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Abstrakt

Zkoumáme potenciál budoucích neutrinových detektorů pro rozlišení variací vysokohmot-
nostního sklonu počáteční hmotnostní funkce hvězd (IMF) pomocí neutrin emitovaných čer-
venými veleobry v Mléčné dráze během fáze spalování uhlíku. Pomocí jednoduchých variant
IMF, předpokladu rychlosti tvorby hvězd v Mléčné dráze a evolučních drah PARSEC odhadu-
jeme okamžitý (snapshot) počet červených veleobrů spalujících uhlík, včetně očekávaného počtu
v okolí Slunce (do 1 kpc). Následně načrtneme řádový převod od počtu zdrojů k neutrinovému
toku a očekávaným detekčním rychlostem a posuzujeme podmínky, za nichž by vlastnosti detek-
toru (fiduciální hmotnost, energetický práh a potlačení pozadí) umožnily dosáhnout měřitelné
citlivosti na IMF. Podrobná simulace odezvy detektoru a vlivu stochastického výskytu zdrojů
jsou ponechány jako budoucí práce.

Abstract

We assess the feasibility of using future neutrino detectors to probe variations of the high-
mass stellar initial mass function (IMF) by targeting neutrinos emitted by carbon-burning red
supergiants in the Milky Way. Using simple IMF variants, a Milky Way star formation rate,
and PARSEC stellar evolution tracks, we estimate the snapshot number of carbon-burning
red supergiants, including the expected number within 1 kpc of the Sun. We then outline
an order-of-magnitude scaling from source counts to neutrino flux and expected event rates,
identifying the conditions under which detector properties (fiducial mass, energy threshold,
and background control) might allow for measurable sensitivity to the IMF. Detailed detector-
response simulations and the impact of stochastic source distribution are left as future work.
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INTRODUCTION
Massive stars represent a fundamental component of galactic evolution, playing a disproportion-
ate role in galactic feedback and chemical enrichment through ionizing radiation, stellar winds,
and core-collapse supernovae. Given this influence, the distribution of newly formed stars, de-
scribed by the stellar initial mass function (IMF) 𝜉(𝑚) = 𝑑𝑁/𝑑𝑚, remains one of the central
sources of uncertainty in astrophysical models[1, 2, 3].

The importance of the IMF lies in its direct impact on the predicted population of mas-
sive stars and their subsequent feedback. However, the universality of the IMF with respect to
physical parameters such as density or metallicity remains a subject of debate[4, 5, 6]. Neu-
trinos produced by stars provide a distinct and complementary probe of massive-star physics.
In advanced burning stages, massive stars emit "thermal" neutrinos produced by weak interac-
tion processes in the hot stellar core. Recently, [7] investigated the detectability of neutrinos
from carbon-burning red supergiants (RSGs), focusing on future large-volume detectors. These
carbon-burning RSG neutrinos are particularly interesting because they offer a potential early
warning and the possibility of probing the final evolution of nearby stars before they reach the
supernova stage.

Project overview
This thesis represents an initial step toward a method that seeks to estimate how variations in
the IMF might affect the sensitivity of the neutrino signal within the Milky Way. The primary
calculation of this work combines three key elements: simple IMF variants, stellar evolution
models to estimate the duration of the relevant evolutionary phase, and a simplified spatial toy
model of the Milky Way.

Concretely, the thesis aims to:
• Compare a standard (Kroupa-like) IMF to “top-heavy” and “top-light” variants and quan-

tify the change in the expected number of massive stars.
• Estimate the snapshot population of carbon-burning RSGs in the Milky Way from the

IMF, a Galactic star formation rate, and the carbon-burning phase duration.
• Estimate the expected number of such stars within a local volume (e.g. within 1 kpc of

the Sun) using a simple Monte Carlo spatial model.
• Translate the resulting source counts into an order-of-magnitude neutrino flux and ex-

pected event-rate scaling for representative detector masses.
To maintain a focused analysis, certain aspects are considered outside the scope of this thesis.

Detailed simulations of detector response and complex background modeling are reserved for
future work, following the framework established in [7]. Furthermore, the Galactic star formation
rate is assumed to be fixed throughout this analysis together with the adopted stellar evolution
framework.

The detection of neutrinos from RSGs during the carbon-burning phase is a challenging
task, as these neutrinos reach very low energies, typically around 0.6 MeV [7]. Therefore,
neutrino-electron elastic scattering is assumed as the primary interaction channel in this work.
As representative benchmarks for future measurements, detector complexes such as Hyper-
Kamiokande [8], JUNO [9], or the SK-Gd concept [10] are considered. While these facilities
represent the current state of the art, the faint signal from carbon-burning RSGs requires even
lower energy thresholds and stronger background rejection than currently available. Future
hypothetical concepts, such as hybrid detectors utilizing water-based liquid scintillators (WbLS),
could resolve limitations such as directionality and eventually help assess the variability of the
initial mass function [7].
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1 THEORETICAL PART
1.1 Initial Mass Function
The Initial Mass Function (IMF) is a term used to describe the distribution of stellar masses, first
determined by astrophysicist Edwin Salpeter in 1955. According to Salpeter [1], more massive
stars form significantly less frequently than less massive stars, with their number decreasing with
increasing mass according to a power law. The IMF determines the relative proportion of stars
formed for a given mass at their birth; using it along with the Star Formation Rate (SFR), it is
possible to derive other characteristics such as chemical production, luminosity, or the evolution
of the stellar population over time.

In general, the IMF is written as
𝜉(𝑚) = 𝑑𝑁

𝑑𝑚
, (1.1)

The initial mass function (IMF) 𝜉(𝑚) represents the number of stars formed per unit mass
interval and is calculated in units of 𝑀−1

⊙ , defined over the mass range of 0.08–100 𝑀⊙.
In this work, the IMF is normalized such that the total mass of the stellar population is

equal to 1𝑀⊙ according to the relation 1.2∫︁ 𝑚max

𝑚min
𝑚𝜉(𝑚) 𝑑𝑚 = 1 M⊙ (1.2)

In the simplest case, the IMF can be approximated by a power law 𝜉(𝑚) ∝ 𝑚−𝛼, with
𝛼 = 2.35 [1]. However, recent research shows that a single power law is not entirely accurate
across all mass scales. Currently, two standard modern parameterizations are widely used:

• Chabrier’s log-normal distribution for low-mass stars combined with a power law for high-
mass stars [3].

• Kroupa’s broken power law, where the IMF is defined as [2]:

𝛼 ≈ 1.3 for 𝑚 < 0.5𝑀⊙ (1.3)

and
𝛼 ≈ 2.3 for 𝑚 > 0.5𝑀⊙. (1.4)

This is provided by the multi-mass law, which is a more accurate description of the distri-
bution of stellar mass [2, 11].

The break occurring in Kroupa’s IMF theory around 0.5𝑀⊙ is a critical point representing a
change in the distribution of the number of formed stars. This transition aligns with observations
from diverse environments; by accounting for the influence of binary systems and the dynamical
evolution of star clusters, this functional form serves as a widely accepted empirical model. The
existence of a break at this value suggests a dependence on the ambient density across the entire
Galaxy [12].

For this reason, we worked with the Kroupa variant, which is most suitable for the Milky
Way.
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Fig. 1.1: IMF comparison according to Salpeter and Kroupa

1.1.1 Variation of IMF
The variability of the Initial Mass Function is a question that arose due to the dispersion of
measured values of the power index 𝛼. If the IMF were universal, the distribution of values would
be expected to follow a Gaussian curve, with the mean value corresponding to the actual IMF.
In such a case, the dispersion would be caused only by measurement uncertainties. However,
the actual observations did not meet these expectations, showing a much wider dispersion. This
raises the question of whether this reflects real physical variations of the IMF or systematic
measurement errors [6].

A more detailed discussion concerning the measurement of the initial mass function (IMF)
and the primary systematic uncertainties is provided in [4] and the review [5], along with forth-
coming encyclopedia entries [11].

Various IMF variations have been studied across diverse environments using a range of
methods. These functions have been parametrized based on distinct stellar populations, star
clusters, or integrated-light techniques, combining stellar population modeling with dynamical
or gravitational lensing constraints. The interpretation of these results is often affected by
systematic uncertainties and degeneracies [4, 5, 6].

For the Milky Way, recent studies based on star counts in the vicinity of the Sun suggest
that the IMF may depend on the metallicity and age of the stars [13].

The dispersion of the resulting data could have been caused by several indirect factors. The
first factor involves massive stars that migrate to the center of the cluster, where they can be
ejected from the system during gravitational interactions, potentially distorting the observed
mass distribution. High 𝛼 values are most often measured in areas where it is more difficult
to determine the age of stars or where it is necessary to use luminosity-to-mass conversion.
Variability is also theoretically controversial due to metallicity and the physical conditions in
molecular clouds. Under low-metallicity conditions, gas cooling is less efficient. For this reason,
it leads to a higher Jeans mass and can thus shift the characteristic mass of objects to higher
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values. This claim is associated with the first generation of stars (Population III). However,
observations still do not find a systematic connection with changes in the IMF slope in the
massive-star regime [14]. In light of these persistent uncertainties in the massive-star regime,
this thesis adopts a set of IMF variations to bracket the potential range of the carbon-burning
RSG population in the Milky Way, accounting for the possible systematic deviations from a
universal model.

The idea of variability generally arises from empirical data and a theoretical understanding
of the physical conditions in a given environment. Nevertheless, for massive stars, the IMF
is generally viewed as invariant across various Milky Way settings, though findings suggesting
potential variations—particularly in extreme environments—remain a topic of intense discussion
[6].

