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Abstract

We have a broad understanding of the stellar mass build-up in galaxies over much of cosmic time,
yet the detailed understanding of how and where stellar mass grows remains elusive. Compact
star-forming regions in distant, irregular galaxies are often suggested to have a crucial role in this
evolutionary process. These regions are generally defined as “clumps” and its host galaxy as “clumpy
galaxies”. The study of clumpy galaxies requires high resolution and multi-wavelength observations
to resolve these structures and to infer their physical properties. While current efforts are directed
toward space-based slitless spectroscopy and ground-based adaptive optics, these studies are gen-
erally limited to smaller samples owing to the need for long integration times. We presents an
affordable alternative to tackle this problem. We use an image deconvolution algorithm (finite res-
olution deconvolution) to obtain higher resolution in ground-based images of the Cosmic Evolution
Survey field. One major advantage of using deconvolution is the ability to perform resolved studies
for a substantially larger sample of galaxies. In this study, we model the 14-band deconvolved optical
+ near-IR spectral energy distribution to provide resolved color and stellar population maps for a
sample of 22960 star-forming galaxies at 0.5 < z < 2. These galaxies are selected based on their
rest-frame (U — V) and (V — J) colors, with stellar mass greater than 1098 Mg, and an integrated
S/N greater than 20 in the K band. Star-forming galaxies are classified as clumpy if its clumps
contribute to at least 8% of the total luminosities or stellar mass. When clumps are detected based
on the Uest luminosity map, the fraction of clumpy galaxies decreases slightly from ~ 0.65 at z ~ 1.8
to ~ 0.55 at z ~ 0.8. We also find that the clumpy fraction is dependent on the stellar mass of the
host galaxy, with lower fractions for massive galaxies. More than 80% of SFGs are observed to be
clumpy in both color and stellar mass distributions at z > 1.5, but decreases to ~ 70% at 2z ~ 0.8.
We suggest that if galaxies that are clumpy in stellar mass distribution are taken as a proxy for

mergers, this result implies that not all mergers play a significant role in clump formation.
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Chapter 1

Introduction

The origin and evolution of galaxies are among the most intriguing and complex chapters in the
formation of cosmic structure. Endeavoring to address these enigmatic topics, astronomers have
surveyed the night sky using the most advanced technologies at their disposal. Wide-field surveys
such as the Sloan Digital Sky Survey have probed millions of nearby galaxies, sampling diverse
populations in different environments (e.g. Kauffmann et al. 2004; Baldry et al. 2006). At the other
end, deep-field surveys with space telescopes such as the Hubble Space Telescope and Spitzer Space
Telescope have confirmed galaxies as far back as z = 11.1 (Oesch et al., 2016), and have provided
hundreds more candidates at z > 7 (e.g. Bouwens et al. 2010; McLeod et al. 2015).

Even with the avalanche of remarkable measurements of galaxy properties over the majority of
cosmic history, putting forward a coherent explanation of how distant galaxies evolve to be present-
day spiral and elliptical galaxies still remains one of the great challenges in astronomy. The primary
challenge lies mainly in the observational difficulties associated with tracking evolving populations of
galaxies across cosmic time. Ideally, the in-depth understanding of galaxy evolution would encompass
the sequence of events from the first stars to the diverse populations of galaxies we have presently.
While this is a very daunting task to embark on, this dissertation aims to present a unique and
resolved approach that will provide some insights onto a small, yet crucial part of this evolution.

The following sections summarize the current understanding of galaxy formation and evolution,
particularly focusing on the cosmic star-forming history and its implications on galaxy evolution. We
highlight the importance of compact star-forming regions in distant galaxies, and the roles they have
in shaping the evolution of galaxies. In the final sections, we address the limitations in resolving
distant galaxies, and outline the approach we take to progress our understanding in the field of

galaxy formation and evolution.



1.1 A Brief Introduction to Extragalactic Astronomy

This section provides a brief overview of the astronomical tools and techniques used to infer galaxy
properties. Measuring fundamental properties such as stellar masses and star formation rates re-
quires observations of galaxies at various wavelengths. For example, the rest-frame ultraviolet (UV)
and several nebular emission lines (such as Ha and [OII]) are useful diagnostics of the star for-
mation rates in the absence of dust. In general, these luminosities are linearly related to a star
formation rate by some conversion factors, which we denote as k. Similarly, near-infrared (NIR) and
mid-infrared (MIR) observations are crucial for deriving stellar masses. In addition to stars and gas,
galaxies are made up of various metal abundances and dust. Dust particles absorb UV radiation and
re-emit it at longer wavelengths, causing the attenuation of the shorter wavelength light. As such,
the far-infrared (FIR) emission of galaxies can be used to measure the re-emitted star formation
rate due to dust.

Furthermore, the wavelength of the emitted radiation can be lengthened due to the expansion of

the Universe. This effect can be parametrized as,

- >\obs - )\rest’ (1.1)
A1rcst:

where Apes¢ is the emitted wavelength, Aops is the observed wavelength, and z is the cosmological
redshift. Since the Universe is expanding, distant galaxies are moving away from us, and the farther
away they are from us, the faster they move away from us. This results in their emitting light to
be redshifted. Therefore, UV radiation from distant star-forming regions will be lengthened by the
time it reaches the earth, and will be observed as a longer wavelength radiation.

The properties of galaxies and their underlying stellar populations are therefore encoded within
their spectral energy distributions (SEDs). To construct the SEDs of galaxies, astronomers observe
galaxies at various wavelengths. There are distinct software routines that utilize stellar population
synthesis models to derive various properties from SEDs (e.g. FAST, Kriek et al. 2009). While
existing models can still be imperfect, astronomers have made significant progress in further de-
veloping and improving these population synthesis models. Other software routines such as EAZY
(Brammer et al., 2008) enable astronomers to estimate the redshift of extragalactic objects from the
SEDs (redshift derived this way is known as the photometric redshift), and the observed rest-frame
luminosity for specific filters.

Finally, the first step in the scientific analysis of extragalactic astronomy is to identify objects
within the data. The SExtractor package (Bertin & Arnouts, 1996) is one of the the main tools for
astronomers to reliably extract sources within their images. Being able to identify individual objects
within an image allows astronomers to perform aperture photometry, a process in which astronomers
measure the flux that falls within a circular aperture centered around an object. Knowing the fluxes
of an object in different bands therefore enables them to infer the stellar properties of this object

from SED modeling.
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Figure 1.1: The cosmic star formation rate density as derived by Madau & Dickinson (2014). The
top (bottom) right panel shows the SFRD derived from the UV (IR) rest-frame measurements, while
the left panel shows the total SFRD derived from the UV+IR rest-frame measurements. The black
solid line shows the best-fitting function. The colors denote the different surveys used to obtain
those measurements.

1.2 The Cosmic Star-Forming History

One of the major accomplishments that came with the surge of astronomical data is the determina-
tion of the evolving star-forming history. The cosmic star formation rate density (SFRD) provides
a sensitive probe of galaxy formation and evolution as it tells us the rate at which the Universe was
forming stars per unit volume over time.

The earliest estimates of the SFRD showed a steep decline from z ~ 1 toward the present-day,
suggesting that the Universe was more active in terms of star formation during its earliest days. A
more recent estimate of the cosmic SFRD was presented in Madau & Dickinson (2014), where they
based their modeling on a number of contemporary galaxy surveys that probed a range of redshifts.
These surveys had provided good measurements of the UV and IR luminosity functions. The “ob-
served” UV and IR star formation rate densities are inferred by multiplying the luminosity densities
by their respective conversion factors, kyy and kjr. Figure 1.1 shows the derived cosmic SFRD
from UV+IR rest-frame measurements, after correcting for dust attenuation, along with the SFRD
based on the individual UV and IR rest-frame measurements. The best-fitting parameterization for

the cosmic SFRD is,

(14 2)%7
1+ [(1+2)/2.9

The findings of these different surveys have painted a consistent picture of the star formation

Y(z) = 0.015 Meyr~'Mpc™® (1.2)
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Figure 1.2: The evolution of the stellar mass density as a function of redshift as shown in Madau &
Dickinson (2014). The data points are recent measurements of the stellar mass density as a function
of redshift, while the solid black curve is obtained by integrating the best-fitting SFRD (Equation
1.2) and accounting for the mass loss during stellar evolution.

history (SFH) of the Universe: a rising phase of star formation between 3 < z < 8, an epoch of peak
cosmic star formation at around z ~ 2, followed by gradual decline afterward. By integrating the
instantaneous SFH over redshift and correcting for mass loss during stellar evolution (due to stellar
winds, or supernovae explosions), a prediction of the stellar mass density can be made (shown in
Figure 1.2). In fact, the predicted stellar mass density history implies that the bulk of the stellar
mass in the local universe (> 75%) actually formed during the epoch of peak cosmic star formation,
with only 8% formed before that period (Madau & Dickinson, 2014).

Even though we now have this impressive measurement of when most of the stellar mass was
created, the underlying physics governing how galaxies build up their stellar mass and why the
Universe was more active in the past is still not fully understood. Indeed, it is intriguing to ask
which mechanisms sustained the high star formation rate at z ~ 2 in distant galaxies. By observing
galaxies during the epoch of cosmic star formation, we can better understand the mechanisms behind

the progression of the SFRD from that epoch to that of the present-day.

1.3 The Stellar Mass Assembly of Galaxies

In cosmological models, approximately 85% of the matter in the Universe is made of dark matter.

In the context of structure formation, dark matter forms the backbone from which galaxies form,



evolve, and merge. In this sense, galaxies grow in a hierarchical process; through accreting smaller
systems composed of both dark matter and baryons. This process is controlled by the nature of
dark matter itself and the initial density fluctuations. The assembly of the stellar contents within
galaxies is further governed by more complex baryonic physics, including the gaseous dissipation
inside the evolving dark matter halos, the physical mechanisms behind star formation, the chemical
enrichment on the galactic and intergalactic scales, and the role of feedback (i.e. stellar energetic
output from supernovae, or active galactic nuclei) in regulating star formation.

The growth of stellar mass within galaxies can be summarized through (1) ez-situ processes such
as the accretion of small satellites and tidal debris or galaxy mergers, and/or (2) in-situ processes
such as local star formation that is fueled by existing and infalling gas. The importance of mergers
and internal processes in driving the growth of stellar components within galaxies is still an ongoing
topic of debate in the literature. There is a growing consensus that in-situ processes dominate
at higher redshifts and ez-situ processes at lower redshifts. This can be seen by comparing the
star formation rate and stellar mass density plot (Figure 1.1 and 1.2), where the integrated stellar
mass density continues to rise steadily even after star formation rates peak at z ~ 2. It should be
noted however that the distinctions between the two processes are generally not clear as local star

formation can be induced through both galaxy interaction and mergers.

1.4 The Evolution of Galaxy Morphologies

One of the fundamental ways in which galaxy properties are described is through the morphology of
galaxies. Early works to classify nearby galaxy morphologies resulted in the most commonly known
classification scheme, the “Hubble Tuning Fork” (Hubble 1936; Sandage 1961, see Figure 1.4). The
basic Hubble sequence consists of two main types; spiral and elliptical, while a further division is
made for spirals into those with and without bar-like structures. The basic structures in distant
galaxies were more difficult to characterize due to the limitation of existing facilities to resolve these
galaxies in the same manner as nearby galaxies.

It was not until the 1990s when the Hubble Space Telescope was launched and its various “deep
field” images (Williams et al. 1996, Volonteri et al. 2000; Beckwith et al. 2006) were released that
astronomers had a clearer picture of what the distant Universe looked like (e.g. Abraham et al. 1996;
van den Bergh et al. 1996). Now, we are able to resolve galaxies at z > 1 with space-based obser-
vatories, and innovative technologies such as adaptive optics on ground-based observatories (Genzel
et al. 2006). Galaxies in the distant Universe are significantly different, in terms of morphologies,
compared to what they are today. Figure 1.4 shows snapshots of the evolving morphologies with
respect to the age of the universe. The local Universe consists of mainly spirals and ellipticals,
while higher redshifts are dominated by galaxies with a peculiar morphology. This preponderance

of irregular morphologies is not an effect of a shift in the rest-wavelength of the observations, as
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Figure 1.4: Snapshots of galaxies in relation to the age of the universe. In the distant Universe,
galaxies are smaller and more peculiar, while nearby galaxies are typically spirals and ellipticals.
Image taken from the Cosmic Evolution Survey webpage.



irregularities are observed to persist in both the rest-frame UV and optical images (e.g. Dickinson
2000). A common feature that characterizes these irregular galaxies are clump-like structures that
are observed in the rest-frame UV and optical. These structures have been studied for both field
and lensed galaxies, with a variety of multi-wavelength data that include the rest-frame UV and
optical data, emission line maps, CO observations (e.g. Elmegreen & Elmegreen 2005; Elmegreen
et al. 2007; Elmegreen et al. 2009a; Elmegreen et al. 2009b; Wuyts et al. 2012; Murata et al. 2014;
Livermore et al. 2015; Guo et al. 2018; Shibuya et al. 2016; Cava et al. 2018; Zanella et al. 2019).
While there is no formal definition for clumpy galaxies, compact star-forming structures in distant

galaxies are generally dubbed as “clumps”, and their host galaxies as “clumpy galaxies”.

1.5 On the Nature of Clumpy Star-Forming (Galaxies

The physical sizes of star-forming clumps are not well constrained due to the limiting resolution of
our facilities. Size estimates can vary from tens of parsecs to a few kiloparsecs based on observations
at z ~ 1 —4 (e.g. Livermore et al. 2015; Soto et al. 2017; Cava et al. 2018). At these scales, even
the Hubble Space Telescope can only marginally resolve these structures. Clumps are observed to
have enhanced blue optical-UV colors and specific star formation rates (e.g. Wuyts et al. 2012,
Wuyts et al. 2013, Hemmati et al. 2014). Indeed, clumpy structures are detected in high-resolution
observations of Ha emission line maps (e.g. Wuyts et al. 2013, Mieda et al. 2016), suggesting that

they are compact, star-forming regions.

