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CHAPTER 1

Introduction

| rst learned about the Universe in a philosophical context during my last year of high school. Why do
we exist? What is beyond our planet Earth? | began reading about the Geocentric model, which placed the
Earth at the center of our Universe, while the Sun and the neighboring planets from our Solar System orbited
around it. | learned how the model evolved to being a bit closer in accuracy to the observed Universe when
the Heliocentric model was proposed, a model that puts the Sun in the center of the Universe, having the
Earth and planets in our Solar System orbiting it. During that time, | did not think theories could be refuted
or changed. | thought what | read was set in stone, but historically, several theories of galaxy formation, the
origin of our Universe, stellar evolution, and other astronomy sub- elds evolved throughout time to become
more representative of what the community agrees to how the Universe and its properties actually behave.
As | was introduced into this new eld of astronomy in my hometown in Costa Rica, | did not realize

that every contribution and perspective that | was learning was from Eurocentric point of view. Moreover, |
did not realize that the contribution of women in scienti ¢ discoveries were opaque. | heard about Kepler for
the planetary motion equations, not Maria Cunitz, Maria Margaretha Kirch, or Caroline Herschel (Bernardi,
2016). Because community agreement is essential in refuting or approving scienti ¢ discoveries, a pool of

diverse mindsets is necessary to tackle scienti ¢ problems from different perspectives.

1.1 Outline

My PhD thesis broadly focuses on galaxy formation and evolution. In this Chapter, | present a succinct sum-
mary of our current understanding of the creation of the Universe and how galaxies work. It is intentionally
written to provide a global and simpli ed view of how galaxies work to the general public. Because this is
a broad sub- eld of astronomy to cover, this chapter provides an incomplete view, but attempts to put the
work in a larger context. In Chapter 2, | cover the technique | employ, semi-analytic modeling, to conduct
my work.

Chapters 3 and 4 discuss the bulk of my scienti ¢ work, which centers on what drives galaxy structure.
Although angular momentum is a fundamental quantity that describes the orbits of planets, gaseous disks
and galaxies, it is not completely clear how critical a role it plays in shaping present-day galaxies. Chapter
3 is areprint of my rst-author paper in the Astrophysical Journal showing that angular momentum is less
important than dark matter halo mass in determining the shape of the galaxy. More recently, | am exploring

the role that black hole physics plays in setting the stellar mass of a galaxy; Chapter 4 describes the near- nal



state of that unpublished work.

As a scientist, | am driven by curiosity, questioning theories, and exploring new physics behind galaxy
formation. My identity as a scientist also pushes me to create tools to increase participation of underrep-
resented astronomers and their contributions to the global scienti c community. In Chapter 5, | provide a
summary of my contributions towards making astronomy more accessible to speci cally Central American

and Caribbean undergraduate students. Chapter 6 is a summary and a look forward.

1.2 The start of our Universe

Between the 1940s until the 1960s, the two leading theories of how the Universe began were the Steady
State Theory (Bondi & Gold, 1948) and the Big Bang Theory (Peebles et al., 1991). While the Steady
State Theory described an expanding Universe with no beginning nor end and matter constantly created
through the formation of stars and galaxies, the Big Bang theory proposed that the Universe was born from a
singularity, a super dense and hot point that exploded between 14-12.7 billion years ago. Estimates of the age
of the Universe have recently sparked major debates due to the uncertainty in the measurement of the Hubble
constant, which range betweely = 67:9 1:5to 751 2:3 km s IMpc ! (Choi et al., 2020; Schombert

et al., 2020). Nonetheless, the Big Bang theory became generally accepted due to the detection of the Cosmic
Microwave Background (CMB) (Penzias & Wilson, 1965), radiation that is found in every direction and is
ascribed to the imprint of this long-ago explosion. The CMB is a near perfect Planck spectrum at 2.72 Kelvin,
implying that it was generated by a dense, opaque source in thermal equilibrium. CMB radiation provides
detailed information about the matter density as well as its distribution through minute uctuations in the
temperature across the sky. It is important to note that most of the matter in the Universe is in a yet-to-be-
directly-detected form calledark matter and its presence can be inferred by the distribution of the CMB
temperature uctuations on a map of the sky; this distribution can by measuredangatar power spectrum
technique.

