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Abstract

It is well established that many high-redshift star-forming galaxies host massive clumpy regions of

intense star formation. However, the underlying physical processes that drive clump formation re-

main unclear, mainly because there are few observations capable of directly linking clump formation

to specific processes.

In this dissertation, we address clump formation and evolution through three complementary

studies. First, we investigate whether clump formation is linked to an inflow of metal-poor gas.

Such an accretion event is expected to dilute the metal content of galaxies. This chapter, therefore,

aims to provide the first observational constraint by measuring the gas-phase metallicity of a small

sample (<30) of clumpy and non-clumpy galaxies using GNIRS on the Gemini-North telescope. We

find that clump galaxies show, on average, lower metallicities than the mass–metallicity relation,

consistent with a picture where clump formation is occurring due to an inflow of gas.

The second chapter further investigates clump formation and evolution by using resolved imag-

ing from the James Webb Space Telescope(JWST) of the CANUCS extragalactic fields. This work

enables us to study clump populations and compare their mass distributions with theoretical pre-

dictions. The work shows that the slope of the aggregated clump mass function is consistent with

clumps being formed in-situ. However, more/less massive galaxies will have flatter/steeper clump

mass function slope. We also investigate the evolution of clump populations, finding that the clump

mass function slope becomes flatter as clumps age. This result may reflect a combination of different

evolutionary processes, such as destructive feedback mechanisms and clump–clump mergers.

Lastly, we combine spectroscopic and photometric data to investigate clump formation further.

Specifically, this chapter builds on the first study to probe the gas-phase metallicity of ∼ 300 star-

forming galaxies. A fraction of these galaxies also have JWST imaging, enabling us to connect clump

properties to the processes driving clump formation. Specifically, we find that clumpy galaxies with

lower gas metallicities tend to host younger, more actively star-forming clumps. Together, these

results provide the first cohesive observational picture connecting gas accretion to clump formation.
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Chapter 1

Introduction

“To see the world, things dangerous to
come to, to see behind walls, draw closer,
to find each other, and to feel. That is the
purpose of life."
— Sean O’Connell, The Secret Life of
Walter Mitty

The Universe, in all its grandeur and splendour, has captivated the minds of so many. Given its
immense scale, it is not surprising that astronomy encompasses such a wide range of research topics.
Of particular interest (and totally not biased from my point of view, by the way) is the evolution of
galaxies over cosmic time. The quest to understand galaxy evolution and star formation is intimately
tied to understanding the history of our own Milky Way and the formation of the Sun, which has
supported life on Earth for billions of years.

Studying galaxy evolution is challenging because we observe galaxies at a single moment in their
history. Yet, due to cosmology and the finite speed of light, observing distant galaxies allows us to
see across the history of the Universe. Deep field surveys that probe galaxies at different redshifts,
therefore, enable us to trace different populations of galaxies, from the young galaxies in the early
Universe to the grand-design spirals of the nearby Universe. By connecting galaxy populations across
epochs using techniques such as abundance matching, astronomers can reconstruct the evolutionary
paths of galaxies. Intriguingly, as we look further back into the high-redshift Universe, we find
that the Universe had a clumpier past, in which galaxies often host massive, localized sites of star
formation. These star-forming sites can reach sizes of several hundred parsecs and have masses of
approximately 106−108 M⊙ (e.g., Dessauges-Zavadsky and Adamo 2018; Claeyssens et al. 2025),
making them significantly larger and more massive than local analogues, which are typically parsec-
scale systems with lower masses. High-redshift star-forming regions are therefore commonly dubbed
as star-forming “clumps". Their host galaxies are subsequently referred to as “clumpy" galaxies.

To set the stage for my work about the very nature of star-forming clumps, I will first provide a
general overview of galaxy formation and evolution in Section 1.1. This discussion naturally leads
to the early discoveries of galaxies with irregular morphologies and prominent star-forming regions.
The central question of “how did these structures form and evolve" remains at the heart of ongoing
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research. Section 1.2 summarizes our current understanding of clump formation and evolution, while
Section 1.3 highlights open questions that have motivated much of my own research over the past
seven years. Section 1.4 introduces the data and tools I used to address these questions. Finally,
Section 1.5 provides an overview of the body of my dissertation.