1.5.1 Recent Observational and Theoretical Studies

Interestingly, astronomical surveys during the epoch of cosmic star formation (z ~ 2) reveal that
irregular and clumpy galaxies outnumber normal types, with percentages as high as 60% for star-
forming galaxies (e.g. Wuyts et al. 2012, Guo et al. 2015). Shibuya et al. (2016) reported that the
evolution in the fraction of clumpy galaxies over cosmic time broadly follows the trend of the Madau
& Dickinson’s star formation history plot, with the clumpy fraction peaking at around z ~ 2 — 3.
Despite their ubiquity at high-z, the origin and evolution of clumpy star-forming galaxies are not
well constrained by observational studies due to the limited instruments that can resolve them. As
a result, their formation and evolution can be explained within a wide range of theoretical models.
Theories suggest that the formation mechanisms of star-forming clumps are associated with both
in-situ and ex-situ origins. In the nearby Universe, such irregular morphologies are attributed to
galaxy interactions and mergers. These same physical processes can be used to explain the irregular
morphologies at larger lookback time. In this context, star-forming clumps are induced from the
perturbation and collapse of gas due to various gravitational interactions. This view is supported
by some observational studies (e.g. Guo et al. 2015). Tt is also not clear whether clumps are just

remnants of accreted satellites which have not been tidally disrupted (Zanella et al., 2019).



While mergers are undoubtedly taking place at high redshifts, only a minority of high-redshift
galaxies are reported to be in the process of merging, with pair/merger fractions ranging from a
few to 25% (e.g. Lotz et al. 2011, Man et al. 2016, Mantha et al. 2018). Further, the gas-phase
kinematics of most high-z galaxies is dominated by ordered disk rotation (e.g. Genzel et al. 2006;
Forster Schreiber et al. 2011; Stott et al. 2016), even for those with irregular morphologies, suggesting
that these morphologies can not be the result of recent mergers. If mergers play a minimal part in
creating clumpy SFGs, then another mechanism must be responsible. Indeed, observations of typical
SFGs between z ~ 0 — 2 show that their molecular gas mass fractions steeply rise with redshift (e.g.
Tacconi et al. 2010). If the gas reservoir in these galaxies is being used up for star formation, then
a continuous fueling is needed in order to sustain the observed high star formation rate. A widely
invoked theoretical framework to explain star-forming clumps is the continuous replenishment of the
gas reservoir within these galaxies through cold, filamentary streams. Such gas-rich, turbulent disks
are likely to gravitationally collapse at the kiloparsec-scale, causing the formation of star-forming
clumps (Dekel et al., 2009).

The fate of clumps is often debated in the literature. Simulations are inconclusive, while ob-
servational studies lack the statistical significance to constrain specific scenarios. In one scenario,
clumps can remain as bound systems, surviving stellar feedback for > 500 Myr. In this case, clumps
are expected to migrate inward due to dynamical friction and gravitational torques, and coalesce
and contribute to the stellar growth of the progenitor of present day galactic bulges (e.g. Bournaud
2016, Mandelker et al. 2014 2017). In the other scenario, clumps are believed to be short-lived phe-
nomena, on the time-scale of < 50 Myr, where strong stellar feedback and/or tidal forces disperse
the gas and unbind the stellar system. Differentiating the two scenarios requires information on the

resolved stellar populations of clumps.

1.6 Motivation and Outline

Understanding the formation and evolution of clumps is important, not only for studying the mecha-
nism driving the growth of bulges and thick disks, but also to test models on the interstellar medium
and stellar feedback, and to investigate which models can correctly reproduce observational results
at the sub-galactic scales of clumps (e.g. Inoue & Yoshida 2019). Furthermore, star-forming clumps
act as important laboratories to determine what is the dominant mode of star formation. These
studies enable us to test and constrain how galaxies assemble their mass over time (whether through
mergers, and/or secular evolution), and how star formation within galaxies proceeds with redshift.

However, in order to investigate the nature of star-forming clumps, high resolution and multi-
wavelength data are needed to resolve these regions and to accurately measure their physical prop-
erties respectively. At the present, the Hubble Space Telescope (HST) is the only telescope capable

of providing such data. While HST has now been in service for approximately three decades, there



are actually only a few existing fields with truly deep and multi-wavelength imaging in more than
a handful of filters (e.g. the Cosmic Assembly Near-Infrared Deeps Extragalactic Legacy Survey,
or CANDELS; Grogin et al. 2011, Koekemoer et al. 2011). CANDELS is a survey of five fields,
which consist of two deep fields centered on the Great Observatories Origins Deep Survey (GOODS)
north and south fields, and three wide fields. These fields only cover a small portion of the sky, with
the deep fields spanning ~ 130 square arcminutes, thus the number of clumpy SFGs observed in
these fields are limited (e.g. Wuyts et al. (2012) presented arguably the most in-depth study of the
resolved stellar populations for ~ 700 distant SFGs in GOODS-South). Of course, new data such
as the Hubble Frontier Field (HFF) is becoming available and represents an exciting opportunity to
do resolved stellar population studies of the distant Universe. The full multi-wavelength coverage
of the HFF, however, only extends to ~ 60 square arcminutes. Additionally, the amount of future
data that will be comparable to CANDELS and HFF remains small.

The unrivaled image quality of space-based observatories makes them ideal for observing star-
forming clumps. However, larger cameras on ground-based observatories can take advantage of the
large field of view of these telescopes, allowing them to survey larger regions of the sky. Ground-based
observatories also have access to more photometric filters compared to their space-based counter-
parts. However, these observatories are subjected to light pollution and atmospheric turbulence.
The turbulence nature of the atmosphere smears images and effectively degrades their image qual-
ity, rendering these images to limited use for resolved studies of galaxies. Image deconvolution has
often been explored as a solution to reverse the smearing effect and to improve the angular resolu-
tion. In fact, it has been recently shown that it is possible to achieve close to space-based resolutions
in deconvolved ground-based images (Cantale et al. 2016b).

The new algorithm, finite resolution deconvolution (FIREDEC, Cantale et al. 2016a), has two
main features that are advantageous compared to past deconvolution algorithms. (1) FIREDEC
deconvolves to a finite resolution as opposed to completely removing the point spread function,
ensuring that solutions are well-sampled and constrained, and (2) FIREDEC introduces a new
method of characterizing noise, which allows the algorithm to better distinguish signal from noise.
We present the deconvolved and resolved stellar properties of high-z (0.5 < z < 2) galaxies within the
Cosmic Evolution Survey (COSMOS) field. Ground-based images are deconvolved with FIREDEC
to the target resolution of 0.1” so that star-forming clumps can be resolved at our given redshift
range. FIREDEC is ideal for this analysis as Cantale et al. (2016b) have previously shown that this
target resolution is attainable. The COSMOS field covers an area of a 2 square degrees (or 7200
square arcminutes), with arguably the most impressive array of multi-wavelength coverage (30+
photometric bands). In comparison, the CANDELS/Deep survey covers 130 square arcminutes
within the GOODS-N and GOODS-S, and has been observed in at most 10 photometric bands. In
fact, 55 CANDELS/Deep fields can fit into one COSMOS field! Deconvolving the COSMOS field

presents an exciting and unique opportunity to study a larger sample of galaxies over a larger volume
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of the sky. At its fullest potential, this study can provide an unprecedented catalog of resolved stellar
population maps for hundreds of thousands of galaxies.

In the following chapter, we review the photometric data of COSMOS and the selection process
for galaxies within this study. Chapter 3 introduces the basic concepts of image deconvolution and
FIREDEC. We also provide some examples of deconvolved ground-based images and compare them
to the respective HST imaging. The techniques used to identify clumpy structures are presented in
Chapter 4. Finally, the remaining chapters present the results, specifically focusing on the evolution
of the fraction of clumpy galaxies with redshift, and the implications on the formation and evolution
of clumps.

We adopt the following cosmological parameters Q3; = 0.3, Qo = 0.7, and H, = 70 km s~}
Mpc~!. The cosmological parameters describe the properties of the Universe, where 2, and Q, is
the mass and dark energy density respectively, and H, is the Hubble constant. All magnitudes are

quoted in the AB magnitude system.
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Chapter 2

Data Overview

“The science is only as good as the data.”

Adam Muzzin

This chapter gives an overview of the Cosmic Evolution Survey, hereafter COSMOS. This includes
observations made with the Subaru and VISTA telescopes, as well as the partial imaging of the field
with the Hubble Space Telescope. The chapter provides an explanation for how galaxies are selected

from the COSMOS/UltraVISTA catalog, and provides the definition for star-forming galaxies.

2.1 The Cosmic Evolution Survey Field

The Cosmic Evolution Survey field is roughly 2 square degrees, and is centered at RA=10:00:28.6,
DEC=+02:12:21.0 (J2000) near the celestial equator. This location ensures visibility by all astro-
nomical facilities, especially with the expected arrival of next-generation 20-30 meter optical and
infrared telescopes.

The main goal of COSMOS is to address the evolution of galaxies in the context of their large-
scale structure, star formation, and active galactic nuclei (AGN) out to moderate redshift. As
observations and data of the field continue to grow over the past decade, COSMOS has arguably the
most impressive array of multi-wavelength coverage, spanning from: X-ray observations with XMM-
Newton and Chandra (Hasinger et al. 2007; Elvis et al. 2009), UV observations with GALEX (Martin
et al., 2005), extensive optical observations with the CFHT and Subaru telescopes (Taniguchi et al.
2007; Taniguchi et al. 2015; Capak et al. 2007), mid-infrared observations with Spitzer (Sanders
et al., 2007), submilliter observations with Herschel (Oliver et al., 2012), millimeter observations
with the AzZTEC and MAMBO instruments (Scott et al. 2008; Aretxaga et al. 2011), and radio
observations with the VLA (Schinnerer et al., 2007).

The large areal coverage of COSMOS is needed to properly sample large-scale structure as smaller

volumes are subjected to cosmic variance, which can affect measurements of the abundances and
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types of galaxies. On the other hand, the full spectral coverage enables astronomers to probe the
coupled evolution of young and old stellar populations, starbursts, the interstellar medium, AGN,
and dark matter. Further, the multi-wavelength coverage is necessitated by the fact that light from
different epochs is differently redshifted, and the presence of dust obscuration around star-forming

regions can absorb UV light and re-emit it at longer wavelength.

2.1.1 HST Ancillary Data

In addition to the extensive multi-wavelength coverage of ground-based observatories, COSMOS was
observed with the Advanced Camera for Surveys (ACS) on board HST. Details of the observations
and reductions are provided in Koekemoer et al. (2007) and Massey et al. (2010). Briefly, 581 orbits
were devoted to imaging the full field in the F814W filter. A smaller section of roughly 10 square
arcminute, centered on the field, was imaged using the F475W filter in 9 orbits.

The field was further observed as part of the Cosmic Assembly Near-infrared Deep Extragalactic
Legacy Survey (CANDELS; Grogin et al. 2011, Koekemoer et al. 2011). The CANDELS program
consists of five distinct fields at two distinct depths, with the deep portion of the survey known as
CANDELS/Deep and the wide portion as CANDELS/Wide. While CANDELS/Wide has exposures
in all five field, one of its primary Wide fields is COSMOS. The COSMOS observations consisted
of a contiguous mosaic of overlapping 4x11 ACS/WFC Vgos tiles (of roughly 8x23 arcminutes)
that run north-to-south at a position angle of 180°. Further, we obtain HST Hjgp imaging from the
COSMOS-Drift and SHift survey (COSMOS-DASH). Details of the survey and observing techniques
are presented in Mowla et al. (2019) and Momcheva et al. (2017). The survey takes advantage of
the unique Drift And SHift (DASH) observing mode, allowing COSMOS-DASH to be the widest
HST/WFC3 imaging survey with the F160W filter.

2.2 COSMOS/UltraVISTA Survey and Catalog

At the time it was released, the UltraVISTA survey (McCracken et al., 2012) was one of the most
notable near-infrared surveys. The main strength of UltraVISTA lies with the fact that the field is
directly centered on the COSMOS field. UltraVISTA has imaging in four broad-band NIR filters
(YJHKS). It is the deepest of the VISTA public surveys, with the latest data release reaching a
magnitude depth of K ~ 25.5. With the combination of optical imaging from the COSMOS field,
UltraVISTA presents a unique opportunity for astronomers to investigate the growth of galaxies
during the crucial redshift range 1 < z < 3.

In fact, Muzzin et al. (2013) already published a photometric catalog that exploited the com-
bined COSMOS and UltraVISTA multi-wavelength observations, spanning the wavelength range
between 0.15 to 24 pm. Briefly summarized, source detection and photometry were performed using

SExtractor based on the Ks-band imaging. The catalog made use of the PSF-matched photometry
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in the 30 photometric bands, providing the photometric redshifts, stellar population parameters
(e.g. stellar masses and star formation rates), along with information of the rest-frame (U — V') and
(V = J) colors, and UV/IR luminosities for all the galaxies within the field. The high image quality
of the UltraVISTA K-band allows for the selection of mass-complete galaxy sample up to z = 4.
Due to deep, multi-wavelength observations and large areal coverage, COSMOS/UltraVISTA
serves as an attractive field to study the evolution of galaxies. Along with existing HST imaging of
the field in certain filters, COSMOS/UltraVISTA provides an ideal ground-based database on which

to apply deconvolution techniques to resolve clumpy structures.

2.3 Photometric Data

We choose not to utilize all the existing ground-based imaging of the COSMOS field since image
qualities between these photometric data are not homogeneous. The variation in image qualities is
the result of differences in observing conditions, which vary from pointing-to-pointing. In theory,
since FIREDEC can be set to obtain a similar angular resolution in all deconvolved images, it is
possible that the variation in image qualities will have little to no effect on our analysis. However,
image deconvolution is not magic; the result of deconvolution is partly dependent on the original
image quality (e.g. the angular resolution of the image). In terms of Fourier analysis, retrieving
higher angular resolution with image deconvolution means retrieving higher Fourier frequencies.
Since the only limit we have on the frequency components of an arbitrary image is its point spread
function, the smoother this point spread function is (i.e. the larger the full-width at half-maximum,
FWHM, is), the more difficult it is to constrain higher spatial components in deconvolution.

