and photon spectra. I considered different

models that lead to high-energy neutrino production from CCSN and jets.

These mechanisms lead to TeV neutrino production through non-thermal parti-

cle acceleration like diffusive shock acceleration (Fermi acceleration) and different

particle scattering/interaction like proton-proton collision, photo-proton collision,

synchrotron, inverse-Compton, and the Bethe-Heitler process decides the cooling

timescale of particles which we describe in ??.

2.1 Models

My theory model mainly includes all the information from references

[32][33][34][35][36][37][38][39][40][41][42][43][44] and other references mentioned in

these papers.

2.1.1 CSM-ejecta interaction

The circumstellar material is a result of progenitors’ mass loss in the past few months

to years before the supernova. So, progenitors with different properties are respon-

sible for different SNe, and the neutrino production depends on the CSM properties

and SN ejecta kinetic energy. CSM – ejecta interaction happens when supernova

ejecta after the explosion propagates in a radially outward direction and starts to

interact with the CSM, generating a shock-front moving along with ejecta that ac-

cumulates the CSM, which at a later time is also responsible for the deceleration of

the shock. IIP has been a promising candidate for this interaction.
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Figure 2.2: Sketch of assumed spherically symmetric SN explosion. The outer edge
of the CSM is marked as Rcsm. The dashed line marks the position of the breakout
radius (Rbo) whereas the dotted line marks the deceleration radius of the ejecta
(Rdec). The interaction of the SN ejecta (dark red coloured region) with the CSM
leads to the formation of shocks that propagate radially outwards (blue line)[34].

We assume a spherical, steady and wind-like circumstellar medium (CSM) with

solar composition ejected from the massive progenitor in the final stages of its evo-

lution. We define its number density profile as-

nCSM(R) =
ρCSM(R)

m
=

Ṁ

4πvwmR2
(2.1)

where Ṁ is the stellar mass loss rate, vw the wind velocity, m = µmH; with µ =

1.3 being the mean molecular weight for a neutral gas of solar abundance, and R

the distance to the stellar core.

We assume that spherically symmetric SN ejecta of mass Mej and kinetic energy

Ek expand in the surrounding CSM homologously. The CSM extends up to an

external radius RCSM. The outer ejecta density profile, which is relevant for the

interactions leading to neutrino production, scales as nej ∝ R−s, where we assume s

= 10. The shocked SN ejecta and CSM form a thin dense shell because of efficient
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radiative cooling. Being the thickness of the thin shocked shell much smaller than

its radius, one can describe its evolution through the radius Rsh(t). In the ejecta-

dominated phase, namely in the phase in which most part of the ejecta is still freely

expanding (i.e. when the mass of the ejecta is larger than the swept-up CSM mass),

the shock radius is given by:

Rsh(t) =

[
2

s(s− 4)(s− 3)

vw

Ṁ

[10(s− 5)Ek]
(s−3)/2

[3(s− 3)Mej](s−5)/2

]
(2.2)

with the corresponding shock velocity vsh = dRsh

dt
. But we have kept a constant

shock velocity, as it doesn’t introduce much difference.

Because of the high CSM density, the forward shock is initially expanding in

a radiation-dominated region, and particle acceleration is not efficient. Efficient

particle acceleration takes place at radii larger than that of the shock breakout

(Rbo), where initially trapped photons are free to diffuse out to the photosphere; the

shock breakout radius is computed by solving the following equation:

τT (Rbo) =

∫ Rcsm

Rbo

ρCSM(R)κesdR =
c

vsh
(2.3)

where κes = 0.34 cm2g−1 is the electron scattering opacity at solar abundances, and

c is the speed of light. When the SN ejecta mass Mej becomes comparable to the

swept-up mass from the CSM, the ejecta enters the CSM-dominated phase. This

transition happens at the deceleration radius. For R > Rdec, the forward shock

radius evolves as given by

Rsh(t) = Rdec

(
t

tdec

)2/3

; (2.4)

where ,

Rdec =
Mejvw

Ṁ

here, we have assumed adiabatic dynamical evolution for the sake of simplicity. At

radii larger than Rbo, diffusive shock acceleration of the incoming CSM protons takes
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place. The proton injection rate for a wind density profile is

