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Abstract

The overarching goal of this thesis is to characterize the cosmic evolution of the
baryon cycle, the fundamental physical process governing galaxy formation. As a
tracer for this process, we focus on gas-phase metallicity, which is readily observable
and sensitively reflects the physical state of galaxies, approaching this problem from
both observational and theoretical standpoints.

First, we focus on extremely metal-poor galaxies (EMPGs) in the local universe.
Using a machine-learning technique, we select EMPG candidates from the extensive
imaging data of the Sloan Digital Sky Survey (SDSS) and conduct follow-up spec-
troscopy with the Seimei, Nayuta, and Magellan telescopes. Consequently, we identify
three new EMPGs and construct a statistically significant sample of 80 EMPGs. De-
spite this extensive search, no galaxies with metallicities below 1% solar are found,
placing constraints on the metallicity floor in the local universe. Our statistical anal-
ysis reveals that the mass-metallicity-SFR relation of local EMPGs can be explained
by the same equilibrium model that describes normal local galaxies, suggesting that
the equilibrium state of the baryon cycle extends even in the most chemically prim-
itive galaxies in the local universe. Furthermore, extending this search methodology
to the early universe using JWST imaging data, we identify 17 EMPG candidates at
z ~ 4-5 and conduct spectroscopic follow-up observations with the Subaru/FOCAS
to confirm their redshifts.

Next, we systematically investigate line ratios and direct T,-based metallicities com-
bining data from the DREAMS, JADES, and CEERS surveys. By stacking spectra
to detect faint auroral lines, we derive robust metallicities using the direct method.
The results reveal that the fundamental metallicity relation (FMR) breaks at red-
shifts z 2 8, where galaxies exhibit systematically lower metallicities than expected
from their stellar mass and star formation rate. This deviation suggests that the
baryon cycle in the early universe is in a non-equilibrium state, distinct from the
lower redshifts.

Finally, to provide a physical interpretation of these results, we construct a new
empirical model, the CHEMICALUNIVERSEMACHINE, which integrates chemical evolu-
tion into dark matter halo growth histories. This model quantitatively demonstrates
that the observed metallicity deficit at z = 8 cannot be explained by standard extrap-
olations. 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. By integrating these results, this thesis presents
a unified picture of 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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Chapter 1

Introduction

1.1 Background

A fundamental goal of modern astronomy is to elucidate the physical laws that gov-
ern the formation and evolution of galaxies. Central to contemporary theories is the
paradigm of the baryon cycle: a continuous interplay between the inflow of gas from
the cosmic web, the conversion of this gas into stars within the interstellar medium
(ISM), and the subsequent outflow of gas and heavy elements (metals) driven by
stellar activity. The efficiency and modality of this cycle are thought to be the pri-
mary drivers of the observed diversity in galaxy properties (see, e.g., the review by
Somerville & Davé 2015). Therefore, developing a comprehensive understanding of
the physics of the baryon cycle is paramount to constructing a complete picture of
how galaxies evolve over cosmic time (Tumlinson et al. 2017).

However, directly observing the diffuse and often faint gas flows that constitute
the baryon cycle is an exceptionally challenging task. This thesis, therefore, focuses
on one of the most powerful diagnostic tools available for probing these processes:
using the abundance of metals within the ISM, known as the gas-phase metallicity,
as a tracer (Maiolino & Mannucci 2019). The metallicity serves as a crucial “fossil
record”, encoding essential information about a galaxy’s past star formation history
and its interaction with its environment. Specifically, we focus on the abundance of
oxygen, which is a particularly effective tracer for several key reasons. First, oxygen
is synthesized predominantly in massive stars and is rapidly returned to the ISM via
core-collapse supernovae, making its abundance a direct and immediate measure of a
galaxy’s recent star formation activity. Second, as one of the most abundant heavy
elements produced by stars, oxygen produces strong, prominent emission lines in the
rest-frame optical spectrum, making its abundance relatively straightforward to mea-
sure observationally. The ISM metallicity is highly sensitive to the other components
of the baryon cycle: it is diluted by the inflow of metal-poor gas and reduced by the
expulsion of enriched gas in outflows. Consequently, the gas-phase metallicity serves
as a crucial physical indicator that encodes the integrated history of star formation
and gas flows a galaxy has experienced (Maiolino & Mannucci 2019).

Observational studies have established tight scaling relations between galaxy prop-
erties and metallicity. The most well-known of these is the mass-metallicity rela-
tion (MZR), a positive correlation between stellar mass and metallicity that is well-
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established in the local universe over a wide range of stellar masses from approximately
107 to 1012 My (e.g., Lequeux et al. 1979; Tremonti et al. 2004; Mannucci et al. 2010;
Andrews & Martini 2013; Curti et al. 2020). This relation has been found to have
a secondary dependence on the star formation rate (SFR). At a fixed stellar mass,
galaxies with higher SFRs tend to exhibit lower metallicities. This three-parameter
correlation is known as the fundamental metallicity relation (FMR; e.g., Ellison et al.
2008; Mannucci et al. 2010; Curti et al. 2020; Baker et al. 2023). The FMR provides
a more complete description of the state of a galaxy’s ISM and is a key focus of this
thesis.

1.2 Fundamental Physics

To properly discuss the gas-phase metallicity of galaxies, it is essential to first un-
derstand the physical conditions of the interstellar gas from which metallicity mea-
surements are derived. This section establishes the foundation for the analyses in
this thesis by defining the essential physical quantities used to characterize the inter-
stellar medium. We will first explain the physical basis and measurement of electron
temperature, ionization parameter, and gas-phase metallicity, all of which are criti-
cal for interpreting nebular emission-line spectra. Following these definitions, we will
introduce the equilibrium model, a key theoretical framework that provides a physi-
cal context for these observational measurements and connects them to the broader
processes of galaxy evolution.

1.2.1 Electron Temperature

The electron temperature, denoted as T,, is a fundamental physical quantity that de-
scribes the kinetic energy of free electrons within an H 11 region, thereby representing
the thermal state of the ionized gas. This parameter is of paramount importance as
it governs the frequency and energy of collisions between electrons and ions. Con-
sequently, it directly influences the efficiency of collisional excitation, the process by
which ions are raised to higher energy levels through collisions. The rate of colli-
sional excitation is a primary determinant of the observed emission-line strengths,
making electron temperature one of the most basic physical quantities required for
interpreting nebular spectra.

The most reliable method for determining the electron temperature is the direct
method, which utilizes the flux ratio of specific forbidden lines that are highly sensitive
to temperature. A classic and widely used example, which is also employed in this
thesis, involves the O%* ion. The energy levels of this ion are illustrated in Figure
1.1. The method compares the fluxes of emission lines originating from different
energy levels. Specifically, the [O 111]A4363 line is produced by the transition from the
1Sy level to the Dy level, while the much stronger [O 11]A5007 line is produced by
the transition from the 'Dy level to the 3Py level. In a gas with a higher electron
temperature, electrons possess greater kinetic energy, making it more probable that
their collisions will excite ions to the higher 'Sy energy state. As a result, the flux ratio
of the [O 111]A4363 line to the [O 111]AN4959,5007 lines serves as an excellent diagnostic



for the electron temperature, as shown in Figure 1.2.

This temperature-sensitive ratio is advantageous because it is nearly independent
of the gas density in typical H1I regions. This is because the rates of collisional de-
excitation are negligible compared to the rates of spontaneous radiative transitions
when the electron density is well below the critical density. The critical density of level
1Sy and Dy are 6.4 x 10° cm ™2 and 2.8 x 107 cm ™3, respectively. These values are
significantly higher than the typical densities of H 11 regions (< 103 ecm™3). Therefore,
the [O 111]A4363/[O 1] A5007 ratio is primarily a function of temperature, allowing for
a robust estimation of the electron temperature of the O?* ion, T,([O 111]).

1.2.2 lonization Parameter

The ionization parameter, denoted as U, is a dimensionless quantity that describes
the ratio of the number density of ionizing photons from stars to the number density
of atoms, primarily hydrogen, in the surrounding gas. This parameter is a crucial
physical quantity as it fundamentally determines the ionization state of the gas. A
higher ionization parameter signifies a more intense radiation field relative to the gas
density, which results in a greater fraction of atoms being in higher ionization states.
For example, in a region with a high ionization parameter, doubly-ionized oxygen
(O?T) will be more prevalent than singly-ionized oxygen (O™1).

As the ionization parameter cannot be measured directly, it is typically inferred
indirectly through the use of specific emission-line flux ratios. Ratios of emission lines
from ions of different ionization stages are particularly sensitive to the ionization
parameter. A widely used diagnostic, which is also employed in Chapter 3.1 of this
thesis, is the ratio of the [O 11]A5007 and [O 11]A3727 fluxes, often referred to as the
032 index. The estimation is performed by comparing such observed line ratios to
the predictions of photoionization models, of which Cloudy is a prominent example.
These models compute the expected emission-line ratios over a grid of varying physical
conditions, including different ionization parameters and metallicities. The ionization
parameter for a given galaxy is then estimated by identifying the model that best
reproduces the observed line ratios.

1.2.3 Gas-Phase Metallicity

The gas-phase metallicity is a fundamental physical property that refers to the to-
tal abundance of elements heavier than hydrogen and helium within the interstellar
medium. It is one of the most essential quantities for discussing the chemical com-
position of galaxies. Observationally, the abundance of oxygen is typically used as a
proxy for the total metallicity, due to its high cosmic abundance and the prominence
of its bright emission lines. It is conventionally expressed on a logarithmic scale as
the number ratio of oxygen to hydrogen atoms, denoted as 12 4+ log(O/H). There are
two principal methodologies employed for determining the gas-phase metallicity from
emission-line spectra.

The first and most physically robust of these is the direct method. This technique
relies on a direct measurement of the electron temperature (7¢), as described in
Section 1.2.1. The procedure begins with the measurement of emission line fluxes for
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ions such as O and O?* from lines like [O 11]A3727 and [O 111]AN4959, 5007, relative to
a hydrogen recombination line such as H5. With the electron temperature known, the
ionic abundances of these species can be calculated from these flux ratios based on the
principles of atomic physics. The total elemental abundance of oxygen is then derived
by summing the abundances of the dominant observed ionization states. In practice,
these complex calculations are performed using specialized software that incorporates
the latest atomic data. A prominent example is PyNeb , a package for nebular physics
calculations that is not only utilized in this thesis but is also widely used in previous
studies (e.g., Pérez-Montero 2014; Esteban et al. 2014; Onodera et al. 2016; Annibali
et al. 2019; Kojima et al. 2020; Nakajima et al. 2022; Curti et al. 2023). The primary
limitation of the direct method, however, is its dependence on the detection of faint
auroral lines, such as [O 111]A4363, which are necessary for the electron temperature
measurement. These lines are often too faint to be detected in metal-rich or distant
galaxies, restricting the applicability of this method to a limited subset of galaxies.

To overcome this limitation, a second approach known as strong-line calibrations
is widely used. This method enables the estimation of metallicity using only the flux
ratios of bright, easily detected emission lines, such as [O 11, [O111], and HB. The
methodology involves establishing an empirical correlation, or calibration, between a
specific strong-line ratio, for instance the R23 index which is defined as ([O 11]A3727
+ [0 111]AN4959,5007) / HfS, and the metallicity derived via the direct method for a
well-characterized sample of local galaxies. Once this calibration is established, it can
be applied to estimate metallicities for vast samples of galaxies where the faint auroral
lines are not detected. While this technique offers the significant advantage of being
applicable to large numbers of galaxies across cosmic time, it is known to be subject to
considerable systematic uncertainties, with different calibrations yielding metallicity
estimates that can differ by up to 0.5 dex (e.g., Kewley & Ellison 2008). Careful
consideration of the chosen calibration is therefore essential. This thesis mainly refer
to calibrations developed by Nakajima et al. (2022).

1.2.4 Equilibrium Model

Gas-phase metallicity is driven by a complex interplay of physical processes: the ac-
cretion of metal-poor gas from the IGM, gas consumption during star formation, ISM
enrichment via supernovae and stellar winds, and the recycling of ejected material.
By examining the dependence of metallicity on stellar mass (M, ) and star formation
rate (SFR), we can place constraints on how gas accretion and outflow rates scale with
these properties, thereby gaining vital insights into galaxy growth and evolution.

The “equilibrium” class of chemical evolution models serves as a robust and con-
ceptually accessible analytical framework for physically interpreting these observed
relations (e.g., Finlator & Davé 2008; Peeples & Shankar 2011; Davé et al. 2012; Lilly
et al. 2013, Fig 1.3). Grounded in the conservation of baryonic mass, these models
establish a balance between gas inflows and outflows, the SFR, the recycling of stellar
material, and the time evolution of the gas reservoir. This analytical method com-
plements detailed hydrodynamical simulations (e.g., Vogelsberger et al. 2014; Schaye
et al. 2015) by providing a transparent lens to decipher the complex physics driving
galaxy evolution.



The model is formulated by constructing a differential equation that describes the
time evolution of the total gas mass and the total metal mass within a galaxy’s
ISM. This equation incorporates several key physical processes: the production of
new metals from star formation, the removal of metals via galactic outflows, the
supply of metal-poor gas through inflows, and the consumption of gas by ongoing
star formation. Each of these processes is parameterized as a function of fundamental
galaxy properties such as stellar mass and SFR, using terms like the mass-loading
factor (A) and the star formation efficiency (e).

A central assumption of the model is that many galaxies exist in a state of dynamic
equilibrium, where these competing processes are balanced such that the net change
in the total gas mass over time is relatively small. By solving the chemical evolution
equation under this equilibrium assumption, one can derive a theoretical prediction for
the gas-phase metallicity that a galaxy should possess. These models have been shown
to successfully reproduce the observed MZR and FMR. In this theoretical framework,
the MZR is interpreted as a consequence of higher gas fractions and/or more efficient
metal removal by outflows at lower stellar masses (Tremonti et al. 2004; Davé et al.
2012; Lilly et al. 2013; Sanders et al. 2023). The equilibrium model thus provides
a valuable way to utilize MZR and FMR observations to constrain the interplay of
these ongoing processes. This framework provides a valuable tool for interpreting
observational data, and a version of this model, as described by Lilly et al. (2013), is
utilized in Chapter 2 of this thesis.

O 1
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4363

Y 'D2.51eV
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Fig. 1.1 Energy levels of O ion and radiative transitions between energy levels
(Aller 1984).
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1.3 Key Scientific Questions

While the equilibrium state of the baryon cycle is relatively well-characterized in
the local universe, a complete picture of how this state was established over cosmic
history remains elusive. The overarching scientific goal of this thesis is to illuminate
the evolutionary history of the baryon cycle, from the era of the first stars (a.k.a.
Population III; Nakajima & Maiolino 2022) to the present-day equilibrium observed in
galaxies. To address this ambitious goal, this thesis is structured around three central
research questions that bridge observational exploration with theoretical modeling.

1.3.1 Origin of Local EMPGs and the Metallicity Floor Problem

Even in the well-studied local universe, fundamental questions remain, centered on
the most primitive galaxies known: extremely metal-poor galaxies (EMPGs Izotov
et al. 2019; Kojima et al. 2020). These systems, defined as having gas-phase metal-
licities less than 10% of the solar value (12 4 log(O/H) < 7.69), are crucial analogs
for understanding the early phase of galaxy formation. With properties such as low
stellar masses, low metallicities, and high specific star formation rates, they are often
regarded as local counterparts to the primordial galaxies predicted to exist at high
redshift (e.g., Isobe et al. 2022b). Particularly before the launch of the James Webb
Space Telescope (JWST) in 2022 (when the research for this thesis began) obser-
vational constraints made it extremely difficult to directly investigate the physical
properties of galaxies in the early universe. Specifically, the rest-frame optical lines
required for metallicity diagnostics are redshifted into the infrared regime at z > 4,
often falling outside atmospheric windows and becoming inaccessible to ground-based
instruments. Consequently, these local EMPGs served as the most accessible labora-
tories for studying the initial stages of galaxy formation. However, two major puzzles
persist, motivating the work in this thesis.

The first is the apparent absence of Hyper Metal-Poor Galaxies (HMPGs), defined
as galaxies with metallicities below 1% of the solar value (Z < 0.01Z;). Despite
decades of intensive searches by numerous groups, including systematic studies like the
Extremely Metal-Poor Representatives Explored by the Subaru Survey (EMPRESS;
e.g., Kojima et al. 2020), no galaxies have been identified with metallicities below 1%
Z in the local universe. This observational fact, which is also seen in the stellar mass-
metallicity relation of Local Group dwarf galaxies (e.g., Kirby et al. 2013), stands in
stark contrast to predictions from some cosmological hydrodynamic simulations that
find galaxies with significantly lower metallicities should exist (e.g., Wheeler et al.
2019; Applebaum et al. 2021, see also Hayashi et al. 2022). This discrepancy raises a
critical question: do HMPGs not exist in the local universe, or are they simply too
faint or rare to have been detected by current surveys? This issue is often discussed
in the context of the “metallicity floor” (Wise et al. 2012; Kirby et al. 2013).

The second puzzle is the physical origin of EMPGs. Two primary scenarios are
debated. The first is the “episodic star-formation scenario,” which posits that metal-
poor gas accretes onto a pre-existing, more metal-rich galaxy, triggering a new star-



burst that temporarily dominates its appearance (e.g., Sdnchez Almeida et al. 2014,
2015, 2016; McQuinn et al. 2020). This model is supported by morphological evidence,
as many EMPGs are composed of a star-forming metal-poor clump and an extended,
diffuse “tail” structure which is often found to be more metal-rich by up to 1 dex.
The second is the “first star-formation scenario,” where the galaxy is a genuinely
young system forming its first generation of stars from primordial gas (e.g., Recchi
et al. 2001; Isobe et al. 2022a). While the episodic model is compelling, the chemical
abundance picture remains controversial. Certain EMPGs exhibit unique abundance
patterns, such as high Fe/O and low N/O ratios, that are difficult to explain via
standard chemical enrichment with its associated time delays, but are consistent with
enrichment by primordial massive stars like pair-instability supernovae (Isobe et al.
2022a). Understanding the true nature of these local systems is a critical first step
toward understanding their primordial counterparts.

1.3.2 Cosmic Evolution of the Fundamental Metallicity Relation

A central question in galaxy evolution is whether the FMR, interpreted as an “equi-
librium state” of the baryon cycle, is a universal law that holds across cosmic time.
Answering this is critical for understanding how star formation and feedback oper-
ated in the early universe. However, until recently, probing the FMR at high redshifts
(z 2 3) had been severely limited by observational constraints, particularly the diffi-
culty of accessing rest-frame optical emission lines with ground-based telescopes. The
James Webb Space Telescope (JWST), with its unprecedented near-infrared sensi-
tivity and spectroscopic capabilities, has revolutionized this field, enabling detailed
studies of galaxies out to z ~ 10.

Initial studies with JWST have already revealed tantalizing signs that the FMR
may begin to break down at the earliest epochs. For instance, Nakajima et al. (2023),
using JWST /NIRSpec data from the ERO and CEERS surveys, and Curti et al.
(2024), analyzing JADES data, both found evidence for deviations from the local
FMR emerging at redshifts of z 2 6 —8. These pioneering works suggest that galaxies
in the early universe are systematically more metal-poor than predicted by local
relations based on their stellar mass and SFR.

However, these high-redshift studies face significant challenges. They often rely on
strong-line metallicity calibrations, which are established using local galaxy samples.
These calibrations may introduce systematic biases, as they may not accurately reflect
the ISM conditions in early galaxies, which are expected to differ substantially in
terms of ionization state, gas density, and elemental abundance ratios (e.g., Cameron
et al. 2023; Topping et al. 2024). The more physically robust direct 7, method
is observationally expensive, as it requires the detection of faint auroral lines like
[O 111]A4363, which are often too faint to detect in individual high-redshift galaxies.
Overcoming these limitations to robustly measure the evolution of the FMR is a
key frontier in astrophysics. This thesis aims to address these challenges directly by
employing a stacking technique on a large sample of JWST spectra, which allows
for the detection of the crucial auroral lines and a more reliable measurement of
metallicity evolution.
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1.3.3 Empirical Model for the Cosmic Evolution of Chemical Enrichment

As observational data on metallicity across cosmic time and in multiple gas phases,
including star-forming H 11 regions (e.g., Tremonti et al. 2004; Mannucci et al. 2010;
Andrews & Martini 2013; Erb et al. 2006; Nakajima et al. 2013; Marshall et al. 2008;
Sanders et al. 2021; Nakajima et al. 2023; Curti et al. 2024), neutral atomic hydrogen
(H1) in Damped Lyman-Alpha (DLA) systems (e.g., Wolfe et al. 2005; Ledoux et al.
2006; Banados et al. 2019; Berg et al. 2021; Ledoux et al. 2006; Mgller et al. 2013),
and the diffuse CGM (e.g., Tumlinson et al. 2017; Prochaska et al. 2017), become
increasingly abundant, a corresponding need arises for theoretical models capable of
interpreting this rich dataset. While various approaches such as analytical models
(e.g., Davé et al. 2012; Lilly et al. 2013), semi-analytical models (e.g., Somerville
et al. 2008), and hydrodynamical simulations (e.g., Finlator & Davé 2008; Ma et al.
2016; Torrey et al. 2019) have provided invaluable insights, they often rely on strong
physical priors regarding complex sub-grid processes like star formation and feedback,
which can complicate the interpretation of comparisons with observations.

This thesis, therefore, adopts the powerful and flexible framework of empirical
modeling. This approach is designed to infer the underlying relationships between
the well-understood formation of dark matter structures and the observed properties
of galaxies. Unlike models with strong physical priors, empirical models search flex-
ible parameter spaces to deduce the relationships present in the real Universe. Our
work builds upon the successes of the UNIVERSEMACHINE (Behroozi et al. 2019) and
NEUTRALUNIVERSEMACHINE (Guo et al. 2023). The UNIVERSEMACHINE connects
galaxy growth to halo growth by parameterizing star formation rates as a function
of halo properties and calibrating them against a wide array of observational data,
including stellar mass functions and galaxy clustering. The NEUTRALUNIVERSEM A-
CHINE extends this framework to model the evolution of H1 and Hy; gas masses,
constrained by observations of gas mass functions and cosmic gas densities.

This thesis introduces a new model built upon this foundation: the CHEMICALUNI-
VERSEMACHINE. We parameterize the fractions of newly synthesized metals that are
distributed into the multiphase ISM ( f2 for the star-forming molecular phase and fy;
for the neutral atomic phase) and the CGM. Metal production, supply, and dilution
are caused by star formation, galaxy mergers, and gas inflow from the inter-galactic
medium, respectively, with rates determined by the (NEUTRAL)UNIVERSEMACHINE
models. Since the amount of gas at each redshift is already constrained empirically by
the NEUTRALUNIVERSEM ACHINE model, net gas inflow and outflow rates are already
constrained by the evolution of structure in ACDM, so we do not need to assume or
parameterize gas regulation physics (including mass loading factors). By constraining
these distribution fractions empirically against the full suite of available observational
data across all gas phases, we aim to self-consistently infer the physical processes of
metal distribution throughout cosmic time.



1.4 Structure of This Thesis

This thesis addresses the fundamental question: “When and how is the equilibrium
state of galaxies established?” To answer this, we combine observational studies of the
early stages of galaxy formation (Chapters 2-4) with the construction of a physical
model to interpret these observations (Chapter 5).

Chapter 2 details the systematic survey of HMPGs/EMPGs in the local universe.
We develop and apply a machine learning technique to select photometric candidates
from the Sloan Digital Sky Survey (SDSS) imaging data. These candidates are then
followed up with ground-based spectroscopy from the Seimei, Nayuta, and Magellan
telescopes. Using a large sample of EMPGs, we investigate the physical origins of
EMPGs through their chemical properties.

Chapter 3 utilizes the observational window opened by JWST. We extend the
successful search methodology developed in Chapter 2 to the early universe, applying
it to deep near-infrared imaging from JWST’s NIRCam instrument. We identify a
sample of compelling EMPG candidates with the primary aim of discovering HMPGs,
which are expected to exist in the early universe despite their apparent absence in
the local universe. We further conducted spectroscopic follow-up observations using
FOCAS on the Subaru Telescope to spectroscopically confirm their redshifts.

Chapter 4 employs large-scale spectroscopic survey data from JWST to investi-
gate the chemical evolution of galaxies from redshift z = 2-10. By combining data
from multiple public surveys including DREAMS, JADES, and CEERS, we apply a
spectral stacking technique to detect faint auroral lines, enabling robust metallicity
measurements via the direct 7, method. This analysis allows us to probe the cosmic
evolution of key scaling relations, specifically the MZR and the FMR.

In Chapter 5, we present the CHEMICALUNIVERSEMACHINE, a new empirical model
that connects the baryon cycle to the distribution of metals in the multiphase inter-
stellar and circumgalactic medium. This model is designed to provide a unified,
self-consistent interpretation of our diverse observational results, from the local uni-
verse to high redshift, and to explore the physical mechanisms driving the evolution
of the baryon cycle.

Finally, Chapter 6 provides a comprehensive discussion of the conclusions drawn
from this thesis, and Chapter 7 summarizes the conclusions of this thesis.

Throughout the paper, we assume a Chabrier (2003) initial mass function (IMF).
We use a solar metallicity Zg as 12 + log(O/H) = 8.69 (Asplund et al. 2021), and
adopt a standard ACDM cosmology with Q5 = 0.7,Qy; = 0.3 and Hy = 70 km s~!
Mpc~t. All magnitudes are given in the AB system (Oke & Gunn 1983). Halo masses
are defined based on the Bryan & Norman (1998) spherical overdensity definition and
denote peak historical halo masses extracted from the merger tree (Mpeak).
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Fig. 1.2 Line ratio of [O111]AA4363/5007 as a function of electron temperature.
These values are obtained with Pyneb (Luridiana et al. 2015). The black line
indicates the relation for electron temperature of typical H 11 regions (i.e., n. =
10> ecm™3). The gray dotted, dashed, and dashed-dotted lines represent the
relation for electron temperature of n. = 10*, 10°, and 10® cm ™3, respectively,
which show the density dependence on the ratio is negligible if the density is
significantly lower than critical density (i.e., ne < 10* cm™2).
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Fig. 1.3 [Illustration of basic processes of the equilibrium model (Lilly et al.
2013). Gas flows into the halo, some fraction of which also flows into the galaxy
and adds to the gas reservoir. Stars continuously form out of the reservoir and
a fraction of which is immediately returned to the reservoir, along with newly
produced metals. Some gas is expelled by a wind from the system, and possibly
from the halo.






