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Abstract: This study explores the spectrum analysis of celestial objects within the
wavelength range of 1000 nm to 2400 nm, focusing on its application in understanding the
chemical and thermal evolution of the universe. The emergence of light elements like
hydrogen and helium was made possible by primordial nucleosynthesis, which took place not
long after the Big Bang and provided vital evidence in favor of the Big Bang theory. The
production of heavier elements in stars is known as stellar nucleosynthesis, and this process
is thoroughly studied. The significant factor in the various nucleosynthetic processes placed
within stars is temperature. The study also delves into the galactic chemical evolution,
tracing the enrichment of elements like carbon, oxygen, and iron over time through repeated
cycles of star formation and stellar death. The research highlights how temperature evolution
in galactic chemical processes influences star formation and cooling mechanisms, impacting
the overall chemical composition of galaxies. The spectrum analysis in the near-infrared
range allows for the findings of these processes even in dust-enshrouded regions, offering
deeper insights into stellar and galactic evolution. These findings contribute to a more
comprehensive understanding of how the universe's chemical and thermal makeup has
changed since its inception.

Keywords: Spectrum analysis, primordial nucleosynthesis, Stellar nucleosynthesis, Galactic
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l. Introduction

Cosmochemistry is a field of science that delves into the chemical composition and
processes that shaped the universe from its inception to the present day. At its core,
cosmochemistry seeks to understand how the universe's elements formed, how they were
distributed, and how they were part of the celestial bodies we observe today, including stars,
planets, and meteorites. From the initial moments of the Big Bang, the universe has
undergone vast changes in its chemical composition, which led to the creation of complex
elements essential to life on Earth. Comprehending these procedures is vital for
reconstructing the history of the cosmos while tackling essential inquiries like the genesis of
mass and the emergence of astronomical systems.

In recent years, significant advancements in technology and observational techniques
have allowed scientists to gain deeper insights into the chemical makeup of celestial bodies.
The meteorites, interstellar dust, and the elemental composition of stars and galaxies provide
critical data on nucleosynthesis, star formation, and planetary development (Lodders, 2021).
Understanding physics, chemistry, and planetary science is facilitated by applying
cosmochemistry, which emphasizes the connections between diverse cosmic occurrences.
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1.1 Background of the Study

The universe's chemical history began with the Big Bang, approximately 13.8 billion
years ago, where only the lightest elements, primarily hydrogen and helium, were formed.
This era, referred to as Big Bang nucleosynthesis, gave rise to the primordial chemical
composition of the universe. As stars formed, they became the forges where heavier elements
were synthesized through nuclear fusion, a process known as stellar nucleosynthesis. Over
time, supernova explosions and other stellar events dispersed these elements across the
cosmos, contributing to the chemical diversity we observe today (Pagel, 2022).

The study of cosmochemistry is intertwined with meteorites and cosmic dust, which
provide a window into the early solar system. Meteorites, especially chondrites, contain
pristine material from the solar nebula, offering clues about the processes that governed the
formation of planets and the distribution of elements in the early solar system (Anders &
Grevesse, 2020). Similarly, the isotopic composition of meteorites and lunar samples helps
scientists track the pathways of planetary differentiation and the processes that shaped the
Earth, Moon, and other planetary bodies.

While significant progress has been made in understanding elemental abundances, there
remain gaps in knowledge about the precise mechanisms and conditions that govern the
distribution of elements across different regions of space. The chemical composition of
galaxies varies based on factors such as star formation rates, supernova activity, and galactic
evolution, yet these variations are not fully understood (Maiolino & Mannucci, 2019).
Further research in cosmochemistry is essential to uncovering the hidden complexities of the
universe’s chemical landscape.

1.2 Statement of the Problem

While significant knowledge exists about the formation and distribution of elements in
the universe, several key questions remain unanswered. One of the main challenges in
cosmochemistry is understanding the precise conditions under which elements heavier than
helium were formed and how these elements were dispersed throughout galaxies. The current
understanding of stellar nucleosynthesis explains the formation of many elements. However,
there are inconsistencies in the observed abundances of certain isotopes and elements across
different celestial bodies. These inconsistencies lead to gaps in knowledge (Cowan et al.,
2021).

Another issue lies in the variation of elemental abundances between different types of
stars, planets, and meteorites. While meteorites provide valuable information about the early
solar system, the specific processes that led to the differentiation of elements within planetary
bodies remain unclear. Furthermore, the role of cosmic events such as neutron star mergers in
producing heavy elements like gold and platinum is still under active investigation (Lippuner
& Roberts, 2019). These knowledge gaps hinder a complete understanding of the universe's
chemical evolution.

The problem extends to the broader implications of elemental abundances in planetary
formation and the potential for life on other planets. Understanding the distribution of
elements like carbon, oxygen, and nitrogen, which are essential for life, is critical for
evaluating the habitability of exoplanets (Seager, 2019). This study seeks to address these
gaps by investigating the processes that govern elemental formation and distribution across
the universe.
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1.3 Objectives of the Study

The primary objective of this study is to advance the understanding of cosmochemistry
by exploring the formation, distribution, and abundance of elements in the universe.
Specifically, the study aims to:

Investigate the processes of nucleosynthesis that occurred during the Big Bang and
within stars, focusing on how different elements were formed under varying cosmic
conditions.

