Multi-Element Abundances as Probes of Galaxy Growth
Across Cosmic Time

Thesis by
Zhuyun Zhuang

In Partial Fulfillment of the Requirements for the
Degree of
Doctor of Philosophy

Caltech

CALIFORNIA INSTITUTE OF TECHNOLOGY

Pasadena, California

2026
Defended May 22, 2025



© 2026

Zhuyun Zhuang
ORCID: 0000-0002-1945-2299

All rights reserved

11



To the brave little girl, who endured, who fought, who never gave up this is the
future you made possible.



ACKNOWLEDGMENTS

It has been nineteen years since | read my rst book about astronomy, and more than
a decade since | made up my mind to (at least try to) become an astronomer and
earn a degree in astronomy from here. Even now, it feels almost surreal that this
childhood dream is nally coming true. Along this long and winding journey, | have
been extraordinarily fortunate to meet many wonderful people who have inspired,
encouraged, and supported me through both hardship and triumph. This thesis is
dedicated to all those incredible individuals, to whom | owe more thanks than words
can express.

First and foremost, to the best advisors | could have ever hoped for, Chuck Steidel
and Evan Kirby.

Evan has been a guiding light in my life since | joined his group in my rst year. |

am deeply grateful for his open-mindedness in allowing me to pursue the research
directions | was genuinely passionate about, and for forgiving me for never being
excited about r-process or s-process elements. He has always been patient, sup-
portive, and generous with praise, even in moments when | struggled to believe in
myself. Thank you, Evan, for listening to and tolerating my endless frustrations
about research and life, and still encouraging me with unwavering belief. Being
your student has been one of the greatest privileges of my graduate journey.

My heartfelt thanks also go to Chuck, who generously took me in after Evan moved,
and under whose mentorship | spent most of my PhD. | have been consistently
inspired by Chuck's brilliance, curiosity, and keen scienti ¢ insight. I'm especially
grateful for him always being available for me, whether for research guidance or for
last-minute feedback on paper drafts and proposals. Even though | sometimes com-
plain that many of our two-hour conversations didn't lead to de nitive conclusions,

| later nd them incredibly enlightening and insightful, especially when | encounter
new problems in my research or listen to other science talks at conferences. Those
long conversations have truly shaped who | am as a researcher today.

| am also grateful to both Evan and Chuck for their steadfast support in proposal
writing and Keck observing runs, which have been among the most incredible and
unforgettable experiences of my PhD. | extend my thanks as well to Rosalie McGurk
and the Keck Observatory sta for their help during these observations.

To the mentors and colleagues I've had the privilege of working with. Thank you to



Vv

Nicha Leethochawalit for patiently and repeatedly teaching me how to perform stellar
population synthesis and full-spectrum tting. | am grateful to Karl Glazebrook
for introducing me to the world of lensed galaxies. Many thanks to Mia de los
Reyes and Yuguang Chen for their invaluable guidance during my early years in
graduate school, and to Allison Strom for inspiring conversations about chemical
abundances and for always checking in on me whenever | stopped by CIERA. Special
thanks to Nik Prusinski for his tremendous help with KCWI data reduction, and for
the many soul-searching conversations that pulled me through di cult stretches of
research. | am also deeply thankful to my undergraduate advisor, Yong Shi, the
rst astronomer | worked with and the one who introduced me to the world of
observational extragalactic astronomy.

To my thesis committee members Chris Martin, Phil Hopkins, Mansi Kasliwal,
and Vikram Ravi and to the Caltech Astronomy faculty and sta, thank you
for your thoughtful feedback on my thesis plan and for broadening my horizons in
astronomy. | especially want to acknowledge Shri Kulkarni and Lin Yan for their
early mentorship during my undergraduate research.

To my friends at Caltech. Thank you, Yuhan, for your unwavering support and
deep conversations over the years, and for always standing by me even after leaving
Pasadena. Thank you, Samantha, Xiaoshan, and Mandy, for all the delicious food
and boba, and for cheering me up in di cult times. Thank you, Yapeng, for listening
with such patience to my worries, anxieties, and complaints, for the many late-night
conversations, and for all the wonderful meals. To the rest of my cohort Evan N.,
Yashvi, Viraj, Sarah, and Max thank you for sharing the ups and downs of our

rst year, even amidst the challenges of the COVID lockdown. Thank you to Mia,
Nik, Jerry, Jean, Ivey, Sam P., Zhihui, Yuanze, Isaac, and the rest of the incredible
astrograd community for making my time at Caltech warmer and more vibrant.

To my friends who have shaped di erent parts of my life. My deepest gratitude
goes to Huanghao, one of my best friends since middle school and my roommate
for most of my time at Caltech, who has incredibly shared eleven years of academic
life with me. Thank you for inspiring me with your strength, brilliance, resilience,
and optimism, for your unconditional supportin my lowest moments and for sharing
all the joys in this journey. | truly cannot imagine graduate school without you.
I'm also deeply thankful to Yining for the countless deep conversations across the
Paci ¢ Ocean, and for the laughs and tears we've shared over the last decade. I'm
so lucky we met on the very rst day of college and have remained close ever since.



Vi
Special thanks to Shihui and Yudan for accompanying me through the di cult years
of my adolescence. My heartfelt gratitude also goes to Jiayi, my steadfast friend

since before we could even walk. Thank you for always being there, and for being
the person | can share absolutely everything with.

Tomy loved ones. | owe everything to my mom Ying D., who has sel essly sacri ced
so much for my education and my growth and supported me unconditionally, no
matter what path | chose. Mom, you are the strongest, most resilient person in my
life. None of this would have been possible without your seen and unseen love.
Thank you, Guochao, for being my constant through every rise and fall. Thank you,
truly, for everything.

Lastly, to the little girl | once was, the one who dared to dream of the stars, even
when the world around her felt dim. Her world was small, but her dreams were vast.
Every step she took brought me here. Thank you for your courage, your persistence,
and for believing in a future | now have the privilege to live. This PhD isn' just
mine; it's yours, too. We made it.