This presents a complication for the analysis. Using non-homogeneous data can result in images
of varying resolution. It is important that all our photometric data cover the same physical region,
so that the correct stellar properties can be inferred at the resolved scale. One simple approach to
deal with mismatched image qualities is to use only the photometric data that have fairly homoge-
neous image quality. The seeing variations for all the photometric data are summarized in Muzzin
et al. (2013), where seeing can range from 0.53” to 1.20”. We opt not to use the g+ filter of the
Subaru/SuprimeCam as the photometric data have the worst seeing compared to the others (1.01”
to 1.20”). We also omit the i+-band data as its long integration time caused most stars to be sat-
urated and unusable for modeling the point spread function. Included in the analysis of this study
are the B;V;r + z+ data from the Subaru/SuprimeCam. We have also included 6 optical medium
bands (1 A484,1A527, 1 A624, 1 A738,1B427, I B505). We omit the other medium band optical data
of the COSMOS field as these data either have bad seeing, or a large range in seeing. Finally, we
include the four near-infrared bands, Y JH K, from the UltraVISTA survey. Table 2.1 summarizes

the seeing of the each data and their respective papers.
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Filter ~ Seeing (”) Reference
0 2) 3)
B; 0.71 - 0.78 Capak et al. (2007)
V; 0.74 - 0.84 -
r+ 0.78 - 0.85 -
2+ 0.81-0.91 -
1A484 0.54 - 0.72 -
TA527 0.59 - 0.67 -
14624 0.70 - 0.81 -
TA738 0.72-0.80 -
I1B427 0.66 - 0.75 -
IB505 0.71-0.84 -
Y 0.82-0.86 McCracken et al. (2012)
J 0.81 - 0.85 -
H 0.78 - 0.82 -
K 0.77 - 0.82 -

Table 2.1: Summary of the photometric data selected to be processed with deconvolution. While
image deconvolution is used to obtain better resolution, the achieved resolution is limited by the
original image quality (see text for more information). To ensure that deconvolved images have
the same resolution, not all the photometric data of the COSMOS field are used, but instead only
images which have comparable seeing are used within this study. The seeing information of all the
photometric data is shown in Muzzin et al. (2013).

2.4 Galaxy Sample

This study makes use of the Ki-selected catalog from Muzzin et al. (2013) to select galaxies. The
parent galaxy sample is obtained by using the flag, “use=1", in the catalog. Essentially, this excludes
objects that are flagged as stars based on a color-color cut, objects that are badly contaminated by
nearby bright stars, and objects that contain bad regions. The total number of galaxies in the parent

sample is 160,070. In the following section, we discuss the selection criteria for suitable galaxies.

2.4.1 Limiting S/N for Image Deconvolution

Image deconvolution is reviewed in Chapter 3, however we briefly describe some key concepts in
deconvolution as it affects the selection process. In general, image deconvolution is an iterative
process, in which the original image is resampled and pixel intensities are redistributed so that the
proposed solution is consistent with the setup of the problem (i.e. based on the estimate of the noise
and point spread function). For this reason, it is unnecessary to deconvolve objects that are already
faint and have low signal-to-noise ratio (S/N), as the resulting deconvolved image will further suffer
from low S/N and offer no new information with regards to galaxy morphologies.

The recovered S/N of the deconvolved image depends on the resolved surface brightness of the
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Figure 2.1: Left: The distribution of galaxies in COSMOS based on their K, S/N and redshift,
binned by stellar masses. The black solids show the selection criteria; deconvolution is ineffective at
K, S/N < 20 and above z > 2, only massive galaxies have sufficient S/N.

galaxy. In the ideal situation, we would know the morphology of galaxies a priori and can make
a cut based on the surface brightness to ensure that the recovered S/N is at some minimum. In
practice, the resolved morphology of these galaxies is not known, and therefore, we choose to use the
integrated S/N as a proxy for what the resolved surface brightness would be. Figure 2.1 shows the
distribution of galaxies based on the integrated Ky-band S/N and photometric redshift for different
mass bins. We set the limiting S/N to be 20. Galaxies with integrated S/N in the K¢ -band below the
limiting S/N are excluded from our sample. Since the majority of galaxies with log(M.,/Mg) < 9.8
are below the limiting S/N, we also omit those galaxies. Similarly, we omit all galaxies above z > 2,
since only massive galaxies with log(M, /Mg ) > 11 meet the required S/N at these redshifts.

Note that using the integrated S/N as a proxy assumes that all galaxies at a given magnitude have
similar light profiles, which is not necessarily true. This is however unavoidable as the recovered
S/N in deconvolved images depends on the morphology of the galaxy. It could be instructive to
model what the limiting S/N should be (i.e. assume a minimum S/N for resolved clumps and find

its integrated PSF-convolved S/N) in order to create a uniform, mass-complete sample with redshift.
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However, our sample is close to mass-complete at 0.5 < z < 1.5, with only galaxies that have low
surface brightness excluded from the low-mass bins at higher redshifts. Regardless of whether we
choose to exclude or include these, the observed trends on the fraction of clumpy galaxies will not

change.

2.4.2 Star-Forming Galaxies Definition

Using the photometric redshift, stellar mass, and Ky photometry from the COSMOS/UltraVISTA
catalog, we construct a sample of galaxies at 0.5 < z < 2 based on the limiting S/N. We further
separate the sample into star-forming and quiescent galaxies as the main focus of the study is on the
resolved stellar populations of galaxies during their lifetime prior to quenching. The morphological
bi-modality of galaxy populations has been well studied in the local Universe and is observed to
persist to higher redshifts. Several methods have already been developed to distinguish the two
populations.

In particular, the classification based on the rest-frame (U —V') and (V —.J) colors (hereafter UVJ
diagram) has been used in many previous studies (e.g. Williams et al. 2009; Whitaker et al. 2011,
Muzzin et al. 2013). The separation of star-forming and quiescent galaxies based on the UVJ diagram
has been shown to correlate with the separation based on UV+IR-determined specific star formation
rates (hereafter sSSFR = SFR/M., , e.g. Williams et al. 2009) and based on SED-determined sSFRs
(e.g. Williams et al. 2010). The inverse of the sSFR defines a timescale for the formation of the
stellar population of a galaxy, which is why it is often used as a diagnostic of quiescence. Therefore,
the distinction between star-forming and quiescent is made based on the UVJ, in particular, galaxies

are labeled as star-forming if their rest-frame (U — V') and (V' — J) colors satisfy,

U-V)<13
(U=V) <088V —.J)+0.69 (2.1)
(V—J)>16

In the left panel of Figure 2.2, we plot the distribution of galaxies satisfying the limiting S/N and
redshift range onto the UVJ diagram. The bi-modality of galaxy populations can be clearly seen in
the UVJ diagram, where quiescent galaxies lie along the upper envelope (above the solid black line)
and star-forming galaxies along the lower envelope. In total, the number of star-formation galaxies
satisfying the color, redshift, and S/N criteria is 22960. In the right panel, we show the distribution
of these galaxies in the SFR-M plane, where the SFRs are determined from the UV and IR fluxes
(details in Muzzin et al. 2013). It is clear that the UV.J selection is good, as the selected galaxies

mostly lie along the star-forming main sequence.
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Figure 2.2: Left: The distribution of all the galaxies in COSMOS at 0.5 < z < 2. based on (U — V) est
and V' — J),est colors, excluding those with log(M,/Mg) < 9.8 and K-band S/N < 20. Right: The
distribution of the selected star-forming galaxies in the SFR-M plane.

2.5 Summary of the Data

The COSMOS project aims to study how galaxies are influenced by both their intrinsic physical
properties and the environment that surrounds them. This project necessitates a large survey of the
field with major telescopes around the world, ranging from X-ray observations to radio observations.
In particular, the field was observed in the optical with a number of broad-band and medium-band
filters with the Subaru/SuprimeCam instrument, and in the NIR as part of the UltraVISTA survey.
These deep and multi-wavelength observations enable in-depth studies of galaxy evolution up to
z ~ 4. As a result, COSMOS/UltraVISTA is an attractive field to be further processed with image
deconvolution, especially when existing HST imaging of the field are available and can be used to
validate deconvolution.

To ensure that deconvolved images have the same angular resolution, we use photometric data
that are homogeneous in seeing. This resulted in a selection of mosaics that have similar similar
with small variations. The photometric data used within this study include the optical broad-band
(Bj,Vj,r+,z+) and medium-band (IA484,1A527, 1A624, [ A738,1B427,1B505) images with the
Subaru/SuprimeCam, and the NIR broad-band (Y, J, H, K) images from the UltraVISTA survey.

Our parent catalog is selected from the COSMOS/UltraVISTA catalog from Muzzin et al. (2013).
Galaxies are selected to have log(M, /Mg > 9.8) at 0.5 < z < 2, with an integrated S/N (in the Kj
band) greater than 20. We distinguish between star-forming and quiescent galaxies using the UVJ
diagram. The number of SFGs in our final sample is 22960, although the analysis for this dissertation
is based on a smaller sample of 9000. While there are some drawbacks to image deconvolution (e.g.

results can suffer from low S/N, and are heavily reliant on how well the point spread function is
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modeled and the estimates of the noise), deconvolution enables us to perform resolved and multi-
wavelength studies of distant galaxies on a larger scale. In fact, the number of galaxies presented in
this study is substantially greater than what has been done previously with HST (i.e. ~ 700 galaxies
in Wuyts et al. 2012), or could ever be done with HST.
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Chapter 3

Image Deconvolution

“Observations always involve theory.”

Edwin Powell Hubble, The Realm of the Nebulae

In optical astronomy, the angular resolution (6) of an image is proportional to the ratio of the

observed wavelength (\), and the diameter of the telescope’s primary mirror (D),

A
0 x — 1
x> (3.1)

Instruments with a finite resolving power (or in other words, finite mirror size) will have an in-
strumental point spread function (PSF). Without any atmospheric effects, an astronomical image
of a star is an Airy disk with some apparent size. When observations are made from the ground,
an additional contribution to the PSF is introduced due to the turbulent motions of the earth’s
atmosphere. Mathematically, the blurring effects can be described as a convolution with a Moffat
profile.

Imaging at high angular resolution can be achieved in several different ways. The most straight-
forward approach is to use space observatories. Space observatories are free of atmospheric distur-
bances, resulting in observations with unprecedented image qualities. However, they are considerably
more expensive to build compared to their ground-based counterparts. The alternative is to correct
for the effects of atmospheric disturbances in ground-based observations. Complex optical systems,
known as adaptive optics, are designed to detect disturbed wavefronts and adjust their deformable
mirrors to correct for these distortions. Further improvements on the post-processed images are also
advantageous and possible using numerical techniques. The basis for these numerical techniques is

to invert the convolution operation to reconstruct the original image.
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3.1 Brief Introduction to Deconvolution
Mathematically, an image (D) taken with a telescope can be modeled as,
D= (PSF«M)+ Z, (3.2)

where PSF is the total PSF, M is the original image, and Z is the noise map. Noise in astronomical
images is generally characterized by a Poisson distribution, but can be approximated as the standard
deviation of the pixel-to-pixel variations. An image deconvolution algorithm therefore attempts to
reconstruct M, given the estimates for noise and the PSF. For future reference, M should be thought
of as a solution for the original image.

Image deconvolution is simply a minimization problem, in which M can be obtained by mini-

mizing the cost function,

D — (PSF « M)12
C = Z [% (3.3)
The summation goes over the pixel number and o represents the associated noise at that pixel. The
term in the cost function is a chi-squared term, which describes how well M fits the data. Therefore,
the cost function is designed to provide a solution, M, that produces the minimum value in the cost
function. However, the inverse operation of convolution is often degenerate as observed images are
sampled and noise properties are not well known. This is further complicated by the fact that the
PSF can be challenging to model, as it can vary significantly between observations (even if the same

instrument is used).

3.1.1 Finite Resolution Deconvolution

Finite resolution deconvolution (FIREDEC) has two main features which make it more advantageous
compared to past deconvolution algorithms; (1) as opposed to completely removing the PSF, images
are deconvolved such that the deconvolved image still has a PSF of its own (Magain et al., 1998;
Cantale et al., 2016a), and (2) it implements a new noise characterization (based on wavelet filtering
and multi-scale analysis), which mitigate the amplification of noise during the iterative process
(Cantale et al., 2016a). We briefly describe the algorithm, but we refer readers to Cantale et al.
(2016a) for detailed explanations of FIREDEC.

In regards to (1), the PSF of an image can be expressed as,
PSF =gxP, (3.4)

where ¢ is the target resolution defined by a 2D Gaussian function, and P is the kernel that trans-
forms PSF to g. In this sense, the deconvolution of an image by P will result in a deconvolved image
with a resolution of g. Therefore, given a target resolution, FIREDEC can construct a deconvolution

kernel, P, so that Equation 3.4 is satisfied.
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Given a deconvolution kernel, P, the main cost function for FIREDEC is defined as,

c= Z[ LA s (35)

7

The first term is the chi-squared term similar to that in Equation 3.3. The second term is known
as the regularization term; H is a regularization weighted by a defined Lagrange parameter, \.
The purpose of the regularization term is to suppress high spatial frequencies arising during each
iteration of the deconvolution process. While there are different ways to define the regularization

term, FIREDEC uses the following definition,
M — M2
AH = A (7> , 3.6
; V1+M/i (3.6)

where M represents a solution where the transition between pixel intensities is smooth (in other
words, it is the “de-noised” version of M). While there are numerous methods proposed to remove
noise from image, the de-noising function used in FIREDEC is based on wavelet decomposition.
Therefore, the numerator (M — M) defines the noise within M and its minimization depends on the
value of A\. When no regularization term is included (i.e. A is zero), the algorithm will overfit the
data, resulting in a noisy solution. On the other hand, if a large A is used, the solution is smoother

as the noise in M is harshly penalized.