In the context of IMF variability, the terms ’top-heavy’ and ’top-light’ are essential, as each
indicates a different slope 𝛼 and a different proportion of massive stars. If 𝛼 = 1.6±0.1, there is
a predominance of massive stars, referred to as top-heavy. Conversely, if the number of massive
stars is lower than the standard representation, it is termed top-light, with 𝛼 = 2.7 ± 0.1 These
values are used here as illustrative bracketing cases rather than global representations. [6][11]
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Fig. 1.2: IMF comparison according to Kroupa standard, top-heavy and top-light

Figure 1.2 shows a comparison of the Kroupa IMF with different variants. A change in the
power-law index leads to a different slope and thus a different number of stars at a given mass.
A top-heavy IMF, with a lower index and a flatter slope, results in a larger relative number of
massive stars, while a top-light IMF, with a higher index and a steeper slope, results in fewer
massive stars.
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1.2 Red supergiants
Red supergiants (RSGs) are stars with initial masses ranging from approximately 8 to 25(–30)
𝑀⊙ that have already passed through the main-sequence phase. This mass range is inherently
model-dependent, as the upper limit is significantly influenced by factors such as metallicity,
rotation, and mass-loss rates. Consequently, stars with initial masses above 25–30 𝑀⊙ may not
evolve into classical red supergiants. However, various theoretical models and studies of high-
mass stars suggest that this limit is not strictly fixed and can be higher under certain conditions.
In this work, an upper limit of 35 𝑀⊙ was adopted to ensure broader coverage of potential RSG
progenitors and to account for overall uncertainties in stellar evolution. RSGs are located in
the upper right region of the Hertzsprung–Russell diagram. Stars in this position exhibit high
luminosity, ranging between 104 and 105 𝐿⊙, and a low effective temperature of approximately
3500–4000 K. [15] Stars ranging from late O-type to early B-type become RSGs after exhausting
the central hydrogen in their cores during the main sequence (MS) phase. [16]

The evolution toward the RSG stage in massive stars is strongly influenced by their member-
ship in binary systems. Interactions with a companion, specifically through Roche lobe overflow,
can cause a star to lose its hydrogen envelope before it ever reaches the dimensions of a red su-
pergiant. In such cases, the star completely bypasses the RSG phase and evolves directly into
a stripped helium core. Consequently, the frequency of RSGs within galactic populations is
directly dependent on the distribution of orbital separations in binary systems. [17]

RSGs are characterized by a large expansion of the stellar envelope, which can reach up
to a thousands solar radii (𝑅⊙). After the star exhausts all the hydrogen in its core, the core
contracts. This contraction releases energy that expands the star’s envelope. This behavior is
referred to as the mirror effect [18].

While the envelope cools, the opposite occurs in the central regions, where heating takes place
during helium burning. The envelope thus becomes highly convective, as the energy produced
in the core cannot be effectively transported through the expanded envelope by radiation alone
[16].

RSG atmospheres are very dynamic, inhomogeneous, and spatially extensive due to low
surface gravity and extensive convection. A key feature of RSGs is intense convection, which
manifests on the surface of stars as convective cells or granulation. This intense convection,
combined with internal pulsations, disrupts hydrostatic equilibrium and leads to significant
stellar variability.

Due to the complex dynamics of the stellar atmospheres of red supergiants, it is very difficult
to determine their parameters. . [19, 20] One of the factors influencing the observed properties
of RSGs, aside from their intrinsic structure, is the metallicity of the galaxy in which the
star is located. The spectral type of an RSG shifts toward warmer types if the metallicity
of the environment is lower. This phenomenon has been recorded, for example, in the Small
Magellanic Cloud; in such environments, stars shift toward warmer spectral types and exhibit
reduced mass-loss rates. These variations directly affect the star’s classification and positioning
on the Hertzsprung–Russell diagram [19].

The presence of dust in these layers increases the opacity of the environment, which further
allows radiation pressure to transfer momentum to matter. By this process, the mass loss in
RSGs is significantly influenced by means of stellar dust [20].

Material that leaves the star’s atmosphere via stellar wind often does not disperse into the
interstellar medium, but for a certain period of time, it forms a dense circumstellar environment
around the star composed of gas and dust [19].

RSG-type stars are subject to a fundamental stability limit known as the Humphreys-
Davidson limit. This limit indicates a boundary on the H-R diagram and thus defines the
maximum luminosity at which stars can remain in the RSG phase. By exceeding this boundary,
they would become unstable. Stars approaching this boundary are subjected to high radiation
pressure, and the star is unable to retain its outer envelopes. The loss of these envelopes leads
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to episodic mass loss. Thanks to this limit, it is possible to determine the maximum initial mass
of stars that are capable of reaching the RSG phase [19].

Red supergiants are characterized by strong stellar winds, through which the star loses
a significant amount of mass. Mass-loss rates can reach 10−6 to 10−4𝑀⊙ yr−1. Even small
variations in mass can affect the final core mass. This mass loss affects the star’s radius, reduces
the hydrogen content in the envelope, and alters the density and temperature of the core.
Consequently, mass loss influences the overall evolution and the final fate of the star, including
the type of core collapse [16, 15].

RSGs go through several evolutionary phases. The first and longest phase is helium burning,
which lasts several million years and is followed by core contraction. The second phase is carbon
burning, which lasts hundreds to thousands of years. During this phase, neutrino emission
becomes the dominant mechanism of energy loss (surpassing photon emission), significantly
affecting the star’s thermodynamic equilibrium in the advanced burning stages (C, Ne, O, Si).
The penultimate stage is oxygen burning, which lasts only a few months, and the final, shortest
phase is silicon burning. Although neutrino luminosity is highest during these last two stages,
the probability of encountering such stars in the current snapshot population is negligible due
to the extremely short duration of these burning phases. [15, 16]

Red supergiants are frequently identified as the progenitors of Type II-P supernovae. This
specific explosion type is characterized by the presence of a massive, extended hydrogen envelope
that RSGs retain until the end of their lives. When thermonuclear fusion in the core ceases,
gravitational collapse occurs, generating a shock wave that ejects the star’s outer layers into the
surrounding medium. In Type II-P supernovae, this hydrogen is ionized during the explosion,
making it opaque to radiation. As the expanding ejecta cools, a process known as recombination
occurs, where electrons return to the atomic nuclei, rendering the hydrogen transparent once
again. This recombination wave propagates from the outer edges of the material inward toward
the center [16, 19].

1.2.1 Carbon-burning red supergiants
The carbon-burning phase in RSGs is an advanced phase of nuclear burning that begins after the
helium in the core is exhausted. This phase can last hundreds to thousands of years. Compared
to the previous phases, it is much shorter, but compared to the later phases, it is already a
notable event. [21] The transient nature of this phase compared to the overall stellar lifetime is
reflected in the HR diagram 3.2.

For carbon burning, compared to helium burning, a higher temperature and density of the
core are required, as higher density increases the probability of collisions. After the helium is
exhausted, the core therefore contracts, typical densities increase up to approximately 105 – 106

g/cm3, and the temperature increases up to around 5 × 108 K. The conditions in the stellar
core depend on the star’s initial mass, and the values provided serve only as a representative
estimate for the RSG range [21, 22].

After helium exhaustion, the core consists mainly of 12C and 16O. The main nuclear reactions
are 12C + 12C. The reaction of two carbon nuclei can result in several possible reaction channels.
Neon (20Ne) can be produced with an alpha particle (𝛼) as a by-product. Sodium (23Na) can be
produced with a proton (𝑝), and magnesium (24Mg) with gamma radiation (𝛾). The resulting
elements, such as neon, sodium, and magnesium, can then become fuel for subsequent burning
phases [22].

As carbon burning takes place in the core, the shells from previous burning phases are
located above it. Typically, these consist of a helium-burning shell and a hydrogen-burning shell.
Therefore, RSGs exhibit a characteristic layer distribution known as an onion-like structure.
Each layer has a different chemical composition; generally, the closer a layer is to the center, the
higher its temperature and density. The shells can gradually expand away from the core, with
their positions depending on the initial mass of the star.
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The structure of a star above the carbon-burning core can be divided into several stages. First
is the carbon-burning shell, where carbon burning occurs and the layer is usually convective.
This is followed by a helium-burning shell, where the main process is the triple-alpha reaction.
The main products of this layer are carbon and oxygen. The next layer is typically the hydrogen-
burning shell, where hydrogen burning occurs primarily via the CNO cycle, producing helium.
Finally, there is the outer envelope, which is a very extensive area of the star. Compared to the
inner regions, it has a relatively low temperature and experiences significant mass loss due to
stellar winds. The material in this layer is characterized by strong convection.

Another very important process in the core is neutrino emission. This can occur in several
ways:

• pair annihilation—in this process, an electron and a positron (𝑒− + 𝑒+) create a pair of
neutrinos (𝜈 + 𝜈)

• photoneutrino process—a photon (𝛾), when interacting with an electron (𝑒−), produces a
pair of neutrinos (𝜈 + 𝜈)

• plasma neutrinos—in which collective oscillations of electron plasma produce neutrinos.
For the carbon-burning stage of the RSGs studied in this work, pair annihilation is the

dominant neutrino emission process [23].
One of the most important events of this phase is neutrino cooling. Neutrinos interact

minimally with the stellar matter and immediately leave the star. One of the most important
consequences is the energy loss caused by emitted neutrinos. This has a major impact on the
entire star. As the core loses energy through the emission of neutrinos, the pressure drops, the
core contracts, and the temperature increases[23, 22, 24].

The carbon-burning phase marks a significant moment. At this stage, the star becomes
independent of its envelope. Because the core evolves in such a short time due to neutrino
losses, the outer layers don’t have enough time to react to the changes happening in the star’s
center. This decoupling – the separation of the core from the envelope – is the reason why
the star’s position on the HR diagram remains relatively unchanged during the carbon-burning
phase[25]. This can be seen in Figure 3.2.

The energy balance in the carbon-burning phase depends on the ratio of energy produced by
nuclear reactions to energy lost through neutrino emission. If the energy from nuclear reactions is
higher than that from neutrino losses, it results in a stable core and carbon burning is convective.
If, on the other hand, neutrino emission is greater, burning is radiative and no convection occurs
[7].

1.3 Neutrino detectors
Detecting MeV and sub-MeV neutrinos emitted from astrophysical sources is extremely difficult
due to the very weak interaction of neutrinos with matter. This requires a large detector mass
with a target material that increases the probability of neutrino interactions, making background
control essential. In neutrino measurements, we can distinguish between two types of background
(signals that do not originate from the observed source).

We divide the background into two types:
• Solar neutrinos — an irreducible background consisting of neutrinos originating from

the Sun, which pass through the Earth in enormous quantities. This type of background
is impossible to eliminate because their energies are very similar to those emitted by the
studied object, and they interact in a similar way.

• Radiogenic backgrounds – This is a type of background originating from the detector
material itself or the surrounding environment. It mainly consists of gamma rays and beta
particles emitted by radioactive isotopes, which can interfere with the neutrino signal.

This implies that the practical detectability of low-energy stellar neutrinos is strongly de-
pendent on the detector threshold, radiopurity and analysis cuts.
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When detecting astrophysical neutrinos, two types of detectors are most commonly used:
• Water Cherenkov detectors – Thanks to Cherenkov detectors, we are able to determine

the direction of neutrinos, which emit Cherenkov radiation when interacting with water.
Unfortunately, this type of detector has a relatively high energy threshold.

– For better background reduction, water Cherenkov detectors are doped with gadolin-
ium. Gadolinium has the ability to capture neutrons produced during inverse beta
decay, which would otherwise attach to hydrogen. This proposal was first detailed in
the paper by Beacom and Vagins (2004). [10]

– Example: Hyper-Kamiokande [8]
According to the technical report for the Hyper-Kamiokande project, the Cherenkov
detector is described with a total target mass on the order of several ×102 kilotons.

