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Abstract

We present a breakdown of the evolutionary history of Milky Way-like galaxies up to redshift

z = 5, using multi-wavelength optical and NIR photometry from the Hubble Space Telescope and

the James Webb Space Telescope. We use abundance matching to find progenitors of Milky Way

Analogs (MWAs) by evolving the cumulative number density of the current Milky Way backwards

through time, and matching the stellar mass to the expected number density with stellar mass

functions obtained from large-scale galaxy surveys. We determine resolved physical properties of

MWA progenitors such as stellar mass density, star-formation rate (SFR), age, and metallicity, via

SED-fitting to spatially resolved pixel bins of their photometry.

In the first part of this thesis, we use photometric data from the Hubble Frontier Fields DeepSpace

catalog, a survey of six lensing clusters and their flanking fields in order to chart the mass assembly

of MWA progenitors up to z = 2.

In the second part of this thesis, we extend the study of the mass assembly of MWA progenitors to

z = 5 with the data from the Canadian NIRISS Unbiased Cluster Survey (CANUCS), using JWST

NIRCam and NIRISS imaging. In the early universe, MWA progenitors show clear inside-out mass

assembly with specific star-formation rates more enhanced on the outskirts than the inner regions,

and more stellar mass added to the outskirts. They are also increasing in size but morphologically

remain disk-dominated. Merger fractions increase with increasing redshift, pointing to hierarchical

assembly at early times.

In the third part of this thesis, we examine the resolved age and stellar metallicities of the

MWA progenitors in CANUCS to uncover details of their star-formation history. The slopes of the

radial gradients of non-merging galaxies are in line with inside-out growth. The slopes of the radial

gradients for ongoing and late stage mergers show enhanced star-formation across the entire galaxy.

Metallicity evolves slowly with redshift for MWA progenitors, and mergers contribute to overall

mass growth both through their added mass and their enhancement of star-formation, but do not

meaningfully alter the chemical evolution history of the galaxy until z � 1:5.
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Dedication

“One always finds one’s burden again. But Sisyphus teaches the higher fidelity that negates

the gods and raises rocks. He too concludes that all is well. This universe henceforth without a master

seems to him neither sterile nor futile. Each atom of that stone, each mineral flake of that night filled

mountain, in itself forms a world. The struggle itself toward the heights is enough to fill a man’s heart.

One must imagine Sisyphus happy."

— Albert Camus

To Past Me, you did it, you absolute freak!
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Table 1: List of galactic and extragalactic astronomy terms and
acronyms used in this dissertation.

Acronym or
symbol

Meaning Explanation

MW Milky Way
MWA Milky Way Analogue
�CDM � Cold Dark Matter A cosmology that contains both cold dark matter

(i.e. weakly interacting dark matter particles) and
dark energy (represented by �). The curvature of
this universe is assumed to be �at.

z Cosmological redshift The shift of an object's light to the redder end of
the electromagnetic spectrum caused by the expan-
sion of the universe. The age of the universe, as
well as the lookback time at a speci�c redshift are
determined by what cosmology is assumed.

Z Metallicity Abundance of all elements heavier than helium,
usually expressed as a ratio to the amount of hy-
drogen within that object.

SED Spectral Energy Distribu-
tion

The electromagnetic spectrum of an object, mea-
sured in energy density versus wavelength.

IFU Integral Field Unit An instrument that can obtain a spectrum/SED for
each pixel in an image.

S=N or SNR Signal to noise ratio
SFR Star Formation Rate
SFH Star Formation History A function of SFR versus time, either in lookback

time or age of the universe.
IMF Initial Mass Function A set of parameters representing the initial popula-

tion of stars in a galaxy.
SPS Stellar Population Syn-

thesis
The method by which the observed �ux of a galaxy
and a set of initial parameters is given to determine
the parameters of the current population of stars
that exist in a galaxy.

UVJ Diagram A way to determine if a galaxy is star-forming or
quiescent by comparing its total �ux in the rest
frame UV, optical, and IR bands (u, v, and j bands
respectively).

Sérsic pro�le A method of quantifying how bulge-dominated or
disk-dominated a galaxy is through measuring its
�ux distribution, introduced by Sérsic (1963).

Re or Ref f E�ective radius A radius which de�nes a circle that contains either
half the total luminosity or half the total mass of
a galaxy. Sometimes called the half-light radius or
half-mass radius.

B=T ratio Bulge to Total ratio The luminosity or mass ratio between the bulge
component of a galaxy and the entire galaxy.

NMI Normalized Mutual Infor-
mation

A method of determining how similar two images
are by the quantifying the mutual information con-
tained in the images.

Cont'd on following page
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Table 1, cont'd

Acronym or
symbol

Meaning Explanation

HFF Hubble Frontier Fields High redshift galaxy survey using mainly Hubble
Space Telescope photometry.

CANUCS Canadian NIRISS Unbi-
ased Cluster Survey

High redshift galaxy survey using James Webb
NIRCam and NIRISS photometry as well as Hub-
ble IR �lters where available.

EAzY Easy and Accurate
(photo-)z's from Yale

SED-�tting code specializing in determining photo-
metric redshifts from Brammer et al. (2008).

FAST Fitting and Assessment
of Synthetic Templates

Parametric SED-�tting code from Kriek et al.
(2009)

DB Dense Basis Non-parametric SED-�tting code from Iyer & Ga-
wiser (2017).

FIRE Feedback In Realistic En-
vironments

A series of hydrodynamical galaxy simulation
projects with a focus on understanding feedback
mechanisms (such as gas in�ows/out�ows).

TNG50 Illustris `The Next Gen-
eration' 50 Mpc

A high resolution hydrodynamical simulation of a
50 Mpc3 region of the universe.

MaNGA Mapping Nearby Galaxies
at APO (Apache Point
Observartory)

A large survey of local galaxies (z � 0) which have
resolved IFU spectroscopy.

CALIFA Calar Alto Legacy Inte-
gral Field spectroscopy
Area survey

A resolved IFU spectroscopic survey of nearby
galaxies from the Calar Alto Observatory.
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Chapter 1

Introduction

1.1 Our Place in the Universe

Humanity's idea of its place in the universe is ever-evolving. The Copernican Revolution is well-

known for dismantling the idea of the Earth as the centre of the universe, but it was only in the last

century that we upturned the belief that the entire universe was the Milky Way. The myriad of other

galaxies that were observable with instruments at the time used to be known as �spiral nebulae.� The

German philosopher Immanuel Kant even dubbed them �island universes.� It was a hundred years

ago, in December 1925, that Edwin Hubble published his measurements of the Cepheid variables in

NGC 6822 that proved de�nitively, that NGC 6822 was situated beyond the extent of our galaxy

(Hubble, 1925). Edwin Hubble's �ndings settled a long-standing debate about the nature of the

universe, but it also laid the groundwork for an entire �eld: extragalactic astronomy.