3.2 Deconvolution in Practice

Since COSMOS is one of the largest astronomical surveys, it took several observing sessions over
an extended period of time to produce mosaic images of the field. These observing sessions had
different observing condition, which led to varying image qualities across the mosaics. In Figure 3.1,
we show these variations for the different photometric data as AFWHM. The FWHM of each star
was measured using SExtractor. Each mosaic is divided into 15 x 15 different regions, where each
region roughly covers 10 square arcminute of COSMOS. For each region, we calculate the differences
between the median FWHM of that region and the median FWHM of the mosaic (AFWHM). In
general, the variations of the FWHM seeing for the intermediate-band images are scattered, while
the broad-band images appear to be more homogeneous.

To account for the variation in PSFs and noise, we divide the COSMOS field into different
regions. These regions correspond to the HST/ACS mosaic tiles. Essentially, each tile is an image
of a specific region of COSMOS that is approximately 10 square arcminute. We use SExtractor to
obtain a list of stars for each set of photometric data within those tiles. Generally, the brightest
stars, which are flagged as unblended and unsaturated by SExtractor, are selected as suitable stars
for PSF fitting. We also ensure that the PSF stars do not have any close companions. This is done
during the PSF fitting phase where we check the residuals for faint structures that are not associated

with the PSF star. Since the FWHM and S/N of the PSF stars can also vary based on the observing
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AFWHM

Figure 3.1: The spatial variation in the FWHM seeing in the COSMOS data. We use SExtractor to
calculate the FWHM of stars within each mosaic. The colormap shows the differences between the
median FWHM within each bin and the median FWHM over the mosaic. Each subplot shows the
spatial variation in the different photometric data. The FWHM variations within intermediate-band
images generally appear to be more scattered, while the broad-band images are more homogeneous.

wavelength, the same star may not be necessarily used as the PSF star for the other photometric
data.

Instead of deconvolving the COSMOS mosaic, which requires tremendous computing power, we
decide to deconvolve smaller image cutouts centered on each galaxy. At 0.5 < z < 2, the effective
radius of galaxies are observed to be ~ 3 — 5 kpc, corresponding to a scale of ~ 1 —2”. We choose
to use a cutout size of 7.8” by 7.8” (52 x 52 pixels), which is roughly 2-4 effective radii bigger than
the estimated size of galaxies. During the deconvolution of each galaxy, we search for the 3 closest
suitable stars and simultaneously model the deconvolution kernel. The target resolution is set as
0.17, corresponding to a physical size of ~ 0.7 kpc at our redshift range. This target resolution is
therefore sufficient to resolve star-forming clumps that have an estimated size of ~ 1 kpc (e.g. Soto
et al. 2017). Note that the target resolution is the same for all the photometric data to ensure that
each deconvolved image has the same angular resolution. In order to satisfy the Nyquist sampling
theorem, which states that the sampling frequency should be at least twice the highest frequency
contained in the signal, deconvolved images are sampled so that each pixel corresponds to a physical
size of 0.05” (i.e. this is the new pixel size). Effectively, this means that our original pixel scale (or

the original pixel size per pixel) is increased by a factor of 3.
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Figure 3.2: The PSF stars (S1 and S2) are shown in the left panels. The right panels show the
residuals of the analytical fit. Although, the residuals are relatively small compared to the initial
flux of the stars, faint extended structure such as the PSF wings is still visible. This structure will
be furthered fitted by the numerical fit.

3.2.1 Constructing the Deconvolution Kernel

This section gives an overview of how a deconvolution kernel is constructed for the center-most tile
(T065) of COSMOS. We select two stars (S1 and S2, Figure 3.2a) that satisfy the conditions of a
PSF star. To ensure that differences in the noise and seeing for both stars have minimal effects in
the fitting process, the stars are chosen to be nearby stars so that they are representative of the
local values.

The deconvolution kernel can be decomposed into two parts; an analytical fit of the PSF and
a numerical fit that aims to model any structures that the analytical fit cannot capture. The
Moffat profile of a PSF can be analytically approximated as the sum of three elliptical Gaussian
functions. This approximation can capture the main characteristics of a PSF (e.g. width, ellipticity,
orientation, and the PSF “wings”). Since the idea is to create a kernel that deconvolves images to a
target resolution, the analytical fit is obtained by simultaneously fitting the Gaussian approximation,
convolved with the target resolution, to the chosen stars.

The analytical residuals (i.e. the difference between the PSF and the analytical fit) are shown in
Figure 3.2b. In general, the analytical fit is good, as the integrated fractional residual is ~ 0.001%,

and the maximum residual for pixel-to-pixel is < 0.01%. The two analytical residuals are also similar
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Figure 3.3: The residuals of the superposition of analytical and numerical fit for S1 and S2 are shown
in the left panels, while the right panels shows the differences between the analytical and numerical
fit. The Lagrange parameter, A,, is increasing down the rows. Looking at the right panels, the
residuals represent the structures that were fitted in the numerical fit. Note that the residuals are
noisier when A, is low (e.g. A, = 0.001), indicating that FIREDEC is overfitting the data.
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to one another, which indicate that the chosen stars are representative of the local PSF. It is also
possible that the PSF stars are different!, which result in differences in the analytical residuals.
In that case, instead of fitting for 3 stars simultaneously, we would reduce the number of stars to
be fitted simultaneously, until either the analytical residuals are similar, or until only one star is
used. This ensures that the closest star(s) is affected by the same PSF as the galaxy we want to
deconvolve.

The numerical fit for the deconvolution kernel is obtained by modeling the structures in the
analytical residuals. This is done by deconvolving the analytical residuals by g. Note that this step
is required as the angular resolution of the analytical residuals is seeing-limited. In essence, the
numerical fit is the solution that minimizes the following cost function,

afit — (g * nfit) 72
c=3 [# A AH (3.7)

g

This is similar to Equation 3.5, but afit and nfit now represent the analytical and numerical residuals
respectively. Note that the Lagrange parameter is denoted as A, to specify that the value for this
parameter is different from A in Equation 3.5.

The value for A, can significantly affect the features of the numerical fit as illustrated in Figure
3.3. The residuals of the combined analytical and numerical model (or numerical residuals) for S1
and S2 are shown in the left panels, with A, increasing down the rows. The right panels shows the
differences between the analytical and numerical fit (or background residuals). In cases where a high
value of A\, is used (> 0.1), the algorithm failed to properly fit the PSF wings, which are still visible in
the numerical residuals. However, the faint ring structure disappears when A, < 0.1. It is, however,
still unclear what A, value should be used, as the ring structure disappears in all the numerical
residuals with A, < 0.1. The value for A, is chosen by checking the background residuals; noisier
residuals indicate that FIREDEC is overfitting the data during the numerical fit. A “good” A, value
should have minimal structures in the numerical residuals and a relatively smoothed background
residual. For this example, A\, = 0.01 is a good value to use in order to fit the deconvolution kernel.

It should be noted that the Lagrange parameters (A and \,) used for this dissertation are not
optimized, but are close to the optimal values. As we will show in the next section, the deconvolved
images already resemble HST images even though we did not optimize these parameters. In principle,
there should be one value for A, which gives the best approximation of the PSF. (Likewise, there
should be one value for A which gives the best solution for deconvolution.) We stress that the
main advantage of using image deconvolution on ground-based data is the larger sample of tens
of thousands of galaxies. Since FIREDEC currently does not automatically search for the best
values, manually searching the parameter space at this scale is completely unfeasible and impractical.
Further, as long as the Lagrange parameter is close to the optimal value, getting the precise value

does not have a strong effect on the final deconvolution.

n the few cases where galaxies lie along a region with varying image qualities
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3.3 Validation of Deconvolution using Space-Based Data

To further investigate the effectiveness of FIREDEC, we empirically validate the deconvolved images
by comparing them to the available HST images in this section. While COSMOS is the widest HST
survey ever taken, observations of the entire field were primarily done with the F814W band. These
deep observations allow astronomers to detect faint structures in distant galaxies. Other observations
of COSMOS (e.g. COSMOS in g-band, COSMOS-DASH, CANDELS/COSMOS, see Section 2.1.1)
are shallower and restricted to a smaller region of COSMOS. As a result, this section is broken into
two parts, with the first part focusing on the quantitative comparison with the Ig14 image and the
second part on the qualitative analyses of multi-wavelength deconvolution with the F475W, F606WW
and F'160W images.

3.3.1 Comparison with the F814W Data

In other to compare the deconvolved and HST images, we first account for differences in the astro-
metric alignment and angular resolution. This is necessary to ensure that the residuals show the
intrinsic differences, and not systematic differences. We align the astrometry by cross-correlating
the Ig14 images with the deconvolved images. The angular resolution between the two images is
also different due to the necessary regularization inherent in deconvolution. The regularization term
causes flux to spread, which can cause deconvolved images to have a slightly degraded angular res-
olution compared to HST images. Therefore, we PSF-match our HST images to the deconvolved
images, where the kernel is taken as a Gaussian function. The FWHM of the kernel is varied as
we iteratively convolve it with the HST images until their residuals between the PSF-matched HST
and deconvolved images are minimized.

Figure 3.4 shows a few examples deconvolution of the z+ images. The galaxies are randomly
chosen over a range of redshifts, and vary in term of S/N, angular size and visible substructures. The
first three columns show the ground-based images, the deconvolved images and their corresponding
Is14 images respectively. The last two column shows the residuals between the deconvolved and
HST images and the same residuals normalized by the PSF-matched HST images. In general,
the light profile of galaxies observed in the ground-based z+ filter are smooth, representative of
underlying older stellar populations. We see dramatic improvements when comparing ground-based
to deconvolved images. Complex substructures are unveiled by FIREDEC within the deconvolved
images for a few cases, and these are further confirmed by the ACS images. In particular, clumpy
structures are resolved in the deconvolved images for both ID115280 and ID121068. The light profile
of these features is also well constrained by FIREDEC, with residuals consistent of the background
noise.

At first glance of the residual maps, the deconvolution of bright luminosity profiles such as

bulges appear to be less well constrained by FIREDEC. However, the normalized residual maps
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Figure 3.4: Left to right column are ground-based z+ images, their corresponding deconvolved im-
ages, their corresponding F814W images, the residuals, and the normalized residuals. The residual
maps show the difference between the deconvolved images and the PSF-matched HST images, calcu-
lated at the same pixel scale as the deconvolved images (0.05”). Similarly, the normalized residuals
show the absolute residuals, normalized by the PSF-matched HST images.
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show that the residuals are actually consistent for each image. We also note that, in principle, a
deconvolved image shows the true light distribution convolved by a Gaussian PSF with a FWHM
of 0.17. A Gaussian PSF is not the same as the diffraction limit PSF of HST, which has ring-like
and “spikey” structures. The inclusion of these structures in a kernel can alter the light profile in
different ways, and can cause minor differences between the deconvolved and HST images. Combined
with the necessary regularization, this can prevent the deconvolved data from reaching the true light
distribution in the inner parts of very sharp profiles. While this suggests that the flux of individual
pixels may not be perfectly calibrated (particularly for structures smaller than the target resolution
such as bulges and clumps), we stress that pixels are binned together when we fit for the stellar
populations. This ensures that the correct physical properties within each bin are extracted from

the SED models. The binning process is explained in Section 4.3.

3.3.2 Multi-Wavelength Comparison

In the previous section, we show that the reconstructed light distributions are consistent with their
space-based counterparts, with negligible structures in each residual map. However, the z+ filter
probes the rest-frame V for galaxies at z < 1. An important question to address is whether image
deconvolution can be used to detect kiloparsec-scale, star-forming regions for low-z galaxies, and
whether color variations are preserved after deconvolution.

Figure 3.5 show examples of the multi-wavelength deconvolution. It should be note that we do
not use information between the different filters as an addition constraint for deconvolution, but
instead, each image are separately deconvolved. The galaxies shown are taken from the center-most
region of COSMOS, where there exists overlapping HST imaging, and are showcased mainly for their
clumpy morphologies. The grey-scale images along each row correspond to the different filters, going
toward redder filters from left to right. From top to bottom, each row corresponds to the ground-
based, deconvolved and HST images respectively. Note that the HST images are not degraded to
match the seeing of the deconvolved data. In the left panels, we show the RGB composite image (or
postage stamp) of each galaxy.

A quick visual inspection of the deconvolved and HST data shows striking similarities. While we
can descry certain star-forming regions from the ground-based color images alone, these structures
are typically smeared out and blended with its host galaxy’s bulge. However, deconvolution clearly
resolves these structures. In particular, the grey-scale images for the B (or V) filter and the color
images are remarkably comparable to the HST images, with an angular resolution that is on par
with HST’s resolution. The robustness of FIREDEC is further highlighted in ID122650, where
deconvolution unveils distinct clumps that cannot be detected within the original ground-based

images (see B and V images). These structures are also confirmed by HST.
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Figure 3.5: Examples of multi-wavelength deconvolution. For each figure, the rows correspond to
the ground-based, deconvolved, and HST images, while the columns show an image of each galaxy
in a different filter. The right panels show the composite color images, where the ground-based
images are based on the V, z+ and H filters and the HST image is based on the FA75W , F814W
and F'160W filters.
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Figure 3.5: Same as above.
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3.4 Summary of Image Deconvolution

Image deconvolution is a minimization problem, where pixel intensities are redistributed at each
iteration until an optimal solution is found. Finite resolution deconvolution implements two new
features to help constrain solutions; (1) FIREDEC deconvolves to a finite resolution, and (2) it
has a new way of characterizing and regularizing noise during the iterative process. To model the
deconvolution kernel, we search for bright stars that are not saturated and have no companions.
During the analytical and numerical fit of the deconvolution kernel, the residual maps are checked
to ensure that the PSF stars are representative of the local PSF. The target resolution of each
deconvolution is set to 0.1”, which corresponds to a physical size of ~ 0.7 kpc at 0.5 < z < 2. This
target resolution therefore enables us to detect clumps, which have an estimated size of ~ 0.9 kpc
based on HST studies.