Qp(γp, R) ≡ d2Np

dγpdR
' 9πεpR

2
bonbo

8 ln

[
γp,max

γp,min

] [vsh(Rbo)

c

]2(
R

Rbo

)2α

× γ−k
p H(γp − γp,min)H(γp,max − γp) (2.5)

where the parameter α dictates the radial dependence of the shock velocity (vsh ∝

Rα), it is α = −1/7 in the free expansion phase (R < Rdec) and α = −1/2 in the

decelerating phase (R > Rdec). εp is the fraction of the shocked thermal energy

stored in relativistic protons and H(x) is the Heaviside function.

We set the proton spectral index k = 2 and the minimum Lorentz factor of

the accelerated protons γp,min= 1. The maximum Lorentz factor of protons γp,max

is obtained by requiring that the acceleration timescale is shorter than the total

cooling timescale for protons: tacc ≤ tp,cool.

tacc ∼ 20γpmpc
3/3eBv2sh; (2.6)

where, B =
√

32πεBmpv2shnCSM (2.7)

B is the magnetic field in the post-shock region, whose energy density is a fraction

εB of the post-shock thermal energy density. The latter is obtained by considering

the Rankine-Hugoniot jump conditions across a strong non-relativistic shock with a

compression ratio approximately equal to 4.

The most relevant energy loss mechanisms for protons are inelastic pp collisions

and the cooling due to adiabatic expansion of the shocked shell, hence,

t−1
p,cool = t−1

pp + t−1
ad
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, where

tpp = (4kppσppnCSMc)−1 (2.8)

tad = min[tdyn, tcool] (2.9)

tdyn = vsh/Rsh (2.10)

tcool =
3kBT

2nshΛ(T )
(2.11)

we assume constant inelasticity kpp = 0.5 and energy-dependent cross-section σpp(Ep).

kB is the Boltzmann constant, nsh = 4ncsm is the density of the shocked region, and

Λ(T ) is the cooling function capturing the physics of radiative cooling. Here T is

the gas temperature immediately behind the forward shock front obtained by the

Rankine-Hugoniot jump conditions, given by:

T = 2
(γ − 1)

(γ + 1)2
mv2sh
kB

Λ(T ) =

6.2× 10−19T−0.6, 105K < T ≤ 4.7× 107K

2.5× 10−27T 0.5, T > 4.7× 107K

where γ=5/3 is the adiabatic index of the gas and the units of the cooling function

Λ(T ) is given by erg cm3 s−1.

Relativistic protons in the shocked region may also interact with the ambient

photons via pγ interactions. However, in this work, we ignore this energy loss

channel as pγ interactions can be safely neglected for a wide range of parameters.

The evolution of the proton distribution is given by:

∂Np(γp, R)

∂R
− ∂

∂γp

[γp
R
Np(γp, R)

]
+

Np(γp, R)

vsh(R)tpp(R)
= Qp(γp, R) (2.12)

where Np(γp, R) represents the total number of protons in the shell at a given radius

R with Lorentz factor between γp and γp + dγp. The second term on the left side of eq

2.12 takes into account energy losses due to the adiabatic expansion of the SN shell,

while pp collisions are treated as an escape term as they do not affect the evolution of
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the high-energy cutoff of the distribution but just the number of available protons.

Other energy loss channels for protons are negligible. Furthermore, the diffusion

term has been neglected since the shell is assumed to be homogeneous.

