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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/H]� values, validating integrated-light techniques in

measuring stellar metallicity in distant galaxies.

In Chapter 3, I analyze deep Keck spectra of two gravitationally lensed, quiescent

galaxies atI ¦ 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

" � = 108� 1010" � at I � 0, observed with the Keck Cosmic Web Imager (KCWI).

Combining with SDSS data, I construct the �rst consistently derived Fe- and Mg-

MZRs from 108 to 1011•5" � . I �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 comparison ofU elements (O

and Mg) in stars and the ionized gas beyond the Local Group, revealing a tight

[Mg/H] � �[O/H] g correlation. The �nding that [O/H]g 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 pro�les. 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.



viii

PUBLISHED CONTENT AND CONTRIBUTIONS

Zhuang, Z. et al. (Sept. 2024). �Metals in Star-forming Galaxies with KCWI. I.
Methodology and First Results on the Abundances of Iron, Magnesium, and
Oxygen�. In:ApJ972.2, p. 182.doi: 10.3847/1538-4357/ad5ff8 .
Z.Z. participated in the conception of the project, obtained and analyzed the data,
and wrote the bulk of the manuscript.

Zhuang, Z. et al. (May 2023). �A Glimpse of the Stellar Populations and Elemental
Abundances of Gravitationally Lensed, Quiescent Galaxies at z¦ 1 with Keck
Deep Spectroscopy�. In:ApJ948.2, p. 132.doi: 10.3847/1538-4357/acc79b .
Z.Z. participated in the conception of the project, obtained and analyzed the data,
and wrote the bulk of the manuscript.

Zhuang, Z. et al. (Oct. 2021). �NGC 147 Corroborates the Break in the Stellar
Mass-Stellar Metallicity Relation for Galaxies�. In:ApJ 920.1, p. 63.doi: 10.
3847/1538-4357/ac1340 .
Z.Z. analyzed the data and wrote the bulk of the manuscript.



ix

TABLE OF CONTENTS

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
Published Content and Contributions . . . . . . . . . . . . . . . . . . . . . . viii
Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii
List of Illustrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi
List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii
Chapter I: Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 The Role of Chemical Abundances in Galaxy Evolution . . . . . . . 1
1.2 Observational Approaches to Measuring Abundances . . . . . . . . 2
1.3 Open Questions in Chemical Evolution of Galaxies . . . . . . . . . . 6
1.4 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

Chapter II: Resolving the Discrepancy in the Stellar Mass�Metallicity Relation 16
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.2 Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.4 Global Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.5 Spatial Distributions of Stellar Population . . . . . . . . . . . . . . . 33
2.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2.8 Appendix: Comparison with CSP Models . . . . . . . . . . . . . . . 44

Chapter III: Stellar Abundances and Ages of Gravitationally Lensed, Quies-
cent Galaxies atI � 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.2 Galaxy Sample and Data . . . . . . . . . . . . . . . . . . . . . . . . 51
3.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

Chapter IV: Metals in Star-Forming Galaxies with KCWI: Global Abundances 78
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.2 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.3 Emission-Line Measurements . . . . . . . . . . . . . . . . . . . . . 89
4.4 Stellar Abundance Determination . . . . . . . . . . . . . . . . . . . 94
4.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
4.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
4.8 Appendices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

Chapter V: Metals in Star-Forming Galaxies with KCWI: Spatially Resolved
Nebular and Stellar Population Properties . . . . . . . . . . . . . . . . . 131



x

5.1 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
5.2 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
5.4 Appendix: KCWI Maps of the Entire Sample . . . . . . . . . . . . . 147