We also show the robustness of finite resolution deconvolution. In particular, we show that there
is a substantial improvement going from ground-based images to deconvolved images, where small-
scale structures such as star-forming clumps are unveiled by deconvolution. Further, we validate
these structures with the available multi-wavelength HST observations, and show that deconvolved
images generally resemble HST images. However, note that deconvolved images are not flawless and
that there are differences between deconvolved and HST images. The deconvolved light profile of
bright, small-scale structures may not be perfectly calibrated due to the fact that we are deconvolving
to a finite resolution and regularization causes flux to spread. Further, since the trade-off for an
increased spatial resolution is higher frequency components, deconvolved images generally suffer
from low S/N, and in some cases, deconvolution artifacts are created. While these issues suggest
that there may be structures that are not perfectly resolved, or even artificially created, we stress
that the properties of these structures can be constrained by using the photometric information
across multiple filters. Further, during the SED modeling process, pixels are binned together (see
Section 4.3) to ensure that there is some minimum signal. For these reasons, we are confident in our

ability to broadly classify galaxies as clumpy or non-clumpy using the deconvolved data.
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Chapter 4

Methodology

In the previous chapter, we have shown the process in which a deconvolution kernel is created and a
few examples of deconvolution. This chapter provides an overview of the analytical tools needed to
produce stellar populations maps from the deconvolved images. We also describe the methodology
of identifying clumpy structures within the stellar population maps in order to infer their physical

properties.

4.1 Segmentation Maps

For computational purposes, image deconvolution is done on a small cutout centered on a galaxy.
While each cutout is centered on the galaxy, it is unavoidable that other objects are visible within
these cutouts. To distinguish different objects within the cutouts and to assign specific pixels to
each object, we create a segmentation map for them.

Typically, SExtractor is used to simultaneously create a segmentation map and a catalog of
the mosaic. However, we omit rerunning SExtractor on the Ks-band image and avoid unnecessary
complications with matching the new catalog to the existing one as we already have the coordinates of
our galaxies from the COSMOS/UltraVISTA catalog. Instead, we utilize a Python implementation
of the watershed algorithm to associate specific pixels to an object. The philosophy behind the
watershed algorithm is that the intensity of a grayscale image can be viewed as an overturned
topological surface, where local peaks of an image denote the deep points of the topological surface.
Image segmentation with the watershed algorithm can be thought of as the process of filling the
valley with water; as the water level start to rise, water from different sources will start to mix. To
avoid this, the algorithm build barriers at the locations where water merges. The barriers define the
boundary of each segmentation map.

To apply the watershed algorithm on a image in practice, we define the background and the

local peaks of a given ground-based (undeconvolved) image of the galaxy. The image is rescaled so
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that the new pixel scale is the same as the deconvolved pixel scale. The background of the image
is determined by performing 3-o clipping on the image. We mask the background, and the masked
image is then normalized by the negative of its sum. The local peaks (i.e. sources at which the
watershed algorithm will start to “add water”) are taken as the coordinate of the galaxies that are

found within the cutout.

4.2 Misaligned Astrometry

Large surveys require multiple telescope pointing which cause small offsets in the astrometric solution
(e.g. < 0.2” for the optical data and 0.1” for the NIR data, Capak et al. 2007; McCracken et al.
2012). These offsets are roughly the size of clumps, and therefore can have significant impact on our
clump identification. This is particularly true in the case of compact galaxies, since any potential
misalignment of those galaxies at bluer wavelengths could be mistaken as an off-center star-forming
clump.

While the morphology of galaxies can differ considerably when comparing the optical and NIR
images, their morphology is comparable between adjacent filters. As a first-order correction for any
potential offsets, we calculate the relative offsets in pixel position by iteratively cross-correlating
each photometric cutout to its adjacent longpass photometric cutout. To this end, we fix the K
photometric cutout, and align the other cutouts to it. The correction is made based on the original
ground-based images; we use the integrated S/N of the galaxy (taken from the UltraVISTA catalog)
as an indicator of whether a correction should be made. If the S/N for a given cutout is less than 5,
we do not apply any corrections to that specific cutout as there is already very little signal within

the image.

4.3 Pixel Binning

Since individual pixels can have little to no significant signal (especially when the images are post-
processed with deconvolution), biases can be introduced when fitting stellar population models to
the spectral energy distribution. A solution is to group pixels together in different bins, so that each
bin has a minimum S/N. This ensures that the correct stellar properties for each bin can be inferred.
An example of the binning technique can be seen in Wuyts et al. (2012), where they used the Voronoi
binning technique by Cappellari & Copin 2003 to bin pixels based on the H band. However, since
the morphology of galaxies can vary considerably from the UV to NIR, binning based on the NIR
alone can cause compact and localized signals to smear across larger regions.

In this study, in order to deal with the spatial changes of the SEDs, we modified Cappellari &
Copin (2003)’s 2D Voronoi binning technique so that there are two binning channels; one based on

the band that probes the rest-frame U of the galaxy (i.e depends on the redshift) and the other
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Figure 4.1: Examples of the original Voronoi bins vs. our 2-channels Voronoi bins. For left to right,
we show the composite image using the deconvolved data, the original Voronoi bin, and the new
Voronoi bins. The original Voronoi binning technique is modified so that there are 2 binning channels
(based on the band that probes the rest-frame U of the galaxy and the K band), the accretion of
pixels toward a bin stopping once either one of those binning channels reach a mininum S/N of 5.
In general, the 2-channels Voronoi binning technique result in more bins, particularly around bright,
blue clumps.

based on the K band. In the original Voronoi binning technique, a pixel is accreted to a bin if the
addition of that pixel improve the S/N of the bin. The accretion of pixels stop once the bin reaches
the minimum S/N. In the modified version, the binning process is similar, except a bin is decided if
it reaches a minimum S/N in either one of the bands. At that point, the algorithm will start a new
bin. We define the minimum S/N to be 5. As an additional step to the binning process, we choose
to optimally weight the pixels using Equation (3) in Cappellari & Copin (2003) as some pixels have
virtually no signal.

As an example, we show the two different binning methods in Figure 4.1. The left panels show
the composite image of the SFGs, while the middle and right panels show the original Voronoi bins
(based on the K band) and the new Voronoi bins (based on the two different bands) respectively. In
particular, in regions where prominent clumps are visible in the composite images (blue in color), the

original Voronoi bins are generally larger compared to the new Voronoi binning based on 2 channels.
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This is further demonstrated by the fact that the new binning technique results in more bins.

4.4 Resolved Spectral Energy Distribution Modeling

We use EAZY (Brammer et al., 2008) to compute the rest-frame U and V' luminosities for each
spatial bin for all galaxies. EAZY calculates the colors by integrating the best-fit SED through the
redshifted filter curves over the appropriate wavelength range. We use the response curve defined
in Maiz Apelldniz (2006) for the U and V filters. We fix the redshift of each bin to the photometric
redshift (or the spectroscopic redshift when available) of its respective galaxy.

The resolved stellar population parameters of each bin are determined by individually fitting
Bruzual & Charlot (2003)’s stellar population synthesis models to the 15-bands u*-to-Kg SED. The
fit is done with the code: Fitting and Assessment of Synthetic Template (FAST, Kriek et al. 2009).
We adopt a Chabrier (2003) initial mass function and Calzetti et al. (2000) dust extinction law,
and assume a uniform solar metallicity and exponentially declining star formation history. We allow
log(7) to vary between 7.0 and 10.0, in increments of 0.2, and log(¢) to vary between 7.0 and 10.0, in
increments of 0.1. We also restrict ¢ to be less than the age of the universe at the observed redshift
of each galaxy. The visual attenuation (A,) of each fit is allowed to vary between 0 and 4.

It is always a concern whether certain parameters can affect clump properties. However, these
effects are usually systematic. Indeed, both mass of the galaxy and its clumps will change in a
similar way if we vary the metallicity parameter. If the metallicity of clumps differs from its host
galaxy, then we would be inferring the wrong clumps’ mass relative to the galaxy’s. Given that we
are working with low S/N photometry, we do not have a handle of the metallicity without performing

resolved spectroscopy of these galaxies.

4.5 Clumpy Structures Analyses

A wealth of information can be inferred from the SED models, allowing us to construct resolved
maps of stellar population properties (e.g. stellar mass, star formation rate, dust attenuation, age)
and surface brightness (e.g. rest-frame U and V luminosities). In this section, we address the spatial
variations in stellar populations and colors to identify clumpy structures. This is done by creating
normalized profiles for the complete sample of galaxies. A normalized profile is a two-dimensional
profile that quantifies the dependence of stellar population properties simultaneously on both surface
brightness and galactocentric radius, enabling us to detect spatial variations in stellar population
maps. We briefly discuss the process in creating the 2-dimensional profiles, and the classification
scheme to identify clumpy regions below, but we refer the reader to Wuyts et al. (2012) for a more

detailed discussion of the process.
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4.5.1 Normalized Color and Stellar Mass Profiles

We adopt a stellar mass-weighted center to be a reference for all measurements,

> i,
T, = 22—
2 Mi (4.1)
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Zi M;

The normalized brightness profiles are constructed as follows. We first associate the morphology
of each galaxy with a position angle and axial ratio, which is done by fitting an ellipse to its
segmentation map. The ellipse parameters are derived from the segmentation map, rather than
surface brightness, so that the aperture shape is not driven by individual clumps superimposed
on an otherwise smooth surface brightness distribution. We define a half-light radius (R.) as the
semi-major axis length at which an elliptical aperture contains 50% of the light. This radius is
derived by constructing a curve of growth from elliptical apertures centered on the mass-weighted
center. Having established a half-light radius, we measure the average surface brightness within the
half-light radius (X.). The surface brightness of each spatial bin in a galaxy is then normalized by
the average surface brightness, and the galactocentric distance (of each pixel in the spatial bin) is
normalized by the half-light radius.

The same procedures are used to create the normalized stellar mass profiles, except we compute
the half-mass radius as the semi-major axis length at which the curve of growth reaches 50% of its
maximum value in the surface stellar mass density map. Note that for a given galaxy, each pixel will
have a different normalized distance to the center depending on whether the measurement is made on
the Usest, Viest Or stellar mass map. This is because the half-mass radius is not necessarily the same
as the half-light radius. Since the galactocentric distance of a given light profile is normalized by the
half-light radius measured in that band (as opposed to always normalizing by the half-mass radius),
galaxies with identical surface brightness distributions will be mapped onto identical positions in
the normalized (X/%., R/R.) space, regardless of the underlying stellar mass distribution. This
approach allows for a consistent classification of spatial bins into inner, outer and clumpy regions

based on the wavelength of interest.

4.5.2 Examples of Normalized Profiles

Figure 4.2 shows examples of the normalized profiles alongside the resolved ULest, Viess and stellar
mass maps for several galaxies. The composite image of the galaxy is shown in the top left panel,
while the rest-frame (U-V) color map is shown in the top right panel. The radial profile of each
map is shown in the right column, where the color map corresponds to the rest-frame (U-V') colors.

A number of trends are revealed by the normalized profiles. All three radial profiles are rela-
tively flat within the half-light (half-mass) radius for all the examples. Since galaxies are typically

described as Sersic profiles, we expect to find decreasing profiles even within the half-light radius.
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The flattening of the radial profiles suggests that our profiles are limited by angular resolution.
Indeed, Wuyts et al. (2012) observed a similar flattening in their radial profiles. We note that this
does not affect our analysis as we expect to find clumps at the outskirt of galaxies, where the sur-
face brightness is lower. Even at higher resolution, it might be difficult to identify centrally-located
clumps as the central brightness of galaxies are much higher.

The surface brightness drops at larger radii, with a considerable scatter. The range in /¥, can
vary between 0.5-3.0 dex at R ~ R.. For specific cases (e.g. Figures 4.2a, 4.2b, 4.2¢, 4.2d), the large
scatter is driven by localized and enhanced brightness within the luminosities, which can exceed
the central brightness by ~ 0.2 dex. For the remainder of the paper, we refer to any off-center
regions with an enhanced level of surface brightness as “clumps”. This nomenclature is inspired
by the morphological appearance of the galaxies as shown in Figure 4.2. However, we stress that
this definition encompasses all regions that have an elevated surface brightness, regardless of their
geometric shapes (e.g. structures such as spiral arms). It is not intuitive whether a distinction can
be made between real clumps and these structures based on the excess of surface brightness alone.

In general, clumps appears as blue regions superimposed on an underlying older stellar popula-
tion. There is also a color gradient with respect to the normalized radius; we typically find redder
colors within the inner region of the objects (R < —0.5R.). While the color gradients can vary for
individual cases, the trends we have identified for our examples are consistent and representative
of population mean at 0.5 < z < 2.5 (see Wuyts et al. 2012). Finally, although some galaxies ex-
hibit clumpy morphologies in both appearance and color profiles, the mass profiles for these galaxies

appear to be rather smooth.

4.5.3 Classification Scheme for Clumpy Structures

There are several methods of identifying clumpy structures; either based on visual inspection, or
algorithms. Identifying clumps based on an algorithm relies on finding pixels that have an intensity
above some smooth threshold, which the normalized profiles naturally allow us to do. Following
the classification scheme of Wuyts et al. (2012), we split the normalized parameter space into inner,

outer and clump sections (see dashed line in the right column of Figure 4.2);

[inner] =z < —0.5
[outer] = > —0.5, y < 0.06 — 1.16x — x* (4.2)
[clump] z > —0.5, y > 0.06 — 1.16x — 2*
where z = log(R/R.) and y = log(X/X.). Pixels are labeled as inner, outer, or clump based on
their location in the (X/%., R/R.) space.