Chapter 2

Extremely Metal Poor Galaxies in the
Local Universe

In this chapter, we search for metal-poor galaxy candidates from SDSS imaging data
using a machine-learning technique and conducting follow-up spectroscopy. We de-
scribe the details of our selection method for identifying local EMPGs in Section
2.1 and present the results of spectroscopic follow-up observations used to measure
the metallicities of EMPG candidates. In Section 2.5, we present our sample of
spectroscopically-confirmed EMPGs that we use in the subsequent analysis. In Sec-
tion 2.6, we examine their chemical properties of our EMPG sample.

2.1 Selection Method

This section presents local EMPGs identified by our selection method and spectro-
scopic observations. We develop our selection method using a machine learning tech-
nique, testing the selection method with the SDSS spectroscopic objects (Section
2.1.2). We then apply the selection method to the faint SDSS photometric objects
with no spectroscopic identifications to make EMPG photometric candidates (Sec-
tion 2.2). Because stars with no emission lines contaminate the EMPG photometric
candidates, we conduct shallow spectroscopic screening observations for the EMPG
photometric candidates via strong emission lines with 2—4m telescopes of Seimei and
Nayuta (Sections 2.3.1 and 2.3.2). We perform deep spectroscopy with a large tele-
scope of 6.5m Magellan for the screened candidates to confirm EMPGs via metallicity
measurements with faint emission lines detected with Magellan (Section 2.4).

2.1.1 Developing Machine Learning Classifier

In this study, we focus on identifying EMPGs at redshifts z < 0.03 with a large rest-
frame equivalent width of He, denoted as EWo(Ha), of > 800 A. Our motivation for
this selection criterion is to identify local counterparts of high-z low-mass galaxies
with high sSFRs of > 10 Gyr~! (e.g., Ono et al. 2010; Harikane et al. 2018; Stark
et al. 2017). Galaxies with such large EW((Ha) are thought to have undergone a
very early phase of galaxy evolution (e.g., Inoue 2011).

To identify these EMPGs efficiently from objects in a photometric catalog, we

13
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Fig. 2.1  Colors of the mock observational objects on the color-color diagrams
of g—r vs. r—i (left), r — i vs. i — z (middle), and v — g vs. g —r (right). The
contours show the 1, 10, 50, and 90% level for each object type of EMPGs (red),
non-EMPG galaxies (black), stars (yellow), and QSOs (blue). The gray triangle
and square indicate the representative points for the HMPG model (Z = 0.01 Zg)
and the EMPG model (Z = 0.1 Zg), respectively.

construct a machine-learning classifier using a supervised machine learning algorithm.
We utilize Light GBM (Ke et al. 2017), a gradient boosting framework that employs
a decision-tree based learning algorithm. The inputs for the classifier are four colors
of SDSS wugriz bands (u — g,g — r,r — i, and i — z) for each object, while the output
is one of the four object types: EMPG, non-EMPG galaxy, star, or QSO. Our goal
is to isolate EMPGs from other object types with minimal contamination. We chose
to use colors as inputs to capture information about the spectral energy distribution
of each object and avoid biases that may arise from other observable properties like
size, morphology, or brightness.

To develop the machine-learning classifier, a training sample is prepared with spec-
tral energy distribution (SED) models, following the approach of Kojima et al. (2020).
The training sample comprises synthetic colors derived from SED models of EMPGs,
non-EMPG galaxies, stars, and QSOs. These values are computed by convolving the
respective SEDs with the broadband filter response functions of the SDSS (Fukugita
et al. 1996). The EMPG SED models used in this study are a combination of the
EMPG models of Kojima et al. (2020) and Nakajima & Maiolino (2022), whose metal-
licity ranges are Z = 0.01-0.1 Z and Z = 0.001-0.01 Z, respectively. The EMPG
SED models for metallicities Z = 0.01-0.1 Z, are produced with the SED model code
Beagle (Chevallard & Charlot 2016). The Beagle code calculates the stellar continuum
and nebular emission using Bruzual & Charlot (2003)’s stellar population synthesis
code and the nebular emission library of Gutkin et al. (2016), which is computed using
the photoionization code Cloudy (Ferland et al. 2013). A Chabrier (2003) stellar ini-
tial mass function (IMF) is applied in the Beagle code. We use five parameters: stellar
mass M,, age tmax, metallicity Z, ionization parameter U, and redshift z. These pa-
rameters are varied in the following ranges: log(M,My) = 4.0 — 9.0, log(tmax/yr) =
6.00-7.75, Z = 0.01 - 0.1 Zg, logU = —2.7 — —2.3, and z = 0.01-0.02, respectively.
These ranges of parameters are based on typical values observed in EMPGs and/or
theoretical predictions. The EMPG SED models for metallicities Z = 0.001-0.01
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Z are based on the SED models presented by Nakajima & Maiolino (2022). These
models have metallicities of Z = [1/1400,1/140] Zs, cover stellar ages from 6.0 <
log(age/yr) < 7.8 with a step size of 0.2, span ionization parameters log U from -3.0
to -1.0 with a step size of 0.5, and include dust attenuations of E(B — V') = [0, 0.01,
0.02, 0.05], assuming a Kroupa (2001) IMF with upper mass limits of 100 My and
300 Mg. The SED models of non-EMPG galaxies are generated similarly to those of
EMPGs with Z = 0.01-0.1 Z, but with different parameter ranges, which contains
the SED models of high-z (z = 0.08-0.40) [O 111] emitters. The stellar SED models
are based on those of Castelli & Hubrig (2004). QSO SED models are generated from
the observed composite spectrum of quasars at 1 < z < 2.1 (Selsing et al. 2016) by
parameterizing three key parameters: the power-law index («) of the intrinsic near-
ultraviolet slope (fy o< A%), the V-band dust attenuation optical depth, and redshift.
Full details of the SED models are described in Kojima et al. (2020). The numbers
of the model SEDs are 4,752, 6,728, 4,240, and 7,250 for the EMPGs, non-EMPG
galaxies, stars, and QSOs, respectively. We add random noise to the colors to sim-
ulate observational errors, and mock observational objects are produced. The mock
EMPGs, non-EMPG galaxies, stars, and QSOs consist of 475,200, 672,800, 42,400,
and 72,500 objects, respectively. From each of the four object types, 30,000 mock
observational objects are randomly selected to create a training sample of 120,000
objects in total (= 30,000 x 4).

To illustrate the typical color properties of our models, we select two representative
SEDs from the EMPG and HMPG populations. The HMPG model is characterized by
Z =0.01 Zg, log(tmax/yr) = 6.0, logU = —1.5, E(B—V) = 0.01, and z = 0.01, while
the EMPG model is characterized by Z = 0.1 Zg), log(tmax/yr) = 6.0, logU = —2.0,
E(B—-V)=0.01, and z = 0.01. Figure 2.1 shows the colors of the mock observational
objects on the color-color diagrams of ¢ — r versus r — i, ¢ — z versus r — ¢, and g — r
versus u — g, with these representative HMPG and EMPG models highlighted as a
gray triangle and a gray square, respectively.

We divide the training sample into two sets: 80% for training and the remaining 20%
for validation. We train the machine-learning classifier to minimize classification er-
rors on the training data set. Light GBM has several hyperparameters that control the
learning process. We focus on five hyperparameters: num_leaves, min data_in leaf,
learning rate, bagging fraction, bagging freq, which are important in improv-
ing classification performance while avoiding over-fitting to the training data set us-
ing an automatic hyperparameter optimization software framework, optuna*!. The
meanings of these hyperparameters can be found in the Light GBM documentation™?.
Default values are used for the remaining hyperparameters. To avoid bias towards
a particular model, we select 20 hyperparameter sets that show comparable perfor-
mance. We then design our classifier to select EMPG candidates predicted by at least
a certain number of models. We set this threshold at 3 because it yields the highest
number of true EMPGs selected in the validation data set. To evaluate the perfor-
mance of the classifier, we calculate both accuracy and F1 score on the validation
data set, which both metrics yielding results over 0.99. Here, the accuracy is deter-

*1 https://optuna.org/
*2 https://lightgbm.readthedocs.io/en/v3.3.4/pythonapi/lightgbm.LGBMClassifier.html
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mined by the total number of correctly identified EMPGs (true positives) as well as
the correctly identified non-EMPG galaxies, stars, or QSOs (true negatives), which
are then divided by the total number of classifications. This can be expressed as
(Ntp+NrN)/Niot, where Npp (Nrn) represents the number of actual EMPGs (non-
EMPG galaxies, stars, or QSOs) that are correctly classified as such. The F1 score is
also a widely used metric for evaluating binary classification tasks, and it is calculated
as the harmonic mean of precision and recall. Precision measures the proportion of
true positives out of the total number of samples that are classified as EMPGs, while

recall measures the proportion of true positives out of the total number of actual
EMPGs.

2.1.2 Testing the Classifier with the SDSS Spectroscopic Data

Before we apply the machine learning classifier to the SDSS photometric data, we test
whether the classifier correctly isolates EMPGs from other-type objects (non-EMPG
galaxies, stars, or QSOs) with the SDSS objects having spectroscopic classifications
(i.e., galaxy, star, or QSO) and emission-line measurements, as well as optical pho-
tometry. Using the SDSS DR16 (Ahumada et al. 2020) data, we select objects whose
photometric measurements are brighter than the SDSS limiting magnitudes (95%
completeness for point sources), u < 22.0 mag, g < 22.2 mag, r < 22.2 mag, i < 21.3
mag, and z < 21.3 mag. We remove objects with errors larger than 0.2 mag in u, g,
r, i, and z bands. Note that we use Modelmag in the SDSS DR16 data. We remove an
object with “0” (i.e., unclean) for the clean flag in PhotoObjALL of the SDSS DR16
data that has a photometric measurement problem, such as a duplication, deblend-
ing/interpolation, suspicious detection, and detection at the edge of an image. We
also remove an object with » —7 > 0 whose color is apparently different from EMPGs
(left and middle panels of Figure 2.1) to save computational power. By these selec-
tions, we have constructed a catalog with the spectroscopy and photometry composed
of 24,419 sources in total (998 galaxies, 22,583 stars, and 838 QSOs) that is referred
to as the SDSS test catalog.

We apply our machine-learning classifier to the SDSS test catalog, and obtain 40
EMPG candidates. We check the spectroscopic classifications (i.e., galaxy, star, and
QSO) of these EMPG candidates, and identify 38 candidates as galaxies and 2 can-
didates as stars. Of the 38 galaxies, we find detailed spectroscopic studies for 18
galaxies in the literature (Kniazev et al. 2003; Izotov et al. 2006, 2012; Thuan &
Izotov 2005; Guseva et al. 2007; Nakajima et al. 2022). We obtain direct-method
metallicity measurements based on [O 111]\4363 of these 18 galaxies. We find that 6
out of 18 galaxies are EMPGs (12+1og(O/H) = 7.22-7.65). The other 12 galaxies are
also actively star-forming galaxies with intense emission lines but have slightly higher
metallicities (12 + log(O/H) = 7.72-8.37). Hereafter, we refer to such a moderately
metal-poor galaxy as a “MPG”. For the remaining 20 galaxies, we estimate metal-
licities with strong line ratios as described below. We obtain N2 ([N 11]A6584/Ha),
R3 ([0 111]A5007/Hp), and R23 (([O 111]AAN5007, 4959 + [O 11]A3727) /Hf) indices using
the flux measurements in the SDSS galSpecLine catalog, only for sources with S/N
> 3 for all emission lines used. Using the metallicity calibrations of Nakajima et al.
(2022), we determine the high- or low- metallicity branch (i.e., whether 12+1log(O/H)
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2 8 or not) from N2 index, and then we estimate metallicities from R23 index if avail-
able, otherwise R3 index. We find that 5 are EMPGs (12 + log(O/H) ~ 7.54-7.60),
13 are MPGs (12 + log(O/H) ~ 7.69 — 8.61), and the remaining one is metal-rich
galaxies (12 +log(O/H) ~ 8.80). Taken together, the purity is 28% (11/40), which is
lower than the accuracy in the training (Section 2.1.1) but comparable to the results
of spectroscopic observations in Kojima et al. (2020), 30% (3/10).

2.1.3 Comparison between Classifiers

In this section, we present a comparison of the selection performance of our machine-
learning classifier with those of Kojima et al. (2020) and Nakajima et al. (2022).
These three methods share the same idea; they isolate EMPGs based on photometric
data using color excess expected for EMPGs at z < 0.03 with EWy(Ha) > 800 A.
One difference is the choice of a machine learning algorithm. While Kojima et al.
(2020) and Nakajima et al. (2022) use CNN, we use light GBM, which is widely used
for classification tasks on tabular data. We can see how much the performance would
change with a classifier using a different algorithm other than CNN. Another difference
is the training data. Both Nakajima et al. (2022) and this work use the SED models
of galaxies with Z < 0.01 Zg (i.e., HMPGS) in the training data, while Kojima et al.
(2020) does not, which allow us to search for HMPGs.

We investigate whether these three classifiers produce differences in a selection
performance. We select EMPG candidates using the classifier of Kojima et al. (2020)
(Nakajima et al. (2022)) from the SDSS test catalog described in Section 2.1.2. A total
of 47 (40) objects are selected as EMPG candidates, of which 42 (38) are galaxies and 5
(2) are stars based on the SDSS spectroscopic classifications. We obtain direct-method
metallicities for 20 (18) out of the 42 (38) galaxies from the literature (Kniazev et al.
2003; Izotov et al. 2006, 2012; Thuan & Izotov 2005; Guseva et al. 2007; Nakajima
et al. 2022), and find that 6 (7) are EMPGs and 14 (11) are MPGs. For the remaining
22 (20) objects, we estimate metallicities using the strong line method as described in
Section 2.1.2, resulting in 4 (4) being EMPGs, 15 (13) being MPGs, and 3 (3) being
metal-rich galaxies. The overall purity of the classifiers of Kojima et al. (2020) and
Nakajima et al. (2022) are 21% (10/47) and 28% (11/40), respectively. The results
are summarized in Table 2.1.

Compared to Kojima et al. (2020), our and Nakajima et al. (2022)’s classifiers
reduce the rate of stellar contamination from 10% to 5%, while maintaining a similar
number of correctly selected EMPGs. Although there is some overlap in the EMPGs
selected by each classifier, we select 3 (2) EMPGs that are not selected by the classifier
of Kojima et al. (2020) (Nakajima et al. (2022)), while the classifier of Kojima et al.
(2020) (Nakajima et al. (2022)) select 2 (2) EMPGs that are not selected by ours.
Combining multiple models may offer the advantage of increasing the total number
of correctly selected EMPGs.
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Table 2.1 The number of EMPGs, other galaxies, and stars that are selected by
the each mahine-learning classifier from the SDSS test catalog.

This study Kojima et al. 2020 Nakajima et al. 2022

EMPGs 11 (6) 10 (6) 11 (7)

Other galaxies 27 (12) 32 (14) 27 (11)
Stars 2 5 2
Total 40 47 40

Note—The number of EMPGs and MPGs with the direct-method metallicity measurements are
noted in brackets.

2.2 Photometric Selection

In this section, we select EMPG candidates from an SDSS photometric catalog with
our machine-learning classifier, which works well with the SDSS test catalog (Section
2.1.2). Based on the SDSS DR16 (Ahumada et al. 2020) photometric data with no
SDSS spectroscopic measurements, we select objects that satisfy the criteria of the
SDSS limiting magnitudes, magnitude errors, flags, and colors as described in Section
2.1.2. We obtain 569,825 sources in total from the SDSS DR16 photometric data
that is referred to as the SDSS photometric catalog. We apply our machine-learning
classifier to the SDSS photometric catalog and 734 objects are classified as EMPGs.
We check the images of the 734 candidates and eliminate sources that obviously have
an unclean photometric data but not fully removed with the flags. By this visual
inspection, we obtain 134 EMPG candidates, whose i-band magnitudes are in the
range of 7 ~ 14 — 20 mag.

2.3 Spectroscopic Screening

We carried out spectroscopic screening observations with 3.8m Seimei and 2m Nayuta
telescopes for the 134 candidates to remove contamination of stars via strong emission
lines and select candidates for deep spectroscopy.

2.3.1 Screening with 3.8m Seimei

We carried out spectroscopic observations for 130 EMPG candidates with KOOLS-
IFU (Matsubayashi et al. 2019) on the Seimei telescope (Kurita et al. 2020) during
2020 December and 2021 March (PI: Y. Isobe). We used the VPH-blue grism with a
wavelength range of 4100-8900 A and a spectral resolution power of R ~ 500. The
exposure times were 600 s. The sky was clear during the observations with seeing
sizes of around 2”.

Data reduction is conducted using the software provided on the website of KOOLS-
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IFU*3. The reduction and calibration processes include the bias subtraction, flat-
fielding, sky subtraction, wavelength calibration, and flux calibration. A 1D spectrum
is made by combining spectra of the region where a target flux is detected. A 1D
error spectrum contains read-out and photon noise of sky and object emission. One of
the reduced spectra obtained by the Seimei observations is shown in Figure 2.2. We
note that the flux of the [O 111]A5007 line in Figure 2.2 may be saturated. However,
the flux value is not important since the purpose of the screening observations is to
isolate galaxies with strong emission lines.

2.3.2  Screening with 2m Nayuta

We carried out spectroscopic observations for four EMPG candidates with MALLS
on the Nayuta telescope on 2021 April (PI: Y. Isobe). We used the 150 mm ™! grating
with a slit width of 1.2 arcsec. Our observations had a wavelength coverage of 3700 —
9500 A and a spectral resolution of R ~ 600. The exposure time was 1200 s. The
seeing size during the observation was around 4”. Data reduction is conducted in
a standard manner with IRAF. One of the reduced spectra obtained by the Nayuta
observations is shown in Figure 2.3.

2.3.3 Results of the Spectroscopic Screening Observations

Of the 134 sources, 104 (77) objects have a strong emission line around wavelength
of Ha (HB and [O111]A5007). Some sources display strong HS, [O111]A5007, and
Ha emission lines but lack an apparent detection of [N 11]A6583, indicating a low
[N 11]A6583 /Hav ratio (log([N 11]A6583/Ha) < —1) and corresponding to low metallic-
ities (Z < 0.5 Zg; Nakajima et al. 2022). We select 10 sources that are observable
with the Magellan telescope during our scheduled observation dates and do not have
significant [N 11]A6583 detections indicating low metallicities. Out of these 10 sources,
eight were identified during the Seimei observations, and the remaining two were

identified during the Nayuta observations.

2.4 Spectroscopic Confirmation of Metallicity
2.4.1 MagE Observation and Data Reduction

We carried out deep spectroscopy to confirm EMPGs via metallicity measurements
with faint emission lines detected with the Magellan Echellette Spectrograph (MagE;
Marshall et al. 2008) on the Magellan telescope. We observed the 10 EMPG candi-
dates from the results of screening observations (Section 2.3.3). The observing nights
were 2021 July 10, October 9, 2022 April 27, and 28 (PI: M. Rauch). We used the
echellette grating with the 0770 x 10” or 170 x 10" slits. The exposure times were
300 s or 600 s, depending on luminosities of targets. The MagE spectroscopy covered
A ~ 3100 — 10000 A with a spectral resolution of R ~ 4000. We observed the standard

*3 http://www.kusastro.kyoto-u.ac. jp/~kazuya/p-kools/reduction-201806/index.html
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~75000 6000 7000
Wavelength (Observed) [A]

Fig. 2.2 Spectrum of J1034-0221 obtained by Seimei observations. The gray
line indicates the error spectrum.

Table 2.2 Summary of MagE Observations.

1D R.A. Dec. Slit Exposure
(hh:mm:ss) (dd:mm:ss) (arcsec) (s)
0 ) (3) (4) (5)
J1034-0221 10:34:01.0  —02:21:50.4 1.0 600
J1244+42828  12:44:41.3  428:28:04.4 1.0 600
J13054-2852  13:05:46.9  +28:52:03.0 1.0 600
J14324-0611  14:32:07.3  +06:11:16.2 0.70 300
J1526+1610  15:26:11.6  +16:10:00.8 1.0 600
J1604+1459  16:04:18.0 ~ +14:59:37.5 1.0 600
J1616+1453  16:16:29.8  +14:53:24.1 1.0 600
J16374+1729  16:37:42.0 +17:29:50.7 0.70 300
J18044-0008  18:04:19.6  +00:08:05.8 0.70 300
J21364-0414  21:36:58.0  +04:14:00.0 1.0 300

Note—(1) ID. (2) Right ascension in J2000. (3) Declination in J2000. (4) Slit width. (5) Exposure
time.
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Fig. 2.3 Spectrum of J1804+0008 obtained by Nayuta observations.

stars CD329927 and Feige56. All the nights were clear with a typical seeing sizes of
~ 0'7.

We perform the reduction of MagE data using Pypelt™ (Prochaska et al. 2020),
an open-source Python-based spectroscopic data reduction pipeline. Pypelt executes
standard processing steps, including bias subtraction, flat fielding, sky subtraction,
wavelength calibration, cosmic-ray rejection, and 1D spectral extraction. Following
the method outlined in Xu et al. (2022), we modify the sky model in regions with
bright extended emission lines (e.g., Ha and [O 111]A\5007), where the default fitting
often fails. In these pixels, we enforce a flat sky background by averaging the values
from nearby pixels. We note that the majority of the emission lines analyzed here are
free from significant skyline contamination. We show MagE spectra as well as SDSS
images of the 10 candidates in Figure 2.4.

Line fluxes are measured by fitting a Gaussian profile superimposed on a constant
continuum. The measured values are corrected for Galactic extinction following the
Schlafly & Finkbeiner (2011) map and the Cardelli et al. (1989) extinction curve.
The dust attenuation is derived from the Balmer decrement (Ha, HB, Hy, and Hd),
adopting the Calzetti et al. (2000) attenuation law, following the early EMPRESS
work (Isobe et al. 2022a; Nakajima et al. 2022). The obtained E(B — V') values are
listed in Table 2.3. These E(B — V') values are higher than those we assume in SED
fitting in Section 2.1 but comparable to those of the EMPGs identified in Kojima
et al. (2020). Flux errors are estimated from 1D error spectra extracted by Pypelt.
Table 2.4 lists the key line fluxes normalized by HS and their 1o errors for the 10
candidates.

We confirm that the 10 candidates do not show an obvious active galactic nucleus

*4 https://github.com/pypeit/Pypelt
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Table 2.3 Physical properties of the 10 EMPG candidates.

D Redshift  E(B V)  1.(0wm]) n.(Ou]) 12+ log(O/H)
(mag) (10*K) (em™3)
(1) (2) (3) (4) (5) (6)

J1034-0221 0.00718  0.254 £0.005 1.67+£0.01 55+ 22 7.668 £ 0.003
J12444-2828 0.00337  0.221 £0.007 1.13+0.01 17+6 8.201 £ 0.013
J1305+2852 0.02698  0.222 £0.007 0.94+0.02 232+6 8.376 = 0.025
J1432+0611 0.00831  0.154 £0.008 1.40 £0.01 70+6 7.945 £ 0.010
J15264+1610 0.01540  0.327 £0.012 1.21 +0.02 78 £2 8.163 £+ 0.019
J1604+4-1459 0.01517  0.225+£0.010 1.33 +0.02 95 £5 7.962 £ 0.022
J1616+1453 0.01588  0.221 £0.013 0.98 £0.03 24 +£2 8.311 £ 0.042
J1637+1729 0.01363  0.254 £0.014 1.58 £0.02 72+£6 7.765 £ 0.015
J18044-0008  0.00629  0.507 £0.007 1.90+0.01 144474  7.504 £0.005
J21364+0414 0.01714 0.213+£0.014 1.96+0.50 48+63 7.388 £ 0.399

Note—(1) ID. (2) Redshift. (3) Dust attenuation of gas. (4) Electron temperature of O2*. (5)
Electron density of Ot. (6) Gas-phase metallicity.

(AGN) activity based on the BPT (Baldwin et al. 1981) diagram (Kauffmann et al.
2003), as presented in Figure 2.5. We note that we can not exclude the possibility of
the existence of a metal-poor AGN with the BPT diagram (e.g., Kewley et al. 2013)

2.4.2 Metallicities

We identify the temperature-sensitive line of [O111]A4363 in all of the 10 EMPG
candidates, which allows us to derive gas-phase metallicities with the direct T
method as described below. We use the tool PyNeb (Luridiana et al. 2015) to
estimate electron temperatures, electron number densities, and ion abundances. We
use [O111]A4363/[0 111]AN4959,5007 ratio and [O11]JAA3726/3729 ratio to estimate
electron temperatures and electron number densities of O** (T, ([0 111]) and n([O11]))
using the PyNeb package getCrossTemDen. The temperature of O, T,([O11]), is
estimated from T,([O111]) using an empirical relation of Garnett (1992). We assume
that the density of the gas is uniform throughout. We derive the abundances
of OT/HT with the [O1]AA3726,3729 / Hf ratio and T,([O11]), and O?**/H*
with the [O111]AN959,5007 / Hp ratio and T.([O111]), using the PyNeb package
getIonAbundance. We ignore O3* and higher-order oxygen ions as in previous work
(e.g., Isobe et al. 2022a). The measured oxygen abundances as well as redshift,
E(B —V), and T,([O111]) are summarized in Table 2.3.

The derived metallicities are in the range of Z = 0.05-0.5 Z, as similarly identified
in earlier studies of EMPRESS (Kojima et al. 2020; Isobe et al. 2022a; Nakajima
et al. 2022). Three of the ten EMPG candidates have a metallicity below the 10%
solar value (12 + log(O/H) < 7.69) and are thus confirmed to be EMPGs, but still
no object with metallicity below 0.01 Z is found. The remaining seven sources are
turned out to have slightly higher metallicities (0.1-0.5 Z).