• Liquid scintillator detectors – Liquid scintillator detectors enable the measurement
of even low-energy neutrinos. However, it is necessary to strongly suppress radioactive
background, and these detectors generally lack directionality.

– Example: Jiangmen Underground Neutrino Observatory (JUNO) [9]
It is a 20-kiloton liquid scintillator detector. Its energy resolution is approximately
3%/

√︀
𝐸(MeV). This enables precise measurements in the MeV region but provides

very limited directional information.

1.3.1 Detection of neutrinos from RSG
Neutrino production in red supergiants is most pronounced during the final phase of silicon
burning, when energy losses are greatest. Although neutrino luminosity peaks during the sili-
con and oxygen burning phases, these periods are extremely short-lived, making the snapshot
population of stars in these states negligible. In contrast, while the carbon-burning phase ex-
hibits lower neutrino production, the likelihood of detection is significantly enhanced because
this phase lasts hundreds to thousands of years. This increases the probability of such an object
existing in the Galaxy at any given moment, thereby improving the overall prospects for neu-
trino detection. (Compared to previous longer periods, such as helium and hydrogen burning,
neutrino production has increased significantly.)[15]

Neutrinos in the C-burning phase of RSGs have very low energies, less than 1 MeV. Their
detection is therefore very sensitive to background and low energy thresholds. Detectability
studies in the work of G. Seong (2025) [7] suggest the development of observations for this type
of neutrino. Very large detectors with low thresholds could achieve on the order of tens of events
per year in the future for sufficiently close sources. One of the significant factors in their success
is the background problem, as the signal is weaker in comparison.

Detecting such a signal using current detectors is extremely difficult for many reasons. Water
Cherenkov detectors have a much higher detection threshold, and scintillation detectors are un-
able to obtain information regarding neutrino direction because their light emission is isotropic.
Hybrid detectors, which combine water Cherenkov and scintillation technologies, overcome some
of these problems; however, they are still not perfect. Hybrid detectors can detect neutrinos
with a low energy threshold while simultaneously determining their direction using Cherenkov
radiation. These detectors typically operate using water-based liquid scintillators (WbLS)[26]
and fast Large Area Picosecond Photodetectors (LAPPDs) [27].

Hybrid detectors

Current neutrino detectors still face several fundamental limitations for certain types of neutrino
experiments. Hybrid detectors, currently in the development and prototyping stages, serve as
a concept designed to overcome the individual limitations of both water Cherenkov and liquid
scintillation detectors.
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Hybrid detectors are a combination of water Cherenkov and scintillation detectors. Thanks
to this combination, the detector can record neutrinos with a low energy signature while simul-
taneously determining their direction [15].

Detection is based on the emission of two distinct types of photons following an elastic
neutrino-electron scattering event. The electron emits Cherenkov light and, simultaneously, flu-
orescent (scintillation) photons, each of which carries different information. Cherenkov photons
are emitted in the direction of the electron’s momentum, allowing for directional reconstruction,
while scintillation photons are emitted isotropically in larger quantities, ensuring high detection
efficiency [28, 29].

Hybrid detectors typically use water-based liquid scintillator (WbLS) as the detection
medium. This is a mixture of water and liquid scintillator, where the water component facilitates
the propagation of Cherenkov photons, while the scintillator provides the medium for scintillation
photons [26].

These photons can be separated thanks to the time delay that occurs between them.
Cherenkov photons are emitted promptly, while scintillation photons are emitted with a char-
acteristic delay. LAPPDs are used to record this, as they are capable of resolving the delay
between the emission of both types of photons. The time resolution of an LAPPD is 25 ps [27].

Although hybrid detectors offer significant theoretical advantages, they remain a develop-
mental concept. In this work, their inclusion is primarily illustrative of the potential of future
experiments; therefore, the calculations should be interpreted as idealized estimates assuming
advanced technological conditions.
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2 METHODOLOGY
2.1 Variants of the IMF and Their Impact on the Massive Star Pop-

ulation
The original idea of the IMF suggested that it is approximately invariant in many Milky Way
environments; however, recent studies point to the possibility that it may vary in extreme envi-
ronments depending on conditions such as gas density, temperature, or UV radiation intensity,
though such evidence remains debated [4, 5, 11].

In this thesis, we do not adopt specific environment-dependent IMF prescriptions. Instead,
we account for the potential impact of non-universality by varying the power-law index. Since
our analysis focuses on stars in the mass range of 12–35 M⊙, we specifically vary the slope
index 𝛼3, which describes the distribution for stars more massive than 0.5 M⊙. In this work,
we consider three specific values for the slope index: 𝛼3 = 2.3 for the standard Kroupa IMF,
𝛼3 = 1.7 for the top-heavy variant, and 𝛼3 = 2.8 for the top-light variant.

Different IMF shapes have been discussed for different environments and epochs (e.g. as a
function of metallicity, gas density, temperature, turbulence, and feedback), but establishing a
unique, spatially varying IMF model for the Milky Way remains challenging [4, 5]. Therefore,
rather than adopting a specific Milky-Way-by-environment IMF prescription, we explore the
possible impact of IMF non-universality on the massive-star population by comparing three
illustrative high-mass IMF slopes: a standard (Kroupa-like) case, a top-heavy case, and a top-
light case.

This calculation tests the sensitivity of our results to the high-mass slope, but it does not
model a spatially varying IMF in the Milky Way.

2.2 Stellar Lifetimes and the Carbon-Burning Phase
Stellar lifetimes were extracted from PARSEC stellar evolution tracks and visualized using
Hertzsprung–Russell (HR) diagrams. The data obtained from the PARSEC v2.0 database
[30, 31] were reduced to stellar models with masses in the range of 12–35 M⊙, metallicity
𝑍 = 0.01, rotation ROT = 0, and initial helium abundance 𝑌 = 0.267. The metallicity 𝑍 = 0.01
was chosen as it represents typical disk populations and falls within the range of sub-solar metal-
licities found in the Milky Way. If a higher 𝑍 value is defined, the stars shift toward the cooler
part of the HR diagram and simultaneously exhibit a longer lifetime, although the character of
the curve remains unchanged.

In addition to identifying the late evolutionary stages and the carbon-burning phase, key
milestones along the main sequence were also recorded. The Zero Age Main Sequence (ZAMS)
was defined as the starting point of the computational model. The Terminal Age Main Sequence
(TAMS), marking the end of the main sequence, was determined as the moment when the central
hydrogen mass fraction 𝑋𝑐 fell below 10−4. This depletion threshold represents the complete
exhaustion of hydrogen in the core and the subsequent transition to the helium-burning phase.

In the processed code, the onset of the carbon-burning phase was determined using hierar-
chically defined points to ensure an unambiguous definition. First, we established core helium
exhaustion, defined as the moment when the central mass fraction of helium Ycen fell below
10−4. This point defined the necessary stage after which the search for carbon burning was
initiated.

The actual beginning of the carbon-burning phase was then operationally defined as the first
decrease of the central carbon abundance 𝑋C,cen by more than 1% relative to its previously
reached maximum. The sensitivity of the phase duration to the chosen threshold increases
with the initial stellar mass. While the difference is minimal for lower-mass stars, it becomes
significantly more pronounced for stars with higher initial masses. The chosen drop criterion
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allows us to reliably identify the onset of burning within the model’s discrete time steps. In
cases where the central carbon abundance was unavailable, the condition log10 𝑇c ≥ 8.65 was
used as an approximate proxy for the onset of this phase. This procedure allowed for a precise
determination of the carbon burning phase duration based on the physical parameters of the
stellar core.

For the calculations, it was necessary to use the AGE column to determine the stellar lifespan,
LOG_TE and LOG_L for effective temperature and luminosity, The X_CEN column (repre-
senting central hydrogen abundance 𝑋𝑐) to determine the end of the main sequence, Y_CEN
(representing central helium abundance 𝑌𝑐) for the end of helium burning, XC_CEN (repre-
senting central carbon abundance 𝑋𝐶,𝑐𝑒𝑛) to monitor the carbon burning phase, and LOG_TC
( log10 𝑇𝑐), which served as a backup proxy for the onset of carbon burning.

2.3 Estimation of the Snapshot Population of Carbon-Burning Stars
Based on the stellar lifetimes and phase boundaries determined in the previous section 2.2, the
total number of stars of a given type in the MW can be estimated by combining the numerical
fraction of the given IMF, the star formation rate, and the duration of the given phase. The
number fraction for stars with masses between12–35 M⊙ is calculated in section 2.1. The carbon
burning duration for stars in the range 12–35 M⊙ is given in section 2.2

In general, we can write the calculation for the number of stars in a given phase using
equation (2.1).

𝑁now ≈ 𝜓

∫︁ 35

12
𝜉(𝑚) · Δ𝑡𝐶(𝑚) 𝑑𝑚 (2.1)

where 𝜉(𝑚) denotes the stellar initial mass function [stars 𝑀−1
⊙ ], 𝜓 represents the total

star formation rate (SFR) [𝑀⊙ yr−1], and Δ𝑡𝐶(𝑚) is the duration of the C-burning phase for
a star of mass 𝑚 [𝑦𝑟]. This calculation assumes a continuous stellar mass distribution. In
practice, however, stellar evolution models provide data only for discrete masses, so the integral
is approximated by a summation over the mass bins. To maintain physical consistency, the
IMF-based weighting and the phase duration must remain coupled within the sum, as both
parameters vary significantly with stellar mass.

𝑁now ≈ SFR
∑︁

𝑖

𝑤𝑖 · Δ𝑡𝐶,𝑖, (2.2)

where 𝑤𝑖 represents the number fraction of stars formed within the 𝑖-th mass bin. By
multiplying the total SFR and the weight 𝑤𝑖, we obtain the star formation rate in the given
mass interval. The IMF is normalized to a total formed stellar mass of 1 𝑀⊙. This weight 𝑤𝑖 is
derived from the integral of the normalized IMF (𝜉(𝑚)) over the mass interval of the 𝑖-th bin.