Analyze the elemental composition of meteorites and interstellar dust to uncover the
chemical processes that shaped the early solar system and planetary bodies.

Examine the role of cosmic events such as supernovae and neutron star mergers in
producing and dispersing heavy elements across galaxies.

Explore the variation of elemental abundances in different regions of the universe,
including stars, galaxies, and planetary systems, and how these variations influence the
formation of planets and the potential for life.

Assess the significance of isotopic ratios in celestial materials to understand better the
processes of planetary differentiation and the solar system's history.

1.4 Significance of the Study

This study has broad implications for multiple fields of science, including astrophysics,
planetary science, and astrobiology. By advancing the understanding of elemental formation
and distribution in the universe, this research will contribute to exploring the origins of matter
and the processes that shaped the solar system. Understanding the cosmic distribution of
elements is also critical for determining the habitability of exoplanets and the potential for
life elsewhere in the universe.

Furthermore, the meteorites and cosmic dust can provide practical insights into
planetary formation, improving our understanding of how Earth and other planets acquired
chemical compositions. The research could also inform future missions to the planets and
moons, guiding the search for extraterrestrial life and exploring resources that may be useful
for human space exploration (DeMeo & Carry, 2019).

On a larger scale, this study contributes to humanity’s quest to understand the
universe's origins and the fundamental processes that govern the formation of matter. By
addressing the gaps in current cosmochemical research, this work has the potential to refine
existing models of stellar and planetary evolution and provide new insights into the
interconnectedness of cosmic phenomena.

1. Research Methods

The methodology for this study is designed to investigate the elemental abundances in
the universe by integrating both observational and analytical techniques. The study was
focused on cosmochemical processes, drawing data from meteorite analysis, stellar
spectroscopy, and cosmological models to trace the formation and distribution of elements
across various cosmic environments. This section details the research design, data sources,
methods of data collection, and analysis approaches to achieve the study’s objectives.

2.1 Research Design

This study adopted a mixed-methods approach utilizing qualitative and quantitative data
to examine cosmochemical processes. The quantitative aspect involved the analysis of
existing data on elemental abundances derived from spectroscopic studies of stars and
galaxies and laboratory analysis of meteorites and cosmic dust. The qualitative part involved
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a review of the literature on nucleosynthesis and elemental distribution models, and the
integration of theoretical frameworks from astrophysics and planetary science.

This mixed-methods approach allows for a comprehensive understanding of
cosmochemistry by combining empirical data with theoretical insights (Creswell & Plano
Clark, 2017). This design is particularly suited for cosmochemical research because it bridges
the gap between observational data and the underlying astrophysical processes.

2.2 Data Sources

Meteorite and Cosmic Dust Samples: Data will be collected from existing meteorite
databases, such as the Meteoritical Society’s and NASA’s Astromaterials. These sources
provide detailed chemical compositions of various meteorites, particularly chondrites crucial
for understanding the early solar system’s chemistry (Scott, 2021). The isotopic compositions
of cosmic dust particles collected by space missions like Stardust will also be analyzed to
complement the meteorite data.

Stellar Spectroscopy: Spectroscopic data from observatories such as the European
Southern Observatory (ESO) and the Sloan Digital Sky Survey (SDSS) will be utilized to
study the elemental abundances in stars of varying ages and compositions. Spectroscopy
enables the identification of elements in stellar atmospheres by analyzing the absorption and
emission lines in starlight (Gray, 2021). These sources will yield heavy element creation in
supernovae and neutron star mergers and nucleosynthesis in various star types.

Cosmological Models and Simulations: To understand the distribution of elements on a
cosmic scale, data from cosmological simulations, such as the Illustris and Eggle projects,
will be used. These simulations model the evolution of galaxies and the intergalactic medium,
incorporating processes like star formation, supernova feedback, and element dispersal
(Vogelsberger et al., 2020). These models will help quantify the impact of different cosmic
processes on elemental distribution across galaxies.

Planetary Data: Data on the elemental compositions of planetary bodies, such as the
Moon and Mars, will be drawn from NASA’s Lunar and Planetary Institute (LPI) and the
European Space Agency (ESA). These datasets include compositional analyses from
missions such as Apollo and Mars Science Laboratory, providing insights into planetary
differentiation and elemental abundances on solid celestial bodies (Kring, 2020).

2.3 Data Collection Methods

Meteorite Analysis: Meteorite compositions will be examined through data mining of
existing databases and published studies. This analysis will focus on the elemental and
isotopic compositions of meteorites, precisely looking for trends in the abundances of heavy
elements such as iron, nickel, and platinum group elements, which provide information about
nucleosynthesis processes (Lodders, 2021). The isotopic variations in meteorites, which
provide the timing of element synthesis in the early solar system, will be understood using
sophisticated techniques like mass spectrometry (Zinner, 2014).

Spectroscopic Analysis of Stars: The study will leverage spectral data from star surveys
to examine the chemical signatures of elements formed in stellar interiors. High-resolution
spectroscopy techniques will detect specific absorption with carbon, oxygen, and iron. This
method will be critical for understanding how elements are synthesized in stars and
distributed into the interstellar medium (Carney, Latham, & Laird, 2020).