23

“Io1Ie pue Xnj gH oY) Aq PazI[eulIou Iolld O] pue Xnj pajdsriod-uonounyxyg (11) — (g) "dl (1)—e1oN

TOF60 LOFI69Z CTIF6L8E 60FF0ST 60F000T GO0FLTT SO0FSHr 60F9¢c €T1FL0Z TIFSPL  FIFO+HILIEr
00FO0T SO0F8TLE OTFE0LF LO0FO9ILT ¢SO0F000T TOF6FI FOFOSH TOFE9 LOFT8T S80F9ET  8000+F08Ir
T0F9C 80FRIE 6TIFGFSS LOFEFRT 60F000T SOFTICT OTF6LY 60F98 COF68 TOFLLE 6TLI+HLEIIS
€0F 0T 80FETI8 TIFES0E €IFTZOT 60F000T €0F6T LOFT9r LOFSTE TOFSEET €0FE€TI6  €SFI+H9T9Ir
T0OF6S €0F0692 CO0F9CHY FOFE6FT  LOFOO00T SO0FS9 90FCEr C0FTee FOFT96 €0FL69 6SHI+HF09Ir
TOFV9 60FCTILE STIFELO9 OTFEF0Z 8S0F000T FOFITL SO0FOFF 90F6T¢ <TOFLGE TO0FST9 O0I9T+9ZSIr
TOFEY  90FLILZ TTIFOFIS 90FIFRT  90F000T €0FL8 FOFSSH FOFE¥E €0F006 SOFOV9 TI90+TEVIL
TOF6FT  90FF08¢ TIFCVLE 90FFPFCT  S0F000T <COFO0CT FOF6SF FTO0FSI <TOFL68 FOFOIEL TSRT+SOLIr
TOF6'E GO0FLIL 60F08LF LOFSSET COF0O00T COFSHF €O0F8FF FO0FO0SE FO0FC60T CSOFIFL 8IKTHIFTIL
00F 1T 60FCTLE 8S0FTE’Y €0FES9T  €0F000T TOFSIT COFVIy C0F9SC 90FTer 90Fv¥08  1380-FE0Lr
(11) (o1) (6) (8) (2) (9) (9) §2) (€) (¢) (1)
€8G9\ [11 N OH 200SY[11 O] 667X (111 0] gH £9¢FX (111 0] LU oH 6cLeX[110]  LzLex[uQ] at

S9YepIPURd HJINH 0T Y2 JO SOXN SUI[-UOISSIIIS PIJIalIIod-UOIIIUNXF T 9[qe],



24

Chapter 2 Extremely Metal Poor Galaxies in the Local Universe

2.5 EMPG Sample

Here we describe our EMPG sample. Including the three EMPGs newly identified
in this study (Sec. 2.1), EMPRESS has delivered 14 EMPGs so far below Z < 0.1
Zswhose stellar masses are particularly low (M, ~ 10%-10% My; Kojima et al. 2020;
Isobe et al. 2021; Nakajima et al. 2022; Xu et al. 2022). Adding the other 89 local
EMPGs that are compiled from the literature (Nakajima et al. 2022), we use the
sample of 105 EMPGs in the following statistical analysis. This is the largest sample
constructed below Z < 0.1 Zg fully based on the direct temperature method. Basic
key properties of the 105 EMPGs, such as metallicity, stellar mass (i-band magnitude),
and SFR (UV magnitude and Balmer emission) are summarized in (Nakajima et al.
2022).

2.6 Chemical Properties

We investigate the relation among stellar mass, metallicity, and sSFR of our EMPGs
to understand the chemical properties of these galaxies. To obtain M, and SFR of
our EMPG sample, we exclude galaxies whose rest-frame i-band photometry and Ha
or Hp fluxes are not available from the literature. We use 80 EMPGs in total.

We estimate stellar masses in the manner similar to Isobe et al. (2021), using the
SED model code, Beagle (Chevallard & Charlot 2016). We run the Beagle code by
changing the parameters of stellar mass M, and maximum stellar age t,,, in the range
of log(M,/Mg) = 4.0 — 10.0 and log(tmax/yr) = 4.0-8.0, respectively. We derive a
mass-luminosity relation (linking M, and absolute i-band luminosity) through a linear
fit to the properties obtained from our model SEDs. These models are constructed
assuming a fixed metallicity of 12+41og(O/H) = 8.2, a constant star-formation history,
a dust-free environment, and a Chabrier (2003) IMF. We estimate stellar mass of our
EMPGs from their i-band magnitudes using this relation.

SEFRs are calculated based on the dust-corrected Ha fluxes, assuming the Kennicutt
(1998) calibration with a Chabrier (2003) IMF. If the Ha line is saturated, we use a
dust-corrected H/S line instead and use the intrinsic line ratio of Ha/HB = 2.86 for
the case B recombination for typical Hii regions (i.e., T, = 10* K and n, = 10% cm™3;
Osterbrock & Ferland 2006).

We show the mass-metallicity relation (MZR) of our EMPGs in Figure 2.6, compar-
ing with the star-forming galaxies at z ~ 0 (Andrews & Martini 2013) and 1 < z < 4
(Sanders et al. 2020). The data of Andrews & Martini (2013) are the composite spec-
tra that are binned in both M, and SFR, while the data of Sanders et al. (2020) are
individual galaxies. All of the data have the direct-method metallicity measurements.

We use analytic chemical evolution models to understand whether our EMPGs
satisfy the balance between inflow and outflow, just like typical local galaxies. We
model metallicities of z ~ 0 SDSS galaxies by employing the ideal gas-regulator model
with steady inflow and outflow (Lilly et al. 2013). In this model, the equilibrium value
of metallicity Z.q is expressed as
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Table 2.5 Best-fit parameters of Equation 2.1.

log ¥ 10 a e10 +(Gyr) b

(1) (2) (3) (4) (5)
9.09 £ 0.17 0.55 + 0.42 -0.44 + 0.071 0.85 + 0.47 -0.43 + 0.07

Note— (1) Yield in units of 12 — log(O/H). (2) Coeflicient of the mass-loading factor in Equation
2.2. (3) Exponent of the mass-loading factor in Equation 2.2. (4) Coefficient of the star formation
efficiency in Equation 2.3. (5) Exponent of the star formation efficiency in Equation 2.3.

Zeq= Zo
n y(1-R)
(1-=R)+A+e 1 {(1-R)(1+B—b)sSFR— 12

(2.1)

where ) is the mass-loading factor, R = 0.4 is a return fraction, ¢ is the star formation
efficiency, § = —0.1 is the logarithmic slope of the mass dependence of the sSFR, and
t is set to 13.8 Gyr. As in Lilly et al. (2013), we assume that both £ and A\ are
represented by power laws in the stellar mass of the galaxy, i.e.,

A = Apomao”

b
€ = &10Mio

where m1q is the stellar mass in units of 10'® M,. We fit using Equation (2.1) to
Z(M.,, SFR) data for SDSS galaxies at z ~ 0 obtained by Andrews & Martini (2013).
We have five free parameters, €19, A10, @, b, and y in Equation (2.1). We assume the
infall metallicity Z; to be 0. We fit to the data using the curve_fit function from the
Python package scipy. The best-fit parameters are given in Table 2.5. The dashed
lines in Figure 2.6 represent the obtained model of Z(M,, sSFR) at the fixed sSFR
of —1.5, —0.5, 0.5, 1.5, and 2.5 Gyr—!. As this model does not explain a metallicity
floor, we introduce a non-zero infall metallicity to consider IGM metal enrichment.
Without changing the other parameters, the infall metallicity of Zy; = 0.0034 Zg),
instead of 0, minimize the mean squared error between the Z (M., SFR) of the model
and that of the z ~ 0 SDSS galaxies. The model with Zy; = 0.0034 Zg is shown by
the solid lines in the Figure 2.6 and used in the following discussions.

We divide our EMPGs into two groups by their metallicities with 12 4+ log(O/H) =
6.69-7.38 and 12 + log(O/H) = 7.38-7.69. The mean and standard deviation of the
metallicity, stellar mass, and SFR in each group are 12+1log(O/H) = 7.20+0.12 (7.56
+0.08), log(M, /Mg) = 5.1340.94 (6.45 + 0.75), and log SFR = —2.44+1.33 (—1.35+
2.24) for the group with 12 + log(O/H) = 6.69-7.38 (7.38-7.69). The metallicity of
the model at the same stellar mass and SFR, Z(M., SFR), are Z(log(M./Mg) =
5.13,SFR = —2.44) = 7.15 and Z(log(M./Mg) = 6.45,SFR = —1.35) = 7.60. We
find that the prediction on the low-metallicity regime of the model, which is fitted to
the galaxies with higher metallicities, agree with the mean values of the EMPGs within
the scatter. This result suggests that on average, our EMPGs are in equilibrium i.e.,
satisfying the balance between gas inflow and outflow.
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Fig. 2.4 MagE spectra of the ten EMPG candidates. The gray lines indicate

error spectra. The left-hand inset of each panel presents an enlarged view of the
spectrum around [O 111]A4363. The right-hand inset of each panel shows 20" x 20"
cutout gri-composite images from SDSS.



27

k
LI |

=

log([OIII]A5007/Hp)

log([NII]/Ha)

Fig. 2.5 Ten MagE objects on the BPT diagram. The flux ratios are derived
from extinction-corrected line flux of MagE spectra. The red (black) points
indicate objects with metallicities below (above) 0.1Z. The gray line present
the demarcation line defined by Kauffmann et al. (2003) which divides regions
dominated by star-forming galaxies (SFGs) and AGNs.
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Fig. 2.6 Mass-metallicity relation, color-coded by sSFR. The circles and di-
amonds indicate individual and average values binned by metallicities of our
EMPGs, respectively. We also show comparison samples of z ~ 0 galaxies from
SDSS (squares; Andrews & Martini 2013) and high-z (1 < z < 4) galaxies from
MOSDEF survey (triangles; Sanders et al. 2020). The solid (dashed) lines rep-
resent the best-fit model to the z ~ 0 SDSS galaxies at the fixed sSFR of —1.5,
—0.5, 0.5, 1.5, and 2.5 Gyr ', with the infall metallicity of Zy = 0.0034 Z.
(Zo =0).



Chapter 3
Searching for High-z EMPGs

We extend our technique to a high-z EMPG search using the first data release of deep
JWST/NIRCam imaging to search for metal-poor galaxy candidates at z ~ 4-5.

3.1 Extending the Technique to the High-z EMPG Search

The preceding chapter presented a systematic search for extremely metal-poor galax-
ies in the local universe and discussed their physical origins. A key result of that in-
vestigation, consistent with previous searches, was the non-detection of any so-called
Hyper Metal-Poor Galaxies (HMPGs) with metallicities below one percent of the so-
lar value. The existence of this observational “metallicity floor” is a long-standing
puzzle in the local universe. However, it remains unknown whether this is a universal
physical constraint that holds throughout cosmic time or a phenomenon exclusive to
the chemically evolved, present-day cosmos. To answer this question, it is necessary
to push the observational frontier into the early universe.

Galaxies in the early universe are predicted to have, on average, lower metallici-
ties, making it a more probable environment to find HMPGs and perhaps even more
primordial systems that have only recently been enriched by the first stars. Until
now, however, it has been technically prohibitive to measure the rest-frame optical
emission lines that are indispensable for accurately determining metallicity in such
distant galaxies.

This situation has been transformed by the advent of the JWST. The unprecedented
infrared sensitivity and spatial resolution of JWST have made it possible to observe
the rest-frame optical light of distant galaxies, which has been redshifted into near-
infrared wavelengths, at unparalleled depths. With this capability, we finally possess
the powerful tools necessary to directly probe the chemical composition of galaxies in
the early universe.

This chapter leverages this new observational window by extending the broadband
color excess method, which was developed and validated in the previous chapter,
to the high-redshift universe. Based on the same physical principles used to select
EMPG candidates with SDSS filters in the local universe, we will now use the near-
infrared filters of JWST/NIRCam to efficiently select EMPG candidates at a redshift
of approximately z ~ 4 — 5. The primary objective of this chapter is to test for the
existence of the metallicity floor at these early cosmic times, thereby providing new

29
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constraints on the physics of the first chemical enrichment processes in galaxies.

3.1.1 SED Model

To investigate if we can use NIRCam photometric data to isolate EMPGs from other
type objects of metal-rich galaxies, QSOs, and stars, we use SED models of EMPGs,
metal-rich galaxies, QSOs, and stars used in Section 2.1. For the EMPG models, in
addition to those used in Section 2.1, we employ the SED models of Poplll (Nakajima
& Maiolino 2022) with metallicities of Z = 0, stellar ages of 6.0 < log(age/yr) < 7.8
with a step of 0.2, ionization parameters of —2.0 < logU < —0.5 with a step of 0.5,
dust attenuations of E(B — V) = [0, 0.01, 0.02, 0.05], and a Salpeter (1955) IMF
with mass ranges of 1-100 Mg, 1-500 Mg and 50-500 Mg (Schaerer 2003). We also
use non-Poplll EMPG models of Nakajima & Maiolino (2022) with metallicities of
Z = [1/1400, 1/140, 0.01, 0.02, 0.05] Zg, stellar ages of 6.0 < log(age/yr) < 7.8
with a step of 0.2, ionization parameters of —3.0 <logU < —1.0 with a step of 0.5,
dust attenuations of E(B — V) = [0., 0.01, 0.02, 0.05], and a Kroupa (2001) IMF
with upper mass limits of 100 Mg and 300 M. We obtain colors of NIRCam bands
with the model SEDs, which include random noise corresponding to the observational
errors, in similar procedures as described in Section 2.1.1. Figure 3.1 shows color-color
diagrams of the bands of F200W, F277W, F356W, and F444W. The red contours in
Figure 3.1 represent EMPG models at z ~ 3.8-4.8 (i.e., z ~ 4-5) whose HS+[O 111]
and Ha fall in F277W and F356W, respectively, while continuum with no strong lines
is sampled by F200W and F444W. As shown in Figure 3.1, z ~ 5 EMPG candidates
can be selected by the color-excess technique.

3.1.2 JWST Data

We analyze four JWST/NIRCam datasets taken by the Early Release Observations
(ERO; Pontoppidan et al. 2022) and Early Release Science (ERS) programs: ERO
SMACS J0723, ERO Stephan’ s Quintet, ERS Cosmic Evolution Early Release Science
(CEERS; Finkelstein et al. 2017, 2022b), and ERS GLASS (Treu et al. 2017, 2022).
The total area used in our analysis is 87.4 arcmin?. The 50 limiting magnitudes
in the F356W band ranges between 28.9 and 29.9 mag. We use the photometric
catalogs constructed by Harikane et al. (2022). The data reduction and photometry
are described in Harikane et al. (2022). Following Harikane et al. (2022), we measure
the object colors with the 0”3-diameter aperture magnitude in PSF-matched images.
For simplicity, we use SExtactor MAG_AUTO as a total magnitude.

3.1.3 Candidate Selection

We select z ~ 4-5 EMPG candidates based on broadband colors by adopting the
following color criteria:

F356W — F444W < —0.8 (3.1)
F277TW — F356W > 0.3



31

F356W - F444W

Fig. 3.1 Color-color diagrams of F277TW—F356W vs. F356W—F444W. The
gray points show NIRCam sources which are detected at > 3¢ in all three bands
of the each panel. The red contours illustrate the distribution of EMPGs at z ~
3.8-4.8 with metallicities of Z = 0-0.05 Z based on the SED model, while the
other colors correspond to other populations of metal rich galaxies at z ~ 3-8
(blue), QSOs at z ~ 3-8 (green), and galactic stars (yellow). The cyan contours
show [O 1] emitters at z ~ 6.6-6.7. The black lines in the left panel are our color
criteria to select the EMPG candidates at z ~ 4-5. The selected 17 candidates
are marked with the red squares.

In calculation of colors, a magnitude fainter than a 3¢ limiting magnitude is replaced
by the 30 limiting magnitude. We further require > 30 detections within 0/2-diameter
circular apertures in the F356W band. Note that we do not rely on a machine-learning
technique because the number of JWST sources that we need to visually inspect
is small even if we adopt simple color cuts due to the smaller size of the JWST
source catalogs than that of SDSS. In the future with more data, a machine-learning
technique would be useful for the high-z EMPG search as well.

We visually inspect images of the candidates to remove spurious sources and sources
affected by bright neighbors and diffraction spikes. We then compare SEDs of the
candidates, including bluer bands (F200W, F150W, F115W, and FO90W if available),
with an EMPG spectral model at z ~ 4.6 with Z = 0, logU ~ —2.0, a stellar age
of ~ 10% yr, and E(B — V) =~ 0.01 (as shown in Figure 3.3). The EMPG model
is normalized by average magnitudes in the F277W, F356W, and F444W bands.
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F200W - F277TW

F277TW - F356 W

Fig. 3.2 Same as Figure 3.1, but for F200—F277TW vs. F277TW—-F356W.

Additionally, we use multi-band images obtained by the Hubble Space Telescope
(HST) ACS in the SMACS J0723 and CEERS fields, which are available on the
websites of RELICS (Coe et al. 2019)*! and CEERS*2, respectively. We perform
photometry for the candidates on the HST images in the F606W and F814W bands
of the CEERS fields, and the F435W, F606 W, and F814W bands of the SMACS J0723
field. We remove sources whose SEDs are not consistent with the EMPG model.
One of the main sources removed from the candidate list is a [O 111] emitter at z ~
6.6-6.7 because it shows strong [O 111] emission in F356W and no strong emission in
F444W. The black (gray) line in Figure 3.4 (Figure 3.3) represents an [O 111] emitter
spectral model at z ~ 6.7 with Z = 0.2 Zg, logU ~ —2.5, stellar age of ~ 1052
yr, and E(B — V) ~ 0.01. While the redshift range that the [O 111] emitter model
satisfies our color criteria is narrower (Az ~ 0.1) than EMPGs (Az ~ 1), strong
[O111] emission-line emitters are abundant at z 2> 6 (e.g., Matthee et al. 2022) and
can be contaminants in our sample. We distinguish between z ~ 4-5 EMPGs and
z ~ 6.7 [O11] emitters based on the Lyman break at ~ 600-700 nm and ~ 930
nm, respectively. The expected magnitude in the FO90W band of the [O 111] emitter
model spectrum is 0.5 mag fainter than that of the EMPG model spectrum due to

*1 https://archive.stsci.edu/prepds/relics
*2 https://ceers.github.io/releases.html
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— EMPG (z=4.6)
— [OIII] emitter (z = 6.7)
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Fig. 3.3 SED of one of the JWST EMPG photometric candidates (red circles
with error bars) at R.A. = 14h 19m 31.699s, Dec. = 4+52d 50m 39.660s (J2000).
The candidates present enhanced F356W and F277W photometry, which are
explained by the intense Ha and Hf and modest [O111] lines, as indicated by
an EMPG model SED at z ~ 4.6 (black line and squares). Note that F606W
photometry of the EMPG model is boosted by strong Ly« emission. the gray line
and squares show SED of an [O111] emitter model spectrum at z ~ 6.7, which
mimic the colors of z ~ 4-5 EMPGs. The [O11] emitter model SED cannot
explain the F606W photometry of the candidate. Colored lines show NIRCam
and HST filter throughputs of F606W, F814W, F115W, F150W, F200W, F277TW,
F356W, F410M, and F444W, from left to right. The upper nine panels show
NIRCam and HST images (175 x 175).

the Lyman break. Therefore, we remove sources with drops in FO90W. We also use
HST multi-band images covering wavelengths shorter than ~ 930 nm to remove
z ~ 6.7 [O111] emitters. We remove objects that are not detected in these HST bands
from the candidate list because EMPGs at z ~ 4-5 would be brighter than the 2o
limiting magnitudes according to our model predictions. Figure 3.4 illustrates one of
the potential [O 111] emitters that satisfies our color criteria but is removed from the
candidate list.

Finally, we find 17 EMPG candidates that exhibit characteristic colors similar to
z ~ 4-5 EMPGs. Figure 3.3 shows the EMPG spectral model and SED for one of
the 17 candidates. The signal-to-noise ratio within 0”2-diameter circular apertures in
the F356W band for all 17 candidates is greater than 4. Among the 17 candidates,
one is marginally detected in the F606W (2.60) and F814W (1.50) bands, which
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Fig. 3.4 Same as Figure 3.3, but for a possible [O 111] emitter at R.A. = 14h 19m
26.971s, Dec. = +52d 48m 37.980s (J2000). The black (gray) line and squares
show SED of an z ~ 6.7 [O 111] emitter (z ~ 4.6 EMPG) model spectrum.

are consistent with the SED of the EMPG model (Figure 3.3). Of the remaining
16 candidates, eight have FO90W photometry, showing flat colors in the FO90W,
F150W, and F200W bands. However, we cannot place constraints on the remaining
8 candidates using either FO90W photometry or HST images because of the shallow
detection limits of the HST images, which are at around ~ 26-29 mag, and the lack
of FO90W photometry. While a spectroscopic confirmation is necessary to further
investigate the contamination, we retain the 17 candidates in the z ~ 4-5 EMPG
sample in this paper based on the NIRCam and HST photometry.

3.1.4 Line Ratio Estimation

We estimate HS+[O 111] and He line fluxes of the candidates with F277W and F356W,
respectively, with the continuum estimated with F444W, in the same manner as
Isobe et al. (2021). The candidates show large color excesses in the F356W band of
F356W — F444W ~ —1, which are mainly caused by strong Ha lines. We regard the
observed F444W-band flux density frssaw as tracers of the stellar continuum with
a negligible effect of strong emission lines. We also assume that the flux densities
per unit frequency of stellar continuum is constant over the wavelength range of HS,



35

d ! 1 1 1 ! ! L=
T | 1 B 8.5
~4f + -
2 + ~
2 L ] 8.0 Z
= 3F  z~0EMPGs z~8 ] S
S | o2 NIRSpec obj. ; =y
—2F @ s 14755
=71 9% 9 ] &
S I = o ] —
+ 1F z~4-5 .
= [ A EMPG cands. ! 7.0
503, — ] — @ M7

6 7 8 9

log M, /M

Fig. 3.5 Strong line ratio of (HA+4[O 111]AA5007, 4959) /Ha as a function of stellar
mass. The z ~ 4-5 EMPG candidates are shown with the red points with errors of
the line ratio. The green points and circles denotes line ratios of the photometric
estimates and the spectroscopic results, respectively, for z ~ 0 EMPGs from this
thesis (Section 2.1) and the literature (Izotov & Thuan 1998). The diamonds
are the z ~ 4-8 galaxies identified by NIRSpec spectroscopy (Nakajima et al.
2023). The z ~ 0 EMPGs and NIRSpec objects are color-coded according to
metallicities based on the direct T, method. The gray horizontal line represents
the theoretical lower limit with negligible metal emission of [O 111], i.e., H3/Ha,
for the case B recombination at T, = 10* K and n. = 10% cm™>.

[O11], and Ha. We then calculate the Ha flux fu, as follows:

C

fia = (frssew — fraaaw) X X AAF356W (3.3)

AF356W

where frssew, Arssew, and Alpssgw represent the observed F356W-band flux den-
sity, the central wavelength of the F356W-band filter, and the width of the F356W-
band filter, respectively. Errors of the fy,, is calculated from photometric errors. We
estimate the sum of HS+[O 111] fluxes and their errors in the same manner as the one
of the Ha fluxes. Figure 3.5 presents (HS+[O111]) /Ha ratios as a function of stellar
mass derived by the mass-luminosity relation used in Section 2.6.

For comparison, we photometrically estimate line ratios of (HS+[O111])/Ha for
z ~ 0 EMPGs, including the three newly identified EMPGs (Section 2.1) and I Zw18
NW (Izotov & Thuan 1998), one of the well-known EMPGs, in the same manner as
the JWST EMPG photometric candidates. The HS+[O111] and Ha line fluxes are
estimated with SDSS g- and r-band photometry, respectively, with the continuum
estimated with i-band photometry. Errors of the estimated line fluxes are calculated
from photometric errors. Compared to the spectroscopic results of the line ratios
for these three EMPGs (Section 2.4) and I Zwl8 NW (Izotov & Thuan 1998), the
spectroscopic results agree with the photometric estimates within 0.05 — 0.20 dex.



36

Chapter 3 Searching for High-z EMPGs

We confirm that the method of the photometric estimates does not produce the small
(HB+[O 11]) /Ha ratios by estimation systemtics. We can also compare our results
with those obtained from high-z galaxies in a similar redshift range, whose opti-
cal emission lines have been spectroscopically identified using JWST /NIRSpec. We
present 10 galaxies at z = 4-8.5 in Figure 3.5 that are found from the three major
public spectroscopy programs of ERO, GLASS, and CEERS with reliable metallicity
determinations based on [O111]A4363 (Nakajima et al. 2023). We estimate the Ha
flux from the HS flux for the NIRSpec objects assuming the line ratio of Ha/HS =
2.86 for the case B recombination at 7, = 10* K and ne = 102 cm 3.

Comparing the z ~ 4-5 EMPG candidates with the z ~ 0 EMPGs and the z ~ 4-8
NIRSpec galaxies in Figure 3.5, we find that the z ~ 4-5 EMPG candidates exhibit
exceptionally small (HS+[O 111]) /Ha ratios. Interestingly, 14 out of the 17 candidates
have very low (HS+[O 111]) /Ha ratios consistent with negligible [O 111] emission (i.e.,
Hf/Hea; gray horizontal line in Figure 3.5), indicative of Poplll-like galaxies. Al-
though dust extinctions are not corrected for the ratios of JWST EMPG candidates
as well as z ~ 0 EMPGs and NIRSpec objects, the ratios increase only by 0.05 dex
by the typical extinction values for local EMPGs of E(B — V) = 0.1, which is much
smaller than the error bars (~ 0.4 dex).

3.2 FOCAS follow-up observations

We performed deep spectroscopic follow-up observations for the eight EMPG can-
didates at z ~ 4-5 identified in the JWST CEERS field. This program (PI: M.
Nishigaki) aimed to detect strong Ly« emission lines expected from these metal-poor,
young star-forming galaxies, which would allow us to spectroscopically confirm their
redshifts and analyze their interstellar medium properties.

The observations were conducted using the Faint Object Camera and Spectrograph
(FOCAS; Kashikawa et al. 2002) mounted on the Subaru Telescope on UT 2023 June
23 and 24 in the Multi-Object Spectroscopy (MOS) mode. We used the VPH650
grating combined with the Y47 order-cut filter and a slit width of 0.”7. This config-
uration provided a spectral coverage of A = 5300-7700 A with a spectral resolution
of R ~ 1000-2000. We utilized two MOS masks for the targets (Figure 3.6). The
on-source integration times were 2.7 hr (8 x 1200 s) for the first mask (Mask 1) and
3.0 hr (9 x 1200 s) for the second mask (Mask 2). Observational conditions were clear,
with a typical seeing of ~ 0.”7. The spectrophotometric standard star HZ 44 was also
observed for flux calibration. Data reduction is performed in a standard manner using
IRAF/FOCASRED and Python, including bias subtraction, flat-fielding, wavelength
calibration, and sky subtraction.