𝑤𝑖 =
∫︁ 𝑚+

𝑖

𝑚−
𝑖

𝜉(𝑚) d𝑚. (2.3)

Δ𝑡𝐶,𝑖 denotes the duration of the carbon-burning phase for RSGs corresponding to the given
mass interval, and SFR defines the current star formation rate in the MW. This formulation,
representing a mass-bin-weighted sum, ensures that lower-mass stars, which are more numerous
due to the IMF but have different burning timescales, are correctly weighted according to their
relative contribution. To ensure dimensional consistency, the IMF function is normalized to
1 M⊙, and multiplying it by the SFR parameter (in 1 M⊙/year) converts the relative number
of stars formed into their actual formation rate. Subsequent multiplication by the lifetime Δ𝑡
yields the resulting number of stars in a given evolutionary phase within the current ’snapshot’
of the Galaxy.
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We can consider the SFR to be constant in this calculation, as stars in the mass range
of 12–35 M⊙ are short-lived and any past variations in the SFR are negligible. The expected
snapshot number of red supergiants in the carbon-burning phase is estimated by summing over
discrete mass bins. For each interval, the star formation rate in that range is multiplied by the
duration of the carbon-burning phase corresponding to the specific stellar mass. The change
in the SFR value is directly proportional to 𝑁now. This direct proportionality implies that any
uncertainty in the star formation rate estimate is linearly transferred to the resulting star counts.

If we consider the star formation rate in the Milky Way (𝑆𝐹𝑅𝑀𝑊 ), the calculation may
be based on the value 𝑆𝐹𝑅𝑀𝑊 = 1.9 ± 0.4 M⊙ yr−1. [32]. Since the present number of stars
(𝑁𝑛𝑜𝑤) corresponds directly to this rate, the 20% uncertainty in 𝑆𝐹𝑅 is propagated linearly into
the "expected number of stars within a given time frame. For the purposes of the calculation,
𝑆𝐹𝑅𝑀𝑊 can be considered constant over a horizon of the last 20 million years. This assertion
is based on the fact that the lifetimes of the stars under consideration do not exceed 20 Myr,
and their present existence corresponds exclusively to this steady value.

2.4 Monte-Carlo simulation
The Monte Carlo simulation presented in this section, which models the distribution of red
supergiants in the Milky Way, is structured into three key steps. The first part aims to establish
the total Galactic population by estimating the expected number of RSGs in the carbon-burning
phase, based on the star formation rate and the initial mass function. The second part of this
chapter focuses on their spatial distribution using a multi-component geometric model of the
Galaxy. In the final step, by generating Galactic snapshots, we determine the local abundance
of sources and use these data to calculate the statistical probability of the occurrence of an RSG
in the carbon-burning phase within a 1 kpc radius of the Sun.

The detection of the neutrino flux emitted by red supergiants is very difficult due to their
low energy. To simplify the calculation, it is possible to use only the statistical abundance of
stars located within a distance of one kiloparsec from Earth. Determining the exact phase of a
star is imprecise and uncertain, so we cannot determine the exact population of red supergiants
in the carbon-burning phase at a given distance. For this calculation, the most accurate method
is to use a Monte Carlo simulation to estimate the expected occurrence of RSGs in the carbon-
burning phase within a certain area. This simulation builds upon the total galactic population
counts derived in Sect. 2.3 and distributes them spatially to evaluate local abundances. The
entire simulation was developed using the Python programming language, utilizing libraries such
as dataclasses, pathlib, and annotations as part of a custom-written framework for all performed
calculations.

2.4.1 Simulation Framework and Statistical Approach
Monte Carlo simulation is a mathematical and statistical method widely used in physics and
astrophysics to address complex and often unsolvable mathematical problems. It works on
the principle of evaluating as many scenarios as possible according to predefined probability
distributions, followed by a statistical evaluation. The result is not a single number, but a
distribution of possible values. From this distribution, it is possible to determine the average
value, statistical deviation, or confidence interval.

As a key part of this thesis, a custom Python-based code was developed to function as a
discrete simulator, generating instantaneous snapshots of the Galaxy by integrating selected
Initial Mass Functions (IMF) and spatial density profiles. Instead of fixed counts, the number
of stars for each mass distribution is generated using a Poisson distribution. This allows for
a more natural simulation with statistical fluctuations across individual snapshots. To ensure
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statistical reliability and eliminate random fluctuations, the algorithm generates 50 000 inde-
pendent snapshots for each IMF type. The number of 50,000 trials was chosen as the point
where the simulation results achieved convergence; further increasing the number of iterations
did not significantly alter the outcomes. This approach allows us to transition from the global
theoretical average population, as defined in Eq. 2.1, to a representation of the Galaxy based
on the random spatial distribution of stars within it. The probabilistic representation of the red
supergiant (RSG) population during the carbon-burning phase in the Milky Way is derived using
these Monte Carlo simulations. Data processing using this approach provides a representative
distribution of the stellar population and a statistically significant estimate for the expected
occupancy of target objects.

Given that the expected number of stars in the carbon-burning phase within a 1 kpc radius
is very low, the resulting distribution exhibits the characteristic features of a Poisson process.
Based on this assumption, the Monte Carlo framework allows us to account for the discrete
nature of stellar occurrences. Within a given snapshot, the presence of these stars is naturally
described by a discrete counting distribution where the number of sources 𝑁 is always a non-
negative integer.

Since the expected number of RSGs in the carbon-burning phase within a 1 kpc radius
is smaller than unity, the results must be interpreted probabilistically. In this regime, the
expected mean number of sources, 𝜆, is a key quantity. According to the Poisson distribution
𝑁 ∼ Poisson(𝜆), it is possible to define the probability of finding a specific number of stars in
the local volume. The probability of finding no stars within a 1 kpc radius at a given time is
defined by Eq. 2.4, and the probability of finding at least one star within the same radius is
defined by Eq. 2.5.

𝑃 (𝑁 = 0) = 𝑒−𝜆, (2.4)

𝑃 (𝑁 ≥ 1) = 1 − 𝑒−𝜆. (2.5)

By employing this probabilistic approach, we avoid the inconsistencies of Gaussian statistics,
which are unsuitable for rare events and would incorrectly imply the possibility of negative star
counts. Thanks to the Poissonian framework, the simulation remains physically consistent with
the discrete nature of the stellar population.

2.4.2 Stellar Population and Spatial Modeling
As defined in the code, the simulation operates in a state of dynamic equilibrium (steady-state).
Based on a constant star formation rate of SFR = 1.9 M⊙ yr−1, the model generates a population
of stars that have formed within the last 20 million years. This time frame was chosen because the
maximum lifetime of the stars under consideration does not exceed this period. This approach
ensures a galactic snapshot that faithfully represents the instantaneous state, where stars are
captured in various evolutionary stages depending on their randomly assigned age and mass.

The Initial Mass Function (IMF) serves as the primary parameter for the Monte Carlo
integration. For each simulation, the code samples the mass distribution to determine the con-
tribution of different stellar mass intervals to the total population. This mass is decisive for
determining the star’s evolutionary track and, specifically, the duration of its carbon-burning
phase (Δ𝑡𝐶) as defined by the PARSEC database.To ensure computational efficiency and phys-
ical robustness, the simulation does not assign individual ages to every star in the Galaxy.
Instead, it utilizes a probabilistic approach based on the assumption of a steady-state Star For-
mation Rate (SFR). The likelihood of a star being in the carbon-burning phase is defined by
the ratio of that phase’s duration to the total stellar lifetime. By integrating this probability
across the sampled mass spectrum and the spatial model of the Milky Way, the code calculates
a statistical expectation value 𝜆 for the local neighborhood. This 𝜆 represents the mean number
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of stars expected in the given volume and serves as the basis for the Poissonian interpretation,
allowing us to quantify the probability of detecting zero, one, or multiple sources at any given
snapshot in time.

In this work, the Monte Carlo method was employed to repeatedly generate stellar popu-
lations in the Milky Way according to a defined density profile 𝜌(𝑟). The developed algorithm
utilizes a random sampling based on the inverse transform sampling method to assign spatial
coordinates to each object. Based on this stochastic distribution, the statistical frequency of
stars within a defined kiloparsec interval was subsequently determined. This approach allowed
for a realistic representation of the spatial distribution, defined the dispersion of objects, and
enabled a statistical evaluation of the expected occurrence of rare evolutionary phases within
the solar neighborhood.

The resulting spatial distribution and the derived expected number of sources, 𝜆, serve as
key inputs for calculating neutrino fluxes and their detection rates in Sect. 2.5.

2.4.3 Geometric Model of the Milky Way
To calculate the number of RSGs in the C-burning phase, it is necessary to define the distribution
of stars and mass within the Milky Way (MW). For the purposes of the Monte Carlo (MC)
simulation, the MW is modeled using a static geometric disk, without dynamical evolution. This
approach treats the stellar distribution as a probability density field rather than a dynamical
mass model, focusing on an instantaneous snapshot of the population while neglecting stellar
dynamics.

One of the cornerstones of the Monte Carlo model for calculating the RSG population is
the definition of the stellar density distribution, whereas the exact position of each star remains
stochastic. The radial stellar density in the galactic plane is given by Equation 2.6 and decreases
exponentially with galactocentric distance. This relationship ensures that the stellar distribution
is non-uniform, with the concentration decreasing towards the galactic periphery. In the model,
a value of ℎ𝑅 = 1.8 kpc was used. This value was chosen to reflect the stronger concentration
of young stars, such as RSGs, toward the center of the Milky Way.

𝜌(𝑟) = 𝜌0 exp
(︂

− 𝑟

ℎ𝑅

)︂
(2.6)

The probability of finding a star decreases exponentially with its distance from the galac-
tic center, as illustrated in Figure 2.1. For RSGs, this decline is particularly pronounced; as
relatively young stars, they are more densely concentrated toward the inner regions of the galaxy.
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Fig. 2.1: Theoretical profile of the surface density of the stellar population in the galactic disk

The stellar distribution further depends on the parameterization of four spiral arms, as
described by Equation 2.7 [33, 34]. The pitch angle 𝜓 is set to 12∘, which defines the radial
growth and angular position of the arms [35, 36]. The stars are distributed relative to these
arms using a Gaussian profile with a standard deviation of 0.3 kpc. [37, 38] This region contains
a significant portion of the Milky Way’s population of young stars.

𝑅(𝜑) = 𝑅𝑟𝑒𝑓 exp((𝜑− 𝜑0) tan(𝜓)) (2.7)

The distribution of the spiral arms in the MW within the galactic plane (𝑥, 𝑦), as shown in
Figure 2.2, determines the loci around which stars are modeled using a Gaussian profile. The
arms are constrained by radial boundaries of 3 and 13 kpc, which correspond to the observed
extent of the spiral structure in the Milky Way.
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Fig. 2.2: Geometric structure of four logarithmic spiral arms in the galactic plane (𝑥, 𝑦) for a
pitch angle of 𝜓 = 12∘.

Additional stars are located within the molecular ring. This structure is modeled using a
Gaussian distribution centered at 4.5 kpc with a width (standard deviation) of 0.5 kpc. While
this region is a major site of star formation, it represents a secondary contribution to the total
RSG population compared to the more prominent spiral arms.