Cosmological Simulations: Data from large-scale cosmological simulations will be
collected to understand how elements are dispersed through galactic winds and supernova
explosions. These simulations use hydrodynamical models to track the distribution of
elements in galaxies over time (Vogelsberger et al., 2020). This method allows researchers to
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simulate the formation and evolution of galaxies and the intergalactic medium, providing
insights into how elements propagate through space.

Literature Review: A comprehensive review of nucleosynthesis, stellar evolution, and
cosmic element dispersal will be conducted. Cowan et al. (2021) will integrate important
theoretical papers with recent developments in our understanding of element production
during supernovae and neutron star mergers. This review will help contextualize the
empirical data within broader theoretical frameworks.

2.4 Mathematical Model to Exploring the Origins and Distribution of Elemental
Abundances in the Universe

Cosmochemistry is the elements' and isotopes' production and distribution processes and
the chemical makeup of matter in the cosmos. With an emphasis on nucleosynthesis, stellar
evolution, and the chemical evolution of galaxies, this field connects astrophysics, chemistry,
and geology. Researchers can learn about the origins of elements, their relative abundances,
and their distribution throughout various cosmic bodies, such as stars, planets, and interstellar
medium (Lodders, 2003).

a. Mathematical Formulation for Elemental Abundance Distribution
A cosmochemical model should account for the processes that govern elemental
abundances:
1) Primordial Nucleosynthesis (Big Bang Nucleosynthesis)
2) Stellar Nucleosynthesis (Hydrogen Burning, Helium Burning, Supernovae)
3) Galactic Chemical Evolution

b. Primordial Nucleosynthesis

Hydrogen (H) and helium (He) make up the majority of the elemental abundance
produced at the Big Bang, with trace amounts of lithium (Li). The early universe's reaction
rates determine the mass fraction of these components.

The mass fractions Xy, Xpe, and Xy produced in Big Bang nucleosynthesis can be
approximated by:

Xu = 0.75, Xpe = 0.25, and X = 100

These fractions are derived from the expansion rate of the universe and reaction cross-
sections (Fields & Olive, 1999).

c. Stellar Nucleosynthesis

Nuclear fusion in stars, such as the CNO cycle and the proton-proton chain reaction,
converts hydrogen into helium. Heavier elements up to iron are synthesized in various
burning stages within stars, while elements heavier than iron are primarily produced during
supernovae via the r-process and s-process (Arnett, 1996).

The abundance of elements created through stellar nucleosynthesis is calculated using
stellar yields, which depend on initial mass M, metallicity Z, and the stellar evolution phase.

v,(M,2) = [[TM(£)x,(M,2, Dat (1)

Where Yi (M, Z) is the yield of element i, N{t) is the mass loss rate of the star, and Xi
(M, Z, 1) is the mass fraction of element iii at time t.
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d. The Chemical Evolution of Galaxies
Models of galactic chemical evolution monitor changes in elemental abundance with
time and galaxy location. The element | chemical evolution equation takes the following

generic form:

L= (X, + (D) + | = o (Mp, (M, 2)dM )

Where M; is the mass of element i in the interstellar medium (ISM), y(t) is the star
formation rate (SFR), Xiis the abundance of element i in the ISM, E;(t) is the rate of
enrichment of element i by stellar ejecta, @(M) is the initial mass function (IMF), and p; (M,
Z) is the stellar yield of element i.

A detailed cosmochemical model integrates the processes of nucleosynthesis and
chemical evolution, providing a comprehensive framework for understanding the elemental
abundances observed in various cosmic structures. Mathematical formulations incorporating
stellar yields, galactic dynamics, and primordial processes are crucial in tracing the origin and
distribution of elements across the universe.

e. Primordial nucleosynthesis model

Using the primordial nucleosynthesis model, investigate the origins of elemental
abundances in the cosmos with distinct attention to the Big Bang Nucleosynthesis (BBN)
theory, which explains the generation of light elements in the first few minutes of the
universe's existence.

Lithium (7Li), hydrogen (1H), helium (4He), deuterium (2H), and helium-3 (3He) are
the main light elements created during BBN.

The characteristics, such as the number of neutrino families (Nv) and the baryon-to-
photon ratio (1)), affect the relative abundance of these components.

f. Mathematical Framework for Primordial Nucleosynthesis
The reaction network for primordial nucleosynthesis includes the main reactions:
1. Proton fusion:p+n —D +y
2. Deuterium fusion: o + p — 3He +§
3. Helium fusion: D + D — 4He +n
The abundance of light elements can be derived using the Boltzmann equation, which
models the rate of change of each species:

= LY +3LY (3)
Where Tjji is the rate at which species j is converted to i, Y; is the abundance of element

i, and I'j is the reaction rate that destroys species i.

2.5 Data Analysis
a. Quantitative Analysis

The chemical compositions of meteorites, cosmic dust, and planetary bodies will be
analyzed to identify trends in elemental abundances. Descriptive statistics, such as mean and
standard deviation, will be calculated for the abundances of major elements (e.g., iron,
silicon, oxygen) and trace elements (e.g., gold, uranium).

Spectroscopic data from stars will be used to construct elemental abundance curves,
correlating stellar and age with the presence of various elements. It will involve spectral
analysis software, such as IRAF (Image Reduction and Analysis Facility), to quantify the
intensities of absorption lines (Gray, 2021).

