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Abstract

Weak gravitational lensing (deflection of light from distant galaxies due to the gravita-
tional potential of intervening mass) is one of the most exciting probes in cosmology as it
is sensitive both to the growth of the large-scale structure and the expansion history of the
Universe. We can measure the coherent distortion of galaxy shapes (which we call cosmic
shear) and infer the matter distribution. With next-generation imaging surveys such as the
Vera C. Rubin Observatory Legacy Survey of Space and Time (Rubin LSST) and the Nancy
G. Roman Space Telescope (Roman), there is immense new promise in understanding the
fundamental nature of dark matter and dark energy. With datasets from current experi-
ments like the Dark Energy Survey (DES), we see apparent cosmological tensions between
experiments that may either be real and indicate new physics or new systematics we do not
yet understand. LSST and Roman will increase the number of galaxies we have observed by
an order of magnitude, leading to improved constraints on our cosmological model by up to
300%. These experiments will have the potential to prove if these cosmological tensions are
real. However, our control of systematic uncertainties must also improve by similar levels
to achieve the promise of what these missions can deliver.

To achieve these scientific outcomes, the challenges of determining galaxy shapes and
redshifts and modeling the impact of astrophysical effects must be solved. My PhD has
focused on enabling weak lensing science in DES and Roman. I co-led the shear analysis
teams in DES to produce the largest weak lensing galaxy sample, as well as the final DES
cosmological analysis of cosmic shear. For Roman, I have led two papers characterizing and

mitigating shear-related systematics with image simulations.
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1

Introduction

Cosmology, the study of the Universe's origin, structure, evolution, and ultimate fate,
has fascinated humanity for millennia, evolving from mythological narratives to precise
science. The study of cosmology re ects humanity's deep curiosity to comprehend the
vastness of the Universe and our place within it.

Ancient Greeks called the Universé'cosmos" an entity that makes a regular movement
and in an orderly systematic manner. Aristotle's Universe was nite and geocentric, with
Earth at its center surrounded by concentric celestial spheres that carried the planets and
stars, all made of a perfect, unchanging substance called aether. This model was further
re ned by Ptolemy, who introduced the epicycles to account for the apparent retrograde
motion of planets. Despite their inaccuracies, these models persisted for centuries, deeply
in uencing the way humanity perceived the Universe. The Aristotelian and Ptolemaic
cosmologies have dominated how people regarded the Universe for more than 2000 years.

The Scienti ¢ Revolution (16 17¢ Century) began during the Renaissance. This
era witnessed the re-emergence of classical knowledge, combined with new discoveries and
methodologies. The Renaissance set the stage for a more systematic and observational ap-

proach to understanding the heavens, transitioning from a geocentric model of the Universe



to a heliocentric model with the sun at the center. This shift was propelled by the work of
Nicolaus Copernicus, whose heliocentric theory laid the foundation for modern astronomy,
challenging the prevailing Aristotelian and Ptolemaic views and paving the way for future
scienti c inquiries. This was further advanced by astronomers such as Johannes Kepler, who
eventually took the Copernican view and pioneered the way to understand the Universe as
the physics of astronomy. While Kepler studied the motion of astronomical objects, Galileo
Galilei quanti ed the motion of objects on the Earth and pioneered the mathematical de-
scription of nature. Galileo's pioneering approach of applying mathematical descriptions to
understand and predict natural phenomena marked a signi cant departure from qualitative
to quantitative science. Sir Isaac Newton succeeded in unifying the natural phenomena in
the Universe and on the Earth by describing them with a common language (mathematics),
publishing Philosophige Naturalis Principia Mathematica (1687)and putting an end to the
Scienti ¢ Revolution. Newton's formulation of the laws of motion and universal gravitation
further revolutionized cosmology by providing a mathematical framework that described
the motion of celestial bodies. These laws not only explained planetary orbits but also
o ered a universal description of motion that applied both on Earth and in the heavens,
unifying the physics of the cosmos and Earth under the same principles.

The 20° century brought about multiple paradigm shifts in classical physics that New-
ton has established. Albert Einstein's theory of special and general relativity, published in
1905and 1915 introduced a speed limit in nature and a new understanding of gravity as
the curvature of space-time caused by mass and energy, laying the theoretical foundation
for modern physics and cosmology. Observations by Edwin Hubble i1929 showed that
galaxies are moving away from each other and provided the rst empirical evidence for the
expansion of the Universe, leading to the development of the Big Bang theory as the leading
explanation of the Universe's origin and evolution.