1.1 Galaxy Assembly

An important goal in extragalactic astronomy is to understand how galaxies assemble their stellar
mass over cosmic time. Progress in this area has been driven by multiwavelength surveys with
facilities such as the Hubble Space Telescope and, more recently, the James Webb Space Telescope,
which allow us to trace the resolved galaxy populations across redshift and infer their evolutionary
pathways.

Within the current paradigm of galaxy assembly, galaxies grow hierarchically by clustering within
dark-matter halos, which are overdense regions seeded by primordial density fluctuations after the
Big Bang. Low-mass halos form first, then merge hierarchically to form larger structures. On
top of this hierarchical framework, a variety of physical processes act on different scales to shape
the morphologies, colours, and star formation properties of galaxies. These processes include the
accretion and cooling of gas, its collapse into dense sites of star formation, and feedback from stellar
winds, radiation, and supernovae that regulate further star formation and drive outflows.

Diving into the detailed processes that govern mass assembly within galaxies would require
several review papers. However, the broader picture is imprinted in the cosmic star formation rate
density, which describes the rate of star formation per unit volume in the Universe. Over the past
few decades, a coherent picture of the cosmic star formation history has emerged, showing that the
Universe reached a peak in global star formation activity at z ∼ 2. (see Figure 1.1). Approximately
25% of the total stellar mass density (SMD) that we observe today was formed at z > 2, while a
comparable fraction is formed at z ≲ 0.7 (Madau and Dickinson, 2014). This highlights that the
bulk of galaxy mass assembly occurred during the critical epoch of 1 < z < 3, or around cosmic
noon.

The key to painting a clearer picture of galaxy assembly is understanding the underlying physical
processes that drive star formation. With this goal in mind, my research has focused on the dominant
modes of star formation during this peak epoch of mass assembly. Since the bulk of stellar mass
was assembled at cosmic noon, it is natural to question what galaxies look like during this period.
In the next Section, we will focus on morphological studies of galaxies, which further provide direct
insight into how stars formed within them.

1.1.1 A Clumpy Mass Assembly

Early efforts to classify galaxies began with the Hubble Sequence, which broadly divided galaxies into
early- and late-type galaxies. Although the naming convention suggests an evolutionary pathway,
this is solely a morphological classification nomenclature. Late-type galaxies refer to spiral galaxies,
while early-type galaxies are elliptical galaxies. The morphology of spirals and ellipticals is relatively
well-defined in the sense that we can clearly distinguish when a galaxy is spiral or elliptical.

With the advent of the Hubble Space Telescope, deep imaging revealed that galaxies at z > 1 are
not only smaller in masses, but are morphologically clumpy (e.g., see Fig. 1.2; Cowie et al. 1995;
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Figure 1.1: Taken from Madau and Dickinson (2014). The history of cosmic star formation in the
Universe using data from far-ultraviolet (top right panel), infrared (bottom right panel), and the
combined far-ultraviolet and infrared (left panel) rest-frame measurements. The Universe was more
actively forming stars at z ∼ 2 as compared to present-day.

Abraham et al. 1996) and do not fit the classic Hubble sequence. In this context, “clumpy" generally
refers to high-redshift galaxies hosting bright star-forming regions. These regions typically span a
few hundred parsec to sub-kiloparsec scale, and are therefore substantially larger compared to local
star-forming regions such as giant molecular clouds.

A more formal definition for clumpy galaxies is based on the fractional contribution of these
regions to the galaxy’s rest-frame UV emission. Galaxies are classified as clumpy if their clumps
contribute more than 8% of the total rest-frame UV luminosity. This threshold was proposed by
Guo et al. (2015) by comparing the UV luminosity functions of clumps in high-redshift galaxies to
those of local star-forming regions, which do not extend beyond the 8% level. However, note that
this criterion is not universal and varies across studies. With data from the HST, we now understand
that clumpy galaxies are abundant at z > 1, with ≳40% of star-forming galaxies hosting clumps
(Wuyts et al., 2012; Murata et al., 2014; Guo et al., 2015; Sok et al., 2022). We also know that the
fraction of clumpy galaxies is lower at z > 3 (e.g., Shibuya et al., 2016; Sattari et al., 2023).

The launch of the James Webb Space Telescope, with its significantly improved sensitivity as
compared to the Hubble Space Telescope, combined with the magnification power of gravitational
lensing, has enabled us to resolve galaxies at z > 8 (e.g., Mowla et al. 2024; Adamo et al. 2024;
Vanzella et al. 2025). Strikingly, even these early galaxies often contain clumpy stellar structures.
In some cases, individual clumps account for at least 30% of the stellar mass of their host galaxies,
suggesting that clumpy star formation played a central role in the earliest phases of galaxy assembly.