Right after the Big Bang, the Universe began expanding. With the expansion, the hot and dense photon-
baryon plasma began cooling. About 300,000 years later, electrons began to combine with protons to form
neutral hydrogen among other elements. As the expansion continued, dark matter particles form into a
lamentary scaffold as a result of gravity pulling them together. Baryons, as a minor character in the mass
budget of the Universe, simply fall into the denser parts of this scaffold, and where laments intersect, a
spheroidal and clumpglark matter haldorms — we discuss dark matter halos more in the next section. Gas
collapses within the deep gravitational potential from these dark matter halos, forming rst population of
stars, also known as Population 11l stars. Although the details of Pop Il star formation is still under debate,

they are thought to form 200 Myr after the Big Bang from pcooled metal-free gas (Klapp, 1983; El Eid



et al., 1983). As these stars evolved, they fused hydrogen into heavier elements. When these stars reached the
end of their lifetime, they underwent supernova (SNe) explosions, enriching the local gas with these heavier
elements processed in the Pop Il interior. As this process takes place, protogalactic clouds give birth to
the rst galaxies in the Universe. Fast-forward in time, the large-scale structure of the Universe continues

to condense, resulting in densely populated regions where galaxies are highly interactive with one another
throughout their lifetime. As matter clumps, it leaves behind voids of empty space, where few galaxies live.

Figure 1.1 shows an illustration of how the Universe evolved from the Big Bang to the present day.

1.3 A brief history of dark matter halos

Dark matter makes up most of the matter in the Universe. There is a wealth of evidence regarding the exis-
tence of dark matter from observations of the Bullet cluster or Abell 2029, which shows two clusters merging
in which the dark matter halos pass by one another, as evidenced by gravitational lensing, while the gas from
each cluster collides, shock heats, and shines in the Xray (Clowe et al., 2006) as well as from simulations
(Moore, 1994; Navarro et al., 1996; Binney & Tremaine, 2008; Bullock & Boylan-Kolchin, 2017). An indi-
rect detection of dark matter can be found though patterns of anisotropies in the CMB (Maity & Saha, 2018).
A more relevant case, the existence of dark matter is strongly linked to the rotational curves of galaxies.
When looking at a typical spiral galaxy edge-on, we see that as we move farther away from the center of the
galaxy, where the galaxy runs out of light, the rotation speed should decreas&%asSurprisingly, obser-
vations have shown that the velocity does not drop. Figure 1.2 shows the rotational velocity as a function of
radius for a galaxy like the Milky Way. Because most galaxies have baryonic matter concentrated at their
center, they show an exponential increase in velocity up to some radius, where the velocity becomes constant
or slowly rises. Since there is so little baryonic matter in the outer parts of the galaxy, we believe that dark
matter is what drives the constant velocities (Rubin & Ford, 1970; Rubin et al., 1978). Thus, the difference
between the expected light coming from the stellar disk and what is observed is the amount of dark matter
contributing to the overall galaxy mass.

Inside a dark matter halo, we can also nd subhalos; we think the main, or “central” galaxy is hosted by
the main dark matter halo, while the subhalos host satellite galaxies. Together, the halos and subhalos are
characterized by aalo mass functionwhich describes the number density of halos as a function of their
mass. The halo mass function has a characteristic power-law slope at low halo mass, meaning that low-mass
halos are increasingly more common, and an exponential cut-off at high halo mass, which is related to the
maximum halo mass that could have collapsed in the age of the Universe. From the halo mass function, we
know that there is is roughly one Milky Way mass halo for every 100 Mpkhe halo mass function can

be obtained numerically using N-body simulations (described in Chapter 2) or derived using extended Press-
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