In extragalactic astronomy, the local or nearby universe is also synonymous with �The Present.�

Since the speed of light is �xed, the further a galaxy is, the further back in time the light was

emitted. There is another e�ect on this light, which is that the more distant a galaxy is, the more

its spectrum is shifted towards the red. This is called cosmological redshift, because it comes from

the expansion of space. This was another discovery from our good friend Edwin Hubble (Hubble,

1929), and thus the Hubble constant, the rate of the expansion of space, was named after him. From

this universal expansion came the development of our current understanding of cosmology, known

as �CDM cosmology. Galaxy evolution under �CDM posits that early density perturbations in the

universe gave rise to dark matter haloes, within which gas condensed into early galaxies, and the

merging of those haloes and the primordial galaxies within them formed the larger galaxies that we

see in the universe today. In order to test if these models are true, we must con�rm them through

observations.

After the separation of the galactic from the extragalactic, there were two generalized observa-
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tional paths for the study of galaxy evolution. One method is to uncover the past history of the

Milky Way by way of galactic archaeology, pioneered by Roman (1950). The other is by observing

other galaxies and establishing a global view of universal galaxy assembly (i.e. Madau & Dickinson

2014). Both pathways have their limitations. Galactic archaeology has access to spectral, chemical,

and kinematic data of unprecedented depth, but it is nevertheless limited to one galaxy. Obser-

vations of other galaxies, on the other hand, grant diversity in numbers, but resolution is limited

and the amount to which they are limited depends highly on redshift. Panchromatic surveys of the

nearby universe such as the Sloan Digital Sky Survey (SDSS, York et al. 2000), especially those

equipped with IFU spectroscopy like CALIFA (Walcher et al., 2014), SAMI (Allen et al., 2015),

and MaNGA (Bundy et al., 2015; Wake et al., 2017) can measure and map out spatially various

physical properties of local universe galaxies. They allow direct comparison with the Milky Way

on a structural level, such that we now have broad de�nitions for what constitutes a `Milky Way

Analogue' (MWA) at z � 0.

With pre-JWST deep space surveys such as the Hubble Deep Fields, VISTA(Emerson et al.,

2004; McCracken et al., 2012), COSMOS (Scoville et al., 2007), CANDELS (Grogin et al., 2011;

Koekemoer et al., 2011), and DESI (DESI Collaboration et al., 2016) among many others targeted

towards higher redshift, we also have been able to determine global, integrated properties of all

galaxies throughout time. The universal evolution of stellar mass growth, star formation rate, and

even metallicity has been measured. However, spatially resolved studies of galaxies, similar to what

has been done in the local universe, were limited in scope to the brightest galaxies at higher redshift,

which tend to be progenitors of massive galaxies at z = 0. Now in the the era of JWST, with

improvements to resolution and wavelength coverage in the IR, it is possible to resolve progenitors

of Milky Way Analogues with greater precision.

This thesis takes the extragalactic approach, but speci�cally focuses on the evolution of the

Milky Way and Milky Way Analogues. In a sense, the main goal of the thesis is to bridge the gap

between the galactic and the extragalactic approach to galaxy evolution. Since we are in an era of

a wealth of data both from within the Milky Way and from the distant universe, there has never

been a better time to apply the tools used for extragalactic astronomy towards uncovering our own

galaxy's history and growth since cosmic dawn.

1.2 The Milky Way's Past and Present

1.2.1 Galactic Archaeology

If our goal is a complete picture of the Milky Way's formation history, the place to begin is by

observing the galaxy itself. Even though galactic archaeology was pioneered by Roman (1950), it

was not dubbed `archaeology' until Spite & Spite (1979). Other examples of early works in this �eld
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Figure 1.1: Top panel: Mosaic colour image reconstruction of the Milky Way from Gaia Collaboration
et al. (2018), with labeled major parts, as shown in Helmi (2020). Bottom panel: A sample of spiral
galaxies that morphologically resemble the Milky Way from Efremov (2011), replotted in Bland-
Hawthorn & Gerhard (2016). Labels are their Hubble morphological type.
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include Eggen et al. (1962); Searle & Zinn (1978), and Tinsley (1980) who also expanded stellar

populations to other nearby galaxies (a more detailed description of this process is in Ÿ1.3). These

papers established the process of uncovering the Milky Way's formation history via cataloging and

modelling the evolution of the di�erent stellar populations that exist in the di�erent regions of our

galaxy. By �nding connections between certain chemical abundance patterns and their kinematics,

we can extrapolate which stars formed �in-situ� in the disk, and which stars are merger remnants of

past satellite galaxies (see the reviews from Freeman & Bland-Hawthorn 2002; Belokurov 2013; Frebel

& Norris 2015; Bland-Hawthorn & Gerhard 2016, and Helmi 2020). Due to the connections between

the early universe and the past formation history of the Milky Way, the term `near-�eld cosmology'

was coined by Bland-Hawthorn (1999) to describe the expanded purpose of galactic archaeology. It

is linking the physical components of the Milky Way to the process of galaxy formation under the

framework of �CDM cosmology.

1.2.2 The Milky Way's Components

The general components of the Milky Way are: (1) The thin disk of younger stars within which the

Solar System resides. (2) The thick disk, which is dynamically hotter and thus has a longer vertical

scale height. (3) The galactic bulge, which is not a classical bulge but a boxy/peanut-shaped `pseudo-

bulge'. (4) The galactic bar, which is a dynamical structure in the disk that is related to the oddity

of the bulge. (5) The galactic halo, where there are older, metal poor populations such as globular

clusters, as well as streams which may be remnants of past mergers (see review from Helmi 2020).

The Milky Way's components as imaged by the Gaia Survey are shown and labeled in the top panel

of Figure 1.1. The bottom panel displays face-on images of local universe morphological analogs of

the Milky Way, both with and without bars. For the purposes of this thesis, we mostly discuss the

formation of the two disks and the bulge, as it is near impossible to spatially resolve the stellar halos

of other galaxies.

The thin disk has perhaps the least disputed mode of formation. Its oldest stars are aged 8-9

Gyrs (Tononi et al., 2019), which means it is younger than the thick disk (Kilic et al., 2017; Carollo

et al., 2019). It formed inside-out as evidenced by the radially declining metallicity pro�le of the

thin disk, and its shape is maintained through rotational support (Licquia & Newman, 2015). The

most notable feature of the thick disk, apart from its thickness, is that it is more metal poor than

the thin disk, and has a separate chemical sequence from the thin disk when plotted in [�/Fe] versus

[Fe/H] space (Bensby et al., 2003; Fuhrmann, 2011). This means many of the stars in the thick

disk have a di�erent stellar evolution history than the stars in the thin disk. The formation of the

thick disk has been a subject of debate since its discovery by Gilmore & Reid (1983), and even its

existence was called into question (e.g. Bahcall & Soneira 1984; Fuhrmann 2011; Bovy et al. 2012).