Chapter VI: Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
6.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
6.2 Looking Forward . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181



xi

LIST OF ILLUSTRATIONS

Number Page

1.1 Overview of stellar population synthesis . . . . . . . . . . . . . . . . 4

1.2 Example response functions of individual elements . . . . . . . . . . 5

1.3 Example MZR from the literature . . . . . . . . . . . . . . . . . . . 9

1.4 Physical processes shaping the MZR . . . . . . . . . . . . . . . . . . 10

2.1 DSS image of NGC 147 . . . . . . . . . . . . . . . . . . . . . . . . 20

2.2 Example PCWI spectra and the best-�t models . . . . . . . . . . . . 27

2.3 Metallicity distribution for the resolved stars in NGC 147 . . . . . . 32

2.4 MZR measured from [Mg/H] atI � 0 . . . . . . . . . . . . . . . . . 33

2.5 Spatially resolved measurements of SSP parameters . . . . . . . . . 34

2.6 Metallicity gradient of NGC 147 . . . . . . . . . . . . . . . . . . . . 36

2.7 MZR measured from [Fe/H] atI � 0 . . . . . . . . . . . . . . . . . 41

2.8 Comparison between the measured [Fe/H] and stellar ages in di�erent

stellar population models . . . . . . . . . . . . . . . . . . . . . . . . 45

3.1 Color images ofAGEL1323 andAGEL0014 . . . . . . . . . . . . . . . 52

3.2 HST/WFC3 color image ofAGEL1323 . . . . . . . . . . . . . . . . . 55

3.3 Lens Modeling ofAGEL1323 . . . . . . . . . . . . . . . . . . . . . . 56

3.4 Lens Modeling ofAGEL0014 . . . . . . . . . . . . . . . . . . . . . . 57

3.5 Broadband SED �tting ofAGEL1323 andAGEL0014 . . . . . . . . . 60

3.6 Observed spectrum and best-�t SSP model ofAGEL1323 . . . . . . . 63

3.7 Observed spectrum and best-�t SSP model ofAGEL0014 . . . . . . . 63

3.8 [Fe/H], [Mg/Fe] and [Mg/H] as a function of stellar mass for quiescent

galaxies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.9 Model spectra with di�erent [Mg/Fe] near the Mg b triplet at� 5170 Å 67