Vii
ABSTRACT

This thesis presents a comprehensive study of multi-elemental abundances in galax-
ies across a wide range of stellar masses, star formation rates, and redshifts, aiming
to better characterize mass metallicity relations (MZRs) and to probe the physical
processes that govern chemical enrichment in galaxies over cosmic time.

Chapter 2 demonstrates that low- and high-mass stellar MZRs can be placed on
a consistent absolute scale by comparing stellar metallicities from resolved and
integrated-light spectroscopy in NGC 147, a Local Group dwarf galaxy. The two
methods yield consistent [Fe/HYyalues, validating integrated-light techniques in
measuring stellar metallicity in distant galaxies.

In Chapter 3, | analyze deep Keck spectra of two gravitationally lensed, quiescent
galaxies at | 1. Both galaxies are metal-poor compared to local analogs but share
comparable [Mg/Fe]. These results suggest that both galaxies experienced early,
rapid star formation and strong out ows that depleted their gas reservoirs and drove
early quenching.

Chapter 4 introduces a new sample of 46 star-forming and 2 quiescent systems with
" =10 10! atl 0, observed with the Keck Cosmic Web Imager (KCWI).
Combining with SDSS data, | construct the rst consistently derived Fe- and Mg-
MZRs from 18 to 101" . | nd that scatter in the stellar MZRs is driven

by varying sSFR, with more active galaxies showing lower stellar abundances at
xed mass. This chapter also presents the rst comparisorJdalements (O

and Mg) in stars and the ionized gas beyond the Local Group, revealing a tight
[Mg/H] [O/H] ¢4 correlation. The nding that [O/H] generally exceeds [Mg/H]
implies star formation is fueled by enriched, well-mixed interstellar medium rather
than pristine gas in ows.

Chapter 5 further explores spatially resolved nebular and stellar properties in the
KCWI sample. Star-forming dwarfs exhibit clumpy star formation, diverse local
ionization conditions, and smooth stellar mass proles. Some show established
gas-phase metallicity gradients, although di use ionized gas may bias gradient
measurements.

Together, these studies advance our understanding of how elemental abundances
evolve across di erent galaxy masses and redshifts, o ering new insights into the
processes that regulate galaxy growth, enrichment, and quenching.
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Chapter 1

INTRODUCTION

1.1 The Role of Chemical Abundances in Galaxy Evolution

One of the ultimate goals of science and indeed of all intellectual pursuits is to
understand the existence of human beings as well as all other forms of life around us.
As astronomers, one of the ways to answer this profound question is to decipher the
universe's remarkable ability to generate and distribute the elements heavier than
hydrogen and helium such as carbon, oxygen, magnesium, and iron that are the
building blocks of life.

Unlike hydrogen and helium that were created within a few minutes after the Big
Bang around 13.7 billion years ago, these heavy elements, often referred to as
metals by astronomers, can only be created by stars. Stars act as cosmic furnaces
where nuclear fusion converts hydrogen and helium into heavier elements up to iron.
At the end of their life cycles, stars release metals into the interstellar medium (ISM)
through supernova explosions or stellar winds, during which elements heavier than
iron are produced. Some of these metals are recycled into the next generation of stars,
some are expelled from galaxies by out ows driven by stellar feedback or galactic
feedback, and others remain in the gas. Meanwhile, relatively pristine gas in ows
consisting of little metals from the surrounding circumgalactic medium (CGM)
can dilute the chemical abundances of the ISM while serving as fuel to sustain
the continuing star formation. The dynamic processes of forming and redistributing
these various heavy elements collectively resultin an evolving chemical composition
of stars and gas as star formation continues. That said, the chemical enrichment of a
galaxy is shaped by the interplay among star formation, gas in ows and out ows, and
feedback from supernovae and active galactic nuclei (AGN). By characterizing the
elemental abundances in stars and gas of galaxies at di erent stages (i.e., described
by their masses, ages, star formation rates, environments, etc.), we can reconstruct
the overall galaxy assembly history, assess the e ciency of metal retainment and
probe the timescales over which di erent enrichment processes operate.

1.1.1 Metals as Tracers of Galactic Evolution
Di erentelements are synthesized in di erenttypes of stars and on varying timescales,
making multi-element abundance measurements a powerful tool for constraining a
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galaxy's star formation and chemical enrichment history (see Nomoto, Kobayashi,
and Tominaga, 2013, for a comprehensive review). Among the heavy elements,
iron and oxygen are the most commonly measured. Iron is often used as a proxy for
stellar metallicity due to the abundance of iron absorption features in stellar spec-
tra, while oxygen serves as a tracer of gas-phase metallicity because it is the most
abundant heavy element in the ISM and exhibits strong emission lines in the optical
spectrum. When the signal-to-noise (S/N) in the stellar continuum is su ciently
high, magnesium abundances can also be measured, typically using the Mg b triplet
near 5170 A.

Iron-peak elements are primarily produced by Type la supernovae, whose progen-
itors are usually low-mass stars or interacting binaries, with a characteristic delay
timescale of 100 Myr, extending up to several Gyr (Maoz, Mannucci, and Brandt,
2012). On the other hand, massive stars with initial mass ab@Vve end their

short lives ( 10 Myr) as core-collapse supernovae, enriching the ISM Witte-

ments such as oxygen and magnesium. As a result, iron abundances tend to trace
enrichment on longer timescales, while oxygen and magnesium re ect more recent
chemical enrichment. Galaxies with extended star formation histories (SFH) typi-
cally exhibit lower U/Fe] or [Mg/Fe] ratios, because they have had su cient time

for iron enrichment from delayed Type la supernovae.