Visual inspection of the reduced 2D spectra reveals no significant emission lines at
the expected spatial positions for any of the targets. Figure 3.7 shows the spectrum
of one of the targets. To quantify the non-detections, we estimate the 50 limiting
line fluxes of our observations. We randomly place spectral apertures in regions free
from sky emission lines and derive the noise level. The resulting 50 limiting line
fluxes are 5.3 x 10~ ¥ ergs™! ecm~2 for Mask 1 and 3.0 x 10~ ¥ ergs™! cm~2 for Mask
2, respectively. The non-detection of Lya emission allows us to place upper limits
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Fig. 3.6 A screenshot of the mask design using the Subaru/FOCAS Mask De-
sign Program (MDP) for Mask 1 (left) and Mask 2 (right). The effective FOV is
indicated by the white circle, while the green outlines and the vertical blue lines
represent the CCD boundaries and the chip gap, respectively. The positions of
the slit apertures are marked by pink segments. The red rectangles display the
expected spectral coverage areas on the detectors.

6500 7000

Wavelength [10\]

5500 6000 7500

Fig. 3.7 Example spectra of one of the EMPG candidates. Top: The reduced
2D spectrum. The horizontal red dotted lines indicate the spatial aperture of
~ 41" centered on the target used for extraction. Bottom: The extracted 1D
spectrum. No significant emission lines are detected in either panel.
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on the Lya escape fraction, f1¥®. We first estimate the intrinsic Lya flux for each
candidate. We utilize the observed photometric excess in the JWST long-wavelength
bands (F356W — F444W), which acts as a proxy for Ha emission strength relative
to the continuum. Assuming Case B recombination physics Osterbrock & Ferland
(2006), we convert the inferred Ha fluxes into expected intrinsic Ly« fluxes. The
predicted intrinsic fluxes range from 1.7 x 1077 to 3.2 x 10~ ergs~ ! ecm ™2,

By comparing these expected intrinsic fluxes with our observational limiting fluxes,
we derive the upper limits on the Lya escape fraction. We find that fL¥< is con-
strained to be < 0.1-0.3 for these targets. The derived upper limits are consistent
with previous studies suggesting that the typical Lya escape fraction for star-forming
galaxies at z ~ 4-5 is relatively modest, ranging from ~ 5% to 20% (e.g., Hayes et al.
2011; Begley et al. 2024). Given that these targets are candidates for extremely metal-
poor galaxies, we assume the dust content is minimal. Thus, the low escape fraction
is likely caused by efficient resonant scattering by neutral hydrogen (HT1) gas rather
than dust extinction. Alternatively, we note that uncertainties in the photometric

redshifts could also place the emission line outside our spectral window.



Chapter 4

Chemical Evolution of Galaxies:
Observations

In Section 4.1, we describe the data used in this chapter. Section 4.2 outlines the meth-
ods, including the stacking procedure applied to the spectra. Section 4.3 presents the
results, covering emission line ratios, metallicity measurements, ionization parame-
ters, the mass-metallicity relation (MZR), and the FMR.

4.1 Data

In this study, we make use of spectroscopic and imaging datasets obtained from
multiple JWST programs, including DREAMS, JADES, ERO, and CEERS. These
programs collectively provide medium-resolution NIRSpec spectra that cover the key
rest-frame optical emission lines, along with complementary NIRCam photometry.
The combination of these datasets allows us to construct a large and homogeneous
sample of galaxies across a wide redshift range.

4.1.1 DREAMS

We make use of observations from the program GO-4750 (PI: K. Nakajima), titled
Deep Reconnaissance of Early Assemblies of Metal-poor Star formation (DREAMS).
DREAMS targets the lensing cluster field MACS J0416, enabling access to intrinsi-
cally faint galaxies through gravitational magnification. The spectroscopic observa-
tions were obtained with JWST /NIRSpec using the MSA and the medium-resolution
grating configurations G140M/F070LP and G395M /F290LP, with a resolving power
of R ~ 1000. The DREAMS survey and its data reduction are partially described in
Nakajima et al. (2025), with a full description to be presented in a forthcoming paper
(Nakajima et al. in preparation). Among the objects observed in DREAMS, five
galaxies (IDs 30001, 30002, 30003, 31001, and 40005; Nakajima et al., in preparation)
at redshifts z ~ 8 cover the full wavelength range from [O 11]A3727 to [O 111]A5007,
so that all key emission lines used for the metallicity determination (i.e., [O 1]A3727,
H~, [O111]A4363, H, and [O 111]A\5007) are available.

Photometric data for these objects are taken from other JWST programs. We
adopt the reduced catalogs published by Ma et al. (2024), Willott et al. (2024), and

39
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Diego et al. (2024). Magnification factors are derived from lensing models of MACS
J0416 constructed using the techniques described in Oguri (2010); Oguri et al. (2021);
Kawamata et al. (2018), with field-specific information taken from Fu et al. (2025).
The magnification factors for the DREAMS objects in our sample are 1.38, 1.42, 1.42,
1.05, and 8.4 for IDs 30001, 30002, 30003, 31001, and 40005, respectively.

4.1.2 JADES

We also use both spectroscopic and photometric data from the third data release of the
JWST Advanced Deep Extragalactic Survey (JADES; Eisenstein et al. 2023; Bunker
et al. 2024; D’Eugenio et al. 2025). This release provides deep imaging and NIRSpec
spectroscopy in the GOODS-S and GOODS-N fields, offering the largest number of
galaxies in our sample and covering a broad range of redshifts and stellar masses.
The spectroscopic component includes medium-depth and deep observations taken
with the NIRSpec microshutter assembly (MSA), covering a spectral range of 0.6-5.3
pm. These observations employ both the low-resolution prism (R ~ 30-300) and all
three medium-resolution grating configurations: G140M/F070LP, G235M/F170LP,
and G395M/F290LP, which provide spectral resolutions of R ~ 1000. We use the
medium-grating spectra to derive spectral features. All one-dimensional spectra were
reduced by the JADES team as part of the official data release (D’Eugenio et al.
2025), and spectroscopic redshifts based on these spectra are also provided.

Photometric data are taken from the official JADES photometric catalog, which
was also compiled and released by the survey team (Rieke et al. 2023). The catalog
includes observations in up to 14 filters, depending on the field coverage, including
NIRCam bands of FO90W, F115W, F150W, F200W, F277W, F356W, and F444W.
These broad-band data are essential for deriving stellar population properties such as
stellar mass and star formation rate via spectral energy distribution (SED) fitting.

We select galaxies for analysis by cross-matching the photometric and spectro-
scopic catalogs and excluding sources flagged for data reduction problems (DR _flag).
We further limit our sample to galaxies with spectroscopic redshifts determined from
emission lines, retaining only those classified as flag A (based on high-resolution spec-
tra) or flag B (based on low-resolution spectra).

We also require that each spectrum covers the full wavelength range from [O 11]A3727
to [O11]A5007, ensuring that all of the key emission lines used for the metallicity
determination ([O 1JA3727, H~, [O 111]A4363, H/3, and [O 111]A5007) are available. We
confirm that these lines are not affected by the instrumental gap of the grating. From
the JADES catalog, a total of 822 galaxies satisfy these criteria.

4.1.3 ERO and CEERS

Our analysis further incorporates spectra and catalogs provided by Nakajima et al.
(2023), which combine observations from the Early Release Observations (ERO;
Finkelstein et al. 2022a, Proposal ID 2736) and the Cosmic Evolution Early Release
Science Survey (CEERS; Finkelstein et al. 2022b, Proposal ID 1345).

The ERO program targeted the SMACS 0723 lensing cluster field. Spectroscopic
observations were obtained with JWST/NIRSpec using the MSA and the medium-
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resolution grating configurations G235M/F170LP and G395M/F290LP, providing a
resolving power of R ~ 1000. Among the sources in this field, five galaxies at redshifts
z > 5 show prominent [O 111] and H/3 emission lines, and all five cover the full set of key
emission lines used in this study ([O 11]A3727, H~, [O 111]A4363, H/3, and [O 11]A5007).
These galaxies have also been observed with JWST /NIRCam in the FO90W, F150W,
F200W, F277W, F356W, and F444W filters, for which we adopt the photometric
catalog described in Harikane et al. (2023a).

The CEERS program provides NIRSpec MSA spectroscopy in the blank field of
the EGS. The survey includes both prism (R ~ 100) and medium-resolution (R ~
1000) spectra obtained with the G140M, G235M, and G395M gratings. The CEERS
medium-resolution spectra catalog contains 74 galaxies at redshifts z > 4 with secure
detections of [O111] and HS emission lines. From this catalog, we use 43 galaxies
that cover the full set of key emission lines used in this study (from [O 1]A3727
to [O1jA5007) and have available NIRCam photometry data. CEERS also offers
complementary JWST/NIRCam imaging with the F115W, F150W, F200W, F277W,
F356W, F410M, and F444W filters, for which we again use the photometric reductions
of Harikane et al. (2023a).

4.1.4 Galaxies at z > 9.5

At redshifts beyond z > 9.5, the [O1]A5007 line is redshifted out of the
JWST /NIRSpec spectral coverage, which makes it impossible to estimate elec-
tron temperatures and thus determine gas-phase metallicities using direct T, method.
To explore metallicity evolution further into the early universe, we instead compile
measurements from the literature.

Table 4.1 summarizes a compilation of galaxies at z > 9.5 with metallicity estimates
derived using alternative methods. These include the T, method when [O 111])\4363
is detected, as well as strong-line diagnostics such as R23, 032, R3, and Ne302,
depending on the available line detection in each object. The table also includes
stellar mass and star formation rate of each galaxy, both of which are derived from
SED fitting.

The sample includes five galaxies spanning z = 9.5-12.3, and currently represents
the earliest known examples of galaxies with individual metallicity measurements.
These objects provide crucial benchmarks for probing chemical enrichment during
the first ~500 million years of cosmic history.

In our analysis and discussion of chemical evolution at z > 9.5, we use the median
values of redshift, stellar mass, and star formation rate derived from this compiled
sample to ensure consistency and comparability with the lower-redshift population.

4.1.5 Emission-line Flux Measurements

We first measure fluxes for individual spectra obtained with medium-resolution grat-
ings. Gaussian profiles are fitted to key emission lines including Ha, HfS, Hy, and
[O 1] AN5007,4959, utilizing the noise spectrum for weighting. All analysis is con-
ducted on the vacuum wavelength scale. Flux uncertainties are estimated by sum-
ming the spectral noise in quadrature within a window of ZFWHM centered on the
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Fig. 4.1 The BPT diagram ([O111]A5007/HpBvs. [N11JA6584/Ha) used for the
classification of galaxies and the exclusion of AGN. We plot all galaxies from the
parent catalog for which the relevant emission lines are covered and at least one
line in each ratio is detected with S/N > 3. Circles represent galaxies where all
four lines are detected. Triangles indicate 30 upper or lower limits for galaxies
where only one line in a given ratio is detected. The solid curves show the
AGN/SFG demarcation lines of Kewley et al. (2001) (upper) and Kauffmann
et al. (2003) (lower). Galaxies are color-coded according to their classification.
Those identified as AGN based on these criteria are shown in red and are excluded
from our final sample. Galaxies exhibiting broad Ha emission are shown in
blue and are excluded from our analysis as broad-line AGN, regardless of their
position on the diagram. The remaining galaxies, classified as SFGs and used in
our analysis, are shown in gray.

Gaussian peak. For some objects, the central wavelengths of the fitted Gaussian peaks
deviate from those predicted by the JADES catalog redshifts, with offsets of up to
~20 A. Most of these redshifts were determined using PRISM spectra, which have
lower spectral resolution than the medium-resolution grating data. For the following
analysis, we adopt redshifts measured from the Gaussian fitting of the [O 111]A5007
line for all objects.
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4.1.6 Sample Selection

For our analysis, we first select galaxies in which both the HS and [O 111]A5007 emission
lines are detected with signal-to-noise ratios greater than three.

The presence of AGN-driven ionization can bias metallicity calibrations that are
optimized for star-forming galaxies and also complicate the determination of stellar
masses and star formation rates. To mitigate these effects, we exclude galaxies show-
ing evidence of AGN activity. We first remove sources exhibiting broad-line emission
in Ha or HB. This includes seven objects in the JADES sample reported by Maiolino
et al. (2024), two additional JADES objects we identified (IDs 39435 and 209777), two
CEERS objects reported by Harikane et al. (2023b) (IDs 00397 and 02782), and one
DREAMS object (ID 30001), which will be presented in Takechi et al. (in prepara-
tion). We also exclude ERO 06355 due to potential AGN activity, which is supported
by the detection of [Ne1v]A2423 reported in Brinchmann (2023). In addition, we ap-
ply the classical BPT diagnostic diagram based on the [O111]/HS and [N11)/Ha line
ratios as shown in Figure 4.1. Among galaxies at z < 6.9, where Ha falls within the
NIRSpec wavelength coverage, we remove 15 further objects that satisfy the AGN se-
lection criteria of Kewley et al. (2001) and Kauffmann et al. (2003) as show in Figure
4.1.

In summary, our final sample consists of 292 galaxies, which are used in the fol-
lowing analysis. The DREAMS survey, though comprising modest sample size of
four galaxies, provides a critical contribution to our investigation of the high-redshift
frontier. By combining our data, we increase the total number of galaxies at z > 7.8
with NIRSpec spectroscopy to 11; the physical properties of these individual sources
are listed in Table 4.1. For comparison, previous compilations from ERO, GLASS,
and CEERS by Nakajima et al. (2023) and from JADES DR1 by Curti et al. (2024)
contained seven and three galaxies in this redshift range, respectively, with uncertain-
ties that made it difficult to clearly discern evolutionary trends. The DREAMS data
therefore play a key role by providing robust constraints in a regime where previous
studies were limited by large uncertainties.

4.2 Method

The aim of this study is to determine the average spectral properties of galaxies at
different redshifts and to characterize their typical physical conditions, such as emis-
sion line ratios and electron temperature (7t )-based metallicities. Since [O 111]A4363
auroral lines required for direct T, metallicity measurements are faint, spectral stack-
ing is essential to enhance the signal-to-noise ratio and enable reliable detection. To
minimize selection biases and ensure a meaningful comparison across cosmic time,
we also construct a subsample divided within fixed ranges of stellar mass and star
formation rate (hereafter, the fixed M,—SFR subsample). In this section, we describe
the procedures used to estimate stellar masses and star formation rates for individual
galaxies. We then detail our stacking methodology and the treatment of uncertainties
in the derived physical quantities. Finally, we introduce the photoionization models



Chapter 4 Chemical Evolution of Galaxies: Observations

employed to interpret the observed line ratios in terms of underlying physical param-
eters such as ionization parameters.

4.2.1 Stellar Masses and SFRs

{1 @ This work
_: I:l M.-SFR subsample

Star-forming main sequence
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Fig. 4.2  Star formation rate versus stellar mass for the galaxy sample used in
this study, shown in five redshift bins: z = 2-4, 4-5.5, 5.5-7, 7-9.5, and z = 9.5-12.
Filled gray dots represent our sample galaxies, with stellar masses derived from
Prospector SED fitting, and SFRs calculated from dust-corrected HB luminosi-
ties. In the highest-redshift panel, open gray dots indicate literature data points.
Note that the methods used to estimate stellar mass and SFR differ across these
studies. The blue solid line in each panel shows the predicted star formation
main sequence from the simulation by Popesso et al. (2023) at the corresponding
redshift. For comparison, we show samples used in previous FMR studies: the
gray dotted line shows the local (z ~ 0) relation from Andrews & Martini (2013),
while the gray dashed and dot-dashed lines correspond to z ~ 4-10 observations
from Nakajima et al. (2023) and Curti et al. (2023), respectively. In the z ~ 3
panel, gray symbols represent the sample from Sanders et al. (2021). Red rectan-
gles, shown in all panels, denote the selection criteria for the subsample, which is
designed to minimize the sample bias and effects of FMR definition by comparing
galaxies within a consistent region of the SFR-M., plane.

We estimate stellar masses and SFRs for all our samples using a consistent method-
ology. The stellar masses are derived by fitting the SED models to NIRCam pho-
tometry, while the SFRs are calculated from emission-line fluxes measured from the
NIRSpec spectra.
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For the JADES sample, the SED fitting inputs are photometric data from the
JADES catalog (Rieke et al. 2023), specifically total magnitudes derived from circular
aperture photometry on PSF-convolved images at the F444W resolution, with aper-
ture corrections applied. Photometric uncertainties are determined using randomly
placed apertures across the images. When available, PRISM spectra are simultane-
ously fit alongside the photometry. Before fitting, the spectra are corrected for slit
losses by normalizing them to match the photometric fluxes, ensuring consistency
between spectroscopic and photometric data. For the CEERS and ERO samples, we
adopt the stellar masses from the Nakajima et al. (2023) catalog, which were derived
using NIRCam photometry. For the DREAMS sample, we perform SED fitting on
the publicly available NIRCam photometry. Because DREAMS galaxies are gravita-
tionally lensed, the resulting stellar masses and SFRs are corrected for magnification
(see Section 4.1.1 for details). Our fitting procedure, described below, is identical to
that of Nakajima et al. (2023), ensuring a consistent analysis.

We perform SED fitting using the Bayesian inference code Prospector (Johnson
et al. 2021), following the methodology described in Harikane et al. (2023a) and Naka-
jima et al. (2023). Model spectra are generated with the Flexible Stellar Population
Synthesis (FSPS; Conroy et al. 2009; Conroy & Gunn 2010) package, incorporat-
ing MIST isochrones Choi et al. (2016). We assume a Chabrier (2003) initial mass
function (IMF), the Calzetti et al. (2000) dust attenuation law, and IGM absorption
following Madau (1995). A flexible, nonparametric star formation history is adopted,
where the first bin spans 0—10 Myr and the remaining four are evenly spaced in log
time from 10 Myr to a lookback time corresponding to z = 30, with constant SFR
assumed within each bin. In the fitting procedure, we vary the total stellar mass,
V-band dust attenuation 7y, and the star formation history as free parameters, while
fixing the stellar metallicity at Z = 0.2 Z;. We assume a continuity prior for the
star formation history and flat priors over the following ranges: 0 < 7y < 2 and
6 < log(M./Mg) < 12. The posterior distributions are sampled using Markov Chain
Monte Carlo (MCMC) sampling with the EMCEE algorithm (Foreman-Mackey et al.
2013a), based on the minimum x?2.

We derive SFRs for all galaxies from the dust-corrected HS emission-line luminosi-
ties, following the same procedure as Nakajima et al. (2023). The dust extinction for
each galaxy is individually estimated from the Balmer decrement (Ho/HS or Hy/Hp).
We assume the Gordon et al. (2003) attenuation law and Case B recombination with
an electron temperature of T, = 17,500 K. The choice of Balmer line is based on its
availability and signal-to-noise ratio (S/N). To derive the color excess, E(B — V'), we
use the line with the higher S/N between Ha (if covered) and H+y, provided its S/N
is greater than 3. For galaxies where neither Ha nor Hy meets this S/N threshold,
we apply a correction using the average E(B — V') derived from the stacked spectrum
from the corresponding redshift bin (Figure 4.9 (d)). After correcting the Hj5 flux
for extinction, we calculate SFRs using the Kennicutt (1998) relation, adjusted for
a Chabrier (2003) IMF via the conversion factor from Madau & Dickinson (2014).
Figure 4.2 summarizes the distributions of stellar mass and SFR obtained for our
sample.
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4.2.2 Stacking Analysis
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Fig. 4.3  Stacked spectra used in this study, shown for four redshift bins (z ~ 3,
4, 6, and 8; from top to bottom) and three wavelength ranges (from left to right):
[O 11]AA3727 doublet; Hy and [O 111]A4363; and H, [O 111]A4959, and [O 111]A5007.
Gray vertical lines mark the expected positions of the relevant emission lines.
Black curves show the stacked spectra normalized by the HS flux of each galaxy
before stacking. Red curves indicate the Gaussian fits used for emission-line flux
measurements.

We stack the medium grating spectra of our sample in redshift bins to improve
the signal-to-noise ratio. This allows us to derive an average metallicity for each
bin, based on the assumption that galaxies within it share broadly similar physical
properties, particularly metallicity and emission-line ratios.

We divide the sample into four redshift bins spanning z = 2 to z = 9.5, containing
N = [122, 60, 49, 18] galaxies with median redshifts of z = [3.1, 4.4, 6.1, 7.9], as
summarized in Table 4.2. Before stacking, the individual spectra are shifted to the
rest-frame and linearly interpolated onto a common wavelength grid with A\ = 1
A in linear wavelength space. This grid spacing is smaller than the typical spectral
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Fig. 4.4 Same as Figure 4.3, but for sample in a fixed M,-SFR, subsample.

resolution of the rest-frame, medium-resolution spectra, meaning the process generally
involves interpolation. As the emission lines are well-resolved with widths broader
than 1 A, this interpolation conserves their total flux. We confirmed that using a
coarser grid of 2 A has a negligible impact on our final results. The each spectrum is
normalized by its HB flux. We then calculate the weighted mean spectrum by applying
weights given by the inverse of the S/N of the Hf line flux for each galaxy. To reduce
the impact of outliers, we apply a sigma clipping procedure at each wavelength point,
removing data points deviating by more than three standard deviations from the
median. When bad pixels coincided with the positions of emission lines, those pixels
are masked before stacking.

We measure the emission-line fluxes and ratios of the stacked spectra using the
same procedures as for individual spectra as described in section 4.1.5. We correct for
dust extinction in the stacked spectra using the Balmer decrement. For the z ~ 3,4,
and 6 stacks, we utilize the Ha/Hp ratio. Note that the Ha emission in these stacks is
derived from the subset of galaxies (> 80% of the sample) where the line falls within
detector coverage, with no contribution from sources located in detector gaps or at
z > 6.9. For the z ~ 8 stack, where Ha is redshifted out of the NIRSpec range, we
use the Hy/Hf ratio. We adopt the Gordon et al. (2003) attenuation law and assume
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Case B recombination with an electron temperature of T, = 17,500 K. The resulting
stacked spectra are shown in Figure 4.3.

In addition to redshift binning, we also create composite spectra within each redshift
bin by constructing the fixed M,—SFR subsample, defined as rectangular regions in
the M,—SFR plane (Figure 4.2). This subsampling aims to reduce the dependence
on the choice of FMR formulation and to mitigate potential biases related to sample
selection and galaxy intrinsic properties. The numbers of galaxies in these subsamples
are N = [38, 34, 22, 7], with median redshifts of z = [3.3, 4.5, 6.2, 7.7], also listed in
Table 4.2. These composite spectra are generated and analyzed following the same
procedure as above, and are presented in Figure 4.4.

4.2.3 Uncertainties

Uncertainties on derived properties such as emission-line ratios, electron tempera-
tures, and metallicities are estimated using a bootstrap resampling technique. In
each realization, we perturb the individual science spectra according to their asso-
ciated error spectra, resample the galaxy population within each stacking bin with
replacement allowing for duplication, and generate stacked spectra following the pro-
cedure described above. Emission-line ratios and metallicities are then remeasured
from each perturbed stack. We perform 1000 such realizations, and the uncertainties
on each measured quantity are estimated as the half-width of the central 68th per-
centile of the resulting distribution. This approach accounts for both measurement
uncertainties and sample variance in the stacked spectra.

4.2.4 Photoionization Models

To interpret the observed emission-line properties, we employ a grid of photoioniza-
tion models using the CLOUDY code (version ¢23; Ferland et al. 2017). This approach
provides a physically motivated framework to connect the observed line ratios, par-
ticularly [O1m1]A5007/[O 11]A3727 (032), [O111]A5007/HB (R3), and [O11]\3727/Hf
(R2), with the underlying physical conditions of the ionized gas. Specifically, we use
the model grid to estimate the ionization parameter that reproduces the observed
032 ratio at a given metallicity and to test the consistency of our full set of observed
line diagnostics.

We construct the model grid by varying two key parameters: the gas-phase metal-
licity and the ionization parameter. The grid spans four discrete metallicities, Z =
[0.1,0.2,0.5,1.0] Z5, and six ionization parameters, ranging from log U =-3.0 to -0.5
in steps of 0.5 dex. The hydrogen gas density is fixed at n, = 300 cm 3. For the ion-
izing radiation source, we adopt the stellar continuum from the BPASSv2.3 models
for a binary burst population (Eldridge et al. 2017; Stanway & Eldridge 2018). We
assume a stellar population with an age of 1 Myr and set the stellar metallicity to
match the gas-phase metallicity of each grid point. For the oxygen abundances, we
assume a dust depletion factor of 0.6 (Jenkins 1987). The calculations are terminated
when the electron fraction falls below 0.01, ensuring that the line-emitting region is
fully encompassed.
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4.3 Results
4.3.1 Strong Line Ratios

—
|
|

)
I
]

! R2 .

log(index)

I
—
|
|

2 4 3 10

6
redshift

Fig. 4.5 Redshift evolution of strong-line indices measured from stacked spectra.
The horizontal axis shows redshift (z ~ 3, 4, 6, and 8), and the vertical axis shows
the logarithmic values of the line ratios: R3 ([O 111)A5007/H); blue triangles) and
R2 ([O11]A3727/Hp); green circles). Filled symbols represent measurements from
the full sample at each redshift, while open symbols correspond to subsamples
matched in stellar mass and SFR. The lines indicate predictions from CLOUDY
photoionization models, calculated using the observed gas-phase metallicity and
ionization parameter (logU) derived for each redshift bin from the full sample.

We measure line fluxes for the stacked spectra, including [O 11] A3727, [O 111]A\4363,
Hp, and [O 111] AA5007,4959. The fitting procedures are same as for individual objects
described in Section 4.1.5. We then derive line ratios such as R3, R2, and O32 after
dust correction. Figure 4.5 presents the evolution of the strong-line indices R3 and
R2 as a function of redshift, derived from stacked spectra at z ~ 3, 4, 6, and 8. The
R3 index remains nearly constant across this redshift range, while R2 index decreases,
indicating that [O11] emission becomes relatively weaker at earlier times compared to
both HB and [O111]. These trends persist even when comparing the fixed M,—SFR
subsample, suggesting that they are not driven solely by global galaxy properties but
rather reflect conditions in the ISM. We discuss the physical interpretation of this
trend with a photoionization model in section 4.3.4.
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4.3.2 Direct Method Metallicity

All stacked spectra exhibit significant detections of the [O 111]A4363 auroral line
(S/N>3), enabling us to determine the gas-phase oxygen abundance using the direct
electron temperature (7,) method. Specifically, we measure the S/N of the line to be
4.9, 5.0, 5.0, and 6.7 in our four redshift bins (z ~ 3, 4, 6, and 8, respectively). The
line remains significantly detected even in our fixed M,—SFR subsample, with S/N
values of 4.5, 5.0, 3.5, and 5.0.