3.10 Dependence of [Fe/H], [Mg/Fe], and [Mg/H] on galaxy formation time 70

3.11 Mass-loading factor ([ ) inferred from [Mg/H] as a function of stellar

mass for quiescent galaxies . . . . . . . . . . . . . . . . . . . . . . . 72

4.1 SFR as a function of stellar mass of the star-forming and quiescent

galaxies in the KCWI sample . . . . . . . . . . . . . . . . . . . . . 84

4.2 Example KCWI white-light image and the integrated spectrum . . . . 91

4.3 Illustration of the two-step approach . . . . . . . . . . . . . . . . . . 97



xii

4.4 Comparison of [Mg/Fe] for the massive SDSS quiescent galaxies

measured fromalf and from the two-step approach . . . . . . . . . 100

4.5 Comparison of [Fe/H] for the massive SDSS quiescent galaxies mea-

sured fromalf and from the two-step approach . . . . . . . . . . . . 101

4.6 Comparison of stellar population ages for the massive SDSS quiescent

galaxies measured fromalf and from the two-step approach . . . . . 101

4.7 Comparison of gas-phase and stellar abundances . . . . . . . . . . . 104

4.8 � / O–Fe as a function of di�erent galaxy properties . . . . . . . . . . 106

4.9 � / O–Mg as a function of di�erent galaxy properties . . . . . . . . . . 107

4.10 MZRs of the KCWI sample . . . . . . . . . . . . . . . . . . . . . . 109

4.11 Stellar MZRs of dwarf and massive galaxies . . . . . . . . . . . . . 116

4.12 Fe-MZR of the KCWI sample measured from di�erent apertures . . . 126

4.13 Mg-MZR of the KCWI sample measured from di�erent apertures . . 127

4.14 Comparison of age derived from broadband SED and full-spectrum

�tting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

4.15 SFR as a function of stellar mass of the KCWI and SDSS sample . . 129

4.16 O-MZR of the KCWI and SDSS sample . . . . . . . . . . . . . . . . 130

5.1 Comparison of an example sky-subtracted spectrum produced by the

standard KCWI DRP and by KSkyWizard . . . . . . . . . . . . . . . 135

5.2 Comparison between the D4000 and light-weighted age for an exam-

ple galaxy from the KCWI sample . . . . . . . . . . . . . . . . . . . 141

5.3 Example KCWI maps of physical properties . . . . . . . . . . . . . . 143

5.4 Example KCWI maps of emission line diagnostics . . . . . . . . . . 146



xiii

LIST OF TABLES

Number Page

2.1 PCWI Observations of NGC 147 . . . . . . . . . . . . . . . . . . . 20

2.2 Basic Properties of NGC 147 . . . . . . . . . . . . . . . . . . . . . 22

2.3 Metallicity Catalog for RGB Stars Observed with Keck/DEIMOS . . 25

2.4 Best-�t stellar population parameters for the stacked spectrum of

NGC 147 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.5 Best-�t stellar population parameters for spatially resolved integrated

spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.1 Spectroscopic and Photometric Observations of the Lensed Galaxies . 52

3.2 Stellar Population Properties of the Lensed Galaxies . . . . . . . . . 62

4.1 General Properties of the KCWI Galaxy Sample . . . . . . . . . . . 85

4.1 General Properties of the KCWI Galaxy Sample . . . . . . . . . . . 86

4.2 KCWI observations of the Galaxy Sample . . . . . . . . . . . . . . . 87

4.2 KCWI observations of the Galaxy Sample . . . . . . . . . . . . . . . 88

4.3 Emission-Line Parameters . . . . . . . . . . . . . . . . . . . . . . . 92

4.4 The Derived Properties of the KCWI Star-Forming Galaxies . . . . . 102

4.4 The Derived Properties of the KCWI Star-Forming Galaxies . . . . . 103

5.1 General Properties of the KCWI Galaxy Sample . . . . . . . . . . . 132

5.2 Emission-Line Parameters . . . . . . . . . . . . . . . . . . . . . . . 137

5.3 De�nitions of Strong-line Ratios . . . . . . . . . . . . . . . . . . . . 139



1

C h a p t e r 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 result in 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�erent elements are synthesized in di�erent types 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 Å.

Iron-peak elements are primarily produced by Type Ia 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 above10" � end their

short lives (� 10 Myr) as core-collapse supernovae, enriching the ISM withU ele-

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 Ia 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 andU elements) 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
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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 �t the 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).
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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 temperature () 4): 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 (� 10� 4 of HV) to be detected in a large

statistical sample. The collision-excited auroral lines such as [Oiii ]_4363 and

[O ii ]__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 Hii regions in order to infer the oxygen abundance (i.e., the

direct ) 4 method). However, these auroral lines are still much fainter than HV

(� 10� 1 � 10� 2 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 as [Oii ]__3726,3729, [Oiii ]_5007, [Nii ]_6585,

and [Sii ]__6716,6731. The ratios between these metal lines and the Balmer lines

are calibrated either empirically, using galaxies with direct) 4-based 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 to� 0.7 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 individual Hii regions (e.g., Pilyugin

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

I star-forming galaxies also use [O/Fe] as a stand-in for [U/Fe] (e.g., Steidel et

al., 2016), to constrain the star formation timescale because oxygen is also anU

element, when [Fe/H] of massive, young stars that just formed out of the ISM can

be determined from the deep rest-frame UV spectroscopy1.