Data from cosmological simulations will be statistically compared to observational data
on galaxy elemental abundances, using correlation analysis to assess the accuracy of the
models in predicting elemental distributions (Vogelsberger et al., 2020).
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b. Qualitative Analysis

A thematic analysis will be conducted to extract the main hemes related to
nucleosynthesis and elemental dispersal in different cosmic environments. These themes will
then frame the empirical findings within a broader theoretical context.

Comparative analysis will be employed to examine the differences in elemental
composition across various meteorite types, stellar populations, and galaxies, helping to
identify patterns in cosmic element distribution.

1. Tools and Software

Mass Spectrometry Software: To analyze the isotopic data from meteorites, tools such
as IsoPro or Thermo Scientific's Qtegra software will be used.

Spectral Analysis Tools: The IRAF (Image Reduction and Analysis Facility) and
MOOG (a stellar atmosphere code) will be utilized to interpret the spectroscopic data from
stars.

Cosmological Simulation Platforms: Tools such as the Illustris simulation platform and
the EAGLE project will be used to model the distribution of elements in the universe (Schaye
etal., 2015).

2.6 Ethical Considerations

Since this study is based on pre-existing data from public databases and scientific
missions, no direct ethical concerns regarding human subjects are present. However, proper
attribution and citation of data sources and prior studies will be strictly adhered to by
academic integrity standards (American Psychological Association, 2020).

2.7 Limitations

While the study aims to provide a comprehensive view of elemental abundances, there
are limitations related to the availability and quality of data. For example, not all regions of
space have been observed with the same level of precision, and some elemental abundances
may be underrepresented due to observational biases. Additionally, cosmological simulations
may not fully capture the complexity of real-world processes, limiting their accuracy in
predicting elemental distributions.

I11. Results and Discussion

The spectroscopic data illustrated in Figure 1. shows a detailed spectrum of a celestial
object, showcasing the flux measured across a range of wavelengths (1000 nm to 2400 nm).
Such data is instrumental in elemental abundances in stars, as discussed in various
astrophysical research projects, including those leveraging data from large observatories like
the European Southern Observatory (ESO) and the Sloan Digital Sky Survey (SDSS).

Figure 1 displays a rich array of absorption features and flux variations, the key
indicators of the presence of different elements in the stellar atmosphere. Spectroscopy, as
seen in this spectrum, plays a crucial role in astrophysics by allowing scientists to decipher
the chemical composition of stars. Each dip in the flux corresponds to an absorption line,
where light is absorbed by specific elements in the star’s atmosphere at particular
wavelengths, providing a "fingerprint® for those elements (Gray, 2005). For example,
hydrogen lines typically appear in specific ranges, and heavier elements like calcium or iron
contribute to additional absorption features.

Projects such as those conducted by ESO and SDSS have extensively used
spectroscopic data to build a comprehensive understanding of stellar populations. By
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comparing spectra of stars of varying ages and compositions, it is possible to track the
chemical evolution of galaxies. For example, older stars tend to show higher abundances of
elements formed early in the universe's history, while younger stars may display elements
synthesized in supernovae and other stellar processes (Bailer-Jones et al., 2021).

le-13 Spectrum: Wavelength vs Flux
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Figure 1. The spectrum analysis of celestial objects with a range of wavelengths (1000 nm to
2400 nm).

Utilizing spectroscopic data from surveys such as SDSS, astronomers can also study the
distribution of elements like carbon, nitrogen, and oxygen across different regions of the
galaxy. These elements are fundamental to star formation and can provide insights into the
history of stellar evolution within a galaxy (Rix & Bovy, 2013). The dips and peaks in the
observed flux can also help identify stars in different stages of their evolution, from main-
sequence stars to red giants and supernova remnants.

The elemental abundance is one of the main results of spectrum analysis. According to
Asplund, Grevesse, and Sauval (2005), each absorption line in the spectrum corresponds to a
distinct element, and the depth of each line shows how abundant that element is in the star's
atmosphere. For instance, significant absorption patterns at specific wavelengths in the
spectrum may indicate the existence of trace elements like iron, carbon, magnesium,
hydrogen, and helium. Because of their relative abundances, which aid in nucleosynthesis
and the creation of new stars. These elements are essential to cosmochemical investigations.
Studies such as those from the Sloan Digital Sky Survey (SDSS) and the European Southern
Observatory (ESO) use spectroscopic data to analyze the composition of stars at different
stages of their life cycle. As stars age, they undergo nucleosynthesis, producing heavier
elements in their cores (Choi et al., 2022). By comparing the abundance of light elements
(such as hydrogen and helium) with heavier elements (such as carbon, oxygen, and iron),
scientists can trace the star’s evolutionary stage and its contribution to galactic chemical
enrichment.

In summary, the spectroscopic data displayed in the figure provides a powerful tool for
analyzing stellar compositions, furthering our understanding of galactic evolution. As
spectroscopic surveys from facilities like ESO and SDSS continue to expand, the ability to
map the chemical evolution of stars and galaxies will only improve, offering insights into the
processes shaping the universe.
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3.1 Primordial nucleosynthesis

Figure 2 shows the relative abundances of hydrogen, helium, and deuterium as a
function of time after the Big Bang. Initially, hydrogen dominates, but as the universe cools,
fusion reactions produce helium and deuterium. The final abundances reflect the well-known
results of primordial nucleosynthesis: about 75% hydrogen and 25% helium by mass, with
trace amounts of deuterium and other light elements.