However, it is still subjective what the distinction between a clumpy and non-clumpy galaxy is;

are all galaxies with clumpy pixels “clumpy”? Recent studies compared the luminosity of clumps to
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their host galaxy (i.e. the fractional luminosity) to make the distinction between clumpy and non-
clumpy. In Wuyts et al. (2012), clumpy galaxies are defined to be galaxies with clumpy pixels that
contribute more than 5% of the total luminosity. On the other hand, Guo et al. (2015) and Shibuya
et al. (2016) defined a galaxy as clumpy if it has off-center clumps with a fractional luminosity of 8%.
This fractional luminosity was derived by comparing the fractional luminosity of star-forming regions
in high-z galaxies and the fractional luminosity of local star-forming regions found in a low-z galaxy.
Note that the low-z galaxy was artificially redshifted in order to account for observational effects.
The fractional luminosity of 8% represents the point where high-z star-forming regions differ from
the redshifted local star-forming regions (in terms of the number count of clumps with that fraction
luminosity, see Guo et al. 2015 for further details). Similarly in our case, with the aspiration to focus
specifically on galaxies that are really “clumpy”, we choose to use the same fractional luminosity of
8% as the dividing line between clumpy and regular galaxies.

In essence, we use the resolved maps for the two rest-frame luminosities (U and V'), as well the
stellar mass maps to identify clumpy pixels. A galaxy is defined as clumpy in a given band if pixels
originating from the clump regime contribute to at least 8% of the galaxy’s total luminosity in the
respective band. Similarly, galaxies are identified as clumpy in stellar mass if at least 8% of the total
stellar mass of the galaxy originated from pixels in the clumpy regime of the normalized mass profile.
Note that Wuyts et al. (2012) made the dividing lines (Equation 4.2) based on a visual inspection of
their normalized profiles, and these lines are fixed for different galaxies. It is visible that these cuts
are sufficient to separate the different regions. This is illustrated in the middle column of Figure
4.2, where pixels are color-coded based on their pixel type (i.e. inner, outer, or clump). In general,
pixels that are identified as clumpy (color-coded as yellow) correspond to pixels that have a strong
blue component in the composite image. The normalized profiles show that these pixels also have
blue rest-frame (U — V') color.

We iterate that the nomenclature for “clump” in this study includes any off-center regions that
have an excess of surface brightness (or stellar mass density) regardless of its geometric shape (e.g.
this includes spiral arms and ring-like features). For the rest of the paper, we refer to non-clumpy

galaxies as regular galaxies.

4.6 Summary of Methodology

To assign specific pixels to objects in our cutouts, we employ a watershed algorithm in Python to
create a segmentation map of each object. We also re-align the astrometry of each photometric image
to the Ks band by iteratively cross-correlating each photometric cutout to the adjacent longpass
cutout. This re-alignment is necessary to ensure that the inferred physical properties are intrinsic
and that clumpy structures are not misidentified as the result of offsetted photometric data.

Since noise is enhanced in deconvolved images and the light profile of bright structures may
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Figure 4.2: Examples of the 2D maps and their normalized profiles for star-forming galaxies with
and without clumpy features. Panels (a), (b), (c¢) and (d) respectively show the composite image,
the stellar mass, the Uyest, and Vet maps. Panels (e), (f) and (g) indicate whether pixels of a given
map fall into the inner, outer, or clump regime as defined by Equation 4.2. Inner, outer and clump
pixels are color coded as red, grey and yellow respectively. The dashed and solid elliptical apertures
denote the half-mass (light) radius (R.) and 2R, respectively. Panels (h), (i), (j) and (k) respectively
show the rest-frame (U — V') color map and the mass, Uyest, and Ve profiles. The dashed lines
separate the (X/%., R/R.) space into the three different sections. Indeed, in cases where clumpy
regions are visible in the composite and rest-frame (U — V') images, these regions show up as elevated
surface brightness in the normalized profiles.
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Figure 4.2: An example of how the normalized profiles are used to classify the morphology of galaxies.
The galaxy is shown mainly for its clumpy morphology. Note that the galaxy is defined as clumpy in
the rest-frame U luminosity, however its morphology is not clumpy in the rest-frame V' luminosity
since its clumpy components contribute less than 8% of the total rest-frame V' luminosity.



41

(h)
]
L
z = 0.661
ID63960 Rest-frame (U-V) Color
(b) —— R | (e (i) I 11
l\Clump 1
o gty ]
1 \ 40 -
] ] ¢
\ W
: v 1 5
1 \\ 7] -12
Inner | \ -
1 \ ]
Stellar Mass Mass Clump Map St:allar Ma:ss : OLIJter \‘_ )
(c) (f) ) | 41
Ik\CIump ]
(] .* \ 4
I \ 40 -
PN ] ¢
\ N
: A
1 \\ 7] -12
. Inner : \\ 1
Urest Clumpy ]
Urest U:zt Clump Map Ur:ast | : Ol;lter \ )
(d) (9) (k) I 11
§
I\
.\
1 \ 40 -
TS 1 4
s 1 <2
| S >
1 \\ 11 2
1 \ -
1 \ ]
Vrest Vrest Clump Map I\I/rcleslt o .:. y . ?‘_ -2
-2 -1 0 1
log(R/Re)

()

Figure 4.2: Another example of how the normalized profiles are used to classify the morphology of
galaxies. The galaxy is shown, again, mainly for its clumpy morphology. Similar to ID240419, the
galaxy is defined as clumpy in the rest-frame U luminosity, however its morphology is not clumpy
in the rest-frame V' luminosity.
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Figure 4.2: Another example of how the normalized profiles are used to classify the morphology
of galaxies. The galaxy is shown, again, mainly for its clumpy morphology. For this galaxy, its
morphology is clumpy in all the rest-frame luminosity and stellar mass distribution maps. Interest-
ingly, its clumpy components in the stellar mass distribution map do not correspond to the clumps
identified based on the rest-frame luminosities.
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Figure 4.2: An example of the normalized profiles for non-clumpy star-forming galaxies. In this
case, the galaxy has smooth light and mass profiles, which are shown in the normalized profiles.
The normalized surface brightness and surface mass density fall off with further distance from the
mass-weighted center.
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Figure 4.2: Another example of the normalized profiles for non-clumpy star-forming galaxies. Similar
to ID123057, its light and mass profiles are smoother, which can be seen within the normalized
profiles. As such, the galaxy has been labeled as non-clumpy.
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not be perfectly calibrated, significant biases in SED modelings can be introduced when fitting
stellar population models to individual pixels. We implement a new binning strategy so that a
minimum S/N is reached in either the K or rest-frame U band for each bin. Binning pixels together
also serves other purposes for deconvolved images. While light profiles may not be accurate, flux
is conserved. Therefore, the flux measured for a bin is representative of the underlying stellar
populations. Furthermore, noise amplification from deconvolution can result in artificial clumpy
structures for some deconvolved images. However, because noise is not correlated between the
different photometric data, fitting stellar population models across 14 photometric bands will average
the error in flux measurements.

We create the normalized profiles using resolved stellar population and color maps to study the
spatial variation of the stellar populations. The profiles enable us to simultaneously quantify the
dependence of stellar properties on surface brightness and galactocentric distance. We split the
2-dimensional profiles into three regions; notably, clumpy pixels are defined to have a normalized
surface brightness (mass) above the normalized inner surface brightness (mass), and have a distance
greater than the effective radius (see Section 4.5.3). Using this definition for clumpy pixels, a galaxy
is classified as clumpy in luminosity (mass) if at least 8% of its total luminosity (mass) originate

from its clumpy pixels.
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Chapter 5

Results

As mentioned in the introduction, the mechanisms behind clump formation have not been fully
understood, even with substantial observational efforts. There are two mechanisms that have been
proposed to explain clump formation in distant galaxies, (1) in-situ origins from the violent disk
instabilities (VDI) and (2) ez-situ origins from galaxy interaction/mergers. While differentiating
between the two mechanisms is possible with integral-field-units spectroscopic observations, these
observations are expensive owing to the need for long integration time in order to analyse the kine-
matics of distant galaxies. Another approach is to probe the abundance of clumpy galaxies. In
particular, comparing the fraction of clumpy SFGs (the clumpy fraction; foiumpy) between observa-
tions and theoretical predictions can help constrain the evolutionary path of clumpy star-forming
galaxies.

The following sections focus on the study of clumpy SFGs using the latter approach. We measure

Urest Vrest mass ) and
b

the clumpy fractions based on the luminosity and stellar mass maps (fqumpy felumpy: fehampy

show their evolution with redshift. We also compare our measurements to other studies based on
HST imaging, and further show the robustness of FIREDEC in resolving clumpy structures. Finally,
we investigate the dependencies of the star-forming clumps on the intrinsic properties (e.g. stellar

mass and star formation rate) of the host galaxy.

5.1 The Clumpy Fractions

We present the clumpy fractions for star-forming galaxies at 0.5 < z < 2 using the luminosity
and stellar mass maps. Since the rest-frame U and V continuum emission trace different stellar

populations, it is worthwhile to investigate how the clumpy fractions vary between the two bands.



Mass Bin Detection Map C Q@

9.8 < log(M,/M) < 10.2 Utest 0.750 4+ 0.048 -0.362 + 0.093
Viest 0.284 + 0.036 0.118 £+ 0.182

Mass 0.204 £ 0.030  0.828 + 0.205

10.2 < log(M,./M) < 10.6 Utest 0.491 £ 0.065 0.266 £ 0.167
Viest 0.189 + 0.017  0.547 £+ 0.113

Mass 0.051 £ 0.018 2.015 £ 0.407

10.6 < log(M../M) Utest 0.390 4+ 0.043  0.373 + 0.127
Viest 0.131 £ 0.039  0.562 =+ 0.340

Mass 0.019 £+ 0.009 2.411 + 0.498
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Table 5.1: We list the values obtained from fitting the clumpy fractions to the form C(1 4 z)*. In
general, we find that the clumpy fraction of low-mass systems evolve slowly compared to higher mass
systems. For a given mass bin, we find that the clumpy fraction evolves strongly with redshift when
using the stellar mass distribution maps, follows by the Viest and Uyest luminosity maps.

5.1.1 Evolution of fumpy

The clumpy fractions and their evolution with redshift are shown in Figure 5.1. We bin each clumpy
fraction into different mass bins. From the top to bottom panel, the clumpy fraction is measured
based on the U,est luminosity, Vet luminosity, and the stellar mass distribution map. We find that
the clumpy fraction changes considerably based on which map is used to identify clumps, with the

felumpy dropping by ~30% when using the Vies, compared to the Uyes;. When clumps are identified

Vrest
clumpy

mass

clumpy and

using the stellar mass maps, we find that there is only minor differences between
at each redshift bin.

Massive galaxies appear to have a lower fraction of clumpy morphologies. This is particularly

mass
clumpy

for the intermediate and high-mass bin, dropping by ~ 10% from the highest redshift bin to the

and f¥rest  We also find that there is a slight evolution in the clumpy fractions

true for clumpy -

lowest redshift bin. However, the slope of the clumpy fraction for U, and Viest appears to flatten
out toward lower redshifts. To further investigate the evolution of the clumpy fractions, we fit the
clumpy fractions to the form, C(1+ 2)®. The values are listed in Table 5.1. The clumpy fraction for
low-mass systems appear to evolve slightly with redshift as opposed to higher mass systems. Note
that while Z{Sﬁiﬁy for the low-mass bin appears to decrease toward higher redshift, this result is
likely affected by a non-complete mass sample toward higher-z. Furthermore, the slope of the clump
fractions changes depending on which map is used to identify clumps. In particular, chumpy evolves
more strongly with redshift, follows by fgﬁf;;py and fcl{lr;};tpy'

The dependency of the clumpy fraction on the observed wavelength suggests that this result is
driven by the wavelength-dependent resolution effect. However, we iterate that images are decon-
volved to a target resolution of 0.1”. The observed wavelength-dependency of the clumpy fraction

therefore originates from real, intrinsic properties of the stellar populations. One cause for concern
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Figure 5.1: The evolution of the clumpy fractions. From top to bottom, clumpy galaxies are identified
based on the rest-frame U luminosity, V' luminosity, and the stellar mass distribution map. The
green, red and blue markers are the clumpy fraction of the low, intermediate, and high-mass bin
respectively. The best-fit slopes for the clumpy fraction evolution are given in Table 5.1 and are
plotted as the dashed lines.
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Figure 5.2: Comparison of fé{jﬁfgyto other studies based on HST imaging. The left shows the clumpy

fraction derived from different studies. Our clumpy fraction based on the rest-frame U luminosity
map are shown as the purple squared markers. The grey markers are the values obtained from
other studies. In general, our measurements using the deconvolved images are consistent with other
studies. The right panel shows fJ**t binned in the low and high-mass bins.

clumpy
is that it may be more difficult to detect low S/N clumps in low-mass galaxies. Since clumps are
defined based on the fractional luminosity to ensure that only bright star-forming regions, which are
associated with violent disk instabilities, are considered in our analysis, it is intuitive that only bright
clumps will stand out against the low surface brightness of low-mass galaxies. We note that while
our observed fraction for low-mass galaxies may be biased toward lower values, previous studies on

the clumpy fraction are affected by a similar bias.

5.1.2 Comparison to Other Studies based on HST Imaging

In the previous chapter, we empirically validated deconvolution by comparing deconvolved images to
HST images. We can further test whether the resolved structures are intrinsic (i.e. not deconvolution
artifacts) by comparing our clumpy fractions with other measurements based on HST imaging (e.g.
Wuyts et al. 2012, Murata et al. 2014, Shibuya et al. 2016). Note that these studies used a different
method of identifying clumpy galaxies, and also differed in terms of sample size, redshifts and
photometric filters. Due to these differences, the following comparison is not perfect, but it can
serve as a fiducial test for whether deconvolution quantitatively provides similar fractions and overall
trends.

The left panel of Figure 5.2 shows the comparison between the clumpy fraction for the complete
sample. In general, the overall distribution of our values is consistent with other measurements.

We find that the measured feumpy evolves slightly with respect to redshift, dropping from ~0.65 at
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z &~ 2 to ~0.55 at z = 0.5. Wuyts et al. (2012) were only able to measure the clumpy fraction at
two different redshift bins due to their small sample size. They found that there is a slight decrease
in the clumpy fraction with decreasing redshift, going from 0.6 to 0.57. Similarly, both Guo et al.
(2015) and Shibuya et al. (2016) reported values that are also in alignment with ours, with the
clumpy fraction measured to be ~0.5 at z =~ 2 and ~ 0.4 at z ~ 0.5. There are some inconsistencies
between our measurements and those reported by Murata et al. (2014) for clumpy fractions between
0.2 < z < 1. They found a steeper slope with respect to redshift, with fciumpy dropping from 0.35
at z ~ 1 to 0.05 at z ~ 0.2. However, note that these measurements are the only one based on a
single filter (HST/ACS Ipgi4w-band) to define clumpiness at all redshifts, and could be explained
as an effect of the morphological K-correction (which will be discussed in Section 6.4).