Before new data from the Gaia Collaboration clari�ed the history of the formation of the galactic
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thick disk, proposed formation pathways include: a minor merger onto a pre-existing disk (Quinn

et al., 1993), accretion of satellites at a preferential direction (Abadi et al., 2003a), gas-rich early

disks preventing the thick disk from dynamically settling (Brook et al., 2004; Bird et al., 2013), and

stellar migration from the thin disk (Schönrich & Binney, 2009). After new data from Gaia, it is

now understood that a large portion of the stars within the Milky Way's thick disk are linked to

the major merger event, Gaia-Enceladus (or Gaia-Sausage-Enceladus, or the GSE merger), which

occurred � 10 Gyr ago. The estimate of the time frame of the merger is due to distribution of

stellar ages in the thick disk peaking at � 10 Gyr. This also means that the merger event triggered

a starburst in the gas-rich early disk that became the thick disk today (Gallart et al., 2019).

The Milky Way does not have a classical bulge (i.e. a spheroidal, dispersion-supported bulge with

a de Vaucouleurs pro�le), it instead has a boxy/peanut shaped bulge or `pseudobulge' (McWilliam

& Zoccali, 2010; Nataf et al., 2010; Wegg & Gerhard, 2013), which is dynamically tied to the bar,

and the spheroidal component of the bulge is estimated to be < 8% of the mass of the disk (Shen

et al., 2010). According to the review by Barbuy et al. (2018), there are two main bulge formation

pathways: early bulge formation, where the bulge formed �rst through hierarchical assembly of proto-

galaxies (e.g. Steinmetz & Muller 1995; Springel & Hernquist 2005), and late bulge formation, where

a bar forms in a disk, and the bulge forms through bar instabilities (e.g. Combes et al. 1990; Raha

et al. 1991; Norman et al. 1996). The processes that lead to early bulge formation were expected to

only form classical bulges. However, Athanassoula et al. (2017) show hierarchical assembly through

mergers can form a pseudobulge in a barred disk. As it is di�cult to separate a `pure' sample of old

bulge stars with current data, a clear formation scenario for our galaxy's bulge remains inconclusive.

1.3 Spatially Resolved Galaxy Properties

One of the ways in which galactic and extragalactic astronomy is intricately linked is in studying

the spectral energy distribution of other galaxies. All galaxies are comprised of stars, gas, and dark

matter. The baryonic matter (mostly stars and gas) emit, absorb, scatter or otherwise interact

with light across the electromagnetic spectrum. Measuring the full integrated light coming from a

single galaxy in its spectral energy distribution (SED), allows us to understand the composition,

current star formation, and formation history of that galaxy. Constraining stellar populations based

on stellar evolution was pioneered by Tinsley (1968), and the groundwork was laid in the 1970s to

�t combinations of stellar spectra to galaxies (Spinrad & Taylor, 1971; Searle et al., 1973; Faber,

1973; Tinsley & Gunn, 1976; Bruzual, 1983) Work in the following two decades greatly improved our

understanding of stellar evolutionary theory, and `stellar population synthesis' became the standard

for modeling the SEDs of galaxies.
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1.3.1 SED-�tting

SED �tting has become the most important tool of extragalactic astronomy because the SED encodes

all of the past formation history of that galaxy. The review from Iyer et al. (2025) compiled 51

di�erent SED-�tting codes as of its writing. It is important to recognize that SED-�tting is an

inherently complex tool due to the large parameter space that must be explored for a �best �t�

spectrum, but that spectrum is still only a �t, and may not be truly representative of the galaxy's real

SED. Di�erent codes may also give di�erent results for the same set of data (see Paci�ci et al. 2023

for testing various contemporary SED-�tting codes on the same dataset, and Iyer et al. 2025 for the

most up-to-date explanations of the inner workings of SED-�tting). Although �tting to spectroscopic

data is more accurate due to the higher density of data points, SED �tting to photometry is reliable

when there is high signal-to-noise, and the range of �lters can adequately sample the continuum

from the UV to the IR with multiple bands, which aptly describes the photometry we use from HST

and JWST.

The main part of a galaxy's SED is the stellar continuum. To generate the stellar continuum,

SED-�tting use a process called stellar population synthesis (SPS). First, a simple stellar population

(SSP) is generated, which contains a set of related SEDs from template libraries of stellar spectra

that represent a single population of stars in one epoch. An SSP can be generated through an input

of an age t and a metallicity Z, but the inner mechanisms for the SSP is built from the choice

of initial mass function (IMF), the stellar isochrones, and the libraries of template SEDs. Some

examples of SSPs are shown in panels (A) and (B) of Figure 1.2, where (A) are a set of SSPs with

�xed metallicity and varying age, and (B) is �xed age with varying metallicities.

The initial mass function (IMF) describes the birth mass of stars for a particular galaxy. The IMF

is considered to be a fundamental quantity to galaxy evolution. However, since it is not a quantity

that we can observe directly, and must be inferred from observations, there are disagreements on the

correct shape of the IMF (see the reviews Kroupa et al. 2013; Hopkins et al. 2018, and Hennebelle

& Grudi¢ 2024). Choice of IMF as the input can greatly a�ect the stellar continuum, and thus

measurements like the total stellar mass and SFR. The most common choices of IMF used are

Salpeter (1955), Kroupa (2001), and Chabrier (2003). All three are plotted in panel (C) of Figure

1.2.

Isochrones are the evolutionary tracks of di�erent stars on the Hertzprung-Russell diagram, which

is luminosity as a function of e�ective temperature. Isochrone tables exist for stars with 0:1M� <

m < 100M � . The outputs of isochrones can only be converted to template SEDs from spectral

libraries (Conroy, 2013). Both spectral libraries and isochrones can be empirical or theoretical, where

theoretical isochrones and spectra are based on complex models of stellar evolution of various types

of stars. Some examples of common SPS codes include Bruzual & Charlot (2003), FSPS (Conroy &

Gunn, 2010), MILES (Vazdekis et al., 2010; Falcón-Barroso et al., 2011) PARSEC (Bressan et al.,
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2012), and MIST (Choi et al., 2016). SPS codes that account for binary fractions in stars include

BPASS (Eldridge et al., 2017) and POSYDON (Fragos et al., 2023). Isochrones and stellar spectral

libraries are shown in panel (D) and (E) respectively of Figure 1.2. Once simple stellar populations

are generated, the star formation history (SFH) and chemical enrichment history Z(t), combined

with a treatment for dust attenuation and re-emission, �nalizes the composite stellar population

(CSP), which represents the output SED to the initial �ux data. This is panel (F) in Figure 1.2.