The overall spatial structure is defined by the exponential disk, the spiral arms, and the
molecular ring, collectively illustrated in Figure 2.3. This schematic diagram represents the
geometric framework of the MW used for populating stars in the Monte Carlo simulation and
defines the Sun’s position relative to these regions. It is important to note that the adopted
values—such as the number of arms, pitch angle, arm width, and radial range—should be
regarded as physically motivated values within a simplified toy model. These do not represent
a new fit to the detailed spiral structure of the Milky Way.
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Fig. 2.3: Visualization of the spiral arms, the molecular ring, and the position of the Sun in a
model of the Milky Way.

A comprehensive model of the stellar mass distribution along the galactic structure generates
a continuous field that accounts for the statistical probability of stellar occurrence at any given
location in the galactic plane. Figure 2.4 demonstrates the concentration of stars within the
spiral arms and the molecular ring.

18



15 10 5 0 5 10 15
x (kpc)

15

10

5

0

5

10

15
y 

(k
pc

)

Simulated RSG Population Density with 1 kpc Zoom

Sun
1 kpc horizon

0.000

0.002

0.004

0.006

0.008

0.010

R
el

at
iv

e 
St

el
la

r D
en

si
ty

 (K
D

E)

9 8 7
1.5

1.0

0.5

0.0

0.5

1.0

1.5
Local neighborhood (1 kpc)

Fig. 2.4: Spatial distribution of a simulated red supergiant population in the galactic plane.

In the calculation, the MW is approximated as a 2D model defined by Cartesian coordinates
(𝑥, 𝑦). To determine the expected presence of stars within a 1 kpc radius of the observer, the
Sun’s position is set at the standard coordinates (𝑥, 𝑦) = (−8.2, 0.0) kpc. The sampled region is
defined as a galactic cylinder that extends through the entire thickness of the disk rather than a
sphere. Consequently, this volume includes all stars within the specified distance from the Sun
as projected onto the galactic plane. The low stellar density near the Sun shown on the map
and in the detailed inset visually matches the calculated values from the simulation in Table 3.5

2.5 Neutrino flux from RSG and detection of thermal neutrinos
Red Supergiants (RSGs) in the carbon-burning phase produce a significant amount of neutrinos.
Although the neutrino flux is lower than in later evolutionary stages, this period is particularly
suitable for detection due to its duration, which can last between 100 and 1000 years. Con-
sequently, the probability of a star being in this specific burning phase is higher, making the
potential detection of neutrinos more likely. Thermal processes are dominant during this stage.
For the calculation of the neutrino flux of this type, a population of stars within a 1 kpc ra-
dius is considered, following [15]. The specific distributions of stars employed in this study are
generated via the custom Monte Carlo simulation detailed in Section 2.4.

Within our model, we assume elastic neutrino-electron scattering as the primary detection
channel. For the calculation of converting neutrino flux into detectable events, we use a simplified
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estimate that does not account for background noise. A comprehensive evaluation of the detector
response will be replaced in the future by a precise model based on [7], which will incorporate
the specific behavior of the detector.

2.5.1 A theoretical model of neutrino flux
Calculating the neutrino flux required several approximations; the procedure employed here
replicates [15] only marginally, utilizing numerous simplifications. The calculations are based on
the assumption that the neutrino energy distribution follows the Fermi-Dirac statistics, which
serves as a robust approximation for neutrinos generated via thermal processes, specifically
electron-positron pair annihilation, which dominates the neutrino luminosity during the carbon-
burning phase in Red Supergiants (RSGs).

In the code, the spectrum is defined by the relation 2.8, where 𝑇𝜈 represents the effective
neutrino temperature. The model utilizes an effective neutrino temperature of 𝑇𝜈 = 0.1905
MeV. This value is selected based on the Fermi-Dirac energy spectrum to approximate the peak
at 0.6 MeV, as reported in [15]

𝑓(𝐸) = 𝐸2

exp(𝐸/𝑇𝜈) + 1 (2.8)

Since this relation determines only the relative energy distribution, a normalization factor
is introduced, which is obtained by integrating the function 𝑓(𝐸) approximated over the finite
energy range (0, 15 MeV). This integration limit was chosen to cover the dominant portion of
the energy spectrum produced during the C-burning phase.

An important parameter of neutrinos is the average energy 𝐸𝑎𝑣𝑔, which serves as a key factor
in the model for calculating the interaction cross-section. It can be calculated numerically from
the resulting spectrum as a derived quantity using equation 2.11.

The calculation assumes a water-based liquid scintillator (WbLS) detector with a total mass
of 𝑀𝑑𝑒𝑡. The electron antineutrino flux (𝜈𝑒) for a star at a distance 𝑑 (in kpc) is then defined
by relation 2.9. The calculation is performed based on a reference flux Φ200𝑝𝑐 = 105 cm−2s−1

for a star like Betelgeuse (at 0.2 kpc). The reference flux Φ200𝑝𝑐 is an adopted value from [15],
serving as a normalization constant for our model.

Φ𝑡𝑜𝑡𝑎𝑙(𝑑) = Φ200𝑝𝑐 ·
(︂0.2
𝑑

)︂2
(2.9)

To account for the dependence of the flux on the source distance, we utilized the Monte
Carlo simulation to integrate the individual contributions of the simulated stellar population.
By leveraging the specific positions of stars within each snapshot, we calculated their individual
fluxes, thereby incorporating the stochastic spatial distribution within the 1 kpc volume. To
illustrate the impact of distance on the flux, our algorithm was used to simulate the flux scaling of
a single star; the resulting data, presented in Table 2.1, demonstrate the relationship Φ(𝑟) ∝ 1/𝑟2

in Figure 3.5.
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Distance 𝑑 [kpc] Flux Φ [cm−2s−1]
1.00 4.00 × 103

0.75 7.11 × 103

0.50 1.60 × 104

0.34 3.46 × 104

0.20 1.00 × 105

0.10 4.00 × 105

Tab. 2.1: Illustrative values of neutrino flux scaling for a single star at various distances, demon-
strating the non-linear relationship used to verify the model consistency.

The resulting differential flux 𝑑Φ
𝑑𝐸 is established by relation 2.10. It defines the number of

neutrinos per cm2 per second per MeV.

𝑑Φ
𝑑𝐸

= Φ𝑡𝑜𝑡𝑎𝑙(𝑑) · 𝑓(𝐸)∫︀ 15 MeV
0 𝑓(𝐸) 𝑑𝐸

(2.10)

The total expected flux from the RSG population (Φtot) is determined by aggregating the
fluxes of all carbon-burning RSGs generated within the Monte Carlo simulation inside the 1 kpc
radius. This approach ensures that the higher flux contributions from stars located closer to
Earth are physically represented in the final results. The resulting neutrino flux values for
different IMF types are presented in Table 3.7. While the flux of a single star and the average
neutrino energy are determined by internal stellar physics, the total flux depends on the chosen
Initial Mass Function (IMF), which predicts a different statistical abundance of stars currently
in the given evolutionary phase.

The energy spectrum is approximated using a Fermi-Dirac distribution with a uniform effec-
tive temperature, rather than a realistic spectrum which may exhibit deviations from the ideal
shape and vary depending on the neutrino flavor. Furthermore, the integration is performed
over a finite energy interval that sufficiently covers the relevant part of the spectrum, instead of
integrating over the entire energy range. Nevertheless, the described approach provides a con-
sistent estimate of the neutrino flux from a Red Supergiant (RSG) during the carbon-burning
phase.

The distribution of stars from the Monte Carlo simulation as a function of distance from
the Sun for individual IMF types is shown in Figure 2.5. The histogram illustrates the increase
in the number of stars with increasing distance from the Sun. The differences in the absolute
number of stars found between various IMF types demonstrate the sensitivity of the models,
which has a direct impact on the neutrino flux and its detection.
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Fig. 2.5: Comparison of the spatial distribution of red supergiants in the carbon-burning phase
within a 1 kpc radius from the Sun for different IMF types. The histograms show the number
of stars from 50,000 Monte Carlo simulation trials generated with different distances. 22



2.5.2 Practical calculation of detectability
The practical calculation of the detectability of neutrinos emitted from RSGs in the carbon-
burning phase depends on the expected occupancy of stars 𝑁𝑠𝑡𝑎𝑟𝑠 within a 1 kpc radius. The
value of 𝑁𝑠𝑡𝑎𝑟𝑠 is derived from the different IMF variants using Monte Carlo snapshots. The
detectability calculation is performed on differently parameterized detectors with varying masses
and different proportions of scintillating liquid in order to obtain a realistic estimate of the
potential signal. This represents a simplified toy model for estimation purposes.

The detection of neutrinos depends on their flux, but also on the average neutrino energy
𝐸𝑎𝑣𝑔, which we introduced as the mean value of the energy spectrum 𝑓(𝐸) using the relation
2.11.

𝐸𝑎𝑣𝑔 =
∫︀ 15 MeV

0 𝐸 · 𝑓(𝐸) 𝑑𝐸∫︀ 15 MeV
0 𝑓(𝐸) 𝑑𝐸

(2.11)

In the model, the neutrino interaction probability is determined by a linear approximation
of the elastic scattering cross-section, where 𝜎(𝐸) ≈ 0.9 × 10−44 ·𝐸 cm2. The elastic scattering
cross-section is a value adopted from [15]. The calculation of the total number of target electrons
𝑁𝑒 was obtained using a code developed for this work and utilizes Equation 2.12. This value
directly affects the interaction cross-section of the detector and, consequently, the probability of
detecting neutrinos. For the calculation, we chose the hybrid detector method (WbLS), which
combines the advantages of water and an organic scintillator.

The total number of electrons 𝑁𝑒 is one of the key parameters for determining the number
of interactions. In the case of hybrid detectors, this number is determined by the weighted
average of the electron density in both components of the mixture using the relation 2.12. In
our implementation, we specifically account for the molar mass and electron count of water
(𝐻2𝑂) and a linear alkylbenzene (LAB) based scintillator.

𝑁𝑒 = 𝑀𝑑𝑒𝑡 · [(1 − 𝑓𝑠𝑐𝑖𝑛) · 𝑛𝑒,𝐻2𝑂 + 𝑓𝑠𝑐𝑖𝑛 · 𝑛𝑒,𝑠𝑐𝑖𝑛] (2.12)

where 𝑀𝑑𝑒𝑡 is the total mass of the detector, 𝑓𝑠𝑐𝑖𝑛 represents the mass fraction of the scintil-
lator, and 𝑛𝑒 is the electron density (number of electrons per unit mass) for the given component.
This procedure allows for a simplified estimation of the electron content within the detector,
accounting for the hybrid mixture of water and scintillating solution.