When we look at the number of star-forming galaxies that host clumps over cosmic time, we find

3



Figure 1.2: The morphology of galaxies in relation to the age of the Universe, taken from the
COSMOS webpage (https://cosmos.astro.caltech.edu/). Present-day galaxies (i.e., when the
Universe is closer to 14 billion years old) are generally well-described as either spiral or ellipti-
cal. However, at earlier times, galaxies are more irregular, and often host star-forming clumps on
kiloparsec-scale. In addition to the morphological evolution, galaxies are becoming more massive
toward the present day.
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Figure 1.3: Taken from de la Vega et al. (2025). A compilation of the measured fraction of clumpy
galaxies. While these measurements are not corrected for incompleteness, namely due to the difficulty
in detecting clumps at higher redshifts, the figure still suggests that the fraction of clumpy galaxies
peak at z ∼ 2, and follows a similar redshift evolution to that of the cosmic star formation rate
density in Figure 1.1.

that it broadly traces cosmic star formation rate density (e.g., see Figure 1.3, Shibuya et al., 2016;
de la Vega et al., 2025). Together, these observations strongly suggest that clumpy regions of star
formation are closely tied to the assembly of stellar mass in galaxies. However, observational studies
are still inconclusive about the connections between star-forming structures in nearby galaxies and
those in clumpy disks at higher z. In particular, it is not clear whether the processes driving star-
forming regions are universal across cosmic time, or whether clumpy star formation found at high
redshift is uniquely the result of the extreme physical conditions of gas-rich galaxies typical at earlier
times. If we aim to understand galaxy formation in detail, it is therefore essential to uncover the
physical mechanisms that drive clump formation and evolution.

1.2 A Crash Course in Clump Formation and Evolution

1.2.1 Clump Formation

Despite the ubiquity of star-forming clumps at high redshift, the origin and evolution of clumps is
still an on-going topic of research. The formation of clumps at cosmic noon are generally linked to
two different pathways. The first is linked to the accretion of gas from cosmological streams, and
the second is linked to mergers and accreting satellites.

Gas Accretion

The leading framework for clump formation suggests that clumps are formed within gas-enriched
disk that are undergoing violent disk instability (VDI, e.g., Agertz et al., 2009; Dekel et al., 2009a,b).
This is motivated by observations of very gas-rich galaxies at higher redshifts (e.g., Daddi et al., 2010;
Tacconi et al., 2010; Wang et al., 2022). The well-ordered rotations of high-z disks (e.g., Förster
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Schreiber et al. 2018b; Wisnioski et al. 2019) also favour VDI-driven clumps over clump formation
caused by ongoing merger (which is discussed in the next section). The nature of these gas-rich disks
are suggested to be fuelled by gas accretion, through collimated, cosmological filaments of cold and
dense gas streams (e.g., Kereš et al., 2005, 2009; van de Voort and Schaye, 2012; Waterval et al.,
2025).

In the VDI-driven clump formation scenario, the instability of the disk is often described by the
Toomre Q parameter (Toomre, 1964),

Q =
σκ

πGΣ
. (1.1)

Here, σ and Σ denote the gas velocity dispersion and gas density. κ is the epicyclic frequency and
is related to the angular velocity Ω of the disk. The disk is considered marginally unstable, with
Q ∼ 1. In this simple model of disk instability, we find that increasing the gas density parameter
leads to Q becoming less than 1 (i.e., an unstable disk). As clumps form, their interactions within
the disk can drive turbulence again, pushing Q back to unity and stabilizing the disk (Dekel et al.,
2009b).