1.3.2 Resolving Milky Way Analogues

Without SED-�tting, the only comparisons we could make between the Milky Way and other galaxies

are through morphology and colour. Older extragalactic studies have done so, and to their credit,

these studies are still extremely valuable, and much of the peculiarities of the Milky Way that we

know of today were discovered through colour-magnitude comparisons. For example, Gadotti (2009)

performed bulge-disk decompositions of 1000 galaxies of similar stellar mass to the Milky Way using

gri band imaging. Mutch et al. (2011) discovered the Milky Way lies in the �green valley� region, in

between the star-forming blue cloud and the quiescent red sequence. Licquia et al. (2015) expanded

this comparison with Milky Way Analogues (MWAs) in the SDSS, and showed how the MW and

MWAs lie in both colour-magnitude but also the star-forming main sequence (SFR versus stellar

mass). We must make a note that the latter requires calculating the total stellar mass and SFR

of the Milky Way via an implementation of SPS, as explained in Licquia & Newman (2015), and

the SDSS sample of MWAs also used SED-�tting to determine total stellar mass and SFR (Aihara

et al., 2011) As data improves, we naturally move towards SED-�tting for obtaining more accurate

physical quantities such as stellar mass and SFR.

With IFU surveys such as SAMI, CALIFA, and MaNGA that can measure spectra of di�erent

parts of a single galaxy, we do not have to limit ourselves to studying only the integrated properties.

IFU surveys allowed astronomers to resolve physical properties of di�erent parts of a single galaxy.

Thus we can start to ask questions about how these parts interacted and evolve together; the same

questions that we investigate within the Milky Way can be applied to others. For example, are there

signatures of past feedback in disk galaxies of the local universe? What are the chemical abundances

variations or age variations within other galaxies?

Sánchez et al. (2014) measured radial metallicity gradients in CALIFA for disk galaxies, with a

focus on barred versus unbarred galaxies. They found that there were no di�erences in the gradients

between barred and unbarred galaxies, which meant bars do not radially mix stellar populations.

González Delgado et al. (2015) measured gradients of dust, metallicity, and age across the Hubble

sequence, and concluded that gradients are most correlated to stellar mass surface density, or the

depth of the potential well, and not to morphology. This has implications for feedback mechanisms

at higher redshift. Goddard et al. (2017) investigated age and metallicity gradients in MaNGA
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Figure 1.2: A demonstration of stellar population synthesis, an integral part of SED-�tting. This
�gure is adapted from Figures 3 and 5 of Iyer et al. (2025). Panels (A) and (B) show a set of SSPs
at the same metallicity but various ages, or the same age and di�erent metallicities respectively.
Panels (C), (D), and (E) show varios IMFs, isochrones, and surface temperatures: choices of which
can better constrain the parameter space for the best-�tting SEDs from the SSPs presented. Finally,
(F) displays the SFH and dust attenuation, which once applied to the SSPs create a composite stellar
population (CSP) that becomes the SED to best represent the stellar continuum of the target galaxy.
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Figure 1.3: Top panel: Radial age and stellar metallicity [Z/H] gradients of MWAs in the MaNGA
survey, bar plots represent the distributions of their slopes, from Boardman et al. (2020a). Bottom
panel: 2D histograms of distributions of the properties of MWA population samples chosen by
similarities to the MW in star formation, bulge-to-total (B/T) ratio, or radial scale length from
Boardman et al. (2020b). The MW is shown in purple.
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galaxies to show that elliptical galaxies have outside-in formation histories while disk galaxies have

inside-out formation histories. Zheng et al. (2017) investigated the dependency of gradients on

mass and environment, and found that both metallicity and age gradients as well as the integrated

metallicity and age of the whole galaxy are more related to mass than to environment, although low

mass galaxies are younger and have less metals in low density environments. Bel�ore et al. (2017)

also measured gas phase metallicity, speci�cally to determine the N/O ratio, and found the central

regions of massive galaxies have reached a `metallicity equilibrium' in the gas phase, but their

outskirts continue to evolve for N/O. Boardman et al. (2020a,b) compares the spatially resolved

properties of MWAs in MaNGA to the MW itself. Their main results are that depending on how a

sample of MWAs in the local universe is de�ned, there will always be variability and scatter in their

properties, even if their average properties are similar to within 1� of the MW's properties. Key

�gures from the two papers are shown in Figure 1.3.

1.4 Galaxy Evolution and the High Redshift Universe

The current formalism for the study of galaxy evolution at high redshift actually began with theo-

retical models of how galaxies are born and grow in a universe with �CDM cosmology, in a process

now known as hierarchical assembly (e.g. White & Rees 1978; Peebles 1982; Blumenthal et al. 1984;

Davis et al. 1985; Kau�mann et al. 1993). To con�rm these models, there have been many surveys of

the high redshift universe that aim to create a complete picture of galaxy assembly from the earliest

times to present day. The history of extragalactic astronomy, like most of recent scienti�c history,

is one of the growth of large datasets.

Work began at the end of the last century with surveys targeting di�erent parts of the electro-

magnetic spectrum in the aims of measuring the luminosity function of galaxies and their evolution

with redshift. Measuring the star formation rate density (SFRD) of the universe requires UV, FIR,

and emission lines, while the stellar mass density (SMD) relied primarily on NIR and optical. UV

is emitted by bright, young type O and B stars, and so the UV continuum tracks star formation

on timescales of roughly 10 Myr. Emission lines, particularly H�, trace ionized hydrogen in nebu-

lae, another signature of star formation. FIR traces star formation because dust grains absorb UV

photons and re-emit them in the FIR. Meanwhile, the mass-to-light ratio peaks in the NIR because

cooler stars are more numerous and live longer than UV-bright stars, so NIR is a tracer of stellar

mass. SED-�tting on the entire continuum is also used widely to derive stellar masses.

Most of the studies that measure the cosmic star formation history use UV based observations

because rest frame UV is more detectable for a larger range of redshifts. The �rst studies to perform

SFRD measurements across di�erent redshifts were Lilly et al. (1996) and Madau et al. (1996). Lilly

et al. made a measurement of the SFRD up to z = 1 with UV and optical surveys, and Madau
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et al. extended this to z � 3 with Lyman break galaxies (UV-bright highly star-forming galaxies

at high-z with a `break' in their spectrum at 912Å caused by absorption of UV photons by neutral

hydrogen). This technique is now one of the standards of detecting star-forming galaxies as well

as measuring high-z star formation. The most recent constraints on the UV luminosity at high

redshift (8 < z < 13:2) with JWST observations from Harikane et al. (2025) show much higher star

formation e�ciencies than at lower redshifts.