The expected number of detected events per unit of time 𝑅 is given by the relation 2.13,
which utilizes integration over the energy spectrum.

The event rate 𝑅 is calculated using relation 2.13 and represents an idealized nominal rate
before accounting for the realistic response of the detector itself. While the model incorporates
the energy-dependent detection efficiency 𝜂(𝐸) and the energy threshold 𝐸𝑡ℎ, it does not account
for the angular acceptance of the detector or contributions from background processes. This
approach is intended to estimate the fundamental physical potential of the hybrid medium

𝑅 = 𝑁𝑒 ·
∫︁ 15 MeV

𝐸𝑡ℎ

Φ𝑡𝑜𝑡(𝐸) · 𝜎(𝐸) · 𝜂(𝐸), 𝑑𝐸 (2.13)

Where Φ𝑡𝑜𝑡(𝐸) represents the total differential flux from all stars in the simulated volume.
The function 𝜂(𝐸) defines the detection efficiency, which accounts for the energy threshold
𝐸𝑡ℎ. Furthermore, 𝜎(𝐸) is introduced as a simplified linear approximation, assuming no energy-
dependent deviations in the efficiency function above the threshold.

By utilizing hybrid WbLS-based detectors, it is possible to detect low-energy neutrinos with
a threshold of 𝐸𝑡ℎ = 0.4 MeV. In this model, the efficiency function 𝜂(𝐸) is defined as a step
function: it remains constant at 0.8 for all energies above 𝐸𝑡ℎ and is zero for all energies below
the threshold. This factor is used to account for the detector’s sensitivity.
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To obtain the most accurate results for neutrino detection, the calculations were performed
using two different detector masses: 𝑀𝑑𝑒𝑡 = 20 kt and𝑀𝑑𝑒𝑡 = 50 kt. Furthermore, the volumetric
fraction of the scintillation liquid was varied between 5% and 10%. The resulting values presented
in Table 3.8 show a comparison between the theoretical number of interactions (𝑁𝑟𝑎𝑤) and the
expected number of recorded events (𝑁𝑒𝑥𝑝), which, for the given detector geometry, is further
influenced by the detector efficiency.

To ensure the most accurate processing of the values and to obtain more precise uncertain-
ties, the results from Table 3.8 were averaged by reflecting both the internal variance of the
stellar population and the variance among the considered detector configurations. Through this
procedure, we sought to achieve a more comprehensive estimate of the actual detectability. The
resulting average values with the uncertainties obtained in this manner are listed in Table 3.9.
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3 RESULTS AND DISCUSSION
3.1 Variants of the IMF and Their Impact on the Massive Star Pop-

ulation
The variability of the Initial Mass Function (IMF) remains a widely discussed topic; while the
slope for low-mass stars is relatively well-established in the literature, significant uncertainty
persists for massive stars, which we model in this work using three distinct slope indices defined
by 𝛼3. By numerically integrating these three IMF variants over the 12–35 M⊙ mass range,
we reveal significant differences in the expected number of massive stars. The results of this
comparison are visualized in Figure 3.1, which displays the normalized stellar number density
for each scenario.
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Fig. 3.1: Comparison of three variants of the initial mass function (IMF). The blue curve shows
the standard Kroupa IMF (𝛼3 = 2.3); the red curve represents the top-heavy variant (𝛼3 = 1.7)
with a relatively higher fraction of massive stars; and the green curve depicts the top-light variant
(𝛼3 = 2.8) with a predominance of low-mass stars. The x-axis gives the stellar mass in units of
M⊙, in logarithmic scale, and the y-axis shows the stellar number density d𝑁/d𝑚 normalized
to a total stellar system mass of 1 M⊙. The orange-shaded region marks the integration interval
12 ≤ 𝑚/𝑀⊙ ≤ 35, in which the relative number of stars (𝑁) was calculated.

The specific numerical values obtained by integrating the IMF curves within the given mass
range are defined in Table 3.1. In this context, 𝑁 serves as a weighting coefficient expressing the
number of stars formed per unit mass of the total population, with each value varying according
to the specific slope index 𝛼3 used in the model.
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IMF Variant Slope index 𝛼3 Number of stars 𝑁 [𝑝𝑒𝑟 𝑀⊙]
Top-heavy 1.7 0.0097
Standard (Kroupa) 2.3 0.0049
Top-light 2.8 0.0017

Tab. 3.1: The number of stars (𝑁) integrated over the 12–35 𝑀⊙ interval for different IMF slope
indices 𝛼3. These values represent the numerical yield of massive stars per 1 𝑀⊙ of total formed
stellar mass.

The graph compares three initial mass functions (IMFs): the standard Kroupa IMF, the
top-heavy IMF, and the top-light IMF. The different slopes of these functions in the high-mass
region directly affect the number of massive stars. Integrating these functions over the 12–35
M⊙ mass range gave us the expected number of stars in this mass interval per unit of total
stellar mass. The results showed that we obtained 𝑁 = 0.0049 for the standard Kroupa IMF,
𝑁 = 0.0097 for the top-heavy IMF, and 𝑁 = 0.0017 for the top-light IMF. The top-heavy IMF
predicts approximately a factor-of-two increase in the number of massive stars compared to the
standard model, while the top-light IMF yields a significantly lower count

The variability of the IMF is a topic of debate. While the slope of the function is relatively
well-established in the literature for low-mass stars, for massive stars there is a degree of uncer-
tainty, which we model in this work using three different curve slopes defined by 𝛼3. The values
below this curve, or

The different values of 𝑁 — the number of stars per unit mass of the galactic system —
illustrate the fundamental role of the slope 𝛼3. While the standard Kroupa value of 𝛼3 = 2.3
represents a middle ground, the top-heavy variant with a slope of 𝛼3 = 1.7 yields nearly twice
the number of massive stars. This slope is often associated with environments of intense star
formation or the early universe. In the context of this work, it would also imply the most
optimistic prospects for neutrino detection.

In contrast, the top-light model with a slope of 𝛼3 = 2.8 represents nearly a third of the
number of stars compared to the standard model. This high sensitivity will be reflected in
the overall measurements and will affect the differences between values in subsequent steps.
Choosing the IMF type is, therefore, a very important step in this regard.

3.2 Stellar Lifetimes and the Carbon-Burning Phase
During the evolution of massive stars, several characteristic thermonuclear reactions occur in
the core, with each subsequent stage lasting a shorter time than the previous one. This duration
is influenced by several factors, the most significant being the initial mass of the star. To fully
understand the detectability of neutrinos, it is necessary to determine the total time span during
which a star remains in this specific evolutionary stage.

Stellar lifetimes are heavily dependent on their initial mass. Lower-mass stars have a signifi-
cantly longer lifetime than more massive ones. According to the calculations, stars with a mass
of 12 M⊙ have an approximate lifetime of 17.86 Myr, while stars with a mass of 35 M⊙ reach
only 5.45 Myr.
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Fig. 3.2: Hertzsprung-Russell diagram for stars with initial masses of 12–35 M⊙. The horizontal
axis shows the logarithmic effective temperature and the vertical axis shows the logarithm of
luminosity. The color scale represents the logarithmic age of the stars. Key evolutionary stages
are marked with colored dots: gray (ZAMS), blue (TAMS), green (beginning of carbon burning),
and red (final stage). The onset of the carbon-burning phase (green dots) is numerically identified
by a decrease in the central carbon mass fraction of more than 1%; if this criterion cannot be
applied, it is subsequently determined by the core temperature reaching log10(𝑇𝑐/K) ≥ 8.65.

As shown in Figure 3.2, the evolutionary tracks clearly distinguish the extended hydrogen
and helium burning stages from the carbon-burning phase. The green dots represent the onset of
carbon ignition, corresponding to the 𝑡𝑠𝑡𝑎𝑟𝑡 values in Table 3.2. The final stage of the simulation
is marked by the red dots, represented by 𝑡𝑒𝑛𝑑 in the table. This phase, denoted as Δ𝑡𝐶 , is
significantly shorter and more rapid than the preceding evolutionary stages.

The carbon-burning phase is extremely short compared to the total life of a star. This phase
begins later in stars with lower mass than in stars with higher mass. For stars with a mass
of 12 M⊙, the phase lasts approximately 8, 000 years, while for massive stars of 35 M⊙, it

27



persists for only about 140 years. Overall, it can be said that as the mass of a star increases, its
lifespan shortens, as do the individual phases of its life, such as the duration of advanced nuclear
burning. Carbon burning occurs extremely quickly in massive stars, driven by the significantly
higher temperatures and pressures within the stellar core.

The specific timing of the onset and conclusion of the carbon-burning stage, along with its
total duration (Δ𝑡𝐶) relative to the total stellar lifespan (𝜏𝑡𝑜𝑡𝑎𝑙), is detailed in Table 3.2.

Mass (𝑀⊙) 𝑡𝑠𝑡𝑎𝑟𝑡 (Myr) 𝑡𝑒𝑛𝑑 (Myr) Δ𝑡𝐶 (Myr) 𝜏𝑡𝑜𝑡𝑎𝑙 (Myr)
12.0 17.847460 17.855649 0.008189 17.855516
14.0 14.302001 14.306312 0.004311 14.306093
16.0 11.994703 11.997296 0.002593 11.997106
18.0 10.315532 10.317238 0.001706 10.317067
20.0 9.150593 9.151706 0.001113 9.151562
22.0 8.222779 8.223550 0.000770 8.223427
24.0 7.536243 7.536743 0.000499 7.536638
26.0 6.964542 6.964923 0.000381 6.964832
28.0 6.546990 6.547284 0.000295 6.547204
30.0 6.144511 6.144738 0.000226 6.144677
35.0 5.452610 5.452747 0.000137 5.452700

Tab. 3.2: Timing of the carbon-burning phase for different initial stellar masses.

As shown in Figure 3.2, the evolutionary tracks clearly distinguish the extended hydrogen
and helium burning stages from the carbon-burning phase. The green dots represent the onset of
carbon ignition, corresponding to the 𝑡𝑠𝑡𝑎𝑟𝑡 values in Table 3.2. The final stage of the simulation
is marked by the red dots, represented by 𝑡𝑒𝑛𝑑 in the table. This phase, denoted as Δ𝑡𝐶 , is
significantly shorter and more rapid than the preceding evolutionary stages.

This time span reveals a significant discrepancy in the duration of the carbon-burning phase
across different stellar masses. While the most massive stars consume their carbon for only a
century and a half, lower-mass stars can remain in this stage for several millennia. Although
these less massive stars exhibit lower neutrino luminosity, their higher probability of occurrence
makes them more likely candidates for future detection.