We first estimate the electron temperature of the Ot emitting region, 7. ([O 111]),
from the [O 111] (A4363/A5007) line ratio, assuming an electron density of 300 cm™3.
This calculation is performed using the getTemDen routine in the PyNeb package
(Luridiana et al. 2015). The adopted value of 300 cm™3 for the electron density
is consistent with that inferred from the [O11] doublet in the stacked spectra at all
redshifts (4.3.5). We also confirm that the assumed density has a negligible effect on
the derived metallicities, as varying it between 10 and 1000 cm 3 changes log(O/H)
by less than 0.03 dex. The electron temperature of the Ot emitting region, T, ([0 11]),
is estimated from T, ([O111]) using the empirical relation provided by Izotov et al.
(2006). Ionic abundances are then computed using the getlonAbundance task in
PyNeb: O /H" from the [O11] AA3727 to Hj ratio and T, ([O11]), and O?*T/HT from
the [O 111] AN4959,5007 to Hf ratio and T([O111]). We do not include contributions
from higher ionization states (e.g., 03" /H*), following the approximation adopted in
Izotov et al. (2006), and we find no evidence for HertA4686 emission in the stacked
spectra. The derived T,([O111]) values and oxygen abundances are summarized in
Table 4.2 and displayed in Figure 4.9 (a) and (b), respectively.

4.3.3 Comparing Direct-metallicity Results to Empirical Strong-line Cali-
brations

Many previous studies of high-redshift galaxies have relied on empirical metal-
licity indicators based on strong emission lines. To enable comparisons with
these earlier works and to evaluate the applicability of strong-line calibrations
to individual galaxies in the early universe, metallicities are also derived using
strong-line ratios measured from the stacked spectra. Four widely used diagnostics,
([0 111]AN4959, 5007+ [0 11]\3727) /HB (R23), 032, R3, and R2, are calculated in each
redshift bin. These ratios are then compared to the oxygen abundances obtained
from the direct method to assess the validity of existing empirical calibrations.
Figure 4.6 shows the resulting relationships between each strong-line ratio and
the metallicity derived via the direct method, along with comparison curves from
the literature. Empirical relations from Nakajima et al. (2022), Curti et al. (2020),
Sanders et al. (2024), and Hirschmann et al. (2023) are included in the figure. The
relations from Nakajima et al. (2022) and Curti et al. (2020) are based on local
galaxies, while Sanders et al. (2024) derived their relations using JWST observations
of galaxies at z = 2-9. Hirschmann et al. (2023) used a cosmological simulation
to establish their calibration. Nakajima et al. (2022) also introduced a method to
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Fig. 4.6 Comparison between strong-line ratios and metallicities derived from
the direct method. Each panel shows a different emission-line diagnostic: top-
left shows R23 = [O 1m1]AN4959, 5007+[O 11]A3727) /Hf, top-right shows 032 =
[0 111]A5007/[O 1] A3727, bottom-left shows R3 = [O m1]A5007/HS, and bottom-
right shows R2 = [O11]A3727/HS. Colored data points represent results from
stacked spectra at different redshifts: z ~ 3 (dark blue), z ~ 4 (light blue), z ~ 6
(orange), and z ~ 8 (red). Filled symbols show the full sample at each redshift,
while open symbols indicate sub-samples binned by stellar mass and SFR. Lines
show metallicity calibrations from the literature. Black solid, dashed, and dotted
lines correspond to the empirical relations from Nakajima et al. (2022) for local
galaxies with large (EW(HpB) > 200 A), medium (100 < EW(HB) < 200 A), and
small (EW(HB) < 100 A) Hf equivalent widths, respectively. The gray dashed
line shows the calibration from Curti et al. (2020) based on local galaxies. The
gray dotted line represents the relation derived from JWS'T galaxies at z = 2-9 by
Sanders et al. (2024), and the gray dot-dashed line shows the relation predicted
by cosmological simulations from Hirschmann et al. (2023).

account for the ionization state of the gas using HS equivalent width (EW) as a
proxy, motivated by the known correlation between EW(H/3) and ionization-sensitive
ratios such as O32. Their calibrations are provided for different EW(Hf) bins: EW
<100 A, 100 A< EW < 200 A, and EW > 200 A.

For each redshift bin in this study, the average EW(Hp) of the stacked spectra is
measured to be 53 A, 100 A, 140 A, and 140 A at z ~ 3, 4, 6, and 8, respectively.
Following the procedure described in Nakajima et al. (2022), the O32 ratio is first
used to determine the appropriate metallicity branch (high or low), and the metallic-
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ity is then estimated from the R23 ratio using the corresponding relation. At z ~ 3,
4, and 6, the strong-line-based metallicities agree well with the results from the direct
method. At z ~ 8, however, the strong-line calibrations predict systematically higher
metallicities than the direct method. This trend is also reported in previous studies
((e.g., Nakajima et al. 2023; Sanders et al. 2024)), which pointed out that the depen-
dence on EW(Hf) becomes weaker for galaxies at very high redshift. When using the
EW > 200 A calibration, the metallicities and 032 values become more consistent
with those derived from the direct method at z ~ 8.

Overall, none of the existing calibrations consistently reproduces the observed re-
lationships between strong-line ratios and direct-method metallicities for all four di-
agnostics across all redshifts. Caution is therefore needed when applying these cali-
brations to interpret the metallicities of high-redshift galaxies.

4.3.4 Interpreting the Evolution of Strong-line Ratios with Photoionization
Models

7.5 8.0
12 +log (O/H)

Fig. 4.7 Comparison of observed 032 indices with CLOUDY photoionization
model predictions as a function of gas-phase metallicity. The gray curves show
model predictions at different ionization parameters log U, ranging from —3
(thinnest) to -1.0 (thickest), computed for metallicities Z = 0.1, 0.2, 0.5, and 1
Zo. Colored circles indicate observed O32 values at z ~ 3, 4, 6, and 8, where
the colors correspond to redshift as in Figure 4.6. Filled symbols represent the
full sample at each redshift, and open symbols correspond to fixed M.-SFR sub-
sample. By comparing the observed data points to the model grid, we estimate
the ionization parameter log U for each redshift bin.
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Fig. 4.8 Relationship between ionization parameter and gas-phase metallic-
ity. The horizontal axis shows gas-phase metallicity derived using the direct Te
method, while the vertical axis shows the ionization parameter log U, estimated
via photoionization modeling. Colored circles represent stacked galaxy samples
at redshifts z ~ 3, 4, 6, and 8. Filled circles indicate stacks of the entire sample
at each redshift, while open circles show stacks of the fixed M,—SFR subsample.
For comparison, gray squares denote the z ~ 0 SDSS results (Andrews & Martini
2013), orange squares represent the three new EMPGs identified in Chapter 2,
and green diamonds show the z ~ 2 results from the MOSDEF survey (Sanders
et al. 2020). Our sample traces the low-metallicity end of the anti-correlation
between metallicity and log U observed at z ~ 0 and z ~ 2.
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As shown in Section 4.3.1, our stacked samples at z ~ 3, 4, 6, and 8 show that the R3
index remains roughly constant with redshift, whereas R2 decreases and O32 increases
(Figure 4.5). To assess whether these changes can be explained by variations in
metallicity and ionization parameters, we employ photoionization models constructed
using the CLOUDY code, as described in Section 4.2.4.

We first estimate the ionization parameter log U by computing O32 on a metallic-
ity—ionization parameter grid generated with the photoionization model described in
Section 4.2.4 (Figure 4.7). Interpolating this grid with the observed 032 and metal-
licity values yields ionization parameters for each redshift bin. The resulting values
of log U increase from approximately —2.6 at z ~ 3 to —2.1 at z ~ 8 (Figure 4.9 (¢)).

We present the relation between the ionization parameter and metallicity in Figure
4.8. Previous studies have established an empirical anti-correlation, observed at z ~
0 (Andrews & Martini 2013) and up to z ~ 2-3 (Sanders et al. 2020), in which
galaxies with lower metallicities tend to have higher ionization parameters. To enable
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a consistent comparison, we applied the same estimation method to the three local
EMPGs identified in Chapter 2, utilizing their T.-based metallicities and observed
032 ratios. Our high-redshift sample and the local EMPGs lie at the low-metallicity,
high-ionization end of the relation, extending the trend observed at z ~ 0-2. This
finding indicates that the elevated ionization parameters in high-redshift galaxies are
likely a consequence of their low metallicities, rather than evidence for an intrinsic
evolution of log U with redshift.

We next test if our derived physical properties can self-consistently explain the
observed trends. Using the estimated metallicities and ionization parameters for each
redshift bin as inputs to our photoionization models, we predict the corresponding
R3 and R2 values. The model predictions, overplotted in Figure 4.5, show good
agreement with the observations. This consistency demonstrates that the observed
evolution in strong-line ratios is primarily driven by the joint evolution of gas-phase
metallicity and ionization parameter.

The near-constancy of R3 arises from a balance between two competing effects
associated with the high-redshift environment: a higher ionization parameter and
a lower overall oxygen abundance. The elevated ionization parameter increases the
fraction of oxygen in its doubly-ionized state (O**), which acts to boost the [O 111]
emission. Simultaneously, the lower total oxygen abundance reduces the number of
available oxygen ions, which suppresses the emission. These two competing effects
largely counteract each other, resulting in a relatively stable R3 across redshift. In
contrast, the decline in R2 is driven by the decreasing abundance of O" ions. This
decrease is caused by both a lower total oxygen abundance and the efficient conver-
sion of O% to O™ in the increasingly high-ionization conditions at higher redshifts,
reaching logU ~ —2 at z ~ 8.

4.3.5 Electron Density

We estimate the electron density of our sample from the [O 11JA3727 doublet and
examine its evolution with redshift. Although the [O11] doublet is not fully resolved
in the medium-resolution data, we fit the blended profile with a double-Gaussian
model, fixing the line widths and central wavelengths. The lower-resolution stacks
contain more objects and therefore yield more stable measurements, and we adopt
these results as our fiducial values. The derived electron densities are shown in Figure
4.9 (d), indicating a mild increase in density with redshift.

Given the large uncertainties in the electron density estimates, we adopt a fixed
value of ne = 300 cm ™3 in the CLOUDY modeling (Section 4.2.4) and in the metallic-
ity measurements (Section 4.3.2). Although the [O11]-based measurements allow for
densities up to ne ~ 1000 cm =3, assuming this higher value in our analyses does not
change the results beyond the measurement uncertainties.

4.3.6 Mass-Metallicity Relation

Figure 4.10 shows the mass—metallicity relation of our sample. Each data point rep-
resents a redshift bin (z ~ 3, 4, 6, 8, 10), with the stellar mass defined as the median
of individual galaxy masses within each bin. For z ~ 3 — 8, metallicities are derived
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using the direct method applied to stacked spectra. At z ~ 10, where [O 111]A5007
is redshifted out of the NIRSpec coverage and the direct method cannot be applied
consistently, we use the median of metallicities from individual galaxies derived using
either the direct or strong-line methods (see also Section 4.1.4).

These measurements are broadly consistent with previous studies of the MZR at
z = 4-10 (Nakajima et al. 2023; Curti et al. 2024). At a fixed stellar mass, we find
a clear trend of chemical evolution. The metallicity decreases monotonically from
z ~ 3 to z ~ 8, with a particularly steep decline emerging at z = 8. While the z ~ 10
measurement relies on a heterogeneous mix of methods and exhibits large dispersion,
the overall trend points to a rapid chemical enrichment phase in the early universe.
This significant evolution of the MZR at fixed stellar mass raises the question of
whether this trend is driven solely by the higher star formation rates typical of high-
redshift galaxies (i.e., within the framework of the Fundamental Metallicity Relation),
which we address in the following sections.

4.3.7 Fundamental Metallicity Relation

To further investigate the metallicity evolution, we examine the fundamental metal-
licity relation (FMR), which incorporates both stellar mass and star formation rate.
The FMR is a potentially more fundamental relation than the MZR alone, as it is
known that metallicity depends on SFR at fixed mass. Moreover, FMR-based com-
parisons can offer insights into galaxy evolution and help mitigate selection biases due
to differences in sSFR across redshifts.

In Figure 4.11, we present the difference between the observed metallicities
and those predicted by the FMR of Andrews & Martini (2013), A(O/H) =
(O/H)obs—(O/H)pred, as a function of redshift. Here, (O/H)ops is measured directly
from the stacked spectra. To derive (O/H)preq, we calculate the representative
stellar mass and SFR for each bin by taking the weighted average of the individual
galaxies, using their HS signal-to-noise ratios as weights consistent with our stacking
procedure. These weighted mean properties are then substituted into the FMR
relation. The redshift values and their uncertainties represent the median and 68th
percentile ranges of individual galaxy redshifts. The central values and error bars
of A(O/H) are derived from the same bootstrap procedure described above. The
z ~ 10 result is based on individual measurements.

To ensure a fair comparison across different redshifts and to mitigate potential se-
lection effects, we show results from the fixed M,—SFR subsample (black symbols). By
controlling the physical properties of galaxies, we can more clearly trace the intrinsic
evolution of the relation. We find that the subsample exhibits a gradual downward
trend, with a tentative negative offset appearing as early as z ~ 4 (> 1lo). This
deviation becomes more pronounced at higher redshifts, reaching a significant offset
at z ~ 8.

To assess the robustness and universality of this evolutionary trend, we then com-
pare these results with the full sample (red circles). As shown in Figure 4.11, the
offsets derived from the full sample are remarkably consistent with those of the fixed
M,—SFR subsample within the 1o uncertainties across all redshift bins. While the
full sample remains statistically consistent with the local FMR up to z ~ 6, it shows
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a definitive and significant negative deviation at z ~ 8 and z ~ 10 (A(O/H) < —0.2
dex). The fact that both the subsample and the full sample yield consistent offsets
reinforces the conclusion that the deviation at z 2 8 is a robust feature, independent
of the specific sample selection. This indicates a potential FMR break in the early
universe, where galaxies are systematically more metal-poor for their M, and SFR
than predicted by the local relation.

For comparison, Figure 4.11 displays the FMR offset derived using metallicities
from the R23 strong-line index on our stacked spectra (blue circles). The R23-based
metallicities show no significant deviation from the local FMR even at z ~ 8, in
stark contrast to the direct-method results. This suggests that using local strong-
line calibrations at high redshift can lead to an overestimation of metallicity (as
discussed in 4.3.3), potentially masking the true evolutionary trends. This reinforces
the necessity of using the direct method to accurately probe the baryon cycle in the
early universe.

Additionally, we plot measurements for individual galaxies as gray dots. Their
metallicities are derived using the direct T, method if the [O 111]A\4363 line is detected
with S/N > 3, and from the R23 index otherwise. While these individual mea-
surements exhibit large scatter, their median values in each redshift bin also show
a consistent values of A(O/H) with the primary result obtained from our stacked
spectra.

We also explore the impact of the FMR definition by performing the same analysis
using the FMR of Curti et al. (2020), as shown in Figure 4.12. In contrast to the
Andrews & Martini (2013) case, this version predicts systematically higher metallici-
ties, with A(O/H) values of —0.2 dex already apparent at z ~ 3, reaching —0.4 dex
at z ~ 8. The discrepancy likely stems from the differences in the parameter space
covered by the local calibration samples. To demonstrate this, Figure 4.13 presents
the projection of the FMR onto the u, = log M, —alog SFR plane, where o quantifies
the strength of the SFR dependence. In the left panel using @ = 0.66 from Andrews
& Martini (2013), the vast majority (~93%) of our sample lies within the parameter
space directly constrained by their analysis (up.e6 = 7.5). Even for the z ~ 8 bin,
where the average falls slightly into the unexplored regime, approximately half of the
individual galaxies remain within the explored parameter space. Furthermore, the
fixed M,-SFR subsample (open circles) consistently fall within the explored region at
all redshifts. Conversely, in the right panel, using a = 0.55 from Curti et al. (2020),
only 34% of our sample falls within the parameter space directly explored by their
analysis (uo.55 = 8.5), meaning the relation relies on extrapolation for high-redshift
galaxies. These comparisons confirm that the Andrews & Martini (2013) relation is
well-suited for our study, as its calibration sample includes the low-mass, actively
star-forming galaxies characteristic of the high-redshift universe. Additionally, the
strong SFR dependence (o = 0.66) inherent to the Andrews & Martini (2013) for-
mulation is consistent with the high specific star formation rates observed at these
redshifts; indeed, Curti et al. (2020) report a similarly strong dependence (a ~ 0.65)
for their high-sSFR population. Therefore, we adopt the Andrews & Martini (2013)
FMR as the appropriate baseline for assessing metallicity evolution in this study.
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Fig. 4.9 Redshift evolution of key physical properties derived from our sample.
The panels show: (a) electron temperature, (b) gas-phase metallicity, (c) ioniza-
tion parameter, (d) electron density, and (e) nebular dust attenuation E(B —V).
All parameters are estimated from stacked spectra in each redshift bin. Filled
red circles indicate measurements from the full sample at each redshift, while
open black circles correspond to the fixed M,.—SFR subsample.
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Fig. 4.10 Mass—metallicity relation (MZR). Colored data points represent re-
sults from stacked spectra at different redshifts: z ~ 3 (dark blue), z ~ 4 (light
blue), z ~ 6 (orange), and z ~ 8 (red). Filled symbols show the full sample at
each redshift, while open symbols indicate sub-samples binned by stellar mass
and SFR. Solid and dashed lines show metallicity calibrations from the litera-
ture. For z ~ 2-8, metallicities are derived from stacked spectra using the direct
method, and the error bars show the 68th percentile range obtained via bootstrap
resampling. The stellar masses are estimated individually through SED fitting,
and the error bars indicate the 68th percentile distribution of the sample at each
redshift. At z ~ 10, we compile individual metallicity measurements from the
literature and show their distribution. We also include previous MZR results for
comparison: the gray dotted line shows the local relation at z ~ 0 (Andrews &
Martini 2013), the gray dashed lines correspond to z ~ 2 and z ~ 3 results from
Sanders et al. (2020), and the gray solid line represent z ~ 4-10 observations
from Nakajima et al. (2023). Our results suggest a gradual decrease of metallic-
ity at fixed stellar mass towards higher redshifts.
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Fig. 4.11 Redshift evolution of the deviation from the Fundamental Metallicity
Relation (FMR), defined as the difference between the observed metallicity and
that predicted by the Andrews & Martini (2013) FMR given the stellar mass and
SFR. Filled red circles indicate our main results at z ~ 3, 4, 6, and 8, derived
using stacked spectra and the direct method. The open red circle at z ~ 10
represents the average of individual measurements from the literature. Black
circles show results obtained by stacking galaxies in a fixed M.-SFR range, while
blue circles denote metallicities estimated using the R23 strong-line method.
Gray symbols show individual galaxies, metallicities derived from the R23 index
(dots) or the direct method where possible (stars). A systematic deviation from
the local FMR is observed, which becomes most pronounced at z 2> 8.

[ T T T H T T T
~~ 0-5 - N
x 3 o @ a1 (T)
8 [ S . ; . ] O M.,-SFR subsample (7},)
o 0.0r T Z’J‘_;r ; ’ 11 O all(R23)
5 I ,!?E_i s i : * ] O 7> 9.5 average
S —0.5F R é, —e—, ]
2050 T, L Jé ; 1 | ¥ Individual (7,)
4 i ’ s o it N . ® Individual (R23)

-1.0¢ . f(°| . I A IR S HRU S U B
0 2 4 6 8 10 12
Redshift

Fig. 4.12 Same as the Figure 4.11, but for the Curti et al. (2020) FMR.
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Fig. 4.13  Projection of the FMR onto the u,—metallicity plane, where p, =
log M, — alog SFR. The colored symbols represent our stacked results at z ~ 3—
8, with the same legend as Figure 4.6. Left: Projection using a = 0.66 based on
the Andrews & Martini (2013) FMR. The black solid curve indicates the range
of po.¢6 effectively explored by the Andrews & Martini (2013) sample, while the
dotted curve represents the extrapolation to lower po.66. Data points at z < 6 and
all fixed M,—SFR subsample lie within the explored region. At z ~ 8, while the
average falls slightly into the extrapolated regime, roughly half of the individual
galaxies remain within the explored space. Right: Projection using @ = 0.55
based on the Curti et al. (2020) FMR. The solid curve shows the constrained
range and the dotted curve shows the extrapolation. In this projection, majority
of our samples (z ~ 3-8) reside in the unexplored parameter space, requiring
extrapolation of the local relation.
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Table 4.1 Physical properties of individual galaxies at z > 7.8 used in this study.

Object name Redshift  log(M./Mg) SFR 12 +1log(O/H) Ref.
(Mo yr]
CEERS 01027 7.82 8.11 44 8.00 (1)
DREAMS 31001 7.85 7.73 5.5 7.34 (1)
DREAMS 40005 7.85 6.59 0.4 8.00 (1)
JADES 21842 7.98 8.34 6.7 7.73 (1)
JADES 1899 8.28 8.90 12 8.00 (1)
DREAMS 30002 8.34 7.73 4.6 8.00 (1)
DREAMS 30003 8.34 8.67 5.4 7.98 (1)
JADES 20213084 8.49 7.70 35 7.80 (1)
ERO 04590 8.50 7.60 12 6.96¢ (1)
CEERS 01019 8.68 9.97 126 7.87 (1)
JADES 265801 9.43 8.51 12 7.43% (1)
RXJ2129-z95 9.51 7.63 1.7 7.480 (2)
MACS0647-JD 10.17 8.10 5.0 7.79¢ (3)
GNz-11 10.60 8.73 24 7.91¢ (4)
GS-z11-1 11.28 7.84 2.1 7.50¢ (5)
GHZ2 12.33 9.03 7.0 7.404 (6)

Notes. The listed properties are for two distinct samples of high-redshift galaxies. The
galaxies at z = 7.8 — 9.5 are part of our z ~ 8 stacked sample. The stellar masses,
SFRs, and oxygen abundances are derived in this thesis. The galaxies at z > 9.5 are
not included in our stacking analysis as their [O111]A5007 line is redshifted out of the
NIRSpec wavelength coverage. The properties are compiled from the literature. The
oxygen abundances (12 +log(O/H)) for individual galaxies in our stack sample are derived
using the R23 calibration from Nakajima et al. (2022), except for annotated objects for
which we use the direct temperature (T.) method. For the z > 9.5 literature sample, the
metallicity derivation methods are adopted from their respective original publications: (a)
direct temperature (T¢) method, (b) R23 and O32 calibrations, (¢) Ne302 calibration, and
(d) R3 calibration.

References. (1) this thesis; (2) Williams et al. (2023); (3) Hsiao et al. (2024); (4) Alvarez-
Maérquez et al. (2025); (5) Scholtz et al. (2025); (6) Zavala et al. (2024).
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Chapter 5

Chemical Evolution of Galaxies:
Modeling

This thesis presents a model of metallicity evolution in the multiphase ISM and the
CGM of galaxies at z = 0-5 and discusses the metal distribution within these regions.
We describe our methodology in Section 5.1. Section 5.2 presents the observational
data that we use. Our main results are shown in Section 5.3.

5.1 Method

5.1.1 Method Overview

Our model (Fig. 5.1) constrains the evolution of average ISM and CGM metallicities
as a function of halo mass and redshift. To understand why we can constrain the
metal budget of galaxies empirically, it is helpful to consider an approximation to
the full differential equations. The total mass of metals produced in a galaxy can be
approximately determined as the product of the stellar mass (M, ) and the yield (y),
where the yield here represents the fractional mass of metals injected into the ISM per
unit mass of stars formed. Defining the parameter fisy to be the fraction of metals
returned and mixed into the ISM (as opposed to ejected into the CGM or beyond),
we can approximately relate the ISM metallicity (Zisy) to the gas mass (Migy) as

(fism) y M,

Z1sM FY— (5.1)
Hence, given measurements of a galaxy’s stellar mass, total ISM gas mass, and gas-
phase metallicity, we could estimate the average metal distribution fraction over its
lifetime, without the need to build an empirical model. If we had such measurements
for a range of galaxies, such that we cover a range of halo masses and redshifts, there
is then sufficient information to determine how the ISM distribution fraction varies

with halo mass and redshift.
In this thesis, we solve the full metallicity evolution equation instead of the approx-
imation above, accounting for mergers and inflowing gas. However, our constraints
come from the same basic observational information. In detail, stellar and ISM gas
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properties, including stellar and ISM gas masses as functions of halo mass and red-
shift (i.e., M. (My, z) and Migm(My, 2)), are well-constrained by previous models. We
utilize the best-fitting UNIVERSEMACHINE (Behroozi et al. 2019) model for galaxy
stellar properties (Section 5.1.4) and the best-fitting NEUTRALUNIVERSEM ACHINE
(Guo et al. 2023) model for ISM gas properties (Section 5.1.5), both calculated on
dark matter halos in a dark matter simulation (Section 5.1.3). These models are
briefly described in the following three sections. Anchored by these models, we con-
strain ISM metallicity as a function of halo mass and redshift (i.e., Zism(Mp, 2)) with
observational constraints on ISM and CGM metallicity, free parameters for figy, and
an assumption for the yield y. In our models, a fraction 1 — figy of the metal mass is
ejected into the CGM. In other words, fism quantifies the proportion of metals dis-
tributed between the ISM and CGM. Table 5.1 summarizes observational constraints
and redshifts of both previous and our models.

5.1.2 Multi-phase ISM Overview

The most common approach to measure ISM metallicity is to derive metallicity from
emissions of ionized gas in star-forming regions. However, these measurements may
not fully represent the metallicity in the entire ISM, as the gas exists in other phases,
including molecular and atomic. It is believed that stars form from molecular gas,
and as stars within molecular clouds evolve, they emit ionizing radiation, creating H 11
regions. Consequently, we assume that both ionized gas and molecular gas coexist in
star-forming regions and that metals are well-mixed in these regions. On the other
hand, neutral gas is believed to be stored in the surrounding region, as suggested by
observations (Walter et al. 2008; Neeleman et al. 2017) and simulations (Bird et al.
2014; Rahmati & Schaye 2014). The mixing of metals within star-forming regions
(Hu and Ho) with H1 regions and the CGM remains not well understood.