The fragmentation of clumps in gas-rich disks is also well-studied in simulations of galaxies in
both isolation and cosmological context (e.g., Dekel et al., 2009a; Ceverino et al., 2016; Fensch and
Bournaud, 2021; Renaud et al., 2024). In general, metal-poor, accreting gas is responsible for the
gas-rich nature of higher-redshift galaxies (van de Voort and Schaye, 2012). Ceverino et al. (2016)
further investigated gas accretion events in the VELA simulations and found that star-forming
clumps generally have a lower gas-phase metallicity as compared to the disks. These star-forming
clumps are further found to have a lower metallicity offset of 0.3 dex as compared to the disk,
consistent with observations (e.g., Sánchez Almeida et al., 2015; Estrada-Carpenter et al., 2025).
The timescale for gas dilution is a few disk dynamical times (∼ 50 Myr) (Ceverino et al., 2016)
as stellar evolution enriches and disperses the gas. Simulations that look at the effects of varying
gas fraction on star-forming clumps also suggest that there is a relationship between gas conditions
at the time of formation and the resulting clump populations. Massive clumps are generally found
in simulated galaxies with higher gas fractions (∼ 40 − 50%), resulting in a flatter clump stellar
mass function (Fensch and Bournaud, 2021; Renaud et al., 2024). Based on previous studies such
as Ceverino et al. (2016); Estrada-Carpenter et al. (2025), measuring the gas-phase metallicity of
star-forming clumps will provide additional observational constraints for such formation.

Merger Events

Alternatively, clumps can also arise either from gas fragmentation triggered during galaxy–galaxy
interactions (e.g. Bournaud et al., 2011; Renaud et al., 2014) or from the direct accretion of star-
forming satellite galaxies (e.g. Zanella et al., 2019). The efficiency of clump formation during mergers
as observed in simulations depends on the initial conditions, including the implementation of feedback
and turbulence, and the gas fraction of colliding galaxies (e.g. Di Matteo et al., 2008; Fensch et al.,
2017).

Observationally, Puech (2010) studied a sample of 11 clumpy galaxies at z ∼ 0.6 and suggested
that the complex kinematics of these clumpy galaxies can only be attributed to mergers. Other
observational supports for merger-driven clump formation include the comparison between the red-
shift evolution of the fraction of clumpy galaxies to the fraction of mergers. It is argued that both
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Figure 1.4: Taken from de la Vega et al. (2025). A compilation of the measured fraction of clumpy
galaxies over the past decade as compared to the pair fractions from Puskás et al. (2025).

fractions should have a similar redshift evolution if clumps mainly formed due to mergers. This
was originally investigated in Guo et al. (2015), where it was suggested that minor mergers likely
play a role in clump formation at z < 2 for less massive galaxies, while major mergers becomes
a more prominent mechanism at higher redshifts. Similarly, a recent study by de la Vega et al.
(2025) measured the fraction of clumpy galaxies out to z ∼ 10 and compared their measurements
to studies that measured the pair fractions of galaxies (e.g., Duan et al., 2025; Dalmasso et al.,
2024; Puskás et al., 2025) (see Figure 1.4). They suggested that major mergers are the dominant
mechanism for clumpy galaxy formation for lower mass galaxies (M∗ < 109 solar masses) for z > 5.
With currently available data, the observational challenges of separating mergers from non-mergers
(and other complex morphologies) leads to difficulty determining the relative abundances of merger-
formed clumps. Resolved spectroscopic observations are generally needed to identify the kinematic
signatures of mergers.

1.2.2 Clump Evolution

The role of star-forming clumps in galaxy evolution remains uncertain, as their fate is still poorly
constrained. Their fate depends on how long they survive within the host galaxies. Long-lived
clumps could evolve within their host, while clumps that are shorter-lived are suggested to dissipate
within a disk dynamical time. In this Section, I discuss the various supports and implications for
these two scenarios for clump evolution.

Simulations suggest that long-lived clumps can migrate toward the centres of their hosts and
contribute to the growth of bulges through dynamical friction and interactions with other clumps
(e.g., Noguchi 1999; Inoue and Saitoh 2012; Mandelker et al. 2014, 2017). During this migration,
the stellar populations of the clump evolve as the clumps experience gas accretion, feedback-driven
outflows, and disruption by tidal shear in the surrounding gas rich disk (Bournaud et al., 2007,
2014). The longevity of clumps is arguably tied to feedback in galaxies. In particular, stronger
feedback is suggested to result in shorter-lived clumps, as the strong gas outflow halts star formation.
Simulations that have implemented enhanced feedback observed to produce very short-lived clumps,
with timescales of approximately the disc dynamical time of td = rd/vd ∼ 10 − 50 Myr at z ∼ 2
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Figure 1.5: Taken from Guo et al. (2012). The red stars show the mean clump age in each distance
bin, while the solid line shows the mean age of the interclump regions for all their galaxies. Guo
et al. (2012) found that clumps are generally younger than their surrounding disks and exhibit a
stronger radial age gradient too, consistent with expectations from clump migration.

(e.g., Hopkins et al., 2012; Oklopčić et al