For a generic source term of protons, Qp(γp, R), the proton distribution as a

function of shock radius is given by:

Np(γp, R) =

∫ R

Rbo

Qp(γ0, r0)
γ0
γp

fp(R, r0)dr0 (2.13)

where,

γ0 = γ

(
R

r0

)
and

fp(R, r0) = exp

[
−App

qpp

(
Rbo

r0

)qpp (
1−

(r0
R

)qpp)]
In the above equation, we introduced qpp = w− 1+α and App = 10(w− 1)β−2

0,−1.

The neutrino production rates, Qνi+ν̄i [GeV −1cm−1], for muon and electron flavor

(anti)neutrinos are given by :

Qνµ+ν̄µ(Eν , R) =
4nCSM(R)mpc

3

vsh

∫ 1

0

dx
σpp(Eν/x)

x
Np(Eν/xmpc

2, R)

(F 1
νµ(Eν , x) + F 2

νµ(Eν , x)) (2.14)

Qνe+ν̄e(Eν , R) =
4nCSM(R)mpc

3

vsh

∫ 1

0

dx
σpp(Eν/x)

x

Np(Eν/xmpc
2, R)Fνe(Eν , x) (2.15)

where x = Eν/Ep. The functions F 1
νµ , F 2

νµ and Fνe are from paper. Equations

2.14 and 2.15 are valid for Ep > 100 GeV, corresponding to the energy range under

investigation.
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2.1.2 Choked jet model

Choked Jets in low-luminosity gamma-ray bursts(LL-GRBs) are a possible explana-

tion for the missing gamma-ray signal as compared to the neutrino signal for which

Ib/c is more probable to harbor jets than IIP. The LL-GRBs launched by compact

objects like a neutron star or black hole travel for a short duration and stall inside

the extended stellar envelope producing neutrinos at the shocks inside.

Figure 2.3: The Compact object is surrounded by a helium (He) and hydrogen(H)
envelope. The progenitor core is surrounded by an extended stellar envelope of
radius Renv. The jet(gray) gets choked inside the extended stellar envelope.

We consider a collapsing star that has not lost its H envelope completely, and

it is surrounded by an extended shell of radius Renv ' 3 × 1013 cm and mass

Menv ' 102M�. For the extended envelope, we consider the following density profile:

ρenv = ρenv,0

(
R

Renv

)−2

(2.16)

where ρenv,0 = Menv

[∫ Renv

RCO
dR4πR2ρenv(R)

]−1

. We assume a fixed-density profile

for the extended envelope. The jet is launched near the surface of the CO, with

luminosity Lj, and narrow opening angle θj.

For fixed θj, the dynamics of the jet only depend on the isotropic equivalent
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quantities. Hence, it is convenient to define the isotropic equivalent luminosity of

the jet: Liso
j = Lj/(θj/2)

2. The isotropic equivalent quantities are always defined in

the CO frame.

While the jet pierces through the stellar envelope, two shocks develop- a reverse

shock propagating back to the core of the jet, and a forward shock propagating

into the external envelope. The region between the two shocks constitutes the jet

head. Denoting with Γ the Lorentz factor of the unshocked jet plasma (i.e., the bulk

Lorentz factor of the jet) and with Γh the one of the jet head, the relative Lorentz

factor is the following:

Γrel = ΓΓh(1− ββh) (2.17)

We assume a non-relativistic jet head (Γh '1), which implies Γrel ' Γ; this assump-

tion is valid for the region of the parameter space of interest.

Here n′
j = L̃iso

j /(4πR2mpc
3Γ2) is the comoving particle density of the unshocked

jet. From the shock jump conditions, we equate the energy densities in the shocked

envelope region and in the shocked jet plasma at the position of the jet head R̃h ≡

Rh, and get the jet head speed for non-relativistic case:

esh,env = (4Γh + 3)(Γh − 1)ρenv(Rh)c
2 (2.18)

esh,j = (4Γrel + 3)(Γrel − 1)n′
j(Rh)mpc

2 (2.19)

vh '

[
L̃iso
j

(4Γh + 3)πcρenv(Rh)R2
h

]0.5
(2.20)

and subsequently Rh ' vht/(1 + z) = vht̃, where z is redshift of the source. If

Rh < Renv, the jet is choked inside the stellar envelope.

