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Abstract

Massive and very massive stars are among the most in uential objects in our Universe,
being key agents in chemical enrichment, sources of ionizing photons, and representing
progenitors of extreme explosions and exotic compact objects. Despite signi cant progress
in our understanding of stellar structure and evolution over the past century, there remain
open questions regarding the physical processes of very massive stars (abhO@e

M ) formation and evolution. The evolution of the most massive stars is a building
block of modern astrophysics, shaping the evolution of the Universe, and so an accurate
understanding and modeling is paramount. The goal of this thesis is to explore one of
the major sources of uncertainties in very massive stars: their stellar winds. This thesis
confronts this complex topic in two ways: First, | computed a comprehensive, foundational
dataset of stellar models to be used as a resource for the astronomical community. They
include full stellar tracks, nucleosynthetic yields, and ionizing photon counts for a wide
range of initial masses and compositions. Second, | made a focused demonstration of how
critically stellar fates depend on the subtle physics of VMS mass loss. | explored how
modest, physically motivated adjustments to the mass loss prescriptions can dramatically
alter their evolutionary path, thereby reshaping the predictions for their nal fates and
remnant mass spectrum. Ultimately, this research provides a more robust foundation upon
which a more accurate and complete picture of the Universe may be built.
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Chapter 1
Introduction

For millennia, celestial bodies have captivated people, serving as a fundamental tool for
navigation, agriculture, and marking the passage of time. My grandparents were farmers
who trusted the Farmer's Almanac, a direct descendant of these ancient traditions, to guide
their work. The same reliance drives my work today, though the scale and tools have
changed. The last century has ushered in an era of unprecedented discovery of the celestial
bodies we are so connected to. Observing the night sky has remained a popular activity
and occupation as our understanding of stars has shifted— from specks of light during the
night—to complex astrophysical objects with an all-encompassing hand in understanding
the Universe. It is thanks to the dedicated work of many astrophysicists and improved
technology that we have nally begun to realize the true power stars have.

1.1 Brief History

While stellar astronomy arguably began over 3,000 years ago with observations from the
Babylonian, Greek, and Chinese civilizations, it was not until the last few centuries that a
physical description of stellar astrophysics began to emerge.

At the turn of the 28 century, as telescopes grew in power and sophistication, they
allowed astronomers to resolve distant galaxies and nebulae. With the development
of spectroscopy, astronomers could access information previously locked away: stellar
chemical composition, temperature, density, and motion. Stars transformed, from simple
points of light, into distinct physical objects. This era provided the rst clues on stellar
structure and evolution: that stars can be considered a sphere of gas, obeying laws of
thermodynamics (Emden, 1902), and that a star's brightness and spectral type are correlated
(Hertzsprung, 1911; Russell, 1914). A theory of the internal structure of stars was found
by Sir Arthur Eddington, by adding the equations of energy generation and transport to the
system of equations solved by Emden (1902). Adding the basic nuclear reactions on the



2 Introduction

main sequence (Bethe, 1939) made it possible to connect the chemical processes to the
star's evolution, thus laying the groundwork for the next stage of discovery.

The journey of discovery has only accelerated in the past half century. Space-based
observatories, such as the Hubble Space Telescop&ataespace telescope, and the
James Webb Space Telescope (JWST), have enabled astrophysicists to capture images
of unparalleled clarity and depth. A recent remarkable image of the Tarantula Nebula
captured with JWST is shown in Figure 1.1. Simultaneously, the rise of computational
astrophysics has given astrophysicists a sort of "laboratory" to model the complex physics
of stellar interiors on a human timescale. The intersection of these powerful tools is where
modern astrophysics operates, and it is here that this thesis establishes itself.

1.2 Massive and Very Massive Stars

Among the billions of stars discovered, only a small fraction are born with exceptionally
large masses. Massive stars and very massive stars (VMS) are de ned as stars with
Mmassive& 8-10M |, andMyys 100M | respectively. They are stars massive enough to
evolve past helium burning and into the more advanced phases of nuclear burning, like C,
Ne, O, and Si, depending on the star's initial mass. Massive and very massive stars occupy
the upper end of the Hertzprung-Russell diagram, with luminosities ranging frompl0
to 10 times the solar luminosity. Their extremely hot cores allow them to burn nuclear
fuel at a faster rate than lower mass stars, thus evolving through the nuclear burning phases
more rapidly. As a result, they live fast, having lifetimes of just a few million to tens of
millions of years.

These short-lived stars are rare in the local Universe, representing less than 1% of all
stars observed today. Though they are rare, VMS are one of, theotost essential
and impactful objects in astrophysics. They are the main drivers of chemical evolution,
ejecting new nucleosynthetic products in their winds and supernova explosions. The heavy
elements they synthesize are the origins of planetary material and elements necessary for
life, such as the oxygen we breathe and the iron in our blood. During their evolution and
eventual death, they inject energy into the environment and are a major source of ionizing
radiation. They can trigger star formation, and their short lives make them useful tracers of
star formation events. They represent the progenitors of some of the most extreme transient
events in our Universe, such as long Gamma-ray bursts and supernova explosions, as well
as the progenitors of extreme objects, such as Wolf-Rayet stars and black holes. Their
high luminosity allows them to be used as standard candles in external galaxies to build a
distance ladder of our Universe.
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