Studies comparing the stellar mass evolution of galaxies between low and high redshift began

around the same time as the earliest SFRD measurements with Cowie et al. (1996) and Gavazzi

et al. (1996). The total stellar mass of the local universe, and the local co-moving SMD could be

measured at greater accuracy with the availability of spectroscopic data from large scale surveys such

as 2dFGRS, 2MASS, and SDSS (e.g. Cole et al. 2001; Bell et al. 2003). A Schechter function best

describes the cumulative density of both (a power law at the faint/low mass end and an exponential

cuto� at the bright/high mass end). If low mass galaxies are not detected because they are below

the magnitude limit at a certain redshift, the low end of the SMF can be estimated by �tting the

existing data to a Schechter function. However, even detected low-mass galaxies may have uncertain

stellar masses, since they tend to be the brightest low mass sources, so they are detected in the UV

but may not be in the IR. This results in their stellar continuum having a greater outshining bias,

leading to underestimated stellar mass.

Madau & Dickinson (2014) have compiled data from 17 studies for comsic SMD and 13 studies

for cosmic SFRD of the universe up to z � 8. This can mitigate some of the issues with limited area

for high redshifts, and test for agreement between di�erent studies. The cosmic SMD and SFRD as

a function of redshift are shown in the top left and top right panels of Figure 1.4. They found that

all the surveys indicated a peak for cosmic star formation at around z � 2 � 3, an era now known as

`cosmic noon'. The review from Madau & Dickinson (2014) also note that while their overall �t to

the combined results of all the studies agreed between the SFRD and SMD, typically the the total

SFR over-predicts the stellar mass formed when converted. This can be seen in the bottom panels of

Figure 1.4 when their best-�t model is converted into a SFH, and the derived global sSFR (SFR/M?)

and metallicity does not match the sSFR and metallicity evolution from other observations in the

literature.

1.4.1 Connecting Local to High Redshift

While the total cosmic stellar mass density or star formation rate density is important for the big

picture quantities in galaxy evolution, it certainly does not capture the nuances of how the stars form

inside galaxies, and what speci�c physics occur during episodes of star formation. Therefore, it can

be useful to search the high redshift universe for progenitors of a speci�c population of local universe

galaxies. Utilizing the evolution of the SMF with redshift, one can link progenitors and descendants
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Figure 1.4: Clockwise from top left: The estimated global stellar mass density, speci�c star formation
rate, mean metallicity, and star formation rate density as a function of redshift, from Madau &
Dickinson (2014). The black line in the SFRD plot is the best �t to the data, while the black lines
in the other panels were derived from the best �t SFRD as a comparison to other observations.
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through number density. The earliest studies to link progenitors and descendants focused on massive

galaxies and used a �xed cumulative number density (e.g.van Dokkum et al. 2010; Bezanson et al.

2011; Brammer et al. 2011; Ownsworth et al. 2014). There were also studies aimed at the progenitors

of Milky Way-like galaxies for �xed number densities (e.g. van Dokkum et al. 2013; Patel et al. 2013;

Morishita et al. 2015). However, due to aforementioned hierarchical assembly of galaxies at early

times, an evolving number density is more accurate because mergers can change the rank order of

galaxies, biasing the progenitor selection. A selection using halo abundance matching, starting with

the number density of the galaxy in the local universe and �nding its progenitors at high redshift is

an e�ective way to determine a less biased sample (Behroozi et al., 2013a; Leja et al., 2013; Torrey

et al., 2017). Papovich et al. (2015) has done a study of Milky Way and M31 progenitors to z � 3:5,

and Hill et al. (2017b) has likewise done a similar abundance matching study for progenitors of

massive galaxies up to z � 5. We note that all of the studies listed are spatially resolved, however,

they still rely on sizes measured from pro�le-�tting to photometry, and obtain mass densities from

assuming mass-to-light ratios for the radial pro�les.

We also should not expect that galaxies at high redshift to simply be smaller versions of local

galaxies once they are spatially resolved. One example of this is clumpy galaxies. A common feature

among star-forming galaxies at cosmic noon is that the vast majority of them have bright UV clumps,

regions of intense star formation (e.g. Förster Schreiber et al. 2009; Wuyts et al. 2012; Sok et al.

2022). However, the number of clumpy galaxies decline at low redshift, and there are no similar

clumpy SFGs in the local universe. Lensed images of young galaxies in the early universe show that

clumps were also common in the epoch of reionization (Vanzella et al., 2023; Adamo et al., 2024;

Mowla et al., 2024). There is evidence that the presence of large star-forming clumps are correlated

to gas rich disks and may form from disk instabilities (e.g. Krumholz & Dekel 2010; Mayer et al.

2016). However, Sok et al. (2025) �nds from spectroscopic data of z � 0:7 galaxies that clumps form

from the in�ow of metal poor gas and has no relation to instabilities, leading to the possibility that

clumpiness increases with higher redshift because of greater gas accretion. Additionally, the number

of galaxy mergers is also expected to increase with redshift (e.g. Duncan et al. 2019; Duan et al.

2024), which could complicate the detection of clumps at z > 4, since it may be hard to distinguish

between merging systems and star-forming clumps. Nevertheless, both mergers and star-forming

clumps are vital to the assembly history of galaxies.

1.5 This Thesis

While there have been previous studies on the assembly of MWAs by linking the high and low redshift

universe, those studies rely primarily on deriving physical measurements from rest-frame photometry

without SED-�tting. This results in uncertainties from the outshining bias and mass-to-light ratios,
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which will change with increasing redshift.

Chapter 2's aim is to combine spatially resolved SED-�tting that has been performed in the local

universe to higher redshift, in combination with �nding a robust evolutionary sample for MWAs up to

z � 2 using abundance matching. We make use of multiband photometry from the Hubble Frontier

Fields DeepSpace catalog to ensure enough signal-to-noise for the spatial bins in each galaxy. The

physical measurements of stellar mass density and SFR density are more constrained when obtained

from SED-�tting. Additionally, we use the technique of obtaining morphological information directly

from the stellar mass maps for more accurate morphological characteristics of MWAs. Chapter 3

utilizes a much larger sample of MWA progenitors from the Canadian NIRISS Unbiased Cluster

Survey (CANUCS) up to z � 5, and further re�nes measurements of the mass density and SFR

density both with the addition of JWST broad and medium band photometry, as well as an SED-

�tting code that uses non-parametric SFHs. Expanding the sample of progenitors from z � 2 to

z � 5 can reveal the early growth of disk galaxies in a turbulent universe with higher merger rates

and more intense episodes of star formation. Chapter 4 takes advantage of the ability of Dense

Basis to �t non-parametric SFHs in order to measure the resolved mass-weighted age and stellar

metallicities of the MWA progenitors from CANUCS. Starbursts and stellar feedback can alter the

chemical gradients of galaxies, but a major merger event can also leave chemical signatures in the

stellar populations of the galaxy, as seen with our own galaxy. Measuring the resolved metallicity

and age gradients in both mergers and non-mergers could uncover how events like the GSE merger

a�ected the chemical evolution of galaxies like the Milky Way.
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Chapter 2

The Assembly of Milky Way

Analogues at Redshifts 0:5 < z < 2

A version of this chapter is published as: �A Measurement of the Assembly of Milky Way

Analogues at Redshifts 0:5 < z < 2 with Resolved Stellar Mass and Star-Formation Rate

Pro�les� Tan et al. (2024a), ApJ vol. 964, p. 177.