1.2 Observational Approaches to Measuring Abundances

1.2.1 Stellar Abundances of Iron and Magnesium

Stellar abundance measurements play an important role in understanding the chemi-
cal enrichment history of galaxies. There are two primary spectroscopic approaches
for determining stellar chemical abundances: resolved stellar spectroscopy and

integrated-light spectroscopy. Each approach has its own strengths and limitations,
the choice between which largely depends on the distance of the target galaxy. In

practice, it is typically not possible to apply both methods to the same system except

in special cases, such as presented in Chapter 2.

Resolved Stellar Spectroscopy

In nearby galaxies, individual stars can be resolved and observed with medium-

to high-resolution spectroscopy, enabling direct measurements of elemental abun-
dances (such as iron amtlelements) in individual stars from absorption features

in their stellar atmospheres. Large spectroscopic surveys like APOGEE (Majewski
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et al., 2017), which use high-resolution infrared spectroscopy, have mapped multi-
element abundances across the Milky Way (Nidever et al., 2014; Hayden et al.,
2015). Medium-resolution spectroscopy on large ground-based telescopes, such
as the Keck telescopes, has also been used to determine the detailed abundances
of red giant stars in dwarf satellite galaxies beyond the Milky Way (e.g., Kirby,
Guhathakurta, and Sneden, 2008). Galactic metallicity is then determined as the
luminosity-weighted value of metallicity distribution of individual stars. These
resolved stellar abundance measurements reveal the metals locked into the stars
formed at di erent epochs, providing the most detailed information on the chemical
enrichment history of a galaxy. However, this method is limited to galaxies within
the Local Group where most of the galaxies are dwarf satellites, as it is generally
infeasible to resolve individual stars in more distant galaxies without gravitational
lensing.

Integrated-Light Spectroscopy

For more massive and distant galaxies that cannot be resolved into individual stars,
stellar metallicities must be inferred from integrated-light spectroscopy that is,
from the combined starlight of the entire stellar population. This method requires
constructing spectral templates of galaxies (i.e., stellar population synthesis (SPS)
models) to compare against observed spectra (Figure 1.1) and relies on many assump-
tions about the underlying stellar properties (see Conroy, 2013, for a comprehensive
review).

The simplest such model is the simple stellar population (SSP), which assumes
that all stars formed at the same time with the same metallicity and abundance
pattern. To construct SSPs across a range of ages and metallicities, one must adopt
an initial mass function (IMF), choose stellar isochrones, and use either empirical
or synthetic stellar spectral libraries. SSPs have been widely used to measure the
ages and metallicities of quiescent galaxies (e.g., Choi et al., 2014; Kriek et al.,
2016; Leethochawalit et al., 2018a), as their SFHs are relatively simple. Previous
studies have shown that while SSP-based models tend to yield younger ages than
those derived from more complex models (Choi et al., 2014), the inferred SSP
metallicities are generally robust and consistent with the results measured with
more realistic assumptions on the SFHs(Mentz et al., 2016; Leethochawalit et al.,
2018a).

For more complex systems like star-forming galaxies, which experience ongoing star



Figure 1.1: Overview of stellar population synthesis. (a) Ingredients used for
constructing SSP models: an IMF, isochrones for a range of ages and metallicities,
stellar spectra for of di erent spectral types. (b) Components needed for constructing
CSP models: SFH and chemical evolution models, SSPs, and a model for dust
attenuation and emission. Figure reproduced from Conroy (2013).
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formation, composite stellar population (CSP) models are more appropriate. CSP is
a linear combination of SSPs of di erent ages and metallicities, weighted according
to an assumed SFH and chemical evolution history. Dust attenuation and emission
can also be incorporated into these models to represent a more realistic galaxy.
Because of the additional degrees of freedom, the derived ages and metallicities are
more sensitive to the assumed SFH and chemical enrichment history. A common
approach is to use either a parametric or non-parametric SFH while assuming a
single metallicity for the population (e.g., Carnall et al., 2018; Leja et al., 2019), or
to tthe observed spectra with a linear combination of SSPs spanning multiple ages
and metallicities (e.g., Cid Fernandes et al., 2005; Cappellari, 2017).

Both SSP and CSP models described above typically assume solar abundance pat-
terns. To measure individual element abundances such as magnesium, models with
variable abundance patterns must be constructed. This is commonly done using
response functions, which quantify how the theoretical SSP spectrum changes with
the enhancement or depletion of a given element relative to solar-scaled models
(Conroy et al., 2018). Response functions for elements like Mg are computed at
various ages and metallicities (Figure 1.2), and then applied to SSPs based on em-
pirical stellar libraries. This hybrid approach enables more accurate modeling of
observed spectra with non-solar abundance patterns, allowing for measurements of
element ratios such as [Mg/Fe].

Figure 1.2: Response functions as a function of age and metallicity for Fe, Mg, and
Ti. Each response function is de ned as the ratio between two theoretical SSPs:
one with a non-solar abundance of a single element, and the other with solar-scaled
abundance ratios. Figure reproduced from Conroy et al. (2018).



1.2.2 Gas-Phase Oxygen Abundance

Gas-phase oxygen abundance (i.e., gas-phase metallicity) is generally easier to
measure than stellar abundances, as it can be inferred from nebular emission lines.
Because oxygen is a primary coolant in photoionized gas, its abundance is closely
tied to the electron temperatude): a more metal-rich ISM results in more e cient
cooling and thus a lower electron temperature. The most and reliable method for
measuring gas-phase metallicity is to use metal recombination lines (e.g., Esteban
et al., 2014), but these lines too faint (L0 # of HV) to be detected in a large
statistical sample. The collision-excited auroral lines such aii G363 and
[Oii]__7320,7330 are much brighter than oxygen recombination lines, so they have
been more widely used to measure the electron temperature of the high- and low-
ionization zones in H regions in order to infer the oxygen abundance (i.e., the
direct) 4 method). However, these auroral lines are still much fainter theh H

( 10! 10 ?of HV) and become even weaker in high-metallicity environments
where the gas is cooler, making them increasingly di cult to detect. As a result,
obtaining) 4-based metallicities for large samples of galaxies is observationally
expensive, requiring long integration times on large telescopes.