The jet consists of several shells moving at different velocities. This implies that

internal shocks may take place in the jet at RIS ≤ Rh when a fast shell catches up

and merges with a slow shell. We assume that the internal shocks approach the jet

head, i.e., RIS ' Rh. Efficient particle acceleration at the internal shock takes place

only until the shock doesn’t become radiative and hence, should follow the condition
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given below.

n′
pσTRIS/Γ ≤ min[Γ2

r, 0.1Γ
3
r/C] (2.21)

where constant C = 1 + 2 ln Γ2
r takes care of pair production, n′

p ' n′
j is the proton

density of the unshocked jet material and Γr is the relative Lorentz factor between

the shells in the jet.

Electrons can be accelerated at the reverse shock between the shocked and the

unshocked jet plasma. Then, they heat up and rapidly thermalize due to the high

Thomson optical depth of the jet head. ne,sh,j = (4Γh + 3)n′
j is the electron density

of shocked jet.

Therefore, the electrons in the jet head lose their energy through thermal radia-

tion, with esh,j defined above and εRS
e being the fraction of the energy that goes into

the electrons. The temperature of the emitted thermal radiation, in the jet head

comoving frame, is

kBTh '

(
30h̄3c2εRS

e L̃iso
j

4π4R2
h

)1/4

(2.22)

Thus, the head appears as a blackbody emitting at temperature kBT ′
IS = ΓrelkBTh

in the comoving frame of the unshocked jet. The density of thermal photons in the

jet head is -

nγ,h =
19π

(hc)3
(kBTh)

3 (2.23)

A fraction fesc = 1/τT,h of thermal photons escapes in the internal shock, where

their number density is boosted by Γrel. The resulting energy distribution of thermal

photons in the unshocked jet comoving frame is as follows [in units of GeV −1 cm−3]:

n′
γ(E

′
γ) ≡

d2Nγ

dE ′
γdV

′ = A′
γ,j

E ′−2
γ

exp(E ′
γ/(kBT

′
IS))− 1

(2.24)

where, A′
γ,j = n′

γ,IS

[∫∞
0

dE ′
γn

′
γ(E

′
γ)
]−1 and n′

γ,IS ' Γrelfescnγ,h

Protons are accelerated to a power-law distribution at the internal shock, even

though the mechanism responsible for particle acceleration is still under debate. The
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injected proton distribution in the jet comoving frame is [in units of GeV −1 cm−3]:

n′
p(E

′
p) ≡

d2Np

dE ′
pdV

′ = A′
pE

′−kp
p exp

[
−
(

E ′
p

E ′
p,max

)αp
]
H(E ′

p − E ′
p,min) (2.25)

where kp ' 2 is the proton spectral index, αp = 1 simulates an exponential cutoff

and H is Heaviside function. A′
p = εpεde

′
j

[∫ E′
p,max

E′
p,min

dE ′
pE

′
pn

′
p(E

′
p)
]−1

; where εd is the

fraction of the comoving internal energy density of the jet e′j = L̃iso
j /(4πR2

IScΓ
2,

which is dissipated at the internal shock, while εp is the fraction of this energy that

goes in accelerated protons.

The minimum energy of accelerated protons is E ′
p,min = mpc

2, while E ′
p,max is

the maximum energy up to which protons can be accelerated at the internal shock.