Primordial Nucleosynthesis: Evolution of Elemental Abundances
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Figure 2. The primordial nucleosynthesis evolution of elemental abundances

The results showing that the mass percentage of helium (He) and deuterium (D)
increases over time, while the mass fraction of hydrogen (H) stays constant offer important
new information about the mechanisms involved in star nucleosynthesis and the development
of elemental abundances in the universe. This observation is consistent with basic
astrophysical theories concerning the star's life cycle and the galaxy's chemical evolution.

The constancy of the hydrogen mass fraction suggests that during the stellar
nucleosynthesis process, the initial it is in a star remains largely unaltered in its overall
abundance. It makes sense since star fusion processes, especially in the early phases of
evolution, need primary fuel. In stars, it is primarily converted into helium through nuclear
fusion, and the reservoir is vast enough that any conversion does not significantly impact its
total mass fraction, especially in the early life of stars (Burbidge et al., 1957).

The increase in the helium mass fraction over time reflects the efficiency of hydrogen-
burning processes, particularly through the proton-proton chain reaction and the CNO cycle.
As hydrogen nuclei fuse into helium, the helium accumulates in the stellar core. This
accumulation is critical as it indicates the progression of nuclear fusion processes within
stars. Over time, as it is progressively converted to helium, the mass fraction of helium rises,
which is consistent with stellar evolution models (Kippenhahn & Weigert, 1990). Helium is a
hallmark of stellar nucleosynthesis and marks the transition of stars from hydrogen-rich states
to hydrogen-dominant states.

The increase in deuterium mass fraction can be attributed to various stellar processes.
Deuterium, an isotope of hydrogen, forms during the Big Bang nucleosynthesis and is also
produced in significant quantities through stellar interactions. As stars fuse hydrogen into
helium, some of the hydrogen undergoes reactions that create deuterium. The production of
deuterium in stellar environments and its gradual accumulation can be significant during
certain phases of stellar life, especially in the presence of high temperatures and densities
(Cocetal., 2014).
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These results underscore the dynamic nature of stellar environments and the continuous
interplay of nuclear reactions that govern elemental formation. The constancy of hydrogen
indicates a stable hydrogen reservoir, which is vital for ongoing fusion processes in stars.
Meanwhile, the rising levels of helium and deuterium reflect the intricate pathways of
nucleosynthesis and the transition from lighter to heavier elements in the universe.

Moreover, the findings provide a critical context for understanding galactic chemical
evolution. As stars evolve, they enrich the interstellar medium with helium and deuterium,
influencing subsequent star formation and the chemical makeup of future generations of stars
and planetary systems (Timmes et al., 1996). The processes elucidated by these results
enhance our comprehension of the early universe's chemical composition and the
mechanisms that govern the elemental distribution observed today.

In conclusion, the constancy of the hydrogen mass fraction, alongside the increasing
mass fractions of helium and deuterium, offers a significant perspective on stellar
nucleosynthesis and chemical evolution. These findings reinforce established astrophysical
theories while highlighting the complex interactions that shape the elemental abundances we
observe in the universe.

3.2 Stellar Nucleosynthesis

Stellar nucleosynthesis refers to the process by which elements are formed within stars,
especially heavier elements beyond hydrogen and helium. Unlike primordial nucleosynthesis
(which mostly formed light elements during the early universe), stellar nucleosynthesis
involves nuclear fusion in stars, and heavier elements such as carbon, oxygen, silicon, and
iron.

Figure 3 illustrates the process of stellar nucleosynthesis, showing the evolution of
elemental abundances in a star over 10 billion years. It focuses on the mass fractions of
hydrogen (H), helium (He), carbon (C), oxygen (O), and iron (Fe) as the main elements in the
life cycle of a star.

Stallar Nuclwosynthasis: Evolution of Eleamental Abundances in a Star
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Figure 3. Stellar nucleosynthesis in the evolution of Hydrogen, helium, carbon, oxygen, and
iron abundances

Hydrogen Depletion and Helium Formation: The most significant trend observed in
the graph is the sharp decline of hydrogen (H) over time, which represents the primary fuel
for nuclear fusion in a star. Initially, hydrogen is the most abundant element, but it steadily
decreases as it undergoes fusion to form helium. This is consistent with standard stellar
evolution models, where stars primarily fuse hydrogen into helium through the proton-proton
chain reaction during the main-sequence phase (Kippenhahn et al., 2013). By around 4 billion
years, hydrogen is almost entirely depleted, marking the end of the star’s main sequence
phase.
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Helium Accumulation and Carbon Formation: As hydrogen diminishes, the helium
(He) mass fraction remains relatively stable, suggesting its accumulation from hydrogen
fusion. However, after about 4 billion years, there is a noticeable increase in carbon (C) and a
slight decrease in helium. This corresponds to the onset of helium fusion, also known as the
helium-burning phase, where helium nuclei fuse to form carbon through the triple-alpha
process (Clayton, 1968).