A more practical and widely used alternative is the strong-line method, which relies
on brighter emission lines such asijp_3726,3729, [Gii]_5007, [Nii]_6585,

and [Sii]__6716,6731. The ratios between these metal lines and the Balmer lines
are calibrated either empirically, using galaxies with did)eebased measurements
(e.g., McGaugh, 1991; Pettini and Pagel, 2004; Pilyugin and Thuan, 2005; Pi-
lyugin and Grebel, 2016), or theoretically, through photoionization models (e.g.,
Tremonti et al., 2004). More recently, Bayesian frameworks have been developed
to infer metallicities by comparing observed emission line uxes directly to theo-
retical predictions of photoionization model grids (e.g., Blanc et al., 2015; Strom
et al., 2022). Despite these advancements, di erent strong-line calibrations can
yield oxygen abundances that di er by up t®.7 dex (Kewley and Ellison, 2008),
introducing signi cant systematic uncertainties in gas-phase metallicity estimates.

1.3 Open Questions in Chemical Evolution of Galaxies

1.3.1 Detailed Abundances Beyond the Local Group

Over the past decade, signi cant progress has been made in measuring the detailed
abundances of stars in dwarf satellite galaxies (e.g., Kirby et al., 2011b; de los
Reyes et al., 2020) and in the ionized gas of individudl tégions (e.g., Pilyugin

and Thuan, 2005; Berg et al., 2020) within the Local Group, providing deeper



insights into the chemical evolution of nearby galaxies.

However, compared to the detail with which we know the Local Group, we have only
a surface understanding of the more distant eld galaxies. The dearth of detailed
abundance measurements results from the di culty in determining the abundances
of other elements precisely with integrated light spectra of distant galaxies.

More recently, spectroscopic studies have turned to detailed abundances of galaxies
beyond the Local Group using modern techniques such as full-spectrum tting
of the stellar continuum (e.g., Conroy et al., 2018), providing us with a deeper
understanding of galactic chemical evolution. For instance, Leethochawalit et al.
(2019) used the relation between stellar masses and [Mg/H] for quiescent galaxies
to constrain the mass-loading factor of galactic out ows. Several works have also
used [Mg/Fe] to probe the star formation timescale of quiescent galaxies at higher
redshifts (e.g., Choi et al., 2014; Kriek et al., 2016). Some other studies on high-
| star-forming galaxies also use [O/Fe] as a stand-in f#F¢] (e.g., Steidel et

al., 2016), to constrain the star formation timescale because oxygen is al$o an
element, when [Fe/H] of massive, young stars that just formed out of the ISM can
be determined from the deep rest-frame UV spectrostopy

Apart from the detailed abundances of stellar populations at a given epoch, the con-
nections between metals in the gas and stars can also reveal the chemical enrichment
histories in star-forming galaxies. Gallazzi et al. (2005) measured the stellar metal-
licities and compared them with the gas metallicities for the same SDSS galaxies
measured by Tremonti et al. (2004). They found that the stellar metallicities exhibit
large scatter (at least 0.3 dex) at a xed gas metallicities for SDSS galaxies. Because
the residuals in stellar metallicities with respect to a simple linear t of the median
relation between stellar and gas metallicities show dependence on various galaxy
properties (stellar mass, surface density, D4000, speci ¢ star formation rate, gas
fraction and etc.), they attributed the large scatter observed should result from gas
in ows and/or out ows rather than bias caused by the techniques used for stellar
and gas metallicity estimates.

Although we can indeed extract useful information from the comparison of stellar
and gas metallicities, we should always proceed with caution. While the oxygen
abundance represents the instantaneous metal enrichment of the ISM, the iron

1[O/Fe] should not be used as a proxy offfe] when [Fe/H] is determined from rest-optical
spectrum. [Fe/H] measured in optical is sensitive to the metallicity of older, lower-mass stars, so
[Fe/H] and [O/H] eventually trace chemical enrichment at di erent epochs.
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abundance indicates the amount of metals locked inside the stars integrated over
the past SFH. Because the two elements trace the metal content in di erent phases
and formation timescales, it is dangerous to treat bothté-€gyas as an indicator

of the same metallicity between galaxies of di erent SFHs. Fraser-McKelvie

et al. (2022) introduced a new method to compare the metals in the two phases
converting the gas oxygen abundance into the iron-based metallicity using the scaling
relations of Nicholls et al. (2017) based on the stellar abundance patterns in H
regions of the Milky Way, Large Magellanic Cloud (LMC), and Small Magellanic
Cloud which they believe to be a better indicator as it removes the intrinsic
discrepancies in the elemental abundances (Fe and O in their cases). However, they
also admit that this method cannot fully remove the e ects of SFH. Moreover, the
scaling relations of Nicholls et al. (2017) between [O/H] and [Fe/H] are based on
the abundance patterns of only three galaxies, so they still somewhat rely on the
speci ¢ SFHs.

A better way to connect metals in the stars and the ISM is to compare the stellar-
phase magnesium and the gas-phase oxygen. As they aréJmdéments, their
abundance ratio should be less a ected by the SFHs than [O/Fe]. Asahit)Qyas

still represent the metals in di erent phases, they can inform us how the pristine
in ows and/or enriched out ows can a ect the metals in galaxies. In addition,
comparing the [Mg/Feland [O/Fe] for the same galaxies would allow us to know
whether the commonly-usddtenhancement indicator [O/Fe] in the studies of star-
forming galaxies at all redshifts needs any systematic corrections.