The magnetic field at internal shock: B′ =
√
8πεBεde′j. The acceleration timescale

of protons for the choked jet case is

t′−1
acc =

ceB′

ξE ′
p

(2.26)

ξ defines the number of gyroradii needed for accelerating protons, and we assume ξ

= 10. Protons accelerated at the shocks undergo several energy loss processes. The

total cooling time is

t′−1
p,cool = t′−1

ad + t′−1
p,sync + t′−1

pγ + t′−1
pp + t′−1

p,BH + t′−1
p,IC (2.27)

where these quantities (in order mentioned) denote the adiabatic, synchrotron,

photo-hadronic (pγ), hadronic (pp), Bethe–Heitler, and inverse Compton cooling

timescales, respectively.

These are defined as follows:

t′−1
ad =

v

R
(2.28)

t′−1
p,sync =

4σTm
2
eE

′
pB

′2

3m4
pc

38π
(2.29)

t′−1
pγ =

c

2γ′2
p

∫ ∞

Eth

dE ′
γ

n′
γ(E

′
γ)

E ′2
γ

∫ 2γ′
pE

′
γ

Eth

dErErσpγ(Er)Kpγ(Er) (2.30)

33



t′−1
pp = cn′

pσppKpp (2.31)

t′−1
p,BH =

7meασT c

9
√
2πmpγ′2

p

∫ E′
γ,max/mec2

γ′−1
p

dε′
n′
γ(ε

′)

ε′2

(
(2γ′

pε
′)3/2

[
ln(γ′

pε
′)− 2

3

]
+

25/2

3

)
(2.32)

t′−1
p,IC =

3(mec
2)2σT c

16γ′2
p (γ

′
p − 1)β′

p

∫ E′
γ,max

E′
γ,min

dE ′
γ

E ′2
γ

F (E ′
γ, γ

′
p)n

′
γ(E

′
γ) (2.33)

where v = 2cΓ for the choked jet γp = E ′
p/mpc

2, ε′ = E ′
γ/mec

2, Eth = 0.150GeV

is the energy threshold for photopion production, and β′
p ≈ 1 for relativistic particles.

The function F (E ′
γ, γ

′
p) follows the definition provided in [paper], replacing me →

mp. The cross sections for pγ and pp interactions, σpγ and σpp, can be found in

[paper]. The function Kpγ(Er) is the pγ inelasticity, given by

Kpγ(Er) =

0.2 Eth < Er < 1GeV

0.6 Er > 1GeV

(2.34)

The comoving proton density is n′
p = L̃iso

j /(4πR2
ISmpc

3Γ2) for the choked jet. The

inelasticity of pp interactions is Kpp = 0.5.

At the internal shock, the secondary charged mesons undergo energy losses be-

fore decaying; in turn, affecting the neutrino spectrum. Protons accelerated at the

internal shocks interact with the thermal photons escaping from the jet head and

going back to the unshocked jet. Efficient pγ interactions take place at the internal

shock through ∆+ channel.

p+ γ → ∆+ →

n+ π+ 1/3ofallcases

p+ π0 2/3ofallcases

(2.35)

while we can safely neglect pp interactions at the internal shocks since they are

subleading [results]. Neutrinos can be copiously produced in the decay chain π+ →

µ+ + νµ, followed by the muon decay µ+ → ν̄µ + νe + e+.

We rely on the photohadronic model presented in [paper]. Hence, given the

injected energy distribution of protons and the distribution of target photons, the
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rate of production of secondary particles l (with l = π±, K+) in the comoving frame

of the unshocked jet is given by the following [in units of GeV −1 cm−3 s−1]:

Q′
l(E

′
l) = c

∫ ∞

E′
l

dE ′
p

E ′
p

n′
p(E

′
p)

∫ ∞

Eth/2γ′
p

dE ′
γn

′
γ(E

′
γ)R(x, y) (2.36)

where x = E ′
l/E

′
p is the fraction of proton energy that is given to secondary

particles,y = γ′
pE

′
l, and R(x, y) is the response function, which contains the physics

of the interaction.

the spectrum at the decay of charged mesons after energy losses as talked above,

is

Q′dec
l (E ′

l) = Q′
l(E

′
l)