The right panel of Figure 5.2 compares the clumpy fractions at different mass bins. For con-
sistency of comparison with the literature, we split our sample into a low-mass bin at 9.8 <
log(M./Mg) < 10.6, and a high-mass bin at 10.6 < log(M.,./Mg). We find that the overall trends are
in agreement, with the clumpy fraction to be higher for lower mass galaxies and the slight decrease in
the clumpy fraction toward lower redshifts. However, at lower redshifts, we find some discrepancies
between our values and those reported in Guo et al. (2015) and Shibuya et al. (2016). In particular,

their fractions are 0.15 (0.3) lower than ours from the low-mass (high-mass) bin.

5.2 The Star-Forming Main Sequence of Clumpy (alaxies

Since star formation rates and stellar masses are fundamental properties of galaxies, an intriguing
question to ask is whether the morphology of a galaxy is affected by its relative position to the
star-forming main sequence in the M,-SFR parameter space.

In Figure 5.3, we show the density plot of clumpy and regular galaxies on the M,-SFR diagram
in the left and middle panel respectively. We separate our sample into two different redshift bins,
with one bin at z < 1 and another at z > 1. The solid red line denotes the star-forming main
sequence relation from Whitaker et al. (2012) using a fiducial redshift of 0.75 and 1.5 for the low
and high redshift bin respectively. Both clumpy and regular SFGs have a similar range in SFRs at
a given mass bin, however clumpy SFGs appear to have higher SFRs. Indeed, when normalizing the
star formation rate by stellar mass, we find that higher-z galaxies typically show higher sSFRs. We
further investigate this by plotting the fraction of clumpy galaxies as a function of SFR and stellar
mass in the right panel. In general, we find that clumpy galaxies tend to occupy the upper envelope
of the main sequence with high sSFRs, while most regular galaxies have low sSFRs.

Although bias could be introduced as a result of finer SFR and stellar mass binning, the result
is still in good agreement with the result of Murata et al. (2014). They found that the distribution
of clumpy SFGs tends to skew toward higher sSFR values. Furthermore, they investigated the
distribution of all galaxies within the M,-SFR parameter space, and reported that clumpy SFGs
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Figure 5.3: We show the distribution of SFGs in the M,-SFR diagram. We separate our sample
into two redshift bins, with the low-z bin (z < 1) in the top row and the high-z bin (z > 1) in the
bottom row. From left to right, we show the density plot of clumpy SFGs, regular SFGs, and the
clumpy fraction. The red line is the SEMS from Whitaker et al. (2012) using the fiducial redshift of
0.75 (1.5) for the low-z (high-z) bin.

mainly lie along the main sequence, while regular SFGs show a bimodality in their distribution. The
bimodality consists of passive evolving galaxies at high stellar masses and main sequence galaxies for
log(M,/Mg) < 10.5. Furthermore, the result above is consistent with the observed evolution of the
clumpy fraction if star formation rate (and ultimately the gas mass fraction) is the driver of higher
clumpy fractions. Figure 5.1 shows an increase of the clumpy fractions toward higher redshifts, where
galaxies have higher SFRs (e.g. see 5.3). The gas mass fraction is also observed to increase toward
higher redshifts (Tacconi et al., 2010). Indeed, if the observed scaling relation between molecular gas
and SFR holds here (e.g. molecular Kennicutt-Schmidt surface density relation, Genzel et al. 2010),
these observations can potentially provide a self-consistent picture that links higher SFR and/or

higher gas fraction to clumpy morphologies.

5.3 Summary of the Results

We use the derived luminosity and stellar mass distribution maps to classify galaxies as clumpy

or regular. We find that the morphology of galaxies changes with respect to their luminosities or

Vrest
clumpy

Urest
clumpy

mass

clumpy is higher than

stellar mass distribution; in general, and are similar, while
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both of these fractions. The clumpy fractions also depend on the mass and star formation rate of
the galaxies. When isolating for stellar mass, we find that foumpy is lower for massive galaxies.
The evolution of the clumpy fractions is shallow, dropping ~ 10% from the high-z bin to low-z bin.
However, for the low-mass bin, we see little to no evolution in the clumpy fraction. When considering
both the stellar mass and star formation rate, we find that clumpy SFGs tend to occupy the upper
envelope of the star-forming main sequence, while regular SFGs tend to occupy the lower envelope.
In particular, at fixed stellar mass, clumpy galaxies in general have higher SFRs in comparison to
the average star-forming galaxies at that redshift.

We also compare our observed clumpy fractions to other studies based on HST images. We show
that our results, which are measured from the deconvolved ground-based images, are in general
consistent with these studies. In particular, we found that the clumpy fractions that are comparable
to one another, and our observed trends on the clumpy morphologies are also seen in the HST images.
We would like to note that these results show that image deconvolution is a powerful tool that should
be considered for future studies. The Hubble Space Telescope and James Webb Space Telescope are
impressive observatories that should be used to their fullest potential. However, these observatories
are not suited for surveying a large area of the sky in multiple filters. One major advantage of image
deconvolution is the ability to capitalize on the existing and extensive ground-based surveys, and to
provide resolved stellar population maps for millions of galaxies. Of course, there are disadvantages
to image deconvolution, but note that in this study, we have shown that this tool can be used to
broadly study the morphology of galaxies, with measurements that are comparable to those found
based on HST imaging. In the future, it might be ideal to use image deconvolution in conjunction

with space-based observatories to fully understand the nature of star-forming clumps.
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Chapter 6

Discussion

In this chapter, we investigate how the clumpy fraction changes as galaxies evolve in mass. We
continue our discussion on why clumpy galaxies have higher sSSFRs compared to regular galaxies for
a given mass bin, aiming to link high-z clumpy galaxies to the local descendants. Furthermore, we
show that our results are consistent with different models for clump formation. Lastly, we address

the possible biases in the measured clumpy fractions in different studies.

6.1 Evolution of Clumpy SFGs

Figure 5.1 shows the evolution of fclumpy at fixed stellar mass. Galaxies, however, do not evolve
at fixed stellar mass over cosmic time. As they evolve, their stellar mass can grow in several
ways, which include mergers and in-situ star formation. Inferring the mass assembly history of
galaxies can be challenging, as it requires us to accurately link progenitors to descendants. This
process is complicated by the fact that galaxies can only be observed at one snapshot in time.
However, it is possible to connect descendant galaxies to their likely progenitors by observing how
galaxy populations in different parameter spaces (e.g. number density) evolve, an endeavor that
requires mass-complete censuses of galaxies at different redshifts. The simplest method to derive
the progenitor masses is through cumulative number density selection. This method begins with
the assumption that the cumulative number density of galaxies would remain constant when there
are no mergers, while the effect of mergers on the cumulative density can be predicted from models
(e.g. Behroozi et al. 2013).

In fact, Hill et al. (2017) inferred the evolution of different galaxy masses over time by connecting
observed mass functions to the number densities of Behroozi et al. (2013). Using the derived mass
evolution from Hill et al. (2017), we show the subsequent evolution of the clumpy fractions for the
progenitors of galaxies with log(M,/Mg) ~ 10.85 and log(M../Mg) ~ 10.35 at z ~ 0.65 as the circle

and square markers respectively in Figure 6.1. We find that the clumpy fractions decrease as galaxies
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Figure 6.1: We show the evolution of clumpy fraction for the progenitors of galaxies with masses
of 10198% M and 101°3° M, (the circle and square markers respectively) at redshift of 0.65. The
mass evolution is obtained from Hill et al. (2017), by connecting the observed mass functions to the
galaxy number density of Behroozi et al. (2013). At lower redshifts, only low-mass systems exhibit
clumpy morphologies, while the same clumpy fraction is observed in more massive galaxies at higher
redshift. This result is consistent with the down-sizing picture in the clumpy morphology.

grow in stellar mass. This mass dependency suggests the interplay between the formation of clumps,
the availability of gas, and galaxies’ mass. Indeed, cosmological simulations predict that cold gas
accretion rate decreases at lower redshifts (Keres et al. 2005; Dekel & Birnboim 2006), where gas
accretion in intermediate and high-mass systems is mainly dominated by hot mode accretion. With
the suppressed supply of gas for star formation, galaxies will passively evolve into the “red and dead”
populations. Our result is therefore not inconsistent with clump formation via disk fragmentation
within an unstable gas-rick disk that is being supplied with cold, pristine gas accretion.
Furthermore, when comparing the clumpy fractions for the two descendant populations, we find
that the lower mass descendants exhibit higher clumpy fractions at all redshift bins. This result is
consistent with the so-called “down-sizing effect” in the clumpy morphology, which have been noted
in several studies (e.g. Elmegreen et al. 2009b, Murata et al. 2014). While massive galaxies can
exhibit a clumpy morphology at higher redshifts, such clumpy morphologies are more common in

low-mass systems such as dwarf irregular galaxies in the local universe.

6.2 Connecting High-z Galaxies to Low-z Galaxies

The current picture of galaxy evolution consists of mass growth via star formation, dictated mainly
by the galaxy’s dark matter halo mass. As the dark matter halo mass is correlated to the stellar

mass, the star formation rate and stellar mass of galaxies is observed to have a tight relation, known
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as the main sequence of star-forming galaxies. Observing the star formation rate and stellar mass of
galaxies enable us to directly study the process in which gas is converted into stars, and subsequently
the stellar mass build-up.

It is perhaps not surprising that clumpy and regular SFGs are distributed a certain way in the M,-
SFR parameter space, where clumpy SFGs mostly have higher specific star formation rates compared
to regular SFGs (see Figure 5.3). The consistency between the clumpy fractions and SFRs at higher
redshifts suggest that the gas fraction could indeed be the key factor in clumpy morphologies. The
distribution of clumpy SFGs along the main sequence could be explained via clump fragmentation
within the unstable gas-rich disk, which leads to a burst of star formation that sends them toward
higher sSFRs. This idea is similar to what was observed in Tacchella et al. (2016), where they found
galaxies to oscillate up and down the main sequence. In their simulations, galaxies reaches the upper
envelope as the result of intense gas inflow (either from mergers or counter-rotating streams, and
can be associated with violent disk instability), leading to higher star formation.

Similar results that relate irregular morphologies, SFRs and gas are also observed within the
local universe. Note that in the local universe, galaxy morphologies are classified based on the
Hubble Sequence, with late-type galaxies referring to spirals and irregulars, and early-type galaxies
referring to ellipticals. Eales et al. (2017) found that galaxy morphologies change systematically with
respect to the specific star formation rate (sSFR) and stellar mass, where late-type galaxies have
higher sSFRs at lower masses and early-type galaxies are typically more massive with lower sSFRs.
As late-type galaxies tend to have a higher gas reservoir compared to early-type galaxies (Calette
et al., 2018), the change in galaxy morphologies in the local universe can be explained through the

availability of gas for star formation.

6.3 The Role of Mergers in the Formation of Clumpy SFGs

Galaxy mergers can induce star-forming clumps as gravitational interaction can cause disturbances
within the cold gas distribution of the disks. Mergers can be classified in a number of ways, but
the most common classifications are based on the comparative size of the merging galaxies and
the abundance of gas within them. For example, minor mergers refer to mergers where one of the
galaxies is significantly smaller than the other, typically having a mass ratio between 1:10 and 1:4.
Similarly, major mergers refer to mergers where the mass ratio of the merging galaxies is greater
than 1:4. The merger of two gas-rich galaxies is known as wet mergers, while the merger of two
gas-poor galaxies is referred as dry mergers. When the merging galaxies consist of both gas-rich and
gas-poor galaxies, the merger is known as mixed. In this section, we address whether mergers are an
important mechanism for clump formation by comparing the evolution of different clumpy fractions
between 0.5 < z < 2.

When analyzing the clumpy fraction of our sample, it is particularly intriguing that there are
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Figure 6.2: We show the deconvolved postage stamps for a few galaxies that are identified as clumpy
in its stellar mass distributions. These galaxies are randomly selected from the central regions of
COSMOS, with 10.1 < log(M../Mg) < 10.6 and 0.65 < z < 1.8. While most galaxies show extended
features, there are a few cases where the galaxies appear to be isolated with no irregular features
(eg. ID80990, ID,115495, ID116907, ID120218).

a selection of galaxies which are identified as clumpy in its stellar mass distribution. We show the
deconvolved postage stamps for a few galaxies that are clumpy in stellar mass distribution in Figure
6.2. Recall that a galaxy is classified as clumpy in its stellar mass distribution if pixels originating
from the clump regime of the normalized mass profile contribute to at least 8% of the total mass
of the galaxy. In this sense, the clumpy stellar mass component already constitutes a sizeable mass
compared to its host galaxy, and could potentially be an ex-situ satellite. In the following discussion,
we interpret clumpy-in-mass galaxies as galaxies in the process of accreting satellites or merging.
We iterate that other structures could be the cause (e.g. spiral arms), so this interpretation is an
upper limit on the accretion of satellites.

If mergers play a role in clump formation, the clumpy fractions based on the stellar mass and
Usest distribution are expected to be correlated with one another. Figure 6.3 shows these the clumpy
fractions for galaxies identified as clumpy in stellar mass, and clumpy in both stellar mass and Ulest
as a function of redshift and mass. At first glance, their evolution appears to be correlated. However,
when looking at the fraction of clumpy-in-mass galaxies that are also clumpy in Uyest (e.g. the grey
marker), we find that this fraction is decreasing toward lower redshifts. In the high-mass bin, the
fraction decreases from 0.85 at z ~ 1.85 to ~ 0.7 toward lower redshifts. This trend is also seen in
the intermediate mass bin. While the lower-mass bin does not show this trend, we note that these
low-mass systems are found at lower redshifts, and we find that the fraction is still low compared to

both the intermediate and high mass bins.
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Figure 6.3: The red and blue markers show the fraction of galaxies that are clumpy in mass and
clumpy in both mass and U,est respectively. The grey markers show the fraction of clumpy-in-mass
galaxies that are also clumpy in Ueg. At higher redshifts, most clumpy-in-mass galaxies are also
seen as clumpy in luminosity, but this fraction decreases toward lower redshifts. This is shown in the
intermediate and high mass bins. If the clumpy fraction based on stellar mass is taken as a proxy
for mergers, the dependency of the fraction (i.e. the grey markers) on redshift imply that not all
mergers are responsible for clumpy morphologies.