However, prior to this thesis, no studies had directly compared &gl Qs in

distant galaxies beyond the Local Group, because it is extremely challenging to
measure Mgin highly star-forming galaxies. Such measurements require new SPS
models that account for non-solar abundance patterns at young ages, as well as
the detection of Mg-sensitive absorption features, which are signi cantly fainter in
young, star-forming stellar populations. In Chapter 4, | develop a novel method to
characterize Mgin actively star-forming galaxies, by applying the latest SPS models

to a new high-quality dataset of low-mass star-forming dwarf galaxies, enabling the
rst-ever comparison ofJ elements in the ionized gas and stars beyond the Local
Group.



1.3.2 The Stellar Mass Metallicity Relation (MZR) and Its Challenges

The most direct way to link measured metallicity (either stellar or gas-phase) to
a galaxy's evolutionary history is by positioning the sample on the stellar mass
metallicity relation (MZR). In the past few decades, numerous studies have revealed
the tight correlation between the stellar masses (luminosities) and the metallicities of
galaxies, i.e., the MZR (e.g., Lequeux et al., 1979b; Tremonti et al., 2004; Gallazzi
et al., 2005; Kirby et al., 2013; Leethochawalit et al., 2019).

Figure 1.3: Example MZR from the literaturd.eft. Gas-phase MZR measured

as the oxygen abundance in the ISM for the SDSS galaaght: Stellar MZR
measured as the iron abundance in the stellar population for the Local Group satellites
and the SDSS galaxies. Figures reproduced from Tremonti et al. (2004) and Kirby
et al. (2013).

The observed MZR (Figure 1.3) indicates that more massive galaxies are more metal-
rich than less massive ones. The trend can be interpreted as a result of di erences in
metal retention, wherein high-mass galaxies with deep gravitational potential wells
can resist galactic winds and retain more metals (Dekel and Silk, 1986). Recent
works have argued that the interplay between accretion, out ow, and star formation
may also shape the MZR (e.qg., Finlator and Davé, 2008; Calura et al., 2009; Magrini
etal., 2012). Figure 1.4 summarizes key physical processes shaping the MZR. The
shape of the MZR, especially the slope, is particularly interesting because changes
in the MZR slope indicate how the physical processes governing metal retention and
the interaction with the surrounding environment vary as galaxies grow in mass.

However, determining the exact shape of the MZR across the full range of galaxy
mass is still challenging due to the diverse approaches used to measure stellar and
gas-phase metallicity in di erent mass regimes (see Section 1.2 for more details).
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Figure 1.4: A schematic diagram illustrating the key physical processes that shape
the MZR. Star formation synthesizes heavy elements, increasing both stellar mass
and metallicity. Metal-poor in ows initially dilute gas metallicity but also sustain
star formation, ultimately contributing to chemical enrichment. Metal-enriched
out ows can remove metals from the galaxy. Over time, the metallicity reaches
equilibrium with supernova yields, preventing further enrichment despite continued
star formation.

Even if the gas-phase MZR is easier to measure from emission lines, the discrep-
ancies between di erent metallicity calibrations used in di erent mass regimes (as
discussed in Section 1.2.2) can signi cantly impact both the slope and normaliza-
tion of the measured MZR. Most studies have found that the gas-phase MZR has
a steep slope in the low-mass regime and attens at the high-mass end in the local
universe, regardless of the calibration used to measure metallicity (e.g., Tremonti
etal., 2004; Andrews and Martini, 2013; Blanc et al., 2019). However, the transition
in the slope of the gas MZR at10°"  is controversial due to the large systematic
errors in di erent techniques used to measure gas metallicity. While most previous
work has revealed a smooth transition in the slope of gas MZR (e.g., Tremonti et al.,
2004; Andrews and Martini, 2013), Blanc et al. (2019) found that the slope steepens
signi cantly around" ' 10°° 11" and attens again at a higher stellar mass,
suggesting a sharp transition in how galaxies retain their metals with increasing
mass.

Similarly, the stellar MZR at 0 derived from resolved stellar spectroscopy
for satellites { ® 108 " : Kirby et al., 2013) does not reconcile with that of
the massive ellipticals derived from integrated-light spectroscopy! ( 10°° "
Leethochawalit et al., 2019), with the latter exhibiting a much atter slope and higher
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normalization. This discrepancy may re ect a real physical transition in the stellar
MZR between low- and high-mass galaxies, possibly driven by changes in feedback
processes that shape the relation (Finlator and Davé, 2008), or it may result from
systematic di erences between the two measurement techniques, similar to the well-
known calibration o sets in gas-phase metallicity indicators. Therefore, a direct
comparison of stellar metallicities derived using both resolved and integrated-light
approaches is needed to resolve this issue.

Moreover, prior to this thesis, there were few precise measurements of the stellar
MZR for individual intermediate-mass galaxies®8 Y " " Y 10°) in the

local universe, making it di cult to determine the exact shape of the stellar MZR
between low- and high-mass regimes. This gap largely originates from the challenge
of measuring stellar metallicities in the highly star-forming galaxies that dominate
this mass range (Tomczak et al., 2014). First, young, massive stars that contribute
signi cantly to the integrated light of a galaxy lack prominent metal absorption lines
useful for stellar abundance determination. Second, bright nebular emission lines
originating from the ionized gas make it harder to measure the Balmer absorption
lines precisely to determine the age of the stellar population. Therefore, deep
spectroscopy of highly star-forming dwarfs and advanced SPS models are necessary
to disentangle this problem.

Another key question is whether the stellar MZR evolves with redshift, and if so,
how. While the redshift evolution of the gas-phase MZR has been well established
outtol 2 3 (Sanders et al., 2021; Strom et al., 2022), the stellar MZR has only
been studied in a large statiscal sample up to07 (Leethochawalit et al., 2018a;
Leethochawalit et al., 2019; Beverage et al., 2023). This dearth of data is largely due
to the observational challenge of measuring stellar abundances in ljgilescent
galaxies, whose stellar absorption features are extremely faint. Obtaining spectra
with su cient S/N for abundance measurements typically requires 10-20 hours
of integration time on large 8-10 m ground-based telescopes to analyze a single
galaxy. Therefore, astronomers must either leverage the unprecedented capabilities
of the James Webb Space Telescope (JWST), or combine innovative strategies like
gravitational lensing with easier access to large ground-based facilities.