Carbon and Oxygen Formation: Around the same time, oxygen (O) begins to form,
though at a much lower mass fraction related to carbon. Oxygen is created as a byproduct of
helium fusion and subsequent reactions, such as carbon-oxygen fusion in more massive stars
(Woosley & Weaver, 1995). The relatively higher abundance of carbon related to oxygen
indicates that the star has not yet reached the advanced stages where oxygen fusion
dominates, which typically occurs in more massive stars (Herwig, 2005).

Iron Production and Stellar Death: The iron (Fe) mass fraction appears around 8 billion
years and remains relatively constant. Iron is significant because it marks the end point of
fusion in stars; beyond iron, nuclear fusion becomes endothermic, meaning it requires more
energy than it produces. Iron in the star's core signals the approach of a supernova or stellar
collapse, depending on the star’s mass (Arnett, 1996). In massive stars, iron accumulation can
lead to a core-collapse supernova, resulting in either a neutron star or a black hole (Woosley
et al., 2002).

Massive Star vs. Solar-Like Star Evolution: The time scales and element production
pathways observed in this figure show a star with a mass greater than that of the Sun, but not
by a significant factor. Solar-mass stars do not typically progress to produce substantial
amounts of iron or oxygen, and their main-sequence lifetimes are closer to 10 billion years
(Salaris & Cassisi, 2005). The heavier elements such as oxygen and iron suggest that this star
is likely several solar masses, capable of fusing elements up to iron before reaching the end
of its life cycle.

The figure highlights key stages in stellar evolution, from hydrogen fusion during the
main-sequence phase to heavier elements like carbon, oxygen, and iron in later stages. The
production of these elements is critical to understanding stellar lifecycles and their
contribution to galactic chemical enrichment, as these elements are dispersed into the
interstellar medium following the star's death (Nomoto et al., 2013).

The decline in hydrogen (H) and the corresponding rise in helium (He), carbon (C),
oxygen (O), and iron (Fe) reflect the fusion processes occurring in stars. Hydrogen fusion
into helium (during the main-sequence phase) and subsequent production of heavier elements
during advanced stages of stellar evolution are the primary mechanisms that enrich the
interstellar medium with elements heavier than helium, known as "metals” in astronomical
terms (Pagel, 2009). The fact that heavier elements such as carbon and oxygen are
synthesized and eventually dispersed into space after stellar death is critical for the planets
and life as we know it (Woosley & Heger, 2002). Without stellar nucleosynthesis, the
universe would lack the chemical diversity necessary for rocky planets and biological
systems (Arnett, 1996).

3.3 Temperature Evolution During Stellar Nucleosynthesis

Figure 4 shows the temperature changes in a star undergoing stellar nucleosynthesis,
showing how the temperature evolves over time and at different radial positions from the
star’s center to its surface.
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Change in Temperature During Stellar Nucleosynthesis
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Figure 4. Temperature change produced during the stellar nucleosynthesis

The key observations and their implications are discussed below:

Central Core Temperature: The plot indicates that the temperature at the center (radial
position 0.0) starts at very high values, exceeding 13 million K during the initial phase
(around 1 billion years). This is consistent with the physics of stellar nucleosynthesis, where
hydrogen fusion (the proton-proton chain or CNO cycle) occurs in the core, requiring
temperatures above 10 million K to initiate and sustain the fusion reactions (Clayton, 1983).
The core remains extremely hot during the entire stellar lifecycle, although it gradually
decreases as fusion reactions proceed and hydrogen is depleted.

Radial Temperature Gradient: The temperature drops rapidly from the center toward the
surface. In the outer layers (radial positions close to 1.0), the temperature becomes
significantly lower, close to 0 million K, as shown by the purple and black regions in the plot.
This gradient highlights the star’s structural behavior, where energy generated in the core
must traverse various layers, including the radiative and convective zones, before reaching
the cooler surface (Kippenhahn, Weigert, & Weiss, 2012).

Temperature Evolution Over Time: The plot demonstrates a reduction in temperature
over time in the stellar core (center region). As stellar nucleosynthesis progresses, elements
heavier than hydrogen, such as helium, carbon, and oxygen, begin to form in subsequent
fusion cycles. During these fusion cycles, the star gradually uses up its fuel. The star then
cools down, especially during the later fusion stages, like helium or carbon burning. The
abundances, as seen in other fusion studies, are coupled with cooling as energy production
diminishes in post-main-sequence stages (lliadis, 2015).

Surface Temperature: Toward the surface, the temperature remains low throughout the
star's life cycle. Stars radiate energy from their surfaces at much lower temperatures in their
cores consistent with observed phenomena like the Stefan-Boltzmann law that governs
surface radiation (Carroll & Ostlie, 2017).

Physical Processes in Stellar Evolution: This temperature evolution is crucial for
understanding the synthesis of heavier elements (stellar nucleosynthesis) and how stars
evolve. Depending on the nuclear processes fueled by the core's high temperature produce
elements like helium, carbon, oxygen, and finally iron (Arnett, 1996). The reduction in
temperature over time signifies the depletion of available fuel, signaling the transition from
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the main sequence to more advanced stages like the red giant phase or supernova, depending
on the star’s mass (Woosley & Heger, 2002).