[
1− exp

(
−
t′l,coolml

E ′
lτ

′
l

)]
(2.37)

where τ ′l is the lifetime of the meson l. The comoving neutrino spectrum from the

decayed mesons is as follows [in units of GeV −1cm−3s−1]:

Q′
να(E

′
ν) =

∫ ∞

E′
ν

dE ′
l

E ′
l

Q′dec
l (E ′

l)Fl→να

(
E ′

ν

E ′
l

)
(2.38)

where α = e, µ is the neutrino flavor at production, and Fl→να is provided in

[paper]. We do not distinguish between neutrinos and antineutrinos (να ≡ να+ ν̄α).

Magnetic fields in the internal shock are not large enough to efficiently cool

kaons, which have a larger mass and a shorter lifetime compared to pions and

muons. Therefore, they suffer less energy losses and do not contribute significantly

to the neutrino spectrum, even though they may become important at high energies.

2.2 Neutrino flux at Earth

On their way to Earth, neutrinos undergo flavor conversion. The observed distribu-

tion for the flavor να (with α = e, µ, τ) is [in units of GeV −1cm−2s−1]

Fνα(Eν , z) = %
(1 + z)2

4πd2L(z)

∑
β

Pνβ→να(Eν)Q
′
νβ
(Eνς) (2.39)

with Q′
νβ
(Eνς) being the neutrino production rate in the comoving jet (pγ inter-

35



actions) or in the center of the explosion (pp interactions) frame, given by Equations

2.38 2.15 and 2.14, respectively. The constant % = V ′
iso = 4πR3

IS/2Γ represents the

isotropic volume of the interaction region [paper] in the choked jet scenario, while

% = vsh for CSM–ejecta interaction.

Moreover, the Lorentz conversion factor is ς = (1 + z)/Γ for the choked jet and

% = (1 + z) for CSM interaction. The neutrino oscillation probability Pνβ→να =

Pν̄β→ν̄α is given by the following [paper]:

Pνe→νµ = Pνµ→νe = Pνe→ντ = sin2 2θ12/4 (2.40)

Pνµ→νµ = Pνµ→ντ = (4− sin2 θ12)/8 (2.41)

Pνe→νe = (2− sin2 2θ12)/2 (2.42)

θ12 ' 33.5deg[paper]

The neutrino fluence at Earth is :

Φνα(Eν) =

∫ tf

ti

dtFνα(Eν , t) (2.43)

for choked-jet scenario, the integral in above equation is replaced by the product

with the jet lifetime tj :

Φνα(Eν) = tjFνα(Eν , t) (2.44)

Given the muon neutrino fluence up to the time t,Φνα(Eν , t), the cumulative

number of muon neutrinos expected at IceCube up to the same time is

Nνα(t) =

∫ Eν,max

Eν,min

dEνdtFνα(Eν , t)Aeff (Eν , δ) (2.45)

where Eν,min = 100GeV and Eν,max = 108GeV are the minimum and maximum

neutrino energies, respectively, and Aeff (Eν , δ) is the effective detector area as a

function of energy and for a fixed source declination, δ.
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Chapter 3

Results

Figure 3.1: Cumulative neutrino flux for IIP and Ib/c csm-ejecta interaction

The parameters are taken from [paper]

• parameters for lower limit on SN Ib/c uncertainties

Ṁw = 2e− 2 ∗M�/yr, vw = 1e2 ∗ km/s, rout = 1e17 ∗ cm,

vsh = 5e3 ∗ km/s, rbo = 5e16 ∗ cm, εp = 1e− 2, εB = 1e− 2

• parameters for upper limit on Ib/c uncertainties

Ṁw = 2e− 2 ∗M�/yr, vw = 1e2 ∗ km/s, rout = 1e17 ∗ cm,

vsh = 2e4 ∗ km/s, rbo = 5e16 ∗ cm, εp = 1e− 1, εB = 3e− 2
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• parameters for lower limit on IIP