In this thesis, we present two models: one adopts a simpler assumption that metals
are well-mixed within the entire ISM (Section 5.1.9), and another employs a more
realistic approach where metals in Ho and H1 regions are treated separately (Section
5.1.10). For both models, we use observational constraints on CGM metallicity, as well
as those on ISM metallicity, to gain insights into the mixing of metals between the ISM
and CGM. In the latter model, we include constraints from metallicity measurements
in HT1 regions, offering empirical insight into metal mixing within the ISM.

We refer to the ISM mass as the total mass of molecular and atomic gasses, while
the mass of ionized gas is ignored as it is negligibly small compared to the total ISM
mass (McKee & Ostriker 1977). The CGM is referred to as the region outside of the
ISM and inside of the halo virial radius, and the mass of the CGM is determined by
the mass difference between the total baryonic halo mass (estimated as the product
of the halo mass and the cosmic baryon fraction) and the stellar+ISM mass. We refer
to the IGM as the regions outside of the halo virial radius.

5.1.3 Dark Matter Simulation

The UNIVERSEMACHINE utilizes the Bolshoi—Planck simulation (Klypin et al. 2016;
Rodriguez-Puebla et al. 2016) to derive halo properties and assembly histories. Per-
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Fig. 5.1 Schematic representation of model hierarchical structure. The metal-
licities in the ISM (i.e., H1 and Hs regions) and CGM are constrained in this
thesis. Dark matter halo properties, such as halo masses and assembly, are pro-
vided from the dark matter simulation (Klypin et al. 2016; Rodriguez-Puebla
et al. 2016). Stellar properties, including star formation rates (SFRs) and stellar
masses, are obtained from the UNIVERSEMACHINE (Behroozi et al. 2019). For the
ISM mass and its time evolution, we use the constraints from the NEUTRALUNI-
VERSEMACHINE (Guo et al. 2023). The major observational constraints for each
model are shown on the right side.

Stellar mass functions, SFRs,

& correlation functions

formed with the ART code (Kravtsov et al. 1997; Kravtsov & Klypin 1999), this
simulation spans a periodic comoving volume of (250 h~! Mpc)? containing 20483
particles. It achieves high mass and force resolutions of 1.6 x 108A~'My and 1 h~*
kpc, respectively, with time outputs distributed across 180 snapshots equally spaced
in log(a). The underlying cosmology is a flat ACDM model consistent with Planckl5
results (h = 0.678, Q,,, = 0.307, os = 0.823, ns = 0.96; Planck Collaboration et al.
2016). Halo finding and merger tree construction are carried out using Rockstar
(Behroozi et al. 2013b) and Consistent Trees (Behroozi et al. 2013c¢), respectively.

5.1.4 UniverseMachine

The UNIVERSEMACHINE (Behroozi et al. 2019) is an empirical framework that es-
tablishes the connection between galaxy growth and halo growth with observational
constraints spanning a redshift range of z = 0-10. This model parameterizes galaxy
SFRs as a function of halo potential well depth, redshift, and assembly history for indi-
vidual halos in the dark matter simulation. The galaxy stellar mass is self-consistently
derived from the star formation history along a halo’ s assembly and merger history
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for each individual halo. The parameter space posterior distribution is determined
using a MCMC method by predicting the observable SFRs and stellar mass abun-
dances for a given point in parameter space and then comparing with real observations
across a wide range of redshifts. The major observational constraints for the UNI-
VERSEMACHINE include stellar mass functions, specific SFRs, and galaxy auto- and
cross-correlation functions.

The UNIVERSEMACHINE output is complied as a catalog,*! providing halo and
galaxy properties for individual halos at each timestep, including halo mass, SFR,
and stellar mass. We extract the average SFR and stellar mass at a given halo mass
and redshift. For the definition of halo masses, we use peak historical virial masses
extracted from the merger tree (Mpeak)-

5.1.5 NeutralUniverseMachine

The NEUTRALUNIVERSEMACHINE (Guo et al. 2023) is an empirical model framework
that constrains the evolution of atomic hydrogen gas (H 1) and molecular hydrogen gas
(Hy) masses, developed on the halos in the UNIVERSEMACHINE catalog. The net gas
inflow rates are governed by the evolution of structure in ACDM. Figure 5.2 presents
the ratios of net gas inflow rates to SFRs as functions of stellar mass and redshift.
We calculate the net inflow rates by taking the difference in average gas mass for
star-forming galaxies between consecutive timesteps and dividing by the time interval
between them (i.e., Mgasnet = (Mgas,in — Mgas,out)/AT).

The H1 mass of each halo is parameterized as a function of halo mass, SFR, red-
shift, and halo formation history. The Hs; mass is parameterized as a function of
stellar mass, offset from the star formation main sequence, and redshift. The parame-
ter space posterior distributions are determined by comparing the implied gas masses
and their abundances to observations across a wide range of redshifts. The NEU-
TRALUNIVERSEMACHINE model uses observational constraints from various sources,
including the H1 and Hs mass functions, the molecular-to-atomic ratio, the H 1-halo
mass relation, and the H1/Hs-stellar mass relations at z ~ 0. This model also incor-
porates the evolution of cosmic gas densities pyr and pp, across the redshift range
of 0 < z < 6. In practice, much of the gas-to-halo mass constraining power of the
NEUTRALUNIVERSEMACHINE arises because it combines observed gas mass measure-
ments (as functions of stellar mass, SFR, and redshift) with the stellar-to-halo mass
relations from the UNIVERSEMACHINE.

Observations of H1 in the local universe come from the ALFALFA survey (Haynes
et al. 2018), while measurements of Hy in the local universe are originate from CO
observations in the xCOLD GAS survey (Saintonge et al. 2017). The cosmic density
of H1 is determined through 21 cm measurements in the local universe and through
measurements of damped Lyman-alpha systems (DLAs) at high redshifts. The cosmic
density of Hy is inferred from CO and dust continuum measurements.

The NEUTRALUNIVERSEMACHINE catalog provides H1 and Hs masses for every
halo in the UNIVERSEMACHINE catalog. We obtain the average H1 and Hy masses at
a given halo mass and redshift from the NEUTRALUNIVERSEMACHINE catalog. For

*1 https://halos.as.arizona.edu/UniverseMachine/DR1
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Fig. 5.2 Net gas inflow/outflow rates divided by SFR as functions of stellar mass

and redshift, averaged for star-forming galaxies. Solid lines represent cases where
inflow exceeds outflow, while dashed lines indicate the opposite.

both H1 and Hy masses, we consider masses of hydrogen without accounting for the
contribution of helium and heavier elements, as observed metallicities are expressed
relative to the hydrogen content of the gas.

5.1.6 Computing Metallicity Evolution

We constrain the average ISM and CGM metallicities in each halo mass and redshift
bin for both star-forming galaxies (SFGs) and quenched galaxies (QGs). The calcu-
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lations are based on the average SFRs and ISM masses, which are obtained from the
UNIVERSEMACHINE and NEUTRALUNIVERSEMACHINE catalogs, respectively. Galax-
ies are moved between SFG and QG categories based on their histories in the UNI-
VERSEMACHINE. While only the metallicities of star-forming galaxies are compared
to observational data, metallicities of quenched galaxies are also tracked to consider
populations that become star forming again after being quenched (i.e., those that
rejuvenate). We define star-forming galaxies as galaxies with sSFR > 10711 yr—1.

We propagate the average values in each halo mass and redshift bin (as in Behroozi
et al. 2013a), rather than calculating for individual halos as done in the UNIVERSEM A-
CHINE. As well, the constraints for SFR, M., My, and My, from the UNIVERSEMA-
CHINE and NEUTRALUNIVERSEMACHINE are fixed, instead of re-fitting them simulta-
neously with the metallicity calculations. This approach is ideal for our goal of under-
standing the average evolution of metallicities, as it enables ~ 10,000x faster model
evaluation than computing individual galaxy properties. Behroozi et al. (2013a) dis-
cuss that the impact of averaging different SFHs in bins of halo mass is minor com-
pared to observational uncertainties. Since we only predict the average metallicities
of galaxy populations using this approach, we use the observational uncertainties for
the average metallicities instead of the galaxy-to-galaxy metallicity scatter when com-
paring to observations (see also Section 5.2). As noted in the introduction, tracking
chemical evolution for individual halos will be performed in future papers in this
series.

The evolution of the gas-phase metallicity in the ISM arises from several physical
processes. Here, we consider the effects of new star formation, metal loss by outflow,
halo assembly, and accretion from the CGM. The metal mass evolution in the ISM is
expressed as follows:

Myzism = {yfism — Zism(1 — R)}SFR (5.2)

+ ZinfMinf—)ISM + ZISM,mergerMmerger-

In equation 5.2, the metal mass produced by new star formation is determined by
the galaxy’s SFR and stellar yield y. The stellar yield refers to the fractional mass
of metals injected into the ISM per unit mass of stars formed. R denotes the return
mass fraction, defined as the proportion of total mass that a stellar generation returns
to the ISM. We adopt constant values of y = 0.016 and R = 0.46 for the stellar
oxygen yield with the Chabrier (2003) IMF, following Vincenzo et al. (2016). We
assume that the oxygen is promptly ejected into the ISM shortly after the beginning
of star formation, because oxygen is mainly produced by short-lived massive stars
undergoing core-collapse supernovae and the contributions from type Ia supernovae
and AGB stars are negligible (Peeples et al. 2014).

Of the metal (i.e., oxygen) mass ejected by supernovae, a fraction figy distributes
to the ISM, while the remaining fraction 1— figy is ejected into the CGM, with fism
being a free parameter. Star formation also removes some small amount of metals
from the ISM due to metals being locked up in stars. The metals that are already
present in the ISM from previous enrichment episodes and removed from the ISM by
a wind correspond to a negative fign. However, since fisy also accounts for metal
reinfall and a more sustained distribution, it is expected to be positive. A negative
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fism would rapidly deplete metals from the ISM, whereas observed galaxy populations
show an increasing metal mass over time. We further discuss this in Section 6.3.2.
Lastly, Zins and Minf refer to the metallicity and accretion rate of infalling gas, which
could come from the IGM, the CGM, or some combination of both.

As galaxies mature, the gas-phase metallicity reaches a limiting state (i.e., satura-
tion). The saturation metallicity Zg,; is expressed as Zg,t = yfism/(1 — R), assuming
rapid mixing with the ISM during star formation. Once the ISM metallicity reaches
the saturation level, it is difficult for it to increase much further, as the metals pro-
duced by star formation are exactly balanced by the metals locked up in new stars,
and the only new sources of metals are mergers and accretion.

5.1.7 Accounting for Halo Growth and Mergers

We calculate the metal mass accretion through halo assembly using the UNIVERSEMA-
CHINE catalog, which provides information on individual halos at each timestep (i.e.,
redshift) of the dark matter simulation, including their mass and progenitors. In each
timestep, the average metal mass and ISM mass within each halo mass bin are car-
ried over to the next timestep as halo assembly progresses. Figure 5.3 schematically
illustrates how gas and metal masses are propagated to a given My bin at timestep
n. We average the gas and metal masses for the most massive progenitors (MMPs)
for all halos in a given My, bin.

Mergers primarily impact massive halos with M;, > 103 Mg ; below this halo mass,
mergers bring in only small fractions of the total stellar, gas, and metal mass (Behroozi
et al. 2019). Merging galaxies may either disrupt as stellar streams (contributing stel-
lar mass to the intrahalo light) or merge with the central galaxy. In the UNIVERSEM A-
CHINE, merger outcomes are determined by the location where the merging satellite
halo falls below the disruption threshold. If this distance R is less than 0.4R.;, (where
Ry, is the host halo’s virial radius), the satellite merges into the central galaxy; other-
wise it merges into the intrahalo light. This threshold is constrained empirically from
the clustering of galaxies (which determines the survival time of merging satellites)
and the increase in massive galaxy number densities over time (which determines the
fraciton of mergers that end up in the central galaxy vs. the intrahalo light). We adopt
the same distance threshold for determining the outcome for gas and metal masses
during satellite mergers. It is worth noting that not all gas in mergers may cool to
the ISM of the host galaxies, even when stars are disrupted. Confining this fraction
requires additional observational constraints. Instead, we prepare models with two
extreme conditions: one where the ISM of all satellites with R < 0.4 R.;, is integrated
into the host galaxy’s ISM, and the other where all merging ISM is integrated into
the host galaxy’s CGM.

5.1.8 Inflows and CGM Metallicity

We also incorporate metals present in inflowing gas from the CGM and IGM, although
the metallicities in both gas reservoirs are typically small and thus have little impact
on our model. Since observational constraints on the fraction of gas incoming from
the IGM vs. the CGM are limited, we consider two extreme models where all inflowing
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Fig. 5.3 Schematic of gas and metal masses propagation in halo assembly his-
tories. In this thesis, we average halo assembly histories in bins of halo mass,
redshift, and star-formation status (star-forming or quiescent) to accelerate model
evaluation. Gas and metal masses from most-massive progenitors are propagated
to descendant halos at the next redshift, and the corresponding masses for merg-
ing satellites are distributed to the descendant halo’s CGM or ISM depending
on how far the satellites are from their host halos at the last snapshot before
disruption (see text).

gas originates from 1) the CGM, or 2) the IGM. To evaluate the amount of metals
transported through inflows, we utilize the time differences in ISM mass. If the
ISM mass obtained from the NEUTRALUNIVERSEMACHINE catalog exceeds that from
progenitors, we infer that the net excess gas is supplied by inflows.*? We assume that
the IGM metallicity is 0.01 Z;, as there is evidence that the IGM contains metals
(e.g., Simcoe et al. 2004) and that therefore inflowing gas probably also contains
metals. We show in A.3 that setting inflow metallicity to Zcgw, 0.01, or zero makes
little difference to the best-fit values of model parameters or to the quality of the fits.

The metals in the CGM originate from progenitors (i.e., merging satellites) and
outflows from galactic star formation. We define the CGM mass as the difference be-
tween total baryonic halo mass and the sum of ISM and stellar masses (i.e., Mcam =
foMy, — Misy — M, where f, = 0.15 is the cosmic baryon fraction, and in this case
we account for helium in the mass of the ISM). We note that galactic outflows may
transport both gas mass and metal mass out of the CGM. In this thesis, lacking
strong observational constraints, we assume that outflows transport an equal fraction

*2 If there are additional inflows balanced by outflows from the galaxy, we assume that they do not
contribute any extra metals, as it is difficult to remove gas without removing the associated
metals as well. The opposite physical situation of additional inflows mixing with ISM gas
and being blown out—contributing to more efficient metal removal—is incorporated into the
definition of figm.
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of metals and gas mass out of the CGM, so that the CGM metallicity is unchanged
by beyond-CGM outflows.
Metal mass evolution in the CGM is expressed as:

MZ,CGM = (1 — fism)ySFR
- ZCGMMHI—>CGM + ZCGM,rnergeernerger~ (53)

The metal mass in the CGM is propagated to the next timestep. This includes CGM
metals of all progenitors, as well as ISM metals of progenitors that are disrupted
outside of the host galaxy’s ISM (i.e., at R > 0.4 Ry;,). Additionally, if the ISM mass
obtained from the NEUTRALUNIVERSEMACHINE catalog is decreasing with time in a
given halo mass bin beyond the rate of star formation, the remaining excess balance of
gas is assumed to be transported to the CGM, along with a metal mass corresponding
to the ISM metallicity. Lastly, in one of our considered models, metals may also be
lost to the CGM due to excess inflow into the ISM from mergers.

We found that rejuvenating galaxies require careful treatment due to our method of
averaging galaxy properties. This is because, in the UNIVERSEMACHINE, galaxies can
undergo a slow quenching process where they oscillate between being star-forming and
quenched for multiple Gyr before they quench completely. Since quenched galaxies
have significantly lower average ISM masses than star-forming galaxies, the simplest
mass binning scheme, where the inherently broad distribution of SFRs is condensed
into a single average SFR (similar to a delta distribution), would require substantial
fresh low-metallicity accretion from the IGM/CGM every time a quenched galaxy
returned (however briefly) to forming stars, resulting in unphysically low metallicities
for massive star-forming galaxies. To address this issue, we assume that quenching
galaxies lose gas in the central star-forming regions (shutting off star formation) but
that the ejected gas and metals remain nearby. The gas and metals then return to
the central region when the galaxies temporarily resume star formation.

5.1.9 Well-Mixed ISM Model

In this thesis, we test two models for the distribution of metals in the ISM. In the
first model, which we call the “Well-Mixed ISM Model,” we assume that metals in
the ISM, including ionized, molecular, and atomic hydrogen, are well-mixed. We
calculate the ISM mass as the sum of the molecular and atomic hydrogen masses in
the NEUTRALUNIVERSEMACHINE catalog.

In this model, the only free variable is the ISM distribution fraction figy, which we
parameterize as a function of halo mass and redshift ( fism (M, 2)). We have found
that a double power-law function effectively reproduces the MZR at z ~ 0. Therefore,
we adopt the following parameterization:

1
1 + (Mh/CO)O‘(l + Z)B.
Here, o, Cy, and 8 are the three free parameters representing the low-mass slope,

characteristic halo mass, and redshift evolution, respectively. The high-mass slope
is set to zero to reproduce the metallicity saturation observed at z ~ 0, and the

Jism = (5.4)
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normalization is set to one, as the maximum distribution fraction is 100%. We use
a simple parameterization for redshift scaling that effectively shifts the characteristic
halo mass as a power law with redshift, as the mass coverage of observed MZRs at
high redshifts is not wide enough to constrain both the low- and high-mass slopes.
Of note, only the observational constraints for metallicity measurements in the star-
forming regions and the CGM are used to constrain the well-mixed ISM model, while
observed metallicities in the HT regions are not used.

5.1.10 Multi-phase Metallicity Model

We also explore a more realistic and flexible approach where we separate the metal-
licity in molecular and atomic gas. Star formation occurs in the molecular gas, while
atomic gas surrounds the star-forming regions. In this model, we define two ISM
distribution fractions, fyo and fur, representing the fractions of metals that are dis-
tributed to the molecular and atomic regions, respectively. We track the evolution of
metal mass in these two regions and derive metallicities by dividing by the respective
gas masses. Gas accretes onto the H1 regions from the CGM or IGM before accreting
onto the Hy regions from the HT regions.
Metallicity evolution in the two regions is expressed as follows:

Mz w2 = {yfus — Zua2(1 — R)}SFR
+ ZHIMHI—>H2 + ZH2,mergerMH2,merger7 (55)
and
Mzyur = yfmr — ZurtMur—me
+ ZinfMinf—>HI + ZHI,mergerMHI,rnerger- (56)

We parameterize fgo and fy; as functions of halo mass and redshift:

1
fH2 = 1+(Mh/00)0‘0(1+2)’807 (57)
fur L~ fuz (5.8)

T 1+ (My/C) (1 + 2)B

We adopt the same functional form for fys as for figym in the well-mixed ISM model,
as they are fitted to the same observational data. For fyg, we use a similar functional
form to fyo because the observational data do not provide enough information to
justify a different shape. The term (1 — fy2) ensures that fy; does not exceed unity.
This results in six free parameters: ag, a1, By, B1, Co, and C7. The observational
constraints in the star-forming regions, the CGM, and the H 1 regions are used in the
multi-phase metallicity model.

5.1.11 Model Fitting and Posteriors

Any choice of parameters for figy determines the evolution of the average ISM
and CGM metallicities ( (Zism (M, 2)) and (Zcam (M, 2))) for the well-mixed ISM
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model. Similarly, any parameter choice for fyo and fyi, determine (Zys(My, 2)),
(Zu1(My, 2)), and (Zcam(My, 2)), for the multi-phase metallicity model. To com-
pare with observational data, we convert these functions to functions of stellar mass,
using the halo mass function and the observed stellar mass probability distribution
function (i.e., the probability of having a stellar mass at a given halo mass), both ob-
tained from the UNIVERSEMACHINE catalog. For H1 metallicity, since observations
use velocity width as a proxy for mass, we convert the H 1 metallicity (as a function of
halo mass) to a function of velocity width. We assume a log-normal distribution with
0.2 dex scatter for velocity width at a given halo maximum circular velocity, based on
the results of Bird et al. (2015) who have investigated the relation between DLA’s ve-
locity width and halo virial velocity using hydrodynamical simulations. We compare
the predicted metallicities after conversion ( (Zism (M., 2)) and (Zcam (M., z)) for
the well-mixed ISM model, or (Zua2(M,,2)), (Zui(AV,2)), and (Zcam (M, 2)), for
the multi-phase metallicity model) with observational data to calculate the likelihood
(i.e., exp(—0.5x?)) that the chosen parameter set matches the observed data. We use
a Markov Chain Monte Carlo (MCMC) algorithm (Foreman-Mackey et al. 2013b) to
explore the parameter posterior distribution that is consistent with the observations.

5.2 Observational Data

5.2.1 Metallicity Measurements in Star-forming Regions

For constraints on metallicity in the Hy regions, we use the mass-metallicity relations
(MZRs) from emission lines of galaxies at z ~ 0-5. These metallicities are measured
using nebular emission lines that are emitted from star-forming (i.e., H1I) regions.
Given that the H11 and Hy regions are physically close to each other, we assume that
the metallicity in the Hs regions is the same as that in the H 11 regions.

Local Universe

Various studies have investigated the MZR of galaxies in the local Universe, employing
different methods, including the direct T, method and strong-line calibrations. The
direct method, based on electron temperature measurements, is widely regarded as
more reliable. However, its reliance on detecting faint auroral lines such as [O 111]A4363
may introduce a bias towards low-metallicity (and thus low-mass) galaxies within
MZR samples. In contrast, strong-line calibrations can be applied for a broader range
of galaxies, thus reducing sample bias. Despite the larger systematics in individual
estimations compared to the direct method, it is crucial to rely on observational
data reflecting the true average for constraining the average metallicity of galaxies.
Therefore, employing the MZR with strong-line calibrations is more suitable for our
purpose.

We use the MZR of Curti et al. (2020), which determined the metallicities for
individual SDSS galaxies at z ~ 0 and reported the metallicity distribution (i.e.,
median and scatter) in bins of stellar mass. The metallicities are determined using the
strong-line calibrations presented in Curti et al. (2017). The total number of galaxies
in this sample is 151862. The slope and saturation metallicity of the Curti et al.
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(2020) MZR are consistent with other MZR determinations using the T, method (e.g.,
Andrews & Martini 2013), while the normalization is significantly lower compared to
the results from photoionization models (e.g., Tremonti et al. 2004).

The observational samples still have some biases towards high sSFR galaxies in the
low-mass regime, due to a minimum SFR selection in Curti et al. (2020). To account
for the biases, we correct the Curti et al. (2020) data to estimate the true average
metallicities of star-forming galaxies in the local universe. We can do this by assuming
that unobserved galaxies lie on the mass-metallicity-SFR relation (i.e., FMR), in
which galaxy metallicity is only a function of the parameter pu = log M, —0.66 log SFR.
Galaxies with SFRs below the cut in Curti et al. (2020) will have higher p than galaxies
above the cut, so no extrapolation of the shape of Z(j) is needed.

In practice, we calculate the average and scatter of sSFR using the UNIVERSEMA-
CHINE catalog at z ~ 0 in each stellar mass bin. We assume a log-normal distribution
for sSFRs. As above, we also estimate the metallicity distribution based on the sSFR
distribution assuming the mass-metallicity-SFR relation defined by Curti et al. (2020)
(for total SFR). By integrating the sSFR and metallicity distributions in the range
of sSFR values that are not covered by Curti et al. (2020), we determine the fraction
and average metallicity values for galaxies below the SFR cut in Curti et al. (2020).
Finally, to derive the average metallicity of all star-forming galaxies in bins of stellar
mass, we perform a weighted summation using the fraction above, by combining the
estimated metallicity values for unobserved galaxies with the metallicity values for
observed galaxies.

We estimate the uncertainties of the average metallicity, as Curti et al. (2020) do
not provide this information, but rather scatter of the metallicity distribution. The
typical systematic uncertainty of calibrations reported in Curti et al. (2020) is 0.12
dex, while the typical measurement error of SDSS galaxies is 0.02 dex (Andrews &
Martini 2013). The mean sum of squares of these two is 0.12 dex. Hence, we adopt
an uncertainty of 0.12 dex for every stellar mass bin.

High Redshifts

We focus our modeling of metallicity evolution within the redshift range of 0 < 2 < 5
due to limited gas measurements beyond this range. We utilize the MZR reported at
z ~ 2.3 and z ~ 3.3 from Sanders et al. (2021), as well as at z ~ 5 from Nakajima et al.
(2023). We apply no correction for biases in the high-redshift samples, as the galaxies
show consistency with the main sequence galaxies at their corresponding redshifts.

Sanders et al. (2021) have determined metallicities for stacked spectra of galaxies
from the MOSDEF survey (Kriek et al. 2015), which were binned by redshift and
stellar mass. The total number of galaxies in the sample is 265 at z ~ 2.3 and
130 at z ~ 3.3. To determine metallicity, Sanders et al. (2021) employ strong-line
metallicity calibrations derived in Bian et al. (2018). We adopt the root mean square
of the measurement uncertainty and the calibration scatter as the uncertainty of the
metallicity measurements. The typical uncertainty is 0.11 dex.

Nakajima et al. (2023) have derived metallicities for 135 galaxies at redshifts z = 4—
10 using JWST /NIRSpec early release data. The direct method is employed to galax-
ies with [O 111]A4363 detection, while strong-line metallicity calibrations of Nakajima
et al. (2022) are applied for galaxies without [O 111]A\4363 detection. We also include
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metallicity measurements for 62 low-mass galaxies from JWST Advanced Deep Extra-
galactic Survey (JADES; Eisenstein et al. 2023) reported by Curti et al. (2024). The
determination of gas-phase metallicity utilizes a modified version of the Curti et al.
(2020) calibrations, incorporating new diagnostic methods suggested by Laseter et al.
(2024). We use 104 galaxies in total within the redshift range of z = 4-6 (median at
z ~5), 62 from Nakajima et al. (2023) and 34 from Curti et al. (2024). We adopt the
median and its uncertainties within three stellar mass bins for the individual metal-
licity measurements. These uncertainties combine the measurement uncertainties and
calibration uncertainties. The typical uncertainty is 0.23 dex.