If clumpy-in-mass galaxies can be taken as a proxy for galaxy mergers, and clumpy-in-Ulest
galaxies are the induced star-forming clumps, then the observed fraction suggests that not all mergers
are likely to induce star-forming clumps. In particular, Di Matteo et al. (2008) suggested that gas-
rich wet mergers can help induce disk fragmentation. Along with studies that found the wet merger
rate to increase with redshift (e.g. Lin et al. 2008), these findings can explain the observed fraction
in Figure 6.3. In this picture, wet mergers facilitate the formation of star-forming clumps in the
high-z universe, while toward lower redshifts, other mechanisms of clumpy formation are takingn
place as the number of wet mergers decrease. We note that there are simulations which suggest that
the number of clumps is only mildly enhanced for gas-rich interacting systems (Fensch et al., 2017).
Therefore, in order to disentangle the plausible role of gas-rich mergers in inducing star-forming
clumps, future studies should investigate the gas mass fraction of clumpy, interacting systems.

It is important to address some caveats. We stress that individual clumps cannot be distinguished
based on the clump finding algorithm. Therefore, each clumpy component could be a superposition
of smaller clumps, and not just one accreting satellite. Further, mergers can be associated with
clumps in several ways. This discussion specifically focuses on the effects of galaxy mergers on the
formation of clumps. However, accreting satellites can themselves be considered as clumps. For
example, using a cosmological simulation, Mandelker et al. (2014) found that 25% of their identified
clumps are likely to be merger remnants, and therefore have an ex-situ origin (i.e. these clumps

have their own dark matter halo).
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6.4 Possible Biases in Different f.,, Measurements

The discrepancies in the measured clumpy fractions shown in Figure 5.2 can be attributed to different
data and methods of identifying clumps. In Murata et al. (2014), SExtractor is used to deblend
galaxies so that individual bright clumps can be cataloged. Further, their analysis is based on the
Ig14 image, which effectively probes the rest-frame 4000 A (B band) and rest-frame 6000 A (V
band) for their highest and lowest redshift bins respectively. In Section 5.1, we have shown that
felumpy is affected by the morphological K-correction, where the fraction of clumpy galaxies varies
significantly depending on which wavelength is used to identify clumpy structures. In particular, a
higher fraction is observed when using the rest-frame U band compared to the rest-frame V band.
Note that this effect has also been observed in Wuyts et al. (2012). Accounting for the morphological
K-correction, the slope of the clumpy fraction from Murata et al. (2014) would be dampened, and
can better align their measurements to ours.

Guo et al. (2015) and Shibuya et al. (2016) used a different method of identifying clumps. In
essence, a high-pass filter is used on the galaxy cutouts to isolate clumps since star-forming clumps
are regions with a sharp and bright light profile. SExtractor is then used to automatically identify
local peaks within the filtered image. To account for the morphological K-correction, they identified
UV bright clumps using a selection of HST photometric bands, where Guo et al. (2015) used the
BuyssVsosirrs Zsso images and Shibuya et al. (2016) used the Igi14Vgps images. Since clumps are
believed to be embedded in the galaxies, they also accounted for the background flux of the galaxies
when measuring the photometry of clumps. Their fractions may be lower due to this harsher
constraint on the flux of clump. However, it is still unclear whether the local background should be
considered in clump studies as the uncertainty involved in estimating clump properties (e.g. from
the treatment of background light) only allows for order-of-magnitude comparison between different
clump samples. We choose not to account for the background in our analyses as we are mainly
interested in the evolution of the clumpy fractions, and accounting for the background flux will not
affect the observed trends.

Note that there are certainly some limitations with image deconvolution (e.g. slightly degraded
resolution compared to HST’s and degeneracy in the solutions) that can lead to differences between
our measurements and others. However, considering these limitations, we show that with 14 filters
and 10,000 galaxies, we have obtained results that are largely consistent with other studies that
used HST. In addition, we have overcome the issues that HST (and future JWST) studies have
with limited filter coverage and small sample size. While there are advantages and disadvantages
associated with these two approaches, utilizing them complementary going forward will undoubtedly

have an enormous potential in the study of star-forming clumps.
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6.5 Summary of the Discussion

In this chapter, we investigate the evolution of clumpy galaxies, and test whether our results are con-
sistent with theoretical models of clump formation. In order to connect progenitors to descendants,
we use the derived mass evolution from Hill et al. (2017), which accounted for the changing galaxy
number density from mergers. We find that galaxies are less likely to have a clumpy morphology
as they are growing in mass. This observed dependency of the clumpy fraction on stellar mass is
not inconsistent with models that suggest clump formation within an unstable gas-rich disk that
is fueled by cold gas accretion. In this picture, the supplement of gas in massive galaxies at low
redshift is limited as cold mode accretion is suppressed. With gas supply shuts off and existing cold
gas reservoir being consumed, the mode of star formation is eventually turned off, allowing galaxies
to passively evolve toward the lower envelope of the star-forming main sequence diagram. We also
investigate the role of mergers on clump formation. We use clumpy-in-mass galaxies as a proxy for
mergers with the motivation that the stellar mass component already has a sizeable mass compared

mass
and [,y to be

Urest
clumpy

correlated. Instead, we found that the fraction of clumpy galaxies that are clumpy in both mass and

to its host galaxy. If mergers have an effect on clump formation, we expect

Uvest is dependent on redshift, decreasing toward lower redshifts. This suggests that not all mergers

are responsible for star-forming clumps.
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Chapter 7

Conclusions

The avalanche of observational data over the past decades has given us a broad understanding of
the stellar mass growth of galaxies over much of cosmic time. However, the detailed physics of how
and where galaxies built up their stellar masses to become present-day galaxies is still an enigmatic
topic in astronomy.

Studying the evolution of galaxies during the epoch of cosmic star formation can shed light on the
stellar mass assembly of galaxies. With the prominence of irregular galaxies that host kilosparsec-
scale, star-forming clumps during this period, it is highly possible that these star-forming regions
play a role in shaping how galaxies evolve. Indeed, the fate of clumps is often suggested to be
responsible for building up the progenitor of present-day galactic bulges and disks. Although clumpy
galaxies are ubiquitous at higher redshifts, there is still a lack of observational constraints on their
origin and evolution. Specifically, resolved studies of high-z galaxies can only be done with HST,
or ground-based observatories aided by adaptive optics technologies. These types of observation are
time-intensive, and therefore are generally limited to smaller samples of galaxies.

In this study, we present a novel approach to resolve galaxies at the kilosparsec-scale in ground-
based images of the COSMOS field. This is done by using image deconvolution (the algorithm is
called finite resolution deconvolution). While deconvolution can introduce uncertainties in the light
profiles, this drawback is mitigated by the fact that the study has access to a much larger sample of
galaxies compared to the other existing HST studies. Indeed, the COSMOS field is roughly 2 square
degrees, which enables us to select 22960 star-forming galaxies at 0.5 < z < 2 based on a rest-frame
color cut, a stellar mass cut at 10%8 Mg, and an integrated S/N cut of 20 in the K band.

We further stress that image deconvolution is the ideal tool for this study. One key feature of
finite resolution deconvolution is that images are deconvolved to a finite resolution to ensure that
solutions are well-defined. Deconvolution toward a finite resolution enables us to define a target
resolution of 0.1”. This target resolution corresponds to a physical scale of ~ 0.7 kpc for our redshift

range, which effectively is enough to resolve star-forming clumps that have been estimated to be
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~ 0.9 kpc in size based on HST studies.

We list below a summary of the notable points and conclusions from this study.

1. Stars that are chosen for PSF modeling are unsaturated and unblended. The fitting process is
done in two steps; first by fitting the profile of the PSF stars with an analytical fit, and then a
numerical fit to capture any residual structures that were not fitted properly by the analytical
fit. We carefully model the deconvolution kernel by varying the Lagrange parameter (\,), and

checking the residuals of both the analytical and numerical fits.

2. We show that the residuals between the deconvolved z+ and PSF-matched Igy4 images are in
general small. In the multi-wavelength comparison, structures that are resolved by deconvo-

lution are also found in the HST/ACS images.

3. Pixels are binned together when inferring stellar properties from the deconvolved images.
While the light profile of deconvolved images can have some uncertainties, the flux within a
bin is representative of the underlying stellar populations. It is unlikely that noise is correlated
across the different photometric data, and therefore, the SED modelling of the combined data

will average out these errors.

4. In order to make use of the resolved luminosity and stellar mass distribution maps, we employ
the normalized radial profiles of Wuyts et al. (2012). The normalized profiles enable us to
simultaneously probe dependencies on colors, stellar mass, luminosities, and galactocentric

distance.

5. We define 3 regimes in the parameter space of the normalized profile, with the clumpy regime
representing the parameter space that contains pixels with enhanced luminosities or stellar
mass relative to the underlying profile. It should be noted that the dividing lines are not

analytically derived, but based on visual classification (see Wuyts et al. 2012).

6. Galaxies are distinguished between clumpy and regular based on how much of the total lumi-
nosity (or mass) is resided in pixels originating from the clumpy regime. In essence, a galaxy
is labeled as clumpy in luminosity (mass) if 8% of its total luminosity (mass) comes from the

clumpy regime.

7. We measure the clumpy fractions for star-forming galaxies as a function of redshift and stellar
mass. We find that there is a slight evolution with redshift, dropping by ~ 0.15 from z ~ 2 to
z ~ 0.5. We find that the clumpy fractions are also dependent on stellar mass, with massive

galaxies showing lower clumpy fractions.

8. When investigating the clumpy fraction to both stellar mass and SFR, we find that clumpy

galaxies are more likely to be located along the upper envelope of the star-forming main
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sequence. In essence, for a given mass bin, clumpy galaxies have higher SFRs compared to the

average star-forming galaxies at that redshift.

9. We compare our clumpy fractions to the measure clumpy fractions of other studies that are
based on HST images, and found that these measurements are in general comparable with one
another. This further indicates that the clumps resolved by deconvolution are real, and not

artificially created.

10. We trace the progenitors to two populations of descendent galaxies at z ~ 0.5. We find that
the clumpy fractions decrease as galaxies grow in mass. This is consistent with the down-
sizing picture, where clumpy morphologies are found mostly in low-mass systems in the local

universe.

11. Finally, we test for evidences of clump formation from mergers. We make a basic assumption
that clumpy-in-mass galaxies are galaxies that are in the process of merging, or accreting a
satellite. We find that around 80% of clumpy-in-mass galaxies are also clumpy in Ues at
z ~ 2, but this percentage drop to 60% at z ~ 0.5. At face value, this suggests that not all

mergers are responsible for clump formation.

7.1 Future Directions

In this work, we have shown that the deconvolved ground-based images provide consistent results
as HST studies. Specifically, the comparison between the deconvolved and HST images, along
with the comparison of the clumpy fractions, have shown that finite resolution deconvolution is
robust. Combined with the extensive data of multi-wavelength images of COSMOS, this work
showcases the potential of FIREDEC to provide resolved color and stellar population maps for
thousands of galaxies. In the near future, we will release our catalog of the 22960 star-forming
galaxies in COSMOS. The catalog will be the largest existing catalog with resolved stellar properties
for intermediate redshift galaxies.

The future directions are exciting. Using new and well-test deconvolution algorithms on the
enormous amount of ground-based imaging that are being taken by wide-field observatories, and
those already in archives is the ideal next step. In particular, the Vera C. Rubin Observatory will
survey two-third of the night sky over the next decade from the ground as part of the Legacy Survey
of Space and Time program. Further, the Euclid space mission will map half the sky in the NIR,
while ground-based observatories will supplement the optical part. Indeed, applying deconvolution
to these data would allow for resolved stellar population mapping for hundreds of millions of galaxies.
We hope that this initial study provide the frameworks that lead other investigators to consider the

use of deconvolution in studies where it would be of use.
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With the ability to resolve star-forming clumps in bright galaxies, we can also catalog clumps,
from detailing their number counts to estimating their stellar mass and star formation rate. This
catalog can act as useful observational constrains for numerical simulations that aim to investigate
how well small-scale structures in the interstellar medium are reproduced in different stellar feedback,
ISM, or subgrid models (e.g. Inoue & Yoshida 2019; Li et al. 2020). While there are limitations
with FIREDEC to resolve and distinguish individual clumps in low S/N galaxies, the ability to
broadly classify galaxies as clumpy or non-clumpy also presents an opportunity for astronomers to
find clumpy candidates for further observations with space-based observatories. This is especially
true for newer fields that are being observed with ground-based observatories.

As a final note, while our results do not provide definitive observational evidences for clump
formation via cold mode accretion and/or mergers, they do provide additional hints that these
mechanisms are responsible for clump formation in distant galaxies. To further investigate this,
future studies should focus on the kinematic and gas properties of these galaxies in order to robustly
understand these mechanisms. For example, isolated and clumpy galaxies can be linked to cold gas
accretion by identifying whether they have more pristine gas compared to regular galaxies. On the
other hand, identifying the gas fraction in mergers that show signs of clumpy morphologies can place
observational constraints on whether wet mergers facilitate clump formation. Future studies such

as these can bring additional insights on this enigmatic topic.

7.2 Final Words

We would like to acknowledge Pascale Jablonka and Frédéric Courbin for allowing us to use finite
resolution deconvolution, and for their time in answering and diagnosing problems along the way.
Once again, a special thank you to everyone who read and provided thoughtful comments on this

work.
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