Chapter 2 and Chapter 4 demonstrate the new progress made to better characterize
the shape of the stellar MZR measured from di erent elements atO across

the full range of galaxy masses. Chapter 3 presents new measurements of stellar
abundances and abundance ratios of gravitationally lensed, quiescent galaxies at
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1.3.3 Spatial Distribution of lonized Gas and Stellar Population in Dwarf
Galaxies
To fully understand how galaxies grow and evolve into the states we observe today,
it is necessary not only to capture the global trends of galaxies across di erent evo-
lutionary stages using large samples, but also to resolve the internal processes that
shape their structures. The development of integral eld unit (IFU) spectroscopy
has provided a powerful tool for studying the physical mechanisms that drive galaxy
evolution on local scales, o ering spatially resolved views that connect global galaxy
properties to their internal structures and kinematics. Over the past decade, large
IFU surveys such as MaNGA (Bundy et al., 2015), SAMI (Croom et al., 2012), and
CALIFA (Sanchez et al., 2012) have revolutionized our understanding of galaxy evo-
lution by delivering resolved maps of stellar and nebular properties across thousands
of galaxies in the low-redshift universe.

These surveys have uncovered a number of general trends in galaxies with stellar
masses abovE®" . Many of the scaling relations rst established on global scales
through slit and ber spectroscopy, such as the star-forming main sequence and the
gas-phase MZR, have been shown to hold even at kpc scales (Sanchez et al., 2013).
Radial gradients in stellar population age, stellar and gas-phase metallicity, and SFR
have been reported in massive galaxies by multiple IFU surveys (e.g., Gonzélez
Delgado et al., 2016; Goddard et al., 2017; Bel ore et al., 2017; Lian et al., 2018a,;
Zibetti et al., 2020). Spatially resolved maps of nebular emission-line ratios also
reveal thationization conditions can vary signi cantly across di erent regions within

a galaxy. Actively star-forming regions hosting massive OB stars exhibit distinct
line ratios compared to regions dominated by di use ionized gas (DIG), where hot
evolved stars are thought to be the primary ionizing sources (Bel ore et al., 2015;
Zhang et al., 2017). As a result, contributions from the DIG can bias gas-phase
metallicity measurements if not properly accounted for (Sanders et al., 2017; Vale
Asari et al., 2019).

Despite these advances, many published analyses group galaxies into bins by
stellar mass, SFR, morphology, or specic line ratios and average all spaxels
within a bin to improve S/N and extract robust population-wide trends. While this
strategy successfully reveals general behaviors, it tends to obscure the rich internal
diversity that can exist even among galaxies with similar global properties. In
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particular, rare or unusual spatial trends, present only in a small fraction of galaxies,
are often lost in the averaging process.

This limitation becomes especially pronounced when studying dwarf galaxies. Their
shallow gravitational potentials make them more susceptible to both internal feed-
back and external environmental e ects. Hydrodynamical simulations predict that
star formation in dwarf galaxies proceeds in a bursty, stochastic manner (Hopkins
et al., 2023), disrupting the coherent radial gradients commonly observed in more
massive galaxies. Therefore, the diversity among dwarf galaxies o ers a valuable
testbed for studying how feedback, chemical evolution, and environmental interac-
tions a ect galaxies on an individual basis.

To answer this question, | have led an observational program to obtain IFU data
for a sample of low-mass, star-forming galaxied at 0, using the Keck Cosmic
Web Imager (KCWI) an integral eld spectrograph mounted on one of the world's
largest ground-based optical telescopes. In Chapter 5, | present the rst results on
the spatially resolved properties of ionized gas and stellar populations in these dwarf
galaxies.

1.3.4 Stellar Populations and Chemical Abundances dt; 1

Not only can we learn the chemical evolution of nearby galaxies from the detailed
abundances, but chemical constraints of Higialaxies from deep spectroscopy

also provide a unique opportunity to understand how and when galaxies form stars
and quench in the early universe. The majority of stellar mass in the universe at

| = Oresidesinthe red sequence (i.e., passive galaxies), but most of those galaxies
were star-forming at j 1. Nonetheless, some of these galaxies were quenched at

a lookback time over half of the age of the universe. A full understanding of the
end phase of galaxy evolution requires that we examine the galaxies that ceased star
formation relatively early.

At high redshifts, most chemical studies have focused on the gas abundances of star-
forming galaxies measured from nebular emission lines, which trace the chemical
compositions of the ISM at the time of observation and is a ected by both star
formation and gas in ows/out ows (e.g., Finlator and Dave, 2008; Strom et al.,
2022). On the other hand, characterizing the stellar absorption lines and the overall
continuum shape of high-quiescent galaxies, which encode valuable information

on the age, stellar abundances and SFH, is much more challenging and invariably
requires much deeper spectroscopy due to the faintness of the stellar continuum.
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Prior to the launch of JWST and the work presented in this thesis, wnhyuiescent
galaxies at | 1had detailed abundance and age measurements (Kriek et al., 2016;
Kriek et al., 2019; Jafariyazani et al., 2020), and all of them had especially large
stellar masses' 10106 "

Gravitational lensing provides a powerful tool to obtain high-quality spectra of faint,
high-l quiescent galaxies. By boosting both their apparent brightness and angular
size, lensing enables detailed studies with imaging and spectroscopy that would
otherwise be infeasible. With the advent of machine learning techniques, an in-
creasing number of strongly lensed systems at high redshift have been identi ed in
deep imaging surveys (e.g., Jacobs et al., 2019b). The time is now ripe to spectro-
scopically follow up these rare, lensed quiescent galaxiés;atl to deepen our
understanding of galaxy formation and chemical enrichment in the early universe.

In Chapter 3, | present a detailed spectral analysis of lensed, quiescent galaxies in
the high{ universe to probe galaxy evolution in the early universe.