Model Limitations: While the visualization effectively shows a simplified temperature
gradient and evolution, actual stellar models include more detailed physics such as opacity,
nuclear reaction rates, and energy transport mechanisms that affect temperature distribution
in different stellar phases (Chandrasekhar, 1964). The cooling observed here simplifies the
complex processes of heat transfer (radiation and convection) inside stars and the impact of
mass loss during late stellar phases (Maeder, 2009).

The contour plot provides a visual understanding of the temperature evolution inside a
star during stellar nucleosynthesis. It captures the critical behavior of high temperatures in the
core, which decrease as hydrogen fuel is consumed over billions of years, while the outer
layers remain relatively cool. These temperature changes are directly linked to the synthesis
of elements and the star’s transition through its evolutionary stages. Future models may
include more advanced physics to capture a more detailed and accurate picture of these
processes.

3.4 Galactic chemical evolution

Galactic Chemical Evolution (GCE) models are essential for understanding the
formation and distribution of elements in galaxies. These models consider the production of
new elements through stellar nucleosynthesis, the expulsion of material into the interstellar
medium via supernovae, and the subsequent recycling of gas in new generations of stars.
Through these processes, the chemical composition of galaxies changes over time,
contributing to the observed elemental abundances in the universe.

Figure 5 shows the Galactic Chemical Evolution (GCE) model indicates that the mass
fraction of hydrogen (H) and helium (He) remains relatively constant over time, while the
mass fractions of heavier elements, such as iron (Fe), oxygen (O), and carbon (C), increase
progressively as time advances from 1 to 14 billion years. This trend is consistent with our
theoretical knowledge of the mechanisms controlling the evolution of chemical elements in
galaxies. It offers significant new information about the evolution of the elements in the
COSMOS across cosmic time.

Galactic Chemical Evolution: Elemental Abundances Over Time
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Figure 5. The galactic chemical evolution of H, He, C, O, and Fe abundances with time

Constant Hydrogen and Helium Fractions: It is consistent with the idea that hydrogen
and helium were created in large quantities during Big Bang nucleosynthesis. These mass
fractions have remained stable over time. Hydrogen, as the simplest element, makes up
approximately 75% of the baryonic mass of the universe, while helium accounts for about
25%. The production of hydrogen and helium primarily occurred in the first few minutes
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after the Big Bang no significant processes have been able to generate large amounts of these
elements. Thus, as stars form from the interstellar medium (ISM), they consume hydrogen
and helium to produce heavier elements through nuclear fusion. The hydrogen and helium in
a galaxy remain nearly constant over time. This pattern agrees with prior research that
underscores the early universe's dominance by these light elements (Peebles, 1993).

Increase in Carbon, Oxygen, and Iron: The gradual rise in the mass fractions of heavier
elements (e.g., carbon, oxygen, and iron) over billions of years reflects the cumulative effects
of stellar nucleosynthesis and supernova feedback. Stars fuse hydrogen and helium into
heavier elements during their lifetimes. Massive stars, in particular, produce large amounts of
carbon, oxygen, and iron in their cores, which are released into the ISM when these stars
explode as supernovae (Clayton, 1983). Each successive generation of stars forms from gas
increasingly enriched with these heavier elements; a process known as “chemical
enrichment.”

This increase in heavy elements over time is a hallmark of galactic evolution. In the
early stages of a galaxy's life, only the lightest elements (H, He) are present, but as stars go
through their life cycles and die, they contribute new elements back to the ISM. Over billions
of years, this results in the buildup of metals (in astronomical terms, "metals” refer to all
elements heavier than helium) such as carbon, oxygen, and iron. This process is central to our
understanding of the cosmic chemical evolution of galaxies (Tinsley, 1980).

Implications for Galactic and Stellar Evolution: Later generations of stars, planetary
systems, and eventually life as we know it are all formed due to the ongoing growth in
heavier elements. The higher abundance of elements like carbon and oxygen allows for the
formation of complex molecules and dust, which are necessary ingredients for planet
formation and the development of biological systems (Pagel, 1997). This increase in
metallicity over time has been confirmed by observations of older stars, which tend to have
lower metallicity related to younger stars (Freeman & Bland-Hawthorn, 2002).

Additionally, the growing abundance of iron is significant because it marks the end
stages of stellar nucleosynthesis in massive stars. Once iron is produced, fusion no longer
generates energy, leading to the star's collapse and subsequent explosion as a supernova. The
surrounding medium with heavy elements drives the evolutionary feedback loop in galaxies.
In summary, the observed results of constant hydrogen and helium mass fractions and
increasing amounts of heavier elements like carbon, oxygen, and iron over billions of years
reflect the fundamental processes of stellar nucleosynthesis and galactic chemical evolution.
These results illustrate the gradual enrichment of galaxies with heavier elements, which
affects the formation of new stars and planetary systems. The interpretation aligns with
established theoretical frameworks, highlighting how the universe evolves chemically as stars
form, live, and die, returning enriched material to the ISM, a process central to both stellar
and galactic evolution.