Ṁw = 1e− 2 ∗M�/yr, vw = 1e2 ∗ km/s, rout = 1e15 ∗ cm,

vsh = 8e3 ∗ km/s, rbo = 5e13 ∗ cm, εp = 1e− 2, εB = 1e− 3

• parameters for upper limit on IIP

Ṁw = 1e− 2 ∗M�/yr, vw = 1e2 ∗ km/s, rout = 1e15 ∗ cm,

vsh = 2e4 ∗ km/s, rbo = 5e13 ∗ cm, εp = 1e− 1, εB = 3e− 2

Figure 3.2: Neutrino spectrum for IIP and Ib/c csm-ejecta interaction with IceCube
sensitivity

• Parameters for Ib/c choked jet are

θj = 0.2, L̄j = 1e47 ∗ erg/s, t̄j = 100 ∗ s,

Γ = 100, εd = 0.2, εp = 0.1, εB = 0.1, εRS,e = 0.1

In figure 3.4 and figure 3.3 we can see its easy detectability by the IceCube detec-

tor and the characteristic shape of mesons particle spectra that produced after pγ

interactions.
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Figure 3.3: neutrino spectra from a typical Ib/c choked jets at 10kpc

Figure 3.4: cummulative neutrino from a typical Ib/c choked jets at 10kpc

In figure 3.5 shows us that the pγ interactions dominate in choked jet scenario.

In figure3.6 Kaons cooling at higher energies than proton energy indicates its no
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Figure 3.5: Cooling timescales of protons

Figure 3.6: Cooling timescales of charged mesons
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contribution in the neutrino spectra.

Figure 3.7: pion and kaon spectra before and after decay

In figure 3.7 the difference is not visible at the selected scale but the change appears

at the location of the exponential cutoff which makes the curve steeper at decay.

3.1 Future works

• Calculate the signals for a given range of parameters to rule out uncertainty.

• different other signals like precursor neutrino signals or signals from collimated

shocks can refine our knowledge for future detection prospects.

• considering a non-constant shock velocity will give us more realistic scenarios.

• we still consider a symmetric evolution of shock profile, which we know is not

true in real scenarios.

• exploring mechanism powering the jets or more energetic events can lead us

to more meaningful information.
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Appendix A

Appendix

A.1 Table for SN candidate in Milky Way

Table A.1 is a list of supernova candidates or stars that are suggested to be supernova

progenitors. Type II supernova progenitors include stars with at least 10 solar

masses that are in the final stages of their evolution. Prominent examples of stars in

this mass range include Antares, Spica, Gamma Velorum, Mu Cephei, and members

of the Quintuplet Cluster. The list also includes massive Wolf–Rayet stars, which

may become Type Ib/Ic supernovae [Wikipedia].

Out of 21, 9 of the supernova candidates are of type Ib/c, and the rest belong

to SN-II, but many of them are unable to be classified in a particular type of SN-II

which limits our information.
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Identifier Distance(in ly) Possible SN type

Alpha Lupi 465 II

Antares 554 IIP

Betelgeuse 720 IIP

Rigel 1118 IIn

Gamma2 Velorum 1120 Ib/Ic

Rho Cassiopeiae 3440 IIL

VY Canis Majoris 3930 II

IRAS 17163-3907 3930 II

HD 168625 5250 II

NML Cygni 5250 II

WR 142 5380 Ib/Ic

IRC +10420 5600 IIb

Mu Cephei 5900 IIn/IIb

WR 93b 7470 Ib/Ic

WR 2 7830 Ib/Ic

WR 102 8610 Ib/Ic

Eta Carinae 8630 Ib/Ic

HD 179821 10500 IIL

WR 104 13400 Ib/Ic

WR 38 19700 Ib/Ic

WR 30a 21900 Ib/Ic

Table A.1: SN candidates in MW.
Source Wikipedia
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