1.4 Thesis Outline

This thesis is organized into four main science chapters, each addressing a key aspect
of measuring and interpreting chemical abundances in galaxies using integrated-
light spectroscopy.

Chapter 2 investigates whether integrated-light spectroscopy can recover reliable
stellar metallicities by comparing integrated and resolved measurements of NGC
147, a dwarf elliptical satellite of M31, o ering insight into the stellar MZRlat O
across the full range of galaxy masses.

Chapter 3 presents a detailed spectral analysis of two gravitationally lensed quiescent
galaxies al | 1 observed with the Keck telescopes. Using the integrated-light
spectroscopy and full-spectrum tting validated in Chapter 2, the analysis yields
robust measurements of [Fe/H], [Mg/Fe], and stellar population ages, enabling a
study of the redshift evolution of the stellar MZR and o ering insights into the
processes responsible for quenching galaxies in the early universe.

Chapter 4 presents a new sample of star-forming dwarf galaxies observed with
Keck/KCWI, to further investigate the shape of the stellar MZR in the intermediate-

mass regime between the Local Group satellites and massive eld ellipticals at
I 0. Using a novel technique | developed to measure stellar iron and magne-
sium abundances in star-forming galaxies, this chapter also provides the rst direct
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comparison olJ elements (gas-phase O and stellar Mg) in both stars and the ISM
beyond the Local Group.

Chapter 5 extends the analysis of the KCWI sample presented in Chapter 4 to
investigate the spatially resolved properties of ionized gas and stellar populations in
star-forming dwarf galaxies &t 0. Preliminary results show that these galaxies
host short-lived, irregular, and clumpy star formation, accompanied by signi cant
spatial variation in local ionization conditions. In contrast, the time-integrated
stellar mass pro les appear much smoother, re ecting a more organized underlying
structure.

Finally, in Chapter 6, | summarize the main results of this thesis and discuss potential
avenues for future research into the chemical evolution of galaxies and the interplay
between ionized gas and stellar populations.
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Chapter 2

RESOLVING THE DISCREPANCY IN THE STELLAR
MASS METALLICITY RELATION

Zhuang, Z. et al. (Oct. 2021). NGC 147 Corroborates the Break in the Stellar
Mass-Stellar Metallicity Relation for Galaxies . I#pJ 920.1, p. 63doi: 10.
3847/1538-4357/ac1340 .

Abstract

The stellar mass-stellar metallicity relation (MZR) is an essential approach to prob-
ing the chemical evolution of galaxies. It re ects the balance between galactic
feedback and gravitational potential as a function of stellar mass. However, the cur-
rent MZR of local dwarf satellite galaxie$ ( ® 10°" , measured from resolved
stellar spectroscopy) may not be reconcilable with that of more massive galaxies
(" ! 10°°" |, measured from integrated-light spectroscopy). Such a discrepancy
may result from a systematic di erence between the two methods, or it may indicate
a break in the MZR around(®" . To address this question, we measured the
stellar metallicity of NGC 147 from integrated light using the Palomar Cosmic Web
Imager. We compared the stellar metallicity estimates from integrated light with the
measurements from resolved stellar spectroscopy and found them to be consistent
within 0.1 dex. On the other hand, the high-mass MZR overpredicts the metallicity
by 0.6 dex at the mass of NGC 147. Therefore, our results tentatively suggest that
the discrepancy between the low-mass MZR and high-mass MZR should not be
attributed to a systematic di erence in techniques. Instead, real physical processes
cause the transition in the MZR. In addition, we discovered a positive age gradient
in the innermost region and a negative metallicity gradient from the resolved stars
at larger radii, suggesting a possible outside-in formation of NGC 147.

2.1 Introduction

In the past few decades, numerous works have revealed the tight correlation be-
tween the stellar masses (luminosities) and the metallicities of galaxies, i.e., the
stellar mass-metallicity relation (MZR) (e.g., McClure and van den Bergh, 1968;
Lequeux et al., 1979a; Tremonti et al., 2004; Lee et al., 2006; Kirby et al., 2013;
Leethochawalit et al., 2018b). The observed MZR indicates that more massive
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galaxies are more metal-rich than less massive ones. The trend can be interpreted
as a result of metal retention, wherein high-mass galaxies with deep gravitational
potential wells can resist galactic winds and retain more metals (Dekel and Silk,
1986). Recent works have argued the metallicity may also be regulated by star
formation e ciency (e.g., Calura et al., 2009; Magrini et al., 2012) as well as by
the interplay between in ow, out ow, and enrichment (Finlator and Dave, 2008).
Generally, galactic metallicities are measured in two forms: gas-phase and stellar-
phase. While gas-phase metallicity re ects the metals in the interstellar medium
(ISM) at the time of observation, stellar metallicity indicates the amount of metals
incorporated into the stars at the time they formed, which is less susceptible to in-
stantaneous uctuations and represents the metal abundance averaged over the star
formation history (SFH). Therefore, the stellar MZR is a more stable indicator of
the chemical evolution of galaxies than the gas-phase MZR.