Full Author List: Vivian Yun Yan Tan (main analysis, discussions, conclusions), Adam Muzzin

(supervisor), Danilo Marchesini (comments), Visal Sok (comments), Ghassan T. E. Sarrouh (com-

ments), and Cemile Marsan (comments).

Abstract

The resolved mass assembly of Milky-Way-mass galaxies has been previously studied in simulations,

the local universe, and at higher redshifts using infrared (IR) light pro�les. To better characterize

the mass assembly of Milky Way Analogues (MWAs), as well as their changes in star-formation

rate and color gradients, we construct resolved stellar mass and star-formation rate maps of MWA

progenitors selected with abundance matching techniques up to z � 2 using deep, multi-wavelength

imaging data from the Hubble Frontier Fields. Our results using stellar mass pro�les agree well with

previous studies that utilize IR light pro�les, showing that the inner 2 kpc of the galaxies and the

regions beyond 2 kpc exhibit similar rates of stellar mass growth. This indicates the progenitors

of MWAs from z � 2 to the present do not preferentially grow their bulges or their disks. The

evolution of the star-formation rate (SFR) pro�les indicate greater decrease in SFR density in the

inner regions versus the outer regions. Sérsic parameters indicate modest growth in the central

regions at lower redshifts, perhaps indicating slight bulge growth. However, the Sérsic index does

not rise above n � 2 until z < 0:5, meaning these galaxies are still disk dominated systems. We �nd
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that the half-mass radii of the MWA progenitors increase between 1:5 < z < 2, but remain constant

at later epochs (z < 1:5). This implies mild bulge growth since z � 2 in MWA progenitors, in line

with previous MWA mass assembly studies.

2.1 Introduction

Observations of stars and gas within the Milky Way have long been the primary method of decipher-

ing its formation and evolutionary history (Freeman & Bland-Hawthorn 2002; Freeman et al. 2013;

Bovy et al. 2012; Bovy & Rix 2013; Rix & Bovy 2013, see Bland-Hawthorn & Gerhard 2016; Helmi

2020 for reviews). However, the Milky Way is certainly not unique, and is a rather typical galaxy

in the universe. It is a spiral galaxy with a mass of 5 � 6 � 10 10M � (Mutch et al., 2011; Licquia

et al., 2015; Bland-Hawthorn & Gerhard, 2016) which exists in a low density environment, and it

currently resides in the green valley, the transition state between star-forming and quiescent. It has

a bulge with an extent of R � 2 kpc in the major axis, a bar with half-length � 5kpc (Wegg et al.,

2015), and a stellar disk that extends out to R � 15kpc (Robin et al., 1992; Ruphy et al., 1996;

Minniti et al., 2011). We wish to place the Milky Way in the context of how it formed, especially in

relation to Milky Way Analogues in the local and the higher redshift universe. One way to do this

is to utilize observations of Milky Way Analogues (MWAs) at higher redshifts to trace the evolution

of our galaxy over cosmic time. There are many ways to de�ne MWAs; however, for the purpose of

this paper we de�ne them only by stellar mass.

The morphology of star-forming galaxies in the local universe suggests that star formation oc-

curred in two phases, with bulges forming �rst and disks forming around them later, also known as

�inside-out� formation (van den Bosch, 1998; Muñoz-Mateos et al., 2007; Wang et al., 2011; Goddard

et al., 2017), with even the Milky Way's inner and outer disk forming in phases as well (Haywood

et al., 2013). An alternative picture posits that the stellar disks formed �rst, and then bulges grew

later through secular processes (Dekel et al., 2009; Martig et al., 2009), which may be the case for

lower mass galaxies but not higher mass ones, which tend to quench inside-out (Cappellari, 2013).

However, observations in the local universe show dwarf galaxies may have had alternating periods of

outside-in and inside-out growth (Ibarra-Medel et al., 2016). There is also evidence that outside-in

quenching may be linked to belonging to denser environments such as clusters and large groups

(Gavazzi et al., 2013; Schaefer et al., 2017). It is still an open question whether galaxies like the

Milky Way formed inside-out or outside-in, or if the color gradient present in the Milky Way and

similar spirals developed in a di�erent way.

Speci�cally for MWAs, some studies have approached understanding the formation of MWAs

from simulations (Abadi et al., 2003b,a; Oñorbe et al., 2015; Torrey et al., 2017; Buck et al., 2020;

Sotillo-Ramos et al., 2022; Hasheminia et al., 2022). Buck et al. (2020) �nd MW-like stellar disks
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form most of their mass in-situ and only 5% of the mass is from mergers. Sotillo-Ramos et al.

(2022) �nd that MWAs can even survive major mergers with their disk intact but somewhat thicker.

Hasheminia et al. (2022) found MWAs have no evolution in their half-mass radii for the last 10 Gyr,

which coincides with redshift z � 2. While simulations o�er one solution to uncovering a dynamic

picture of the formation history of the Milky Way, there are limitations to the utility of their results.

This is related to the particle resolution, the size of the region being simulated, the treatment of

gas, stars, and dark matter, and other factors such as cosmological parameters or hydrodynamics,

which have di�erent treatments depending on which simulation code is used.

There are also abundance matching studies that focus on the progenitors of massive galaxies in

the local universe (M? > 1011M � , such as Ownsworth et al. (2014); Mundy et al. (2015); Ownsworth

et al. (2016), and Hill et al. (2017b). Ownsworth et al. (2014) found that major and minor mergers

contribute up to 17% and 34% respectively of added stellar mass seen at z = 0:3 since z � 3, in

comparison to the 24% added by star-formation, by comparing merger-adjusted number densities

to constant number densities. However, massive galaxies are more likely to be quiescent, and are

on average less star-forming compared to the Milky Way. Mundy et al. (2015) is a simulation-based

study which found that the choice of number density in past epochs a�ects the recovered SFR and

SFH of progenitors. Ownsworth et al. (2016) and Hill et al. (2017b) both �nd the quiescent fraction

to be � 90% at z < 1, but the former used a �xed cumulative number density and the latter used

an evolving cumulative number density. Therefore, at 1 < z < 2, Ownsworth et al. (2016) �nd the

majority of their massive galaxy progenitors to be quiescent, while for the progenitors in Hill et al.