5.2.2 Metallicity Measurements in Atomic Gas

DLAs are considered to trace dense H1 gas within galaxies. We rely on metallicity
measurements of DLAs across a range of redshifts (z = 0-5) compiled in Mgller et al.
(2013). These measurements are derived from the analysis of metal absorption lines,
including those of zinc (Zn), sulfur (S), silicon (Si), and iron (Fe), and are reported
as [X/H]. An offset of 0.3 dex has been applied to [Fe/H] measurements to correct for
a-enhancement (Rafelski et al. 2012). We compare the oxygen abundance predicted
by the model with these observational data, assuming solar abundance of Asplund
et al. (2009).

The velocity widths of low-ionization lines are used as a proxy for the halo mass.
Bird et al. (2015) have demonstrated using cosmological hydrodynamic simulations
that the relation between the velocity width of DLAs and their virial velocity is order
of unity, despite large scatter. Based on their results, we convert virial velocities into
observed velocity widths assuming a log-normal distribution with a scatter of 0.2 dex
and no offset (see also Section 5.1.11).

We divide the individual DLA measurements into bins of redshift (z ~ 1, 2, 3,
and 4) and velocity widths. Then, we estimate the average metallicities and their
uncertainties in each bin, using the bootstrap estimation method. More specifically,
we derive the average metal number density (nx) and hydrogen density (ny), which
are then combined to yield the average metallicity (X/H) = (nx)/(nmu).

It should be noticed that these data do not account for the effects of dust depletion.
Of the DLA measurements used in this study, ~70% (76 out of 110) rely on Zn and
S, which are considered non-refractory elements with minimal dust depletion. The
remaining measurements involve Si and Fe, which exhibit significant depletion, espe-
cially at high metallicity. De Cia et al. (2018) provide the amount of dust corrections
for some DLAs used in this thesis. We confirm that the average metallicities in each
velocity width and redshift bin, before and after the dust correction, agree within
the uncertainties, except for the highest velocity and redshift bin. Since the sample
size for dust depletion correction is small in the highest redshift bin (7), we use the
uncorrected values reported in Mgller et al. (2013).

5.2.3 Metallicity Measurements in the CGM

We utilize metallicity measurements in the CGM at z ~ 0.2, obtained from quasar
spectra in the COS-Halos survey (Tumlinson et al. 2011, 2013), as reported in
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Prochaska et al. (2017). We divide the sample into three stellar mass (from Werk
et al. 2012) bins and apply a similar methodology to that used for DLAs (as described
in Section 5.2.2) to estimate the average metallicity and its uncertainty within each

bin.

5.3 Results
5.3.1 Fitting Results

Our model is combined with four models, each making different assumptions about
inflow sources (either IGM or CGM; see Section 5.1.8) and mergers (either 100% of
mergers bringing metals to the host galaxy’s ISM or no contribution from mergers;
see Section 5.1.7), for both the well-mixed ISM model and the multi-phase metal-
licity model. For each model, we performed an MCMC sampling with 32 walkers
and 1000 steps per walker, exceeding 10 times the autocorrelation time to effec-
tively explore the posterior distribution. For reviews of the dependencies of the
results on the assumptions about inflow sources and mergers, refer to A.3. Sub-
sequently, we resampled the ISM distribution fractions and metallicity evolution
1000 times by randomly selecting models from the four posterior distributions with-
out weighting. The best-fitting models are determined based on the median val-
ues obtained from the resampled models. The best-fitting parameters and their
68th percentiles of the posterior distributions for the well-mixed ISM model are
logC, «, B] = [14.5793, —0.117522 —1.870-%], and for the multi-phase metallic-
ity model are [log Cy, ag, Bo, logCy, a1, p1] = [13.3J_r8:§, —0.26J_“8:8‘g,

0.5703, 13.270-9, —0.6703, —1.6705], respectively.

We show the mass-metallicity relations of the well-mixed ISM model in left panel
of Figure 5.4. The observational data from star-forming regions (top panel) and
the CGM (bottom panel) are incorporated as observational constraints, while data
from H1 regions (middle panel) are not included in the fitting procedure. The naive
reduced x? of the best-fitting model is 4.6 for the number of observational data points
including the H1 metallicities (54). The largest discrepancy occurs at z ~ 5 in star-
forming regions, where the model shows higher metallicity compared to the observed
metallicity at higher-mass points, and even surpasses the predicted metallicity of the
model at z ~ 3 for the given mass. The elevated metallicities at z ~ 5 probably arise
from the slight decrease of ISM (specifically H1) masses from z ~ 4 to z ~ 5 in the
NEUTRALUNIVERSEMACHINE model. Note that this decreasing trend is unclear in the
observed H 1 cosmic density, due to large uncertainties and scatter in the observational
data (see Figure 4 of Guo et al. 2023).

In addition, this model fails to reproduce the observed MZR in H1 regions at z < 3
(noting that the observational data are not used in the model fitting process), as
indicated by the left panel of Figure 5.4. Since the observed metallicity in H1 regions
is lower than that in star-forming regions at a given mass, the model predicts higher
metallicity in HT regions. These discrepancies imply that the assumption of metals
being homogeneously mixed within the ISM is too simplistic. This is not just an
artifact of our modeling, but can be readily validated from the data directly. For



77

example, the ISM metallicity of a 10° M, galaxy at z = 2 is equivalent to [X/H] ~
—0.5, but this galaxy mass corresponds to a ~ 10! Mg host halo with AV ~ 100
km/s, for which typical DLA metallicities are [X/H]| ~ —1.5.

We show the mass-metallicity relations of the multi-phase metallicity model in right
panel of Figure 5.4. This model shows substantially better agreement with the MZRs
for all gas phases, including star-forming regions, H1 regions, and the CGM. For
the number of observational data points we use (54), the naive reduced x? of the
best-fitting model is 0.60, suggesting a reasonable fit.

5.3.2 Distribution of Metals between the ISM and CGM

In Figure 5.5, we show the fraction of metals distributed to the ISM for the multi-
phase metallicity model. The top left panel illustrates the total metal distribution
fractions to all phases of the ISM, i.e., fgo + fur. The top right panel shows the
distribution fraction to the CGM, 1 — (fu2 + fur). The bottom left panel displays the
metal distribution fraction to Hs, i.e., fgo. The bottom right panel shows the fraction
of metals distributed to H1 compared to those not distributed to the Hy regions, i.e.,
fu1/(1 — fuz2). In these panels, the mass range covered by the observational data
are shown in thick lines. The total ISM distribution fraction (fu2 + fur) gradually
increases with halo mass from ~ 20% to ~ 80% (~ 30% to ~ 100%) in 101 — 103 M,
halos at z =0 (z = 5).

At z ~ 0, the H1 distribution fractions remain low (fgr < 0.2) across mass, indicat-
ing that a higher fraction of metals are distributed to Hs rather than H1. This sug-
gests poor metal mixing between the Ho and H1 phases, highlighting the importance
of modeling the multi-phase gas contents of molecular and atomic gas separately.

The total distribution fractions exhibit a gradual increase towards high redshift,
with the combination of a slight decrease of fys and significant increase of fy; with
increasing redshift. For the increasing trend of the H1 distribution fraction as well as
the decreasing trend of the Hy distribution fraction, we discuss physical interpretations
in Section 6.3.2. For interested readers, we show figym for the well-mixed model in
Appendix A 4.

5.3.3 Systematic Uncertainties

Before interpreting the redshift evolution of the ISM distribution fractions (fy; and
fr2), we should note that our model has many systematic uncertainties beyond the
posterior distributions, relating to both measurements and modeling.

First, the normalization of the MZR is sensitive to metallicity calibrations (Kewley
& Ellison 2008; Hirschmann et al. 2023). Notably, significant differences arise at
low metallicities (12+log(O/H) < 8). When comparing the metallicity estimated
from the R23 index of the Nakajima et al. (2022) calibration (utilized in the z ~
5 MZR) to that estimated from the Curti et al. (2020) calibration (employed at
z ~ 0), a discrepancy of 0.1 dex emerges at low metallicity (124+log(O/H) < 8),
while the two are comparable at higher metallicity (12+log(O/H) > 8). On the
other hand, utilizing the R23 calibrations of (Sanders et al. 2024), calibrated with
JWST high redshift galaxies, results in a potentially lower metallicity by 0.1-0.2
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dex at low metallicity (12+log(O/H) < 8) compared to the original Nakajima et al.
(2022) metallicity. Further investigation is required to confirm how this impacts the
median values and figy. If the observed metallicity values at z ~ 5 would be lower
(corresponding to the Sanders et al. (2024) normalization), the estimated fg2 would
correspondingly decrease, strengthening the evolution of fys.

There also exist systematic uncertainties in molecular gas measurements, which
are utilized to constrain the molecular gas mass in the NEUTRALUNIVERSEMACHINE
model. The main systematic uncertainty is the CO-to-Hs conversion factor, aco. All
CO measurements (listed in table 3 of Walter et al. (2020)) except for z ~ 0 mea-
surements of xXCOLD GASS, employ a Galactic conversion. However, high-redshift
galaxies may possess a higher conversion factor than local galaxies due to their lower
metallicity on average, with theoretical and observational support indicating an ex-
pected increase in aco in low metallicity gas (Bolatto et al. 2013). If aco is indeed
higher at high redshifts compared to z ~ 0, the molecular gas estimates at high red-
shifts would increase compared to the original values. This would require a higher Hs
distribution fraction in our model, resulting in a smaller redshift evolution for fys.

Atomic gas masses at high redshifts (z > 1.5) are derived from DLA measure-
ments. However, DLA measurements typically do not capture low H1 column den-
sity (log N(HI) < 20.3 cm™?2), potentially resulting in an underestimation of the H1
density by 10—20% (Zafar et al. 2013; Berg et al. 2019; Péroux & Howk 2020). Con-
versely, the contribution of H1 gas outside the ISM increases towards high redshifts
(Péroux & Howk 2020), accounting for approximately 10% of cosmic H1 densities
at z ~ 5 (Villaescusa-Navarro et al. 2018). While these effects may partially offset
each other, the possibility of significant systematic errors cannot be discounted. Ad-
ditionally, DLA measurements constrain cosmic H1 density, which is most effective
for constraining the H1 mass in 10'!-10'2 M, halos, and the H1 content in low-mass
halos may require further refinement.

The stellar yield is heavily dependent on the adopted IMF and stellar evolution
model. While we assume a fixed value for the oxygen yield of 0.016, it varies from
y = 0.005 to 0.033 depending on the IMF and model (Vincenzo et al. 2016). As
discussed in Sanders et al. (2021), it is conceivable that the oxygen yield increases
with redshift due to potential changes in the IMF, including a higher upper mass
cutoff and a shallower high-mass slope at high redshifts. If the yield does indeed
increase with redshift, the estimated fys would decrease at higher redshifts to match
the observed metallicity, leading to a larger evolution in fys. We show the impact of
the adopted stellar yield on our modeling in A.5.

The UNIVERSEMACHINE model carries typical systematic uncertainties of 0.2 dex
in stellar mass, arising from assumptions in fitting SEDs (see Conroy 2013, for a
review). Typical star formation histories, metallicities, and dust all change toward
higher redshifts. For example, higher-redshift galaxies tend to have rising, burstier
star formation histories, which may lead to inflated estimates of stellar masses if the
same star formation history priors are used as for low-redshift galaxies. Lower actual
stellar masses at high redshifts would lead to higher inferred fy2, and hence lower
redshift evolution in fyo.
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Galaxy Component  Reference Redshift Corrected
Curti et al. (2020) z~0 Yes
Star-forming regions Sanders et al. (2021) z2~23& 33 No
Nakajima et al. (2023) 4<2<6 No
Curti et al. (2024) 4<2<6 No
H1 gas Mgller et al. (2013) 0.1<z<b No
CGM Prochaska et al. (2017) z~0 No

Table 5.2 Summary of observational constrains on the mass metallicity relation.
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Fig. 5.4 Comparison between the models (curves) and the observed mass-
metallicity relations (circles). Left: The well-mixed ISM model in star-forming
regions (top), H1 regions (middle), and the CGM (bottom). The shaded regions
represent 68th percentile of the posterior distributions. Colored circles represent
observational data at z ~ 0 (Curti et al. 2020), z ~ 2, z ~ 3 (Sanders et al. 2021),
and z ~ 5 (Nakajima et al. 2023; Curti et al. 2024) in the top panel; z ~ 1 — 4
(Mgller et al. 2013) in the middle panel; and z ~ 0 (Prochaska et al. 2017) in the
bottom panel. Note that the observational data of H 1 metallicity is not used for
the model fitting. Right: Same as the left panel, but for the multi-phase metal-
licity model, with additional observational constraints of H1 metallicity. This
model shows better fits to the observational data.
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Fig. 5.5 The ISM distribution fractions of the multi-phase metallicity model.
Each panel shows the distribution of metals within the multi-phase gas of the
galaxy, including the total distribution fraction to the ISM (i.e., either Ho or
H1 regions; upper left), the CGM (upper right), Hy regions (lower left), and the
fraction to H1 among metals that are not distributed to Hs (lower left). In all
panels, thick lines show the mass ranges covered by the observational data. The
shaded regions represent 68th percentile of the posterior distributions.



Chapter 6

Discussion

In this final chapter, we synthesize the individual findings of this thesis to construct a
comprehensive discussion from the perspective of the cosmic evolution of the baryon
cycle in galaxies. We connect the insights gained from our studies of the local universe
(Chapter 2), the high-redshift universe (Chapters 3 and 4), and our theoretical frame-
work (Chapter 5). By weaving these threads together, we present a unified picture of
the evolution of the baryon cycle as revealed by this thesis.

6.1 Baryon Cycle in the Local Universe: An Equilibrium State

Our investigation begins in the local universe, where the processes of galaxy evolu-
tion are most accessible to detailed study. The unique properties of EMPGs provide
a critical test for our understanding of the baryon cycle in its current state. As
mentioned in Section 1.3.1, there are two possible scenarios that explain the physi-
cal origins of local EMPGs: the episodic and first star-formation scenarios. In the
episodic star formation scenario, EMPGs have intermittent star-formation histories,
where stochastic accretion events of metal-poor gas occur repeatedly on cosmological
timescales, causing star formation. As a result, EMPGs have high sSFRs and low
gas-phase metallicities. In contrast, in the first star-formation scenario, EMPGs are
experiencing their first starburst with very metal-poor gas similar to the primordial
gas. Here, we discuss how our findings distinguish between these models.

In Section 2.6, we show that the SFR-MZ relation of EMPGs is comparable to that
of the model which is fitted to the local SDSS galaxies, which satisfies the balance
between inflow and outflow. Although this result does not rule out the first star-
formation scenario, the episodic star-formation scenario is more likely because our
EMPGs can be explained in the same way as for the local SDSS galaxies with the
equilibrium model. The episodic star-formation scenario is also supported by previous
studies from the aspects of morphologies and metal’s spatial inhomogeneities (e.g.,
Sénchez Almeida et al. 2015; Isobe et al. 2021; Nakajima et al. 2024).

The conclusion that local EMPGs are best explained by the episodic star-formation
scenario within the framework of the equilibrium model has profound implications.
It suggests that the baryon cycle in the present-day universe is, on the whole, in an
equilibrium state, where even extreme phenomena can be explained by stochastic gas
accretion rather than requiring a fundamentally different mode of galaxy formation.
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This establishes a crucial baseline for comparison with the early universe.

6.2 Baryon Cycle in the Early Universe: Signs of a
Non-Equilibrium State

Having established the equilibrium nature of the local baryon cycle, we now confront
this picture with new evidence from the early universe. As detailed in Chapter 4,
our JWST observations revealed a systematic deviation from the local FMR at high
redshifts. This section explores the physical implications of this finding.

Our findings indicate that high-redshift galaxies systematically deviate from the
local FMR, with a significant deviation at z ~ 8, where galaxies exhibit lower gas-
phase metallicities than predicted from their stellar mass and star formation rate.
This implies changes in the physical processes governing the baryon cycle at these
early epochs. Here we discuss two plausible scenarios.

6.2.1 Enhanced Gas Cycling via Inflows and Outflows

The FMR is often interpreted as a reflection of an equilibrium state, in which galax-
ies regulate their star formation and chemical enrichment through a balance of gas
inflows, star formation, and outflows (e.g., Davé et al. 2012; Lilly et al. 2013). The
observed drop in metallicity at high redshifts implies that galaxies at this epoch may
not have reached such a self-regulated state. In such a scenario, galaxies at high red-
shifts are likely to undergo repeated cycles of intense star formation bursts followed
by strong outflows. The enriched gas can be expelled into the IGM, and subsequent
accretion of metal-poor gas from the IGM can lower the metallicity of the ISM. A
key reason for this could be that the supply of pristine gas via inflows overwhelms
the ejection of enriched gas via outflows, thereby breaking the equilibrium. The
cosmological hydrodynamic simulations by Harada et al. (2023) illustrate this exact
mechanism, showing that the outflow rate remains nearly constant at z > 5, whereas
the inflow rate increases with redshift as approximately (1 + z)?-5. For halos with
log My, /Mg =~ 11, which correspond to galaxies in our sample with log M, /Mg = 9,
the inflow rate starts to exceed the outflow rate at z ~ 5 — 6. This transition directly
enhances the dilution of metals in the ISM through the accretion of low-metallicity
gas. We further explore this idea in section 6.3.1.

6.2.2 Transition Driven by Cosmic Reionization

An alternative, yet complementary, explanation involves the impact of cosmic reion-
ization on gas accretion processes. This scenario posits that the transition from the
metal-poor phase at z > 8 to the equilibrium phase at z < 6 is regulated by the
suppression of pristine gas supply due to reionization.

At z > 8, before reionization is complete, low-mass (M, < 108M) dwarf galaxies
can retain their gas and actively form stars. These abundant low-mass halos likely
serve as a rich source of pristine gas, fueling more massive galaxies through minor
mergers and smooth accretion. This continuous supply of metal-poor gas would effi-
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ciently dilute the ISM of galaxies, maintaining them in the observed low-metallicity
state.

However, as reionization proceeds and the cosmic UV background is established
(z < 6), the photoheating of the IGM suppresses gas accretion onto low-mass halos
(e.g., Foreman & Vollmer 2013; Hasegawa & Semelin 2013). Consequently, the supply
of pristine gas via minor mergers is cut off. With the dilution channel suppressed,
galaxies would then evolve toward higher metallicities through secular star forma-
tion, eventually settling onto the Fundamental Metallicity Relation observed at lower
redshifts.

In summary, the break of the FMR at high redshifts provides powerful observa-
tional evidence for a fundamental shift in the mode of galaxy growth, suggesting that
the baryon cycle is in a non-equilibrium state in the early universe. What physical
processes, then, drove this observed evolution? To address this question, we now turn
to a theoretical interpretation using the empirical model developed in this thesis.

6.3 Physical Interpretation of the Baryon Cycle Evolution

6.3.1 Insights from the ChemicalUniverseMachine on the FMR evolution

a) Outflow enhanced scenario b) Inflow enhanced scenario b’) Constant SFE scenario
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Fig. 6.1 Left: The Hy distribution fraction (fu2) predicted by the CHEMI-

CALUNIVERSEMACHINE as a function of halo mass. Different colors correspond
to redshifts z ~ 0, 3,4, 6, and 8. Solid lines show the standard extrapolation and
shaded regions represent the 68th percentile distributions. Dashed lines represent
Scenario a, which assumes a lower fugs at the fixed halo mass for z > 5. Middle:
The molecular gas mass (Mpuz2) as a function of halo mass. Colors are the same
as in the left panel. Solid lines show the standard extrapolation. Dashed lines
represent Scenario b, which assumes a higher M2 at the same halo mass. Dotted
lines indicate Scenario b’ for reference, which shows gas masses nearly identical
to Scenario b. Right: The star formation efficiency (SFE = SFR/Mu2) as a
function of halo mass. Colors and line styles are the same as in the middle panel.
Dotted lines represent Scenario b’, where the SFE is fixed at the z = 5 value
for z > 5. Dashed lines show Scenario b for reference, which yields SFE values
comparable to those at z ~ 0-5.

To explore the physical drivers of the observed FMR breakdown, we utilize the
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Fig. 6.2 FMR evolution shown with predictions from the CHEMICALUNI-
VERSEMACHINE model (Nishigaki et al. 2025). Filled and open red circles are the
same as in Figure 4.11: filled circles represent our results derived from stacked
spectra using the direct method at z ~ 3—8, while the open circle at z ~ 10 shows
the average metallicity of individual galaxies. The curves and shaded regions
represent the median predictions and the 68th percentile ranges, respectively,
for halos with SFR = 10 M yr~'. The black line shows standard extrapolation
where the molecular gas mass remains roughly constant at fixed halo mass. This
scenario predicts no significant deviation from the FMR, failing to reproduce the
observed drop at z > 8. The colored lines represent different physical scenarios
at z > 5. The orange dashed line shows the Enhanced outflow Scenario (Scenario
a), where the metal retention fraction (fu2) is reduced to model efficient metal
removal. The blue dashed line shows the Enhanced inflow Scenario (Scenario
b), where the molecular gas mass (Mmu2) is explicitly increased to model strong
dilution. The green dotted line shows the Constant SFE Scenario (Scenario b'),
where the star formation efficiency is kept constant, implicitly leading to larger
gas reservoirs similar to the Scenario b.

CHEMICALUNIVERSEMACHINE model presented in Chapter 5. As described therein,
this framework models metallicity evolution by parameterizing the metal distribution
fractions, fio and fy. Here, we focus on fyo, as it directly regulates the metallicity
of the star-forming gas. Applying this framework to the high-redshift regime (z > 5),
however, requires extrapolation, as the gas mass fitting functions in the underlying
NEUTRALUNIVERSEMACHINE (NUM) are calibrated only at z < 5. In the framework
of this model, the evolution of the FMR is governed by three primary factors: the
star formation rate, the gas inflow rate (traced by the molecular gas mass, Mys), and
the outflow efficiency (parameterized by fy2). Since the SFR evolution is already
constrained by the UNIVERSEMACHINE, we explore potential evolutionary pathways
for the remaining two components, gas mass and metal retention. Note that since the
model constrains average relations between stellar mass, SFR, and metallicity for a
given halo mass and redshift, rather than tracing individual halo histories, we assume
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Fig. 6.3 Predictions for the evolution of gas properties in the CHEMICALUNI-
VERSEMACHINE. Left: The gas fraction, defined as fgas = Mu2/(Mu2 + M.), as
a function of stellar mass. Gray dots represent local galaxies from the xCOLD
GASS survey (Saintonge et al. 2017), which are well reproduced by the model
at z ~ 0 (purple curve). While the standard extrapolation (solid lines) predicts
feas ~ 0.5-0.7 at z > 5, the scenarios that reproduce the FMR break (Scenarios b
and b’; dashed and dotted lines) imply extremely high gas fractions of fgas &~ 0.8
0.9. Right: The relationship between star formation rate and molecular gas
mass (Mpuz2). Colors and symbols are the same as in the left panel. The stan-
dard extrapolation implies an increase in star formation efficiency (SFR/Mm2)
with redshift. In contrast, Scenarios b and b’ remain consistent with the relation
observed at z ~ 0-5, suggesting little to no evolution in the star formation law.
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for the purpose of FMR comparison that fyo is a function solely of halo mass and
redshift, independent of the specific star formation rate.

We define a baseline using the NUM-based extrapolation, which extends the scaling
relations calibrated in the NEUTRALUNIVERSEMACHINE at z < 5 directly out to z >
5. In this standard model, the star formation efficiency (SFE; defined as SFR/Mps2)
increases with redshift, while the gas mass (Mp2) remains roughly constant at fixed
halo mass. To investigate the origin of the observed FMR deviation, we compare this
baseline with three alternative scenarios for z > 5.

The first is the Outflow Enhanced scenario (Scenario a), where we assume that the
metal distribution fraction (fy2) decreases from z ~ 6 to z ~ 8, representing stronger
metal loss (Figure 6.1, Left). To reproduce the observed FMR deviation at z ~ 8,
fi2 is required to be ~0.6 times the value predicted by the standard extrapolation,
which corresponds to roughly a factor of ~1.7 increase in outflow efficiency relative
to the baseline.

The second is the Inflow Enhanced scenario (Scenario b), where we modify the
evolution of Mys such that it increases beyond the standard extrapolation between
z ~ 6 and z ~ 8, also adjusted to match the observations (Figure 6.1, Middle). In this
scenario, the gas mass at z ~ 8 is ~5 times higher than the value predicted by the
standard extrapolation, implying an increase by a factor of five in inflow efficiency.

The third is the Constant SFE scenario (Scenario b'), which serves as a physically
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motivated variation for increasing the gas mass. This model assumes that the star
formation efficiency remains constant at z > 5 (Figure 6.1, Right). Because the SFR
increases with redshift at fixed halo mass, this assumption inherently implies that
Mo also increases, resulting in a gas-rich state. Specifically, this leads to a gas mass
approximately 3 times higher than the standard extrapolation, corresponding to an
increase by a factor of three in inflow efficiency.

We compare the predictions of these scenarios with our observational results in Fig-
ure 6.2. The standard NUM-based extrapolation (black curve) predicts no significant
deviation from the FMR even at z > 8, failing to reproduce the observed decline in
metallicity. In contrast, Scenarios a, b, and b’ all predict lower metallicities at higher
redshifts, showing good agreement with the observed trend. Here, we examine the
behavior of the model parameters in these successful scenarios to understand their
physical implications.

Scenario a assumes gas masses and star formation efficiencies unchanged from the
standard model but reproduces the observations by assuming a decrease in the metal
distribution fraction (fg2). Physically, this implies that metal loss is the dominant
mechanism. A lower fyo signifies that a smaller fraction of the metals produced by
supernovae is retained within the star-forming regions. This suggests that metals are
being more efficiently ejected into the CGM or IGM, pointing to enhanced outflow
efficiency in the early universe compared to lower redshifts.