When interpreting the final snapshot population, it is important to consider that although
lower-mass stars are more numerous in the Milky Way due to the Initial Mass Function and
their longer evolutionary lifetimes, the total neutrino signal can be significantly influenced by
more massive stars. These are rarer and have shorter carbon-burning phases, but they possess
higher core temperatures and thus higher neutrino luminosities.

3.3 Estimation of the Snapshot Population of Carbon-Burning Stars
To determine the number of stars at a given moment—specifically within a particular evolu-
tionary stage—it is necessary to create a detailed snapshot of the galactic population. This
calculation takes into account the duration of the specific life stage, the Star Formation Rate
(SFR), and the Initial Mass Function (IMF).

The resulting values of the total number of RSGs in the carbon-burning phase, together with
their uncertainties, are presented in Table 3.3. This overview allows for a direct comparison of
the influence of IMF shapes and the current number of RSGs burning carbon.
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IMF 𝑁now Uncertainty
Kroupa 55 ∼7
Top-heavy 92 ∼10
Top-light 23 ∼5

Tab. 3.3: Estimated snapshot number of carbon-burning stars for different IMF shapes.

The values presented in Table 3.3 are dependent on the Star Formation Rate (SFR) in the
Milky Way. It is therefore necessary to note that current estimates of the galactic SFR carry an
inherent uncertainty of approximately 20%. Due to the linear scaling of the SFR relative to the
snapshot population 𝑁𝑛𝑜𝑤, this uncertainty propagates directly into the final counts and their
associated uncertainties. Consequently, while the relative differences between individual IMF
models remain constant, the absolute number of stars could vary accordingly.

These figures represent the estimated number of carbon-burning RSGs for the entire galaxy,
influenced by several key factors. The choice of the IMF has a significant impact here; the
difference between the extremes is as much as sixfold, making the variability of the initial mass
function a non-negligible influence on the final count.

These values are strictly dependent on the slope of the IMF and the extremely short duration
of the carbon-burning phase relative to the total stellar lifetime. Compared to the enormous
total number of stars in the Milky Way, the population of RSGs in this specific stage is limited by
the combination of these two factors, resulting in a very small number of observable candidates
at any given time.

3.4 Monte-Carlo simulation
The distribution of stars in the Milky Way has a stochastic character, defined by specific prob-
abilities of star formation at different locations. To model this distribution and determine the
probability of stars occurring within a given radius, the most effective approach was to employ
Monte Carlo methods. By generating numerous possible realizations of the Milky Way’s current
structure, this simulation allows us to track the statistical distribution of the target stars and
determine the most probable outcome.

The Monte Carlo method simulates various possible snapshots of the galactic population.
Figure 3.3 illustrates one such realization of a potential stellar distribution. In this figure, red
dots represent all RSGs, blue stars represent RSGs in the carbon-burning phase, yellow dots
represent stars of other evolutionary types, and gray dots indicate stars that have already died.
The figure depicts a snapshot of the current population for the standard Kroupa IMF type.
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Fig. 3.3: Snapshot of the MW showing the Milky Way as it appears today. Yellow dots represent
all alive (other) stars, while gray dots represent dead stars (remnants, BH); red dots represent
red supergiants, and blue dots represent RSG stars in the carbon-burning stage. A massive
black hole is marked by a black dot at the center. At coordinates (𝑥, 𝑦) = (−8.2, 0), our Sun is
represented by a turquoise star, surrounded by a circle with a radius of 1 kpc. An inset (close-
up) shows our Sun with the 1 kpc circle, providing a more detailed view of the stars within this
radius.

The results of the Monte Carlo simulations for quantifying various theoretical models are
presented in Table 3.4, showing the total number of RSGs and their distribution within a 1
kpc radius of the Sun. Table 3.5 then lists the population of RSGs specifically in the carbon-
burning phase throughout the Milky Way, as well as the expected mean number (𝜆) of these
stars within the 1 kpc radius. According to [15], the probability of an RSG being in the carbon-
burning phase is approximately 1%. Our simulation results are consistent with this theoretical
expectation, yielding a fraction of 1.1% for stars in the carbon-burning stage relative to the total
RSG population.

A key observation from 3.5 is that the expected number of stars within a 1 kpc radius (𝜆)
is less than one across all IMF models. This result must be interpreted as a consequence of
stochastic occurrence; therefore, the presence of an RSG in the carbon-burning phase within the
solar neighborhood depends more on statistical chance than on the specific IMF slope.
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IMF 𝑁RSG (MW) std 𝑁RSG (< 1 kpc) std
Kroupa 5963 ± 77 9 ± 3
Salpeter 5387 ± 73 8 ± 2
Top-heavy 10591 ± 102 16 ± 4
Top-light 2322 ± 48 3 ± 1

Tab. 3.4: Total number of red supergiants (RSGs) in the Milky Way and within 1 kpc of the
Sun for different IMFs.

IMF 𝑁C-RSG (MW) std 𝜆C-RSG (< 1 kpc) std
Kroupa 55 ± 7 0.0865 ± 0.2940
Salpeter 50 ± 7 0.0783 ± 0.2793
Top-heavy 92 ± 9 0.1451 ± 0.3820
Top-light 22 ± 4 0.0343 ± 0.1853

Tab. 3.5: Expected mean number (𝜆) of RSGs in the carbon-burning phase in the Milky Way
and within 1 kpc of the Sun for different IMFs.

The results of the Monte Carlo simulations for individual snapshots vary, and the distribution
of the number of RSGs in the C-burning phase is shown in the histograms in Figure 3.4. While
the distribution of values for the total number of RSGs in the C-burning phase throughout the
MW is quite wide, the number within a one-kpc radius does not show such a wide spread, and
in many cases, not a single one of the target stars is found within this radius.
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Fig. 3.4: Statistical distribution of carbon-burning red supergiants derived from 50,000 Monte
Carlo iterations. The left column (red) shows the total Milky Way population, while the right
column (purple) displays the distribution within 1 kpc of the Sun. Results are shown for various
IMF models.

Histogram 3.4 illustrates the distribution of C-burning RSGs based on their distance from
the Sun for each utilized IMF model. On each graph, the x-axis represents the discrete number
of stars predicted by the model within the given volume, while the y-axis shows the frequency
of simulation results leading to that specific count. The bars in the histograms represent the
frequency of star counts, assuming a Poissonian distribution for the underlying statistics.

A comparison of the total galactic population with the local sample within a 1 kpc radius
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highlights a significant statistical challenge. Although red supergiants in the carbon-burning
phase occur in relatively large numbers across the entire Milky Way, the local population is
extremely sparse, with an improbable occurrence of these stars in our immediate neighborhood.
In many Monte Carlo iterations, the total number of stars within 1 kpc was zero, as reflected in
the right-hand columns of the histograms in Figure 3.4.

Due to these low counts and high uncertainties, a standard Gaussian summary (mean ±
standard deviation) is not physically representative, as it could be interpreted as a negative
number of stars. Using the expected mean values, 𝜆, it is possible to determine the actual
probability of the occurrence of RSGs in the C-burning phase in our neighborhood. These
values are summarized in Table 3.6 for the individual IMF models.

IMF 𝜆 (< 1 kpc) 𝑃 (𝑁 = 0) [%] 𝑃 (𝑁 ≥ 1) [%]
Kroupa 0.0865 91.71 ± 0.27 8.29 ± 0.27
Salpeter 0.0783 92.47 ± 0.26 7.53 ± 0.26
Top-heavy 0.1451 86.49 ± 0.33 13.51 ± 0.33
Top-light 0.0343 96.63 ± 0.18 3.37 ± 0.18

Tab. 3.6: Probabilities of finding zero, or at least one, carbon-burning RSG within 1 kpc of the
Sun.

From an expected value perspective, the results for the Top-heavy IMF are the most fa-
vorable, as they provide a 13.51% probability of finding at least one red supergiant in the
carbon-burning phase within 1 kpc. In contrast, for the Top-light IMF, the presence of such
a red supergiant is nearly improbable, with the probability of no stars of this type occurring
within the radius reaching 96.63%. The fact that the uncertainties for these models are several
times larger than the mean value itself is direct evidence of the Poissonian nature of rare events.

This statistical rarity suggests that for a neutrino detector, the probability of capturing a
neutrino flux from an RSG in the carbon-burning phase is very low. In most snapshots, carbon-
burning red supergiants are entirely absent within a 1 kpc radius of the Sun. Even under the
most optimistic top-heavy IMF model, the current snapshot of the local population is most
likely to be empty. For the standard Kroupa and top-light IMF types, the occurrence of such
stars within this radius is nearly improbable. This scarcity strongly limits the possibility of
using the neutrino signal as a robust IMF diagnostic. These findings highlight the importance
of an expanded detection horizon for identifying these stars, although at greater distances, the
neutrino flux becomes weaker and its detection significantly more challenging.

3.5 Neutrino flux from RSG and detection of thermal neutrinos
3.5.1 Neutrino Flux and the Influence of Source Distance
The neutrino flux for an observer from a single star is primarily dependent on its distance. This
dependence is shown in Figure 3.5, which presents the estimated values for the neutrino flux
from a single red supergiant during the carbon-burning phase. The measured data correspond to
a fit using an isotropic emission function Φ(𝑟) = 𝐿𝜈/4𝜋𝑟2, from which we derived a characteristic
neutrino luminosity of 𝐿𝜈 = 4.79 × 1047 s−1.
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Fig. 3.5: Neutrino flux as a function of distance from a red Supergiant in the carbon-burning
phase (RSG). The solid line shows how the number of neutrinos drops with distance, following the
physical law of a point source. From our data, we calculated that the star emits approximately
4.79 × 1047 neutrinos every second.

The flux plotted in Figure 3.5 corresponds to a single representative RSG source as a baseline.
To determine the expected signal from the integrated local population, this single-source flux is
combined with a Monte Carlo simulation of the stochastic distribution of stars within a 1 kpc
radius. The model integrates individual contributions by scaling the luminosity of each simulated
source according to the inverse-square law relation Φ(𝑟) = 𝐿𝜈

4𝜋𝑟2

The total flux from the probabilistic stellar content for different IMF variabilities integrated
within a distance of 1 kpc is recorded in Table 3.7.

IMF Model (𝑁𝑠𝑡𝑎𝑟𝑠) (Φ𝑡𝑜𝑡) [cm−2s−1]
Kroupa 0.0873 ± 0.2940 1.55 × 103

Salpeter 0.0775 ± 0.2784 1.38 × 103

Top-heavy 0.1467 ± 0.3820 2.57 × 103

Top-light 0.0357 ± 0.1853 6.43 × 102

Tab. 3.7: Estimated neutrino flux values from red supergiants in the carbon-burning phase
within 1 kpc for various IMF models.