(2017b), they are still majority star-forming at the same redshift. Nevertheless, both studies agree

that at earlier epochs (z & 2), massive galaxies assembled mass primarily via star-formation, while

at later epochs, most mass was assembled via mergers.

Three studies that use an observational approach, and which are seminal to furthering our

understanding of the evolution of MWAs up to high redshift are van Dokkum et al. (2013), Patel

et al. (2013), and Papovich et al. (2015). van Dokkum et al. (2013) (hereafter VD13) used a constant

number density through time to select MWAs at redshifts up to z � 3, with stellar mass functions

from Marchesini et al. (2009). Their results show that the bulges and disks grow together in lockstep

throughout the probed redshift. Using a constant comoving number density may not be the most

accurate assumption to make for high redshift observations, due to galaxy mergers changing local

density (Behroozi et al., 2013a,b; Leja et al., 2013; Lin et al., 2013).

Patel et al. (2013) (hereafter P13) used a di�erent approach for choosing their sample: the star-

forming main sequence. They used the relationship between speci�c star-formation rate (sSFR)

to stellar mass, and chose their sample of MW progenitors from the sSFR-mass plane from Karim

et al. (2011). The evolution of star-forming galaxies that led to a �nal mass was at 1010:5 M � , as

computed by Leitner (2012), was the basis of the stellar mass selection of their MWAs at higher
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redshift. On average, P13 �nd MWA progenitors to be more star-forming and less massive when

compared to VD13 across the same redshift range. Interestingly, both studies agree in their �ndings

that there are no strong indications for inside-out or outside-in growth in their progenitors, despite

the di�erent mass and redshift ranges. In fact, both works show that the inner and outer regions

grow in lockstep with each other from z � 3 to the present epoch.

Papovich et al. (2015) (hereafter P15) utilized abundance matching in concordance with number

density evaluations on the zFOURGE/CANDELS �elds to de�ne and delineate the di�erent evo-

lutionary phases that progenitors of MW-like and M31-like galaxies go through since z � 3. For

the MW-like progenitors, the galaxies go from blue and star-forming at z > 2 to IR-bright and

dust obscured from 1 < z < 1:8, where the overall maximum SFR is measured, and SFR begins

to steadily decrease as Sérsic indices increase at z < 1 to the present epoch. P15 also �nd that

M31-like galaxies begin and end each evolutionary stage earlier than MW-like galaxies. All three

of these studies listed above rely solely on the observed light pro�les to make arguments about

morphology and mass assembly. Here we aim to extend the study of mass assembly of the MW by

using SED-�tting to create spatially-resolved stellar mass pro�les, as well as resolved star-formation

rate pro�les. This should bring a clearer and more accurate picture of the underlying morphological

changes that progenitors of Milky Way-like galaxies undergo in the past 10 Gyr.

In this paper, we utilize abundance matching of galaxies from redshifts 0:5 < z < 2 to select

Milky Way analogues. We build upon the stellar mass map studies in Tan et al. (2022), from which

we utilize the same methods to create resolved stellar mass and SFR pro�les to trace the mass

assembly for MW-like progenitors over time. Our abundance matching is based on the assumption

that the approximate rank order of galaxies remains consistent throughout cosmic time, even as they

grow in stellar mass, but also includes merger trees to account for slowly declining number density

as galaxy haloes merge together due to gravitational interactions. Abundance matching techniques

have previously been employed to study both MWAs and massive galaxies (Yang et al., 2012; Moster

et al., 2013; Marchesini et al., 2014; Torrey et al., 2017; Kravtsov et al., 2018).

In Ÿ2.2, we give further information on the Hubble Frontier Fields DeepSpace catalogs and which

photometric �lters were used, as well as the COSMOS/UltraVISTA survey from which the Schechter

functions for comoving number densities is derived. Our methods for constructing resolved 1-D and

2-D stellar mass and SFR pro�les are outlined in detail in Ÿ2.3. In Ÿ2.4, we present the results of

our analysis on the mass assembly and change in SFR over cosmic time for our sample of MWA

progenitors. Our discussions of the implications of these results in comparison to previous works

that used IR light pro�les, as well as comparisons to simulations of MW progenitors are in Ÿ2.5.

For this work we assume a �CDM cosmological model of the universe with 
 � = 0.7 and 
 M =

0.3, along with a Hubble constant of H0 = 70 km/s/Mpc. We assume a Chabrier IMF (Chabrier,

2003) for our determination of the stellar masses of our sample. Our magnitudes are reported in AB
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magnitudes.

2.2 Data Sample

2.2.1 Hubble Frontier Fields

The Hubble Frontier Fields (HFF; Lotz et al. 2017) are comprised of six lensing clusters at redshifts of

0:3 < z < 0:6 and six �anking �elds imaged in the UV, optical, and NIR with the Advanced Camera

for Surveys (ACS) and Wide Field Camera 3 (WFC3) on the Hubble Space Telescope (HST). We

use the DeepSpace catalog from Shipley et al. (2018) to select our sample of MWA progenitors. For

this study, we primarily use the parallel �anking �elds of the DeepSpace catalog, but also include

the cluster �elds as long as the objects' redshifts are outside the redshift range of the respective

cluster's redshift by z � 0:1. This is because the Milky Way does not live within a cluster, so the

number density of the �elds is better suited to search for MWAs.

The redshift of our MWA sample spans from 0:3 < z < 2, with only two galaxies at z < 0:5 (one

at z � 0:31, another at z � 0:42). Based on the WFC3 and ACS PSF size, this implies an angular

resolution of 0:25 � 0:50 kpc per pixel and 0:8 � 1:5. kpc per PSF FWHM. In all modeling we

use the images that are PSF-matched and convolved to the WFC3/F160W resolution from Shipley

et al. (2018) to ensure consistent resolution in each �lter. The F160W �lter has a PSF FWHM of

� 0:177", which translates to a pixel size of 2.95 pixels. The PSFs for each �lter are derived from

stacking at least 3 or more isolated and unsaturated stars. The total science area covered by HFF

DeepSpace is 156.1 arcmin2. Since we were not able to make use of Abell1063clu, the total area that

is used in this work is only 150.5 arcmin2.

For the �anking �elds, each of the pointings has 7 �lters (F435W, F606W, F814W, F105W,

F125W, F140W, and F160W), except for the parallel �eld of MACS0416, which was imaged with 9

�lters (the same 7 listed before, as well as F775W, and F850LP). For a more in-depth discussion on

the DeepSpace catalog, we refer the reader to Sections 2 and 3 of Shipley et al. (2018).