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�c 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 of [U/Fe] 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 both Fe� to Ogas 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 Hii

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�c 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 are bothU elements, their

abundance ratio should be less a�ected by the SFHs than [O/Fe]. As Mg� and Ogas

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/Fe]� and [O/Fe] for the same galaxies would allow us to know

whether the commonly-usedU-enhancement 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 Mg� and Ogas in

distant galaxies beyond the Local Group, because it is extremely challenging to

measure Mg� in 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, I develop a novel method to

characterize Mg� in 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 ofU elements in the ionized gas and stars beyond the Local

Group.
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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 literature.Left: Gas-phase MZR measured
as the oxygen abundance in the ISM for the SDSS galaxies.Right: 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.g., Finlator and Davé, 2008; Calura et al., 2009; Magrini

et al., 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

et al., 2004; Andrews and Martini, 2013; Blanc et al., 2019). However, the transition

in the slope of the gas MZR at� 109" � 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" � ' 109•5� 10•1" � 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 atI � 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 (" � ¦ 109•5 " � ;

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 (108 Ÿ " � • " � Ÿ 109) 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

out to I � 2� 3 (Sanders et al., 2021; Strom et al., 2022), the stellar MZR has only

been studied in a large statiscal sample up toI � 0•7 (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 high-I quiescent

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 atI � 0 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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I ¦ 1.

1.3.3 Spatial Distribution of Ionized 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 (Sánchez 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 above109" � . 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 (Sánchez 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., González

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 that ionization 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 speci�c 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, I have led an observational program to obtain IFU data

for a sample of low-mass, star-forming galaxies atI � 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, I 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 atI ¦ 1

Not only can we learn the chemical evolution of nearby galaxies from the detailed

abundances, but chemical constraints of high-I galaxies 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

I = 0 resides in the �red sequence� (i.e., passive galaxies), but most of those galaxies

were star-forming atI ¡ 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 Davé, 2008; Strom et al.,

2022). On the other hand, characterizing the stellar absorption lines and the overall

continuum shape of high-I 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, only�ve quiescent

galaxies atI ¦ 1 had 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:" � ¡ 1010•6 " � .

Gravitational lensing provides a powerful tool to obtain high-quality spectra of faint,

high-I 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 galaxies atI ¦ 1 to deepen our

understanding of galaxy formation and chemical enrichment in the early universe.

In Chapter 3, I present a detailed spectral analysis of lensed, quiescent galaxies in

the high-I 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 MZR atI � 0

across the full range of galaxy masses.

Chapter 3 presents a detailed spectral analysis of two gravitationally lensed quiescent

galaxies atI ¦ 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 I 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 ofU 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 atI � 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, I 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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C h a p t e r 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�. In:ApJ 920.1, p. 63.doi: 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 galaxies (" � ® 108" � , measured from resolved

stellar spectroscopy) may not be reconcilable with that of more massive galaxies

(" � ¦ 109•5" � , 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 around109" � . 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 Davé, 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 MZR1 at I � 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

(" � ® 108" � )2 as [Fe/H]/ " 0•30� 0•02
� , while Leethochawalit et al. (2019, hereafter

L19) measured the high-mass MZR from integrated-light spectra of local massive

quiescent galaxies (" � ¦ 109•5" � ) as [Fe/H] / " 0•11� 0•02
� . Choi et al. (2014)

similarly observed a �at slope in the high-mass MZR, where the metallicities for

massive quiescent galaxies (" � � 1010•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 galaxies (" � ¦ 109•8" � )

in the ATLAS3D 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
1In 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 around108 � 1010" � . This behavior would mimic the gas-phase MZR,

which follows a single power law at low to intermediate masses (106" � ® " � ®

109•5" � ), and �attens at the high-mass end (e.g., 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 atI � 2

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 around109•5" � 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 below109" � , so it cannot

�ll 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., González 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 � 106" � , 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 di�erences in [Fe/H] range from� 0•25�1.5

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 Hi 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 of6000� 4000. It consists of 24 spatial slices with

a width of � 2•500and an in-slice pixel scale of� 0•500. The seeing was around

200for two nights, so both the spatial axis along each slice and spectralI -axis are

seeing-limited while the spatial axis across the slices was slit-limited. NGC 147 has

an e�ective radius (' e� ) of � 6•70, 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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