The values defined in Table 3.7 are obtained from a simplified theoretical model.
All values correspond to the probabilistic stellar occurrence 𝑁𝑠𝑡𝑎𝑟𝑠. The resulting flux is thus

correct from a purely mathematical standpoint, but for physical interpretation, a major problem
arises when reading the uncertainty for the Top-light model, where values increase extremely
when the uncertainty is added. This uncertainty is carried over from the previous Monte Carlo
simulation and is caused by the small number of sample stars in the simulation.
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3.5.2 Detector Response and Expected Event Rates
Detection is dependent on several detector factors. To ensure the most accurate range of de-
tectability, the theoretical measurement was performed on multiple types of detectors with
different criteria. The criteria taken into account are the mass and the percentage occurrence of
scintillator liquid in the detector. For all types of IMF variability, calculations were performed
on four types of detectors. We varied the mass between a value of 20 kt and a mass of 50 kt.
The percentage value of the scintillation liquid was varied between 5% and 10%. The resulting
values for individual detectors and individual IMFs are included in Table 3.8.

IMF Model 𝑀𝑑𝑒𝑡 [kt] Scint. Fraction (𝑓𝑠𝑐𝑖𝑛) 𝑁𝑒𝑥𝑝 [yr−1]
Kroupa 50 10% Scint 3.0544

50 5% Scint 3.0505
20 10% Scint 1.2218
20 5% Scint 1.2202

Salpeter 50 10% Scint 2.7125
50 5% Scint 2.7090
20 10% Scint 1.0850
20 5% Scint 1.0836

Top-heavy 50 10% Scint 5.0569
50 5% Scint 5.0505
20 10% Scint 2.0228
20 5% Scint 2.0202

Top-light 50 10% Scint 1.2635
50 5% Scint 1.2619
20 10% Scint 0.5054
20 5% Scint 0.5048

Tab. 3.8: Estimated total neutrino event rates from Red Supergiants in the carbon-burning
phase (within 1 kpc) for different detector configurations. The value 𝑁𝑒𝑥𝑝 reflects the statistical
expectation based on the Monte Carlo stellar population and the integrated flux.

It should be noted that the resulting values represent only a theoretical estimate based on
an idealized detector model. These figures do not account for complete detector backgrounds or
realistic reconstruction efficiencies, which would be present in a real-world experimental setup

For a more precise idea, the calculations from all detection variants were averaged and taken
into account within the uncertainties recorded in Table 3.9.

IMF Model Average 𝑁𝑒𝑥𝑝 [yr−1]
Kroupa 2.137 ± 1.058
Salpeter 1.898 ± 0.940
Top-heavy 3.538 ± 1.749
Top-light 0.884 ± 0.438

Tab. 3.9: Average expected neutrino detection rate for individual IMF models.

Table 3.9 compares the values across different IMF models. These results are purely theo-
retical; in practice, distinguishing between the individual types of Initial Mass Functions would
likely be impossible. Although there is up to a fourfold difference between the extreme values,
the uncertainties in these measurements reach nearly 50% of the values themselves. This leads
to a significant overlap in the results, making it unfeasible to uniquely distinguish between the
individual IMF models based on these observations.
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The values used in this model for calculating the neutrino flux and its subsequent detection
represent a purely theoretical toy model. For more realistic results, it would be necessary
to account for various background sources, which are particularly significant for low-energy
thermal neutrinos from an RSG in the carbon-burning phase. Although hybrid WbLS detectors
are designed to measure these low-energy neutrinos, the signal-to-background ratio remains a
critical factor. Overall, this work outlines the event rates under ideal conditions and provides a
basic framework for more complex future simulations.
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CONCLUSION
The objective of this thesis was to present a comprehensive theoretical framework for estimating
the neutrino flux and detectability of Red Supergiants (RSG) during the carbon-burning phase
within the observable neighborhood. Using a custom-built Monte Carlo simulation algorithm, we
modeled stellar populations in the Milky Way and compared how different Initial Mass Functions
(IMF) affect the expected neutrino flux and subsequent detection of low-energy neutrinos in a
toy detector model.

The results of this work demonstrate that the standalone detection of thermal neutrinos from
the RSG carbon-burning phase presents a significant observational challenge. While the analysis
of population models revealed fundamental differences between individual IMF types—with
discrepancies between extreme scenarios reaching a factor of up to 5.7—such detections may
contain information about the IMF only under favorable assumptions. Our findings confirm that
RSGs in the carbon-burning phase represent approximately 1.1% of the total Red Supergiant
population. Ultimately, this approach could theoretically provide a complementary probe in
future detector scenarios.

Galaxy simulations using the Monte Carlo method revealed that the expected number of such
stars occurring within a 1 kpc radius is less than one in all IMF cases. According to the Poisson
distribution, the most optimistic scenario (Top-heavy IMF) gives a 13.51% probability of finding
at least one such star. Using an integrated approach to detection rates for hybrid detectors,
these simplified calculations suggest that for some IMF models, idealized event rates might
reach several detections per year. The Top-heavy model provides the most optimistic scenario,
suggesting up to 3.5 detections per year, while the Top-light model shows the lowest detection
probability of 0.8 detections per year.It is important to note, however, that these represent
idealized event rates before realistic detector-response modelling, background subtraction, and
reconstruction efficiency are included.

A key finding of this analysis is that the viability of neutrino-based IMF diagnostics is
primarily hindered by the stochastic nature of Red Supergiant occurrence during the carbon-
burning phase. Since the probability of finding even a single such source within a 1 kpc radius
reaches only 13.51% in the most optimistic scenarios, the practical application of this method
is limited by the rarity of local sources rather than the sensitivity of the detector itself. Thus,
while the method is theoretically sound, it could provide a complementary probe of the IMF only
under favorable assumptions and specific spatial distributions of stars in the solar neighborhood.

A methodological contribution of this work was the verification of neutrino flux scaling. By
simulating the flux from individual stellar positions derived from Monte Carlo snapshots for
various realizations, we demonstrated the dependence of the signal on the star’s distance. We
confirmed that accounting for the presence of nearby candidates fundamentally influences the
total expected flux and the probabilistic detection.

However, it remains necessary to emphasize that this study worked with a simplified the-
oretical toy model. In practice, the detection of low-energy thermal neutrinos from RSGs in
the carbon-burning phase will face a severe background problem, which is reflected in the high
variance of our results where uncertainties are comparable to the mean values. Nevertheless, the
development of hybrid detector technology (WbLS) could, thanks to future advancements, offer
a way to distinguish the signal from solar neutrinos and antineutrinos from terrestrial reactors
by combining Cherenkov radiation and scintillation fluid measurements.

Although the statistical probability of capturing a neutrino signal from an RSG in the
burning phase is low, this work provides a necessary statistical foundation for future, more
complex simulations that will include realistic detection background models, a more detailed
structure of the Galaxy, and stellar evolution.

The presented work offers scope for future research in several directions. A fundamental
step is the implementation of a realistic detector background model, which will allow for a more

37



accurate determination of the signal-to-noise ratio and the actual sensitivity of the instruments.
Further refinement of the model should include sensitivity to a wider range of RSG masses and
the influence of binary systems or mass loss on stellar evolution. These factors can significantly
modify the duration of the carbon-burning phase as well as the resulting neutrino luminosity.
To verify the theoretical results, a comparison of simulations with real observational data and
galactic RSG catalogues will be essential in the future. Furthermore, it would be crucial to test
the influence of various spatial distributions of stellar mass within the galactic disk to better
quantify the probability of detecting these rare evolutionary phases.
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Symbols and abbreviations
RSG Red supergiant
MW Milky Way
IMF Initial Mass Function
UV Ultraviolet (radiation)
SFR Star Formation Rate
ZAMS Zero-Age Main Sequence
TAMS Terminal-Age Main Sequence
HRD Hertzsprung–Russell diagram
std standard deviation
M⊙ Solar mass
L⊙ Solar luminosity
R⊙ Solar radius
MS Main Sequence
IBD Inverse Beta Decay
WbLS Water-based Liquid Scintillator
LAPPD Large Area Picosecond Photodetector
JUNO Jiangmen Underground Neutrino Observatory
HK Hyper-Kamiokande
PMT Photomultiplier Tube
CNO Carbon-Nitrogen-Oxygen (cycle)
MeV Megaelectronvolt
Myr Million years
MC Monte Carlo (simulation)
kpc Kiloparsec
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A Code Repository
A.1 RSG C-burning Phase Analysis
The analysis of the Red Supergiant (RSG) carbon-burning phase was performed using the code
stored in the following repository:

• Repository URL: https://github.com/klarasvestkova4444/RSG-C-burning-phase
• Directory/Branch: main
• Description: This repository contains individual Python code snippets used for the the-

oretical calculation of RSG during the carbon burning phase in MW for various types of
IMFs.

Execution Procedure
1. Requirements: Python 3.x with numpy, matplotlib, and scipy libraries installed.
2. Running the Code: Open the desired script in a Python IDE (e.g., VS Code) and

execute it using the Run command.
3. Output: Numerical data is output to the console, and visualizations are rendered in

interactive matplotlib windows via the plt.show() command.

Code Structure and Description and Data collected and used in the study
1. HR diagram.py - Calculation of individual stellar evolution phases and lifetimes, corre-

sponding to the analysis in Chapter 2.2.
2. IMF kroupa vz salpeter.py - Graphical comparison of the Salpeter and Kroupa initial

mass functions as presented in Figure 1.1.
3. integration IMF.py - Computation of integration curves for various IMF models shown

in Figure 3.1.
4. mathematical model MW.py - Mathematical representation and geometric modeling of

the Milky Way, described in Chapter 2.4.3.
5. neutrino flux.py - Calculation of the relationship between source distance and neutrino

flux, visualized in Figure 3.5.

A.2 Monte Carlo Simulation
The Monte Carlo analysis was performed using code stored in the following repository

• Repository URL: https://github.com/klarasvestkova4444/neutrino_project
• Directory/Branch: main
• Description: This repository contains a toy model written in Python that calculates the

number of stars using a Monte Carlo simulation.

The fastest way to run (recommended)
1. Open run_pipeline.py and adjust the CONFIG block if specific parameters need to be

modified.
2. Run the main script from the terminal:

python3 run_pipeline.py

Data collected and used in the study
• Figure 3.3: Generated from the output file outputs/mw_snapshot_map.png.
• IMF Analysis Data extracted from outputs/imf_scan.csv.Data on the calculation of

the number of stars in the Milky Way and the probability of a supermassive black hole
within 1 kpc for the chapter 3.4
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