In the latter half of the 20° century and into the 218Ccentury, cosmology has continued
to evolve rapidly with the introduction of satellite-based observations, such as those from

the Cosmic Background Explorer (COBE) and the Hubble Space Telescope among others.
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These missions have provided detailed measurements of the cosmic microwave background
radiation and the expansion rate of the Universe, o ering a glimpse into the Universe's early
moments and the late-time Universe. These measurements indicated indirect evidence of
dark matter, which only interacts with ordinary matter through gravitational force and

dark energy, which seems to cause the accelerated expansion of the Universe. These have
further ne-tuned the Standard cosmological model, highlighting the fact that the majority

of the Universe is made up of these mysterious components.

We are in an exciting era in the history of cosmology and physics, as there seems to
be a discrepancy in the cosmological model between di erent probes, and the introduction
of dark matter and dark energy in our cosmological model requires consistency with other
elds in physics, such as with the Standard Model in particle physics. We have not found
a consistent story to unify our understanding of nature. While the current imaging surveys
provide more evidence of the existence of dark matter and dark energy, multiple next-
generation telescopes have been built and launched to probe the nature of dark matter and

dark energy and to understand the Universe's structure, composition, and evolution.



2

Fundamental Principles of Cosmology

This chapter delves into the core principles that form the backbone of modern cosmology,
providing a comprehensive exploration of the theoretical frameworks and equations that
have shaped our understanding of the Universe. We explore its geometry of space-time with
the Friedmann Lemaitre Robertson Walker metric, its kinematics from Einstein's general
relativity, and nally, its dynamics of the Universe to derive the Friedmann equations, which
describe how each component in the Universe (radiation, dark matter, baryonic matter, and
dark energy) behaves in our expanding Universe. But rst, let's explore chronologically the

signi cant events since the beginning of the Universe.
2.1 Cosmic History: From the Big Bang To Now

The idea that our Universe started from the Big Bang, which is an event of space
expansion from the state that every point in space was in nitely hot and dense, came from
the observation made by Edwin Hubble that the Universe is expanding (Hubble, 1929)
the Universe had to begin from somewhere hot and dense. We will not mention how or why
the Big Bang happened. We will simply begin from the moment the Universe started.

After the Big Bang and in less than 10 32 seconds, the Universe is commonly thought

to have experienced a period of what is called in ation it doubled in size at least 80



times. This idea was proposed by Albrecht and Steinhardt, 1982; Guth, 1981; Linde,
1982 in order to resolve the homogeneity problem in cosmic microwave background (CMB)
and the atness problem in the late-time Universe. In ation allows quantum uctuations

in vacuum space to expand and creates the initial primordial density uctuations in the
Universe. These Gaussian random uctuations became the seed of the large-scale structure
in the late-time Universe.

Just one second after the Big Bang, the temperature of the Universe was estimated
to be about 10'° Kelvin. Within a trillionth of a second, all the elementary particles
and antiparticles (e.g., quarks, leptons) described in The Standard Model (Particle Data
Group et al., 2022) were equally abundant. As the Universe expanded and cooled down,
reactions between particles and antiparticles (e.g., particle-antiparticle annihilation) started
to happen, and quarks began to be held together to form protons and neutrons at abod °
seconds after the Big Bang. At this point, the Universe was still hot (L0° K), yet many of
the elementary particles had already been annihilated. At about a few minutes, within the
pool of plasma of free electrons, protons, neutrons, and photons, atoms such as deuterium,
helium, and lithium started to fuse (called Big Bang Nucleosynthesis). The Universe had
not yet seen a stable hydrogen atom because protons could not capture electrons due to
energetic photons.

After about 370, 000years after the Big Bang, the Universe has cooled enough (3000
K) for photons to begin decoupling from electrons (a state where a patrticle is able to
free-stream without scattering) and hydrogen atoms to form, which we call recombination.
These free-streaming photons still propagate through the expanding Universe, and we are
able to observe them as a stretched light in a microwave range, which we call cosmic
microwave background. These photons are from the surface of the last scattering, where
they have been propagating freely since the moment of the last scattering with electrons.

