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K & VEE B E

i L & H : Chemical Evolution of Galaxies through Observational Statistics and

Empirical Modeling

Understanding the cosmic evolution of the baryon cycle is a central goal of modern
astrophysics. The baryon cycle describes the complex interplay of gas inflow from the
intergalactic medium, the consumption of gas through star formation, and the
expulsion of metal-enriched gas via galactic outflows. In the local universe, these
processes are observed to be in an equilibrium state, manifesting as tight scaling
relations such as the mass-metallicity relation and the fundamental metallicity
relation (FMR). These relations suggest that the metallicity of a galaxy is regulated by
its stellar mass and star formation rate. However, a fundamental question remains
regarding when and how this equilibrium was established in the history of the universe.
Investigating the gas-phase metallicity of galaxies in the early universe was
historically challenged by observational limitations. Prior to the launch of the James
Webb Space Telescope (JWST), rest-frame optical diagnostic lines necessary for
accurate metallicity measurements were inaccessible for galaxies at redshifts redshift
z>4. Consequently, understanding the physics of early galaxies often relied on
studying local counterparts. With the advent of JWST and the development of
sophisticated empirical models, it is now possible to directly measure the chemical
properties of early galaxies and interpret them within a physical framework. This
thesis combines statistical studies of local metal-poor galaxies, direct observations of
high-redshift galaxies using JWST, and a novel empirical model to elucidate the

evolutionary history of the baryon cycle.

In Chapter 2, we investigate extremely metal-poor galaxies (EMPGs) in the local
universe to understand the low-metallicity limit of galaxy formation and the
equilibrium state of chemically primitive systems. We develop a machine-learning
selection technique to identify EMPG candidates from the photometric data of the
Sloan Digital Sky Survey (SDSS). The algorithm is trained to distinguish the unique
colors of EMPGs from other objects. We apply this method to SDSS photometric
catalogs and select candidates. We conducted spectroscopic screening of candidates
using the Seimei and Nayuta Telescopes to distinguish galaxies from stars, followed by
deep spectroscopy of ten selected targets with the Magellan Telescope to measure the
metallicities. We derive gas-phase metallicities using the direct method based on the

detection of the auroral oxygen line, which provides a temperature-sensitive and



accurate abundance measurement. Although we successfully identified three new
EMPGs, our systematic search did not yield any galaxies with metallicities below one
percent of the solar value. This non-detection places a stringent constraint on the
metallicity floor in the local universe, suggesting that galaxies with lower metallicities
are either extremely rare or do not exist at the present epoch. We then analyze the
chemical properties by constructing a statistical sample of 80 confirmed EMPGs. We
found that the mass-metallicity-SFR relation of these local EMPGs can be explained
by the same equilibrium model that describes more massive and metal-rich galaxies.
This result indicates that the baryon cycle in the local universe operates in an

equilibrium state even in the most metal-poor systems known.

In Chapter 3, we extend this selection methodology to the high-redshift universe to
identify primitive galaxies in the early universe. We utilize deep near-infrared imaging
data obtained by JWST NIRCam. By adapting the color selection criteria to the
redshifted photometric bands available in the JWST fields, we search for galaxies at
redshifts z~4 —5 that exhibit photometric signatures similar to local EMPGs. This
search results in the identification of 17 promising candidates that show extremely
blue colors indicative of low metallicity and young stellar populations. To validate these
candidates, we conducted spectroscopic follow-up observations using FOCAS on the
Subaru Telescope. While the spectroscopic validation of the selection technique
remains to be achieved, the identification of the candidates provides a valuable target

list for future analysis with JWST spectroscopy.

In Chapter 4, we perform a direct investigation of the chemical evolution of galaxies
across a wide redshift range from z =2 — 10 using spectroscopic data from JWST. We
combine data from the DREAMS, JADES, CEERS, and ERO surveys to construct a
large sample of 292 galaxies. The primary objective is to measure gas-phase
metallicities using the robust direct method rather than relying on empirical
calibrations that may not be applicable to high-redshift galaxies. Since the auroral
oxygen line at 4363 angstroms is intrinsically faint, especially in distant galaxies, we
employ a spectral stacking technique. We group galaxies based on their redshift and
stack their spectra to increase the signal-to-noise ratio. This approach allows us to
successfully detect the auroral line and derive electron temperatures and metallicities.
We then examine the evolution of the mass-metallicity relation and the FMR. Our
analysis reveals that galaxies up to redshift z~6 generally follow the FMR
established in the local universe. However, we discover a significant deviation at
redshifts z = 8. Galaxies at the earliest epochs exhibit gas-phase metallicities that are
systematically lower than predicted by the stellar mass and star formation rates.
Specifically, we observe a metallicity deviation of approximately 0.3 to 0.5 dex

compared to the FMR prediction. This breakdown of the scaling relation suggests that



the baryon cycle in the early universe, within the first 600 million years of cosmic

history, had not yet reached the equilibrium state observed today.

In Chapter 5, we construct a new empirical chemical evolution model named the
ChemicalUniverseMachine to provide a physical interpretation of the observational
results obtained in the preceding chapters. This model connects the metallicity
evolution to the growth of dark matter halos. Unlike semi-analytic models that rely on
numerous uncertain physical parameters, our empirical framework is designed to
reproduce the observed evolution of the galaxy stellar mass function and the star
formation rate density with minimal assumptions. The model incorporates a
multiphase description of the interstellar medium and tracks the distribution of metals
between the interstellar medium and the circumgalactic medium. By fitting the model
to the observed mass-metallicity relation and its evolution, we constrain the key
physical parameters governing the baryon cycle, such as the metal distribution fraction.
The model successfully reproduces the observed metallicity evolution from redshift z =
0 — 5. Our analysis using this framework indicates that the metal distribution fraction
into the interstellar medium is universally governed by the depth of the gravitational

potential of the host dark matter halo, regardless of redshift.

Finally, in Chapter 6, we apply the ChemicalUniverseMachine model to interpret the
breakdown of the FMR at redshifts z= 8, as observed in Chapter 4. Our modeling
quantitatively demonstrates that the observed metallicity deficit cannot be reproduced
by standard extrapolations of local calibrations. Instead, reproducing the observations
requires an evolution in the baryon cycle, specifically either an enhancement in outflow
efficiency or an increase in gas inflow relative to star formation. This suggests that the
baryon cycle in the early universe operates in a non-equilibrium state, distinct from
the equilibrium established at lower redshifts. Consequently, this thesis presents a
unified picture of the evolution of the baryon cycle, transitioning from a primordial,

non-equilibrium state in the early universe to the equilibrium state established today.
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