The MZR! at1 0 can be measured from two independent techniques. Local
dwarf galaxies can be resolved into stars, so their stellar metallicities are derived
from spectroscopy of individual stars (e.g., Kirby et al., 2013). On the other hand,
more massive galaxies are too far for us to resolve the stars. Therefore, metallicities
are obtained from the integrated-light spectra of whole galaxies (e.g., Gallazzi et
al., 2005; Zahid et al., 2013; Leethochawalit et al., 2018b; Leethochawalit et al.,
2019). Although the low-mass and high-mass MZRs both indicate more massive
galaxies are more metal-rich, they follow di erent forms of expression. Kirby et al.
(2013, hereafter K13) used Geha et al.'s (2010) Keck/DEIMOS spectra to derive the
low-mass MZR from resolved stellar spectroscopy in Local Group dwarf galaxies
(" ®10" )2as[Fe/H) " 980 002 while Leethochawalit et al. (2019, hereafter
L19) measured the high-mass MZR from integrated-light spectra of local massive
quiescent galaxies'( ! 10°®" ) as [Fe/H]/ " 011 002 Choj et al. (2014)
similarly observed a at slope in the high-mass MZR, where the metallicities for
massive quiescent galaxies ( 10'%6" ) in the local universe were measured
from the stacked spectra in bins of stellar mass. Sybilska et al. (2017) estimated
the stellar metallicities for 258 nearby massive quiescent galakies (10°8" )

in the ATLAS®P survey (Cappellari et al., 2011) using spectrophotometric indices.
They also recovered a high-mass MZR similar to that of L19. All these studies
indicate a shallower slope and higher normalization in the high-mass MZR than in

n this paper, MZR refers to the stellar-phase MZR, if not otherwise speci ed.
2K13 measured the stellar metallicities of both quiescent and star-forming dwarf galaxies, but
they found no di erence in the MZR between these two groups.
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the low-mass MZR, such that an extrapolation of the high-mass MZR to low mass
would predict much higher metallicities than are observed in low-mass galaxies.

One possible explanation for the discrepancy is that there is a physical break in
the MZR aroundl®® 10" . This behavior would mimic the gas-phase MZR,
which follows a single power law at low to intermediate masd¢€'( ® " ®

10°°" ), and attens at the high-mass end (e.qg., Blanc et al., 2019). The possible
transition may result from di erent feedback mechanisms of the two mass ranges.
Theoretically, it has been suggested that energy-driven winds dominate in low-
mass galaxies (Murray, Quataert, and Thompson, 2005), while momentum-driven
winds dominate in high-mass galaxies (Hopkins, Quataert, and Murray, 2012).
Finlator and Davé (2008) also suggested that the observed gas-phase MZR at

for massive galaxies indicates the momentum-driven winds are dominant in the
out ows of high-mass galaxies. Such a transition in the slope of the stellar MZR
was seen by Sybilska et al. (2017), who found that the slope art@iRd  steepens

signi cantly as compared to that at the lowest and highest masses. However, the
stellar MZR derived by Sybilska et al. (2017) does not go bell6¥ , so it cannot

Il the mass gap in the stellar MZR and capture the behavior of the MZR across
the full range of galaxy masses. The existing measurements in the mass gap are too
scarce to constrain the intermediate-mass stellar MZR.

However, the discrepancy in the MZRs may also result from a systematic di erence
between the two techniques used to measure stellar metallicities. Previous works
that tested the consistency between the stellar population parameters including
the metallicities among various measurement methods have mainly focused on
simple systems like globular clusters e.g., Gonzalez Delgado and Cid Fernandes,
2010; Conroy, Graves, and van Dokkum, 2014; Conroy et al., 2018. So far, only
Ruiz-Lara et al. (2018) have compared the metallicity of each SFH age bin obtained
from the integrated-light spectrum of Leo A, a star-forming dwarf irregular (dirr)
galaxy with " 3 10°" , with that measured by Kirby et al. (2017) from
individual stars. They found that the integrated-light [Fe/H] at all age bins is higher
than the resolved-star [Fe/H]. The dierences in [Fe/H] range fromd«251.5

dex. However, the di erences here can be explained by other reasons, such as
the inaccurate modeling of Balmer nebular emission lines, the incompleteness of
metal-poor stars in the current stellar libraries, or a negative metallicity gradient, as
suggested by Kirby et al. (2017).

In this work, we focus on NGC 147, a dwarf elliptical (dE) satellite of M31 with
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" ' 108" (K13). This galaxy is a good target to investigate possible systematic
di erences between di erent techniques of measuring stellar metallicities. First,

the galaxy is near enough (712 kpc; Conn et al. 2012) to obtain individual stellar
metallicities but also far enough to be observed in integrated light with an integral
eld unit (IFU). Second, no H gas has been detected in NGC 147, so the spectrum
is free from nebular emission line contamination. Third, NGC 147 is more metal-
rich than Leo A, so it will su er less from the incompleteness of metal-poor stars in

the current stellar libraries.

The main goals of this paper are (1) to determine whether there is a systematic
o set between integrated-light and resolved-star spectroscopic measurements of
NGC 147's stellar metallicity, (2) to use these measurements to bolster or diminish
the evidence of a break in the stellar MZR, and (3) to leverage IFU data cubes to
study the spatial distribution of the stellar population in the innermost region. We
use both new IFU data cubes and archival resolved-star spectra (Section 2.2). We
use a variety of full spectral tting algorithms (Section 2.3) to estimate the global
stellar metallicity and age from integrated light (Section 2.4). Section 2.4.2 specif-
ically addresses goal (1) in determining the consistency between the two di erent
metallicity techniques. We also present some interesting spatial trends of the stellar
population that suggest that NGC 147 formed outside in (Section 2.5). We compare
our work with the previous literature on the stellar metallicity determinations and
discuss the subsequent implications for the MZR (goal 2) in Section 2.6. Finally,
we summarize our ndings in Section 2.7.

2.2 Observations
2.2.1 Palomar Cosmic Web Imager Sample
Observations and data reduction

Observations for NGC 147 were performed with the Palomar Cosmic Web Imager
(PCWI) on 2019 September 23 and 24. PCWI is a medium-resolution integral eld
spectrograph (IFS) mounted on the Cassegrain focus of the Palomar 200-inch Hale
Telescope with a eld of view 060 40% It consists of 24 spatial slices with

a width of 25%and an in-slice pixel scale of 055° The seeing was around
2%for two nights, so both the spatial axis along each slice and spéetds are
seeing-limited while the spatial axis across the slices was slit-limited. NGC 147 has
an e ective radius (¢ ) of 6+7°, which means that a single PCWI pointing covers
only a small portion of the galaxy. We observed the central regions of the galaxy
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