In contrast, Scenarios b and b’ are characterized by a significant increase in gas mass
(Mp2) at fixed halo mass compared to the standard extrapolation, while the metal
distribution fraction remains unchanged. To quantify the gas properties implied by
these scenarios, we present the evolution of the gas fraction and the star formation law
in Figure 6.3. The left panel shows the gas fraction, feas = Mu2/(Mu2+M.). At high
redshifts (z > 5), the standard extrapolation predicts gas fractions of fyas ~ 0.5-0.7.
However, Scenarios b and b, which successfully reproduce the FMR break, require
significantly higher values of fgas ~ 0.8-0.9. This indicates that galaxies in these
epochs are likely extremely gas-dominated systems. The right panel shows the relation
between SFR and Mp,. The standard extrapolation (solid lines) implies a shift toward
higher SFR at fixed gas mass, indicating an increase in SFE. Conversely, Scenarios
b and b" align closely with the relation at z ~ 0 even out to z ~ 10. This constancy
implies that the local physical processes governing the conversion of molecular clouds
into stars have not fundamentally changed from lower redshifts. Consequently, the
primary driver of the observed state in these scenarios is not a change in the mode of
star formation, but rather the availability of fuel. The presence of a larger reservoir
of gas relative to the stellar mass dilutes the concentration of metals produced by star
formation. Such a gas-rich state corresponds to a scenario where the inflow of pristine
gas is significantly enhanced in the early universe, leading to an accumulation of gas
that drives high star formation rates while simultaneously lowering the metallicity.
This picture is consistent with ALMA [C11] observations of z ~ 5 galaxies, which
indicate that gas fractions increase with redshift, while the star formation law remains
similar to that in the local universe (Dessauges-Zavadsky et al. 2020; Schaerer et al.
2020).

These comparisons demonstrate that to explain the breakdown of the FMR at high
redshifts, the physical conditions of galaxies should deviate from the standard ex-
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trapolation in two ways. One possibility is enhanced outflows, which lead to a more
efficient removal of metals from the galaxy, as represented by Scenario a. Alterna-
tively, the deviation can be explained by enhanced inflows, resulting in a stronger
dilution of the ISM driven by larger gas reservoirs (Scenarios b and b'). While it is
difficult to definitively distinguish between these mechanisms with current data, our
analysis with the CHEMICALUNIVERSEMACHINE suggests that the early universe is
in a non-equilibrium state driven by one, or a combination, of these evolving physical
processes.

6.3.2 Evolution of Metal Distribution and the Physical Drivers

Evolution of ISM Distribution Fractions
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Fig. 6.4 Same as Figure 5.5, but as a function of halo circular velocity.

The multi-phase metallicity model indicates an upward trend of the total ISM
distribution fraction (fur + fu2) with redshift (top left panel of Figure 5.5). We also
evaluate the ISM distribution fractions as a function of halo circular velocity, which
represents the gravitational potential well depth of halos (Figure 6.4). Interestingly,
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the total ISM distribution fraction (fur + fu2) does not evolve with redshift at fixed
circular velocity. This indicates a universal trend where the fraction of outflowing gas
that reaches the CGM is determined by halo potential well depth only.

In contrast, there is redshift evolution in fy; and fyo both at fixed halo mass and
at fixed circular velocity. The Hs distribution fraction decreases with redshift by 0.3—
0.5 dex from z = 0 to z = 5 at My, ~ 10'? M, while the H1 distribution fraction
increases by 0.5-1.2 dex.

We cannot ascribe a cause to this behavior with our current modeling approach.
Nonetheless, we view it as reasonable given at least two physical possibilities:

e Higher-redshift galaxies have stronger outflows, but also shorter cooling times.
For example, Sugahara et al. (2019) show that z ~ 6 galaxies have higher
outflow velocities at a fixed circular velocity. Strong outflows can remove gas
and metals from the ISM, which can then quickly recool into the H1 phase,
leading to a higher fraction of metals distributed to H1 vs. Hs.

e Galaxies in the local universe typically exhibit thin stellar disks surrounded
by more extended H1 gas reservoirs. In contrast, high-redshift galaxies likely
possess disordered thick disks because these galaxies are more likely to expe-
rience perturbations from increased rates of mergers or inflow from the IGM.
Consequently, high-redshift galaxies may have a higher covering fraction of
H1, facilitating easier mixing of gas and metals between H1 and star-forming
regions.

At the same time, given the observational uncertainties in measuring both gas
masses and metallicities, as well as their evolution with redshift (Section 5.3.3), it
may also be plausible that improved future measurements show different quantitative
trends for the evolution of fyo vs. fur with redshift.

Evolution of CGM Metallicity

Figure 6.5 shows the evolution of the CGM metallicity at 0 < z < 5 predicted by
the multi-phase metallicity model. It indicates slow enrichment at z > 3, following
rapid enrichment below z ~ 2. This is attributable to the evolution of the stellar-
to-halo mass ratio (see Figure 18 of Behroozi et al. 2019) combined with increasing
the distribution fraction to the CGM towards low redshifts (1 — (fu1 + fa2); right top
panel in Figure 5.5) at fixed halo mass.

Observations of CGM metallicity with Lyman-limit systems indicate a rapid evo-
lution of around 1 dex from 2.3 < z < 3.3 to z < 1.0 (Tumlinson et al. 2017; see also
Lehner et al. 2013 and Wotta et al. 2016). The magnitude of this observed evolu-
tion is consistent with the predictions of our model if the typical host halo mass of
Lyman-limit systems changes from My~ 10! Mg to M, ~ 102 M.

This rapid enrichment of the CGM at high redshifts establishes a reservoir of metals
surrounding galaxies. As we will discuss in Section 6.4, this pre-enriched environment
likely sets the boundary condition—the metallicity floor—observed in the local uni-
verse.
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Comparison with Mass-Loading Factor

Our results suggest that mass-dependent outflows play a key role in shaping the
MZR, consistent with previous chemical evolution models (e.g., Finlator & Davé 2008;
Peeples & Shankar 2011; Sanders et al. 2021; Tortora et al. 2022). These studies
typically incorporate the mass-loading factor or metal-loading factor, both of which
exhibit an inverse correlation with stellar mass and circular velocity. This behavior
aligns qualitatively with our findings for 1 — (fur + fu2), as shown in the upper-
right panels of Figures 5.5 and 6.4. While fism (or far + fae) and the mass-loading
(or metal-loading) factor are conceptually similar, a direct quantitative comparison
between these parameters is limited due to differences in their definitions.

Specifically, fism accounts for the direct loss of supernova yields, while the mass-
loading factor includes the loss of metals from the ISM along with galactic winds.
Additionally, the mass-loading factor encompasses only the instantaneous ejection of
gas. Depending on the feedback model, this ejected gas may return to the ISM at
a later stage, especially for low-mass galaxies with short cooling times. In contrast,
fism focuses on the total fraction of metals, including those that are directly deposited
and those that eventually return to the ISM.

The metals already present in the ISM from previous enrichment episodes and
removed by a galactic wind would contribute negatively to fism. Although we initially
explored an alternative parametrization (i.e., additional normalization parameters to
Equations 5.4, 5.7, and 5.8) that allowed for negative figy values, observational data
strongly constrain figy to have positive values. This aligns with the physical picture
that a negative fisn would rapidly deplete metals from the ISM, whereas observed
galaxy populations show an increasing metal mass over time.

6.4 The Metallicity Floor: A Legacy of Cosmic Chemical
History

Here we revisit the problem of the metallicity floor in the local universe. The non-
detection of Hyper Metal-Poor Galaxies (HMPGs) with Z < 0.01Zg in the local
universe search can be interpreted as an inevitable consequence of this chemically
enriched universe, where the IGM/CGM has already been significantly enriched with
metals after billions of years of cosmic star formation and outflows. Indeed, the mean
metallicity of the Universe predicted from cosmic star formation density measurements
increases with decreasing redshift and reaches ~ 0.1 Z at z = 0 (Madau & Dickinson
2014). This general picture of cosmic enrichment is further supported on the local
scale in the results from our CHEMICALUNIVERSEMACHINE model. As shown in
Section 6.3.2, our model predicts that the CGM of galaxies in halos of ~ 10! M
at z ~ 0 is enriched to approximately 0.01 Zs. Thus, both the cosmic average and
the conditions local to galaxies indicate that the gas available for accretion in the
present-day universe is no longer pristine. Consequently, this gas has a natural lower
limit in its metallicity, which in turn prevents the ISM metallicity from dropping to
extremely low values and explains the observed metallicity floor.

To empirically verify the existence of this floor, we revisit our observational results
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from Chapter 2. Although we identified three new EMPGs, no HMPGs were found
in our spectroscopic sample. Based on this null result, we place an upper limit on the
number density of star-forming HMPGs in the local universe. We consider a hypothet-
ical HMPG model with a star formation rate of SFR = 0.1 Myyr—!. Assuming typical
physical conditions for metal-poor galaxies (log U = —1.5), the expected [O 111]A4363
luminosity is 2.0 x 103® erg s7!. Given the 30 flux limit of our MagE observations
(4.2 x 1070 erg s7tem™2), such a galaxy would be detectable via the auroral line
only up to zmax ~ 0.014. Note that at this redshift (z ~ 0.014), the target would be
sufficiently bright to be detected in the SDSS imaging data (r;, ~ 22). Indeed, we
observe a galaxy in our sample with similar properties (z = 0.016, log(SFR) = —1.04)
that has an apparent magnitude of » = 18.7, nearly 3 magnitudes brighter than
the photometric detection limit. Thus, the survey volume is strictly limited by the
spectroscopic sensitivity for the [O 111]A4363 line rather than the photometric depth.

The effective survey volume Vg is estimated by scaling the comoving volume within
Zmax Dy the sky coverage and the spectroscopic sampling rate:

Aspss " Nobs

Ver = V(2 < 0.014
ff (= ) x 47sr Neand

(6.1)

where Aspss = 14555 deg? is the SDSS survey area, and Ngps/Neana = 10/104
represents the follow-up fraction. This yields an effective survey volume of Vog ~
3.2 x 10* Mpc?.

Since no HMPGs were detected in this volume, we derive the 95% confidence level
upper limit on their number density using Poisson statistics (rule of three):

nuMmpG < ~ 9.5 x 107° Mpc>. (6.2)

eff
This limit suggests that HMPGs with moderate star formation activity (SFR ~
0.1 Muyr—!) are extremely rare in the local universe, consistent with the scenario of a
metallicity floor. This statistical constraint confirms that galaxies with primordial-like
compositions are virtually absent in the local universe.

This naturally leads to the understanding that HMPGs can indeed be found at
higher redshifts, where the IGM was significantly less chemically enriched. In such
pristine environments, accretion could fuel star formation with gas much closer to
primordial composition, allowing galaxies to exist below the locally observed floor.
The high-redshift EMPG candidates identified in Chapter 3 of this thesis, character-
ized by their extremely weak [O111] emission, represent potential examples of such
a population. Furthermore, recent discoveries of individual galaxies with less than
1% solar metallicity at z > 4 by other JWST studies (e.g., Nakajima et al. 2025)
lend strong support to this picture, suggesting the metallicity floor is an evolutionary
feature rather than a fundamental limit.
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6.5 Further Considerations on Statistical Averages and
Individual Dynamical States in Local EMPGs

The results in Chapter 2 show that the average relationship between stellar mass,
metallicity, and SFR for EMPGs is broadly consistent with the low-mass extrapolation
of the equilibrium model (Lilly et al. 2013) derived from SDSS galaxies. This suggests
that, when viewed statistically as a whole population, EMPGs possess the property
of converging toward a quasi-steady state over long timescales, where gas inflow, star
formation, and outflow reach a balance.

However, it is important to note that the FMR defined by large-scale surveys like
SDSS, and the equilibrium model used to explain it physically, are essentially statis-
tical and averaged models that treat a galaxy as a self-contained, isolated system. In
contrast, many EMPGs are suggested to be dynamic rather than isolated systems. As
demonstrated by Isobe et al. (2021), a significant fraction (~85%) of EMPGs are as-
sociated with “tail” structures and exhibit large velocity offsets (e.g., ~ 100 km s_l),
indicating that these galaxies can be in a dynamic state such as undergoing gas or
satellite infall.

This thesis focuses on the observed average, which is considered to represent the
statistical destination where individual objects, initially in temporary non-equilibrium
states due to intense gas infall, eventually settle after time-integration or as a popula-
tion. In existing FMR studies using SDSS galaxies, it is common to stack or average
objects with similar stellar masses and SFRs to ensure a sufficient signal-to-noise
ratio; consequently, the scatter of individual galaxies from the FMR has not been
extensively discussed. In dynamical systems such as EMPGs, individual galaxies are
expected to deviate from the equilibrium model, depending on the specific timing and
intensity of gas inflow events.

Therefore, it is essential to establish a robust baseline by investigating the intrinsic
scatter of the FMR within the SDSS galaxy population. Against this baseline, we can
examine whether EMPGs exhibit a characteristically larger scatter and investigate the
correlation between morphological classifications and their offsets from the FMR. By
moving beyond general averages and focusing on the link between structure and chem-
istry in individual systems, we can gain deeper insights into the physical processes
that govern the chemical properties of galaxies in their early stages of formation.

6.6 Impact of Selection Biases

The sample analyzed in Chapter 4 is constructed by integrating data from multiple
surveys with distinct science goals, namely DREAMS, JADES, CEERS, and ERO.
These high-redshift catalogs are primarily based on rest-frame UV selection. In ad-
dition to this intrinsic survey bias, our specific requirement for robust HS line de-
tections (S/N > 3) likely reinforces the preference for UV-bright and less obscured
star-forming galaxies. This is because heavy dust extinction can suppress nebular
emission lines below our detection threshold. Since dust extinction correlates with
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metallicity (Heckman et al. 1998; Garn & Best 2010; Zahid et al. 2014), the exclu-
sion of heavily dust-obscured populations suggests that our derived metallicity values
could lead to underestimating the true cosmic average.

At the same time, the depth and observational strategy of the JADES survey
(Eisenstein et al. 2023) provide a means to assess and partially mitigate this bias.
Rather than relying solely on standard UV selection, JADES targets sources from
deep NIRCam imaging extending to ~ 5um, enabling the identification of redder,
optically faint sources (D’Eugenio et al. 2025). Indeed, for the bulk of our sample at
z < 4, we observe galaxies with relatively high color excess (median F(B—V') ~ 0.2),
suggesting that we capture at least a portion of the moderately obscured population
which contributes significantly (2 50%; e.g., Madau & Dickinson 2014; Zavala et al.
2021) to the cosmic star formation rate density at these redshifts.

The potential impact of this bias may also naturally diminish toward higher red-
shifts. The contribution of dust-obscured star formation to the cosmic SFRD is pre-
dicted to decrease rapidly at z > 5 (e.g., Bouwens et al. 2020; Zavala et al. 2021; Algera
et al. 2023). This expected trend aligns with our finding of the FMR break at z 2 8,
as the statistical dominance of heavily obscured galaxies is likely less pronounced at
these early epochs compared to cosmic noon.

It is also important to consider that our investigation of redshift evolution incorpo-
rates a controlled study within a fixed M,-SFR subsample. This approach is intended
to isolate evolutionary trends from mass- and SFR-dependent selection effects. The
key consideration is therefore whether a significant population of dusty galaxies exists
specifically within this defined M,-SFR window. As shown in Figure 6.6, compari-
son with known ALMA-detected DSFGs at 1 < z < 3 (Dunlop et al. 2017; Aravena
et al. 2020) indicates that these extreme dusty populations predominantly occupy
the high-mass (M, > 10'°M) and high-SFR (SFR > 100 Moyr—!) regime, falling
largely outside the parameter range of our subsample. This implies that the influence
of currently known DSFGs on the evolutionary trends observed within the subsample
is likely limited.

In summary, while the observed redshift evolution appears robust within the pa-
rameter space accessible to current JWST observations, we acknowledge that our
sample may not be fully representative of the global galaxy demographics. Our find-
ings characterize the chemical enrichment of the relatively luminous, UV-detectable
universe; whether the missing populations, including both obscured and intrinsically
faint systems, follow a similar evolutionary path remains an open question that future,
deeper multi-wavelength surveys must address.

6.7 Future Prospects

On the observational front, future work should include conducting high-z EMPG
searches, similar to the one presented in Chapter 3, but with even deeper imaging data.
Subsequently, spectroscopic follow-up observations with JWST will be essential to
confirm the nature of these candidates and measure their metallicities. Furthermore,
the breakdown of the FMR at redshifts z > 8 should be verified with higher statistical
precision using larger JWST spectroscopic surveys. Increasing the sample size will
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allow for finer binning in stellar mass and redshift, which will in turn make it possible
to investigate whether the observed offset from the MZR and FMR has any mass
dependence.

On the theoretical front, the CHEMICALUNIVERSEMACHINE can be further ad-
vanced in several ways. One key improvement would be to incorporate the diversity
of individual galaxy star formation histories, moving beyond the population-averaged
approach. The model could also be expanded to include the evolution of stellar
metallicities, such as iron abundances, which would enable multifaceted tests against
upcoming observations from facilities like the Prime Focus Spectrograph (PFS). In-
corporating explicit parameterizations for inflow and outflow rates would allow for a
more detailed analysis of the physical origins of the FMR’s evolution. Moreover, gas
mass measurements of high-redshift galaxies from the ALMA can be used to extend
the NEUTRALUNIVERSEMACHINE, and by extension the CHEMICALUNIVERSEMA-
CHINE, to redshifts of approximately z ~ 7, enabling a more robust discussion of the
FMR evolution at these early epochs.

The observational techniques and theoretical models presented in this thesis are
poised to play a significant role in future galaxy formation studies. The high-redshift
EMPG search pioneered in this thesis charts a course toward the eventual discovery
of the very first galaxies. Furthermore, the developed CHEMICALUNIVERSEMACHINE
will serve as a powerful theoretical tool for physically interpreting the increasingly
large datasets from future observations. This empirical model holds a complementary
relationship with physical models such as hydrodynamical simulations; the evolution
of the metal distribution fraction, empirically constrained by this thesis, can provide
new observational constraints for these simulations. This is expected to improve the
modeling of feedback processes that have historically been subject to large uncertain-
ties. In this way, this research, through its dual approach of observation and theory,
contributes to a deeper understanding of galaxy evolution.
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1.6 2.0 24 2.8
log(Veire (km/s)_l)

Fig. 6.5 The CGM metallicity evolution of the multi-phase metallicity model
as a function of halo mass (top) and those as a function of circular velocity
(bottom). We expect CGM metallicities to be higher for group and cluster-scale
masses than shown here, as we do not include metals ejected from satellites in
the host CGM.
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Fig. 6.6 The distribution of galaxies in the star formation rate (SFR) versus
stellar mass (M.) plane. Black dots represent the individual galaxies from our
sample used in the analysis of Chapter 4. Orange circles denote dusty star-
forming galaxies (DSFGs) detected by ALMA at 1 < z < 3 (Dunlop et al. 2017;
Aravena et al. 2020). The red rectangle highlights the fixed M.,-SFR subsample
window defined for our analysis (Chapter 4). The known dusty populations
predominantly occupy the high-mass and high-SFR regime (M. > 10'%°Mg),
falling significantly outside the defined subsample window.






Chapter 7

Summary

In this thesis, we have investigated the cosmic evolution of the baryon cycle, the fun-
damental engine of galaxy formation, by utilizing gas-phase metallicity as a primary
tracer. Through a combination of statistical analyses of local extremely metal-poor
galaxies (EMPGs), deep spectroscopic studies of high-redshift galaxies using JWST,
and novel empirical modeling, we have established a unified picture of chemical evo-
lution from the early universe to the present day. The major findings and conclusions
of this thesis are summarized below.

The Equilibrium State of the Local Baryon Cycle

e Our investigation began with a comprehensive search for EMPGs in the local
universe, using machine learning techniques applied to SDSS imaging data,
followed by spectroscopic follow-up.

e We find that the average properties of local EMPGs, particularly their position
on the SFR-mass-metallicity plane, can be well explained by equilibrium models
that assume a balance between gas inflows, star formation, and outflows. This
suggests that the baryon cycle in the present-day universe operates, on average,
in an equilibrium state.

e Despite our extensive search, we found no galaxies with metallicities below 1%
solar (Z < 0.01Z) and placed a strict upper limit on their number density.
We conclude that a metallicity floor likely exists in the local universe. This is
interpreted as a consequence of the cumulative enrichment of the intergalactic
and circumgalactic medium over cosmic time, which prevents the formation of
pristine, metal-free galaxies at the current epoch.

Breakdown of the Fundamental Metallicity Relation in the Early Universe

e To probe the early evolutionary stages of galaxies, we performed a stacking
analysis of JWST spectra to derive robust metallicity measurements for galaxies
across a wide redshift range (z = 2 — 10).

e We investigate the validity of the Fundamental Metallicity Relation (FMR) in
the early universe. While the results at z ~ 4 — 6 depend on sample selection,
we find robust evidence for a breakdown of the FMR at z 2 8. Galaxies at these
high redshifts show systematically lower metallicities than predicted by their
mass and star-formation rates. This deviation suggests that the baryon cycle in
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the early universe is in a non-equilibrium state, distinct from the self-regulated
state observed at later epochs.

Despite this change in the baryon cycle regulation, our results do not necessar-
ily imply fundamental differences in the local physics of star formation (e.g.,
ionization-metallicity relation and star formation law) compared to the local
universe. Instead, the non-equilibrium state is characterized by a shift in the
balance of gas flows.

Theoretical Constraints on the Baryon Cycle Evolution
e To interpret these observational results, we developed the CHEMICALUNI-

VERSEMACHINE, a new empirical model integrating dark matter halo growth
with chemical enrichment.

Our modeling concludes that the observed metallicity deficit at z > 8 cannot be
explained by standard extrapolations of lower-redshift scaling relations. Repro-
ducing the observations requires an evolution in the baryon cycle parameters,
specifically either an enhancement in outflow efficiency or an increase in gas
supply (inflow) relative to the star formation rate.

Collectively, this thesis delineates the cosmic evolution of galaxies from a non-
equilibrium phase in the early universe, driven by efficient gas flows, to the stable
equilibrium phase observed today.
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A Supplement to Chapter 5

A.1 Corner Plot

Figure A1l shows the posterior distributions of the MCMC chains for the multi-phase
metallicity model.

A.2 Other Fitting Functions

We investigate alternative fitting forms for fygs and fyr to test the impact of different
functional forms on our results, as shown in equations 1-4:

1
fuz + fur = 15 (M5 /C) x (15 2)P (1)
fm
7=+ —-a)+7h(+2) (3)

In this section, we consider the total distribution fraction (equation 1), which in-
creases with halo mass, and use a linear relation to describe the relative distribution
fraction of H1 (equation 2). The figures A2 shows the best fitting function on the
metallicity relations and figure A3 presents the best fitting functions of the distri-
bution fractions. We find that the functional form does not qualitatively affect our
main results: the total distribution fraction increases with halo mass, and its shape
is largely independent of redshift.

A.3 Effects of Inflow Metallicity and Mergers

Figures A4—A7 show results of models with different assumptions on inflow metallicity
and mergers. The best-fitting parameters of each model are shown in Table Al. The
metallicity of the inflowing gas influences the metallicity of the H1 at low masses at
z ~ 4, while the occurrence of mergers plays a more significant role at higher masses.
However, we do not observe any significant differences in the metallicity of Hy or the
CGM. We find that the functional form does not qualitatively affect the shape of the
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Fig. A1 Corner plot of the multi-phase ISM model presented in the main text.
The blue lines indicate the best-fitting parameters. The contours represent the
1, 2, and 3 sigma levels.

ISM distribution fractions (Figures A6 and A7). As described in Section 5.3.1, the
results presented in the main text are based on a model that randomly samples with
equal weighting from four posterior distributions of the models: Zi s = 0.01Z with
mergers, Zinf = ZcgM with mergers, Zi,y = 0.01Z; without mergers, and Zj,; =
ZcaMm without mergers.
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Fig. A2 Same as the right panel of Figure 5.4, but for the other functional form
(Equations 1-4).
Model log Cy ap Bo log Cy o 51
Zing mergers
0 yes | 13.3702  —0.25750% 05707 131795 —08703 2708
0.01 Zo,  yes | 134153 —0.257007 04153 125005 —0.7103  —1.4107
Zoaum yes 13.3703  —0.25708% 0510 134757 —0.6%02  —1.9707
0 no 13.270%  —0.27700% 05701 13.970%  —0.6701 24707
0.01 Zo  mno | 132703 —0.277002 0410} 12,9700 —0.610) —1.2707
ZoaMm no 13.2703  —0.27705% 0515 14.075¢  —0.5101 17707
Table A1 Best-fitting parameters of each model.
A.4 ISM distribution fractions for the well-mixed ISM model

Figure A8 shows the ISM distribution fractions for the well-mixed ISM model. At
z ~ 0, the ISM distribution fractions increase with halo mass, albeit with the shallow
slope (o ~ —0.05). For redshift evolution, the ISM distribution fractions increase with
redshift. Remarkably, at z 2 1, the ISM distribution fractions are higher compared
to those at z ~ 0, irrespective of the halo mass, across the mass range of 10 <
log My, /Mg < 15. This suggests that there are some physical mechanism beyond the
potential well depth to retain metals in the ISM.

A.5 Effects of Stellar Yield

The stellar yield is highly sensitive to the adopted IMF and stellar evolution model,
as mentioned in section 5.3.3. While our fiducial value of yo = 0.016 is widely used
in the literature on the mass—metallicity relation, yields lower than this value are
suggested by empirical calibration studies for Milky Way stars (e.g., Weinberg et al.
2024).

To evaluate the impact of the adopted yield on model parameters and fits, we
explore a lower yield value of yo = 0.007, which is 2-3 times below the fiducial
value. We assume that the yields of other elements are also low, along with yo, when
calculating the CGM metallicity. The best-fit models and associated parameters are
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Fig. A3 Same as the Figure 5.5, but for the other functional form (Equations 1-4).

shown in Figures A9 and A10, respectively.

With this lower yield, the model provides a poorer fit to observational data, par-
ticularly for the CGM metallicity at z ~ 0. Since our fiducial model already predicts
relatively high f-values at large M), (see Figure 5.5), the lower yield necessitates even
higher f-values, which are insufficient to enrich the CGM to observed levels. It is
important to note that the low y values adopted here are those predicted for oxy-
gen in the Milky Way stars, and it remains uncertain whether other elements exhibit
similarly low values. The metallicity measurements in the CGM (Prochaska et al.
2017) are more strongly constrained by elements such as C, N, and Si than by O.
The discrepancy between our model fits and observations may be attributed to non-
solar relative abundances within the gas from nucleosynthesis and/or differential dust
depletion.

The model also exhibits a worse fit at z ~ 2 — 3, which could potentially be ad-
dressed by adopting a more complex parameterization of the fitting function, where
we employ a simple evolutionary formalism to reproduce the metallicity evolution
with the fiducial yield (Equations 5.7 and 5.8). While a detailed discussion of stellar
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