2.2.2 Stellar Mass functions

In order to perform abundance matching to select progenitors of MWAs based on stellar mass,

the stellar mass functions (SMFs) are needed. The stellar mass functions used in this paper come

from the COSMOS/UltraVISTA Survey (Muzzin et al., 2013b). The SMFs were measured from a

sample of over 95,000 Ks-selected galaxies up to z = 4. They used 30 photometric bands to cover

a wavelength range of 0:15�m � 24�m. In addition to photometry from UltraVISTA (McCracken

et al., 2012), the catalog also includes additional data from GALEX, Subaru/SuprimeCAM, CFHT,

and Spitzer.
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Figure 2.1: Left panel: The evolution of the median halo mass (light blue) and the median stellar
mass (dark blue) of MWAs from z = 3 to z = 0. Right panel: The median integrated comoving
number density for MWAs. The values at each redshift step is generated from the code by Behroozi
et al. (2013b). The shaded regions represent 1� from the median.

Figure 2.2: Integrated number density of galaxies from stellar mass functions (SMFs) from Muzzin
et al. (2013a), and each black point is the median stellar mass of MWAs at the redshift range
represented by each SMF. The number densities in black are calculated using the Behroozi et al.
(2013b) code and are also shown in the right panel of Figure 2.1.
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2.3 Methods

2.3.1 Abundance matching

Our goal is to connect progenitors of MWA over cosmic time to measure their stellar mass growth.

To do this, we adopt the semi-empirical approach using abundance matching presented in Behroozi

et al. (2013a). The Behroozi code takes into account merger rates of galaxies at higher redshifts such

that the comoving number density shifts to a slightly higher number density as redshift increases.

These merger trees come from simulations of dark matter halos that the galaxies inhabit. Their code

matches the rank order of galaxies according to stellar mass or luminosity with dark matter halos

in decreasing order of peak historical halo mass. For our stellar mass range, the comoving number

density increases . 0:1 dex for every 0.5 increase in redshift, in comparison to assuming a constant

number density throughout cosmic time.

We begin by determining the initial comoving number density for galaxies assuming the stellar

mass of the Milky Way to be 1010:77 M � . This stellar mass value is generally within the accepted

range of 10:5 . log 10(M ?=M � ) . 11, albeit on the higher end (de Rossi et al., 2009; Bland-

Hawthorn & Gerhard, 2016; Sotillo-Ramos et al., 2022). This mass agrees with values for the stellar

mass and initial comoving number density given in Marchesini et al. (2009) for a MW-mass galaxy,

which VD13 used in order to determine their MWA progenitors. This mass also corresponds with a

comoving number density of log(�) = �2:95 log(Mpc �3 ), which is similar to the density used in P15

for their MW progenitor sample.

Figure 2.1 plots the range of number densities and halo masses at higher redshifts for MWAs,

with the solid lines indicating the median values, and the shaded blue regions indicating the 1-

� deviation. This �gure demonstrates how the code from Behroozi et al. (2013a) determines the

possible previous number densities at higher redshifts, given an initial number density at z = 0. It

is also able to determine the possible previous halo masses from the initial number density, and vice

versa, using a relation between the cumulative number density to halo mass. The range of possible

number densities and halo masses increases with increasing redshift because the code from Behroozi

et al. (2013a) takes into account merger trees of halos. This means that a halo that exists at a

given current number density at z = 0 could have formed either from one particular halo in the past

growing in isolation, or from mergers of smaller halos.

In order to �nd the stellar masses of the MWA progenitors from the given previous number

densities, they must be matched up to stellar mass functions from large scale observations. Figure

2.2 shows the method of obtaining the median stellar mass of the MWA progenitors using the stellar

mass functions (SMFs) from the UltraVISTA survey from Muzzin et al. (2013a). For each of the

SMFs that correspond to a range of redshifts, a stellar mass is matched to each of the median number

densities predicted for that redshift by the code from Behroozi et al. (2013a). The minimum and
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maximum stellar mass for each redshift bin is taken to be the stellar mass at the median redshift �0:2

dex, which gives a more conservative estimate for the stellar mass range than using the corresponding

stellar masses obtained from the SMFs with the number densities �1�. Performing the same exercise

with mass functions from Davidzon et al. (2017) results in the progenitor masses being di�erent by

0:01 � 0:14 dex, making the di�erence in dex < 0:2 dex at all redshifts.

Our total sample of galaxies is 110 within the redshift range of 0:3 < z < 2, after the removal of

16 galaxies from the cluster �elds for having magni�cation values exceeding 2.5 as computed from

the Brada£ et al. (2009) lensing models, and a further removal of 18 galaxies from both cluster and

�anking �elds combined, from inspection of faults in their stellar mass maps (i.e. segmentation map

falsely separated one object into two, too low signal to noise for enough spatial bins). There are 95

galaxies in the parallel �elds and 15 galaxies in the cluster �elds.

2.3.2 Stellar mass and SFR map construction

In Figures 2.3 and 2.4, we display the colour images and the stellar mass maps of all 110 galaxies

in our sample. Figure 2.3 contains all 95 MWA progenitors from the parallel �elds and Figure 2.4

contains the 15 progenitors from the cluster �elds. The colour images are constructed from the

�lters that are the closest match to rest-frame U-band , rest-frame V -band, and the F160W �lter.

Figure 2.5 shows the colour image, F160W cutout, stellar mass map, and SFR map of several

galaxies in our sample of various compactness. As stated before, the images are all PSF-matched

and convolved to the WFC3/F160W resolution to ensure consistent resolution in each �lter. The

angular resolution is 0:25 � 0:50 kpc per pixel and 0:8 � 1:5. kpc per PSF FWHM, for the redshift

range 0:3 < z < 2. From the HFF DeepSpace catalogs, the smallest e�ective radius in our sample

is 3.27 pixels, and the largest e�ective radius is 18.1 pixels. The size of the FWHM of the PSF

in pixels is 2.95, so using 2 times the e�ective radius as the size of the galaxy in pixels, the most

compact galaxy is 2.2 times the PSF FWHM, and the most extended galaxy is 12.3 times the PSF

FWHM. The e�ective radii are based on the detection image, which is a combination of the reddest

�lters from F814W to F160W as measured by SExtractor.

The �rst step to generating resolved stellar mass pro�les as well as resolved SFR pro�les is to

spatially bin the images containing the photometry of the MWA progenitors. We apply the Voronoi

tessellation algorithm from Cappellari & Copin (2003), and SED-�tting with FAST++ (Kriek et al.,

2009; Schreiber et al., 2015), in order to generate the stellar mass maps of the MWA progenitors

from their photometry. The reason why we chose the Voronoi tessellation method for pixel-binning

is due to the geometry of the tessellated bins being able to best homogenize the SNR throughout

the entire image of the galaxy, and in a way which preserves maximum spatial resolution in the

geometry of the shape of the bins. For each galaxy, a lower limit for SNR of 10 is placed on each

bin. But most galaxies at z < 1:5 have enough signal to noise that an SNR lower limit of 30 is used
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