3.5 Evolution of elemental abundances (Hydrogen, Helium, Carbon, Oxygen, and Iron)

Figure 6 shows the temporal evolution of elemental abundances (hydrogen, helium,
carbon, oxygen, and iron) over 14 billion years, which shows the universe's evolution. This
figure reflects the progressive changes in the composition of matter as stars form, evolve, and
ultimately die, shedding and synthesizing heavier elements.
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Figure 6. Time evolutig)'n‘-(")f.élement abundance (Hydrogen, Helium, Carbon, Oxygen, and
Iron)

Hydrogen and Helium Abundance: The plots show that hydrogen (H) and helium (He)
are the most abundant elements from the early stages, with only slight variations over time.
Hydrogen's abundance remains almost constant, starting at around 99.99% and slowly
decreasing, while Helium, initially around 0.75, also decreases gradually. These patterns are
consistent with the predictions of Big Bang nucleosynthesis, which primarily produced
hydrogen and helium in the first few minutes after the Big Bang (Alpher et al., 1948). Over
time, stellar nucleosynthesis processes consume hydrogen and convert it into helium via
nuclear fusion in stars (Clayton, 1983). As stars evolve, helium is further processed into
heavier elements during later stages, particularly in massive stars. Carbon and

Oxygen Abundance: The Carbon (C) and Oxygen (O) abundance plots show significant
increases in these elements over time, which shows stellar evolution. These elements are
predominantly produced during the late stages of stellar evolution in low-mass stars (carbon
production) and massive stars (oxygen production). The oxygen abundance, reaching values
around 0.14, indicates its role as one of the most abundant heavy elements in the universe,
particularly synthesized in Type Il supernovae (Woosley & Weaver, 1995). The carbon,
while less abundant than oxygen, follows a similar trend of increasing abundance as the
universe matures, mainly produced during the helium-burning phase in stars.

Iron Abundance: The iron (Fe) abundance plot reveals a gradual rise over time, from
almost negligible levels to about 0.10 by the present day. Iron is primarily produced in Type
la supernovae, the explosions of white dwarf stars that reach the Chandrasekhar limit
(lwamoto et al., 1999). These supernovae enrich the interstellar medium with iron and other
heavy elements, a process that takes several billion years to become significant. The delayed
rise in iron compared to lighter elements such as carbon and oxygen is because it is
synthesized in later evolutionary stages and supernova explosions.

Implications for Stellar and Galactic Evolution: The gradual increase in carbon,
oxygen, and iron indicates the continuous recycling of material through stellar formation and
destruction over cosmic time. Early generations of stars were primarily composed of
hydrogen and helium, as stars died and expelled their enriched material into the interstellar
medium, subsequent generations of stars formed with higher metallicities (heavier elements
like carbon, oxygen, and iron). This cycle of stellar evolution plays a critical role in galactic
evolution, as the presence of heavier elements affects star formation rates in the planetary
systems, and the overall structure of galaxies (Tinsley, 1980).
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The result shows the gradual enrichment of the universe with heavier elements over
time. The interplay between stellar nucleosynthesis and supernova explosions drives this
enrichment process, reflecting the life cycles of stars and their critical role in the chemical
evolution of galaxies and the universe at large.

IVV. Conclusions

The spectrum analysis of celestial objects within the wavelength range of 1000 nm to
2400 nm has provided valuable insights into the chemical composition, temperature, and
evolution of stars and galaxies. This wavelength range, especially in the infrared, allows for
observations of processes often hidden from optical telescopes, such as star formation within
dust-enshrouded regions.

Primordial nucleosynthesis, which occurred shortly after the Big Bang, produced the
lightest elements, confirming key predictions of the Big Bang model and setting the stage for
later stellar nucleosynthesis. In stars, nucleosynthesis leads to the formation of heavier
elements, with spectral signatures revealing the presence of elements like carbon, oxygen,
and iron, produced at various stages of stellar evolution.

As stars evolve, their temperatures change significantly, affecting the nucleosynthetic
processes they undergo. Similarly, galactic chemical evolution, driven by stellar contributions
over time, shows a gradual increase in the abundance of heavier elements in galaxies,
observable through spectral data.

Finally, the temperature evolution in galactic chemical processes is closely tied to star
formation rates, feedback mechanisms, and cooling processes, all of which are traceable
through spectral analysis. Together, these observations provide a deeper understanding of the
processes that have shaped the universe's chemical composition and thermal history.

Recommendations

Enhanced Infrared Spectral Observations: To deepen our understanding of
nucleosynthesis processes and galactic chemical evolution, more extensive use of infrared
spectral observations (1000 nm to 2400 nm) is recommended.

Collaborative Studies of Primordial and Stellar Nucleosynthesis: Further collaboration
between observational astronomy and theoretical modeling of primordial and stellar
nucleosynthesis is needed to refine our understanding of element formation.

Temperature Profiling in Nucleosynthesis Studies: The temperature evolution during
stellar nucleosynthesis and galactic chemical evolution should be prioritized in future
research.

Multi-wavelength surveys: To achieve a more comprehensive understanding of galactic
chemical evolution, multi-wavelength surveys that combine infrared, optical, and ultraviolet
spectra are recommended.

Long-Term Galactic Evolution Monitoring: Continuous monitoring of galaxies at
different evolutionary stages is essential to study how their chemical composition changes
over time.

Integration of Advanced Simulations: Integrating advanced computer simulations with
spectral observations will improve our understanding of the processes that drive
nucleosynthesis and chemical evolution.
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