As can be seen, the Universe has been through periods of annihilating, scattering o,
and fusing particles. Nonetheless, the early Universe is expected to have been in thermal

equilibrium, which means that the Universe itself should exhibit a blackbody spectrum, and
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Figure 2.1: An illustration to describe how the cosmic microwave background radiation is able to
begin free-streaming the Universe after scattering o of free electrons.

the CMB should have blackbody radiation at a particular temperature. This is exactly what
has been observed very precisely (e.g., Bennett et al., 1996) with the average temperature
of) =2.72%K. If we look closely at the observed CMB, however, there are small variations
(10 “K) in the temperature (i.e., hot and cold spots in the early Universe). These
uctuations come from the primordial density uctuations in the earlier Universe that were
guantum in nature but were expanded in the period of in ation. These variations became
the seeds of the matter density uctuations in the later Universe and grew into the structures
(e.g., stars, galaxies, clusters) we see today. We are able to predict from theory what the
spatial correlations of these temperature uctuations would look like and that is what we
observe. | will explore this quantitatively in Y 2.3.

Since photons decoupled from matter, the Universe was transparent but dark. Clouds
of hydrogen and helium atoms slowly accumulated together with their gravitational force

and collapsed in their slightly over-dense gravitational potential. When the Universe was



about 100 million years old, the rst stars were born. These stars played a few major roles

in constructing our Universe today. Firstly, these stars were emitting ultraviolet energy
and hence ionizing their surrounding gas, which led to the reionization of neutral hydrogen
atoms ( epoch of reionization ). The reionization will later impact the formation of galaxies
and play a major role in the scattering of the CMB photons. Secondly, these stars were
massive, and their cores were able to fuse elements heavier than helium, such as carbon,
oxygen, and iron, through their nucleosynthesis process the rst appearance of these
elements in the Universe. Fusing up to iron atoms is an endothermic process (releasing
more energy than absorbing due to nuclear binding energy the energy required to break
up a nucleus into its components is the highest among other atoms), and fusing heavier
atoms absorbs more energy than what comes out. Thus, the core of a star is not able to
fuse more elements than irons and is no longer able to support its own mass by the pressure
from nuclear fusion. This leads to the gravitational collapse and the violent explosion of a
star (called a supernova) in the case of massive stars. During a supernova explosion, since it
is such an energetic process, heavier elements such as uranium can be synthesized through
the rapid neutron-capture process. Supernovae, hence, further enrich their surrounding
environment and the Universe itself.

About 900 million years later, these stars became gravitationally bound, and the rst
galaxies formed. These galaxies ionized the neutral hydrogen gas further and further, and
all of the Universe's hydrogen became ionized. Since then, more galaxies have formed and
they have clumped together to form clusters and superclusters. While structures continue
to grow in a gravitationally bound environment at present-day (the age of our Universe is
estimated to be about13.8billion years old), it is slowing down as the Universe crossed the
threshold where what is causing the Universe to expand started to dominate the Universe
about 5 billion years ago.

This story is based on what we think happened in the past and what we can observe
today. The goal of cosmologists is to build a model of how this Universe works (i.e., a

cosmological model) and tell a consistent story that can be extrapolated from the model.
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Our current cosmological model ( -CDM model), based on evidence from CMB, galaxies,
and supernovae, suggests that the stu we can see (ordinary atoms cosmologists like to
call it baryons) composes less than 5% of the Universe and the majority of what makes up
the Universe is in what we cannot see and what we do not exactly understand dark matter
( 30%) and dark energy ( 65%). What we know about them is that dark matter interacts
with itself and other matter only through gravity, and dark energy is seemingly causing the
accelerated expansion of the Universe. Throughout cosmic history, the Universe has expe-
rienced interactions of various scales, from particle collisions to galaxy mergers. Although
the random Gaussian density uctuations in the early Universe were the seed of early struc-
tures such as stars and galaxies, in order for these to be stable and grow, dark matter and
dark energy are essential, and the interplay between dark matter and dark energy creates
an even bigger structure in the Universe the large-scale structure. Numerical simulations
of the current cosmological model show that our Universe has a web-like structure (Fig-
ure 2.2). This structure exists because the proportion of what constitutes the Universe has
been changing since the beginning. Dark matter has been exerting gravitational force on
baryonic matter, making the overdense region denser, while dark energy has been causing
the Universe to expand, making the underdense region more empty. | will discuss this more
quantitatively in Y 2.2.

All of the aspects mentioned here are active areas of research, and new observations with
the latest telescopes and detectors con rm or change what we conceive as the law of nature.
These new observations hold keys to unlock these fundamental mysteries in astronomy and

physics.
2.2 Homogeneous Universe

This section introduces the Standard Model of Cosmology. Readers can refer to Bau-
mann, 2022; Dodelson, 2003 (which | have found in uential in understanding what is sum-

marized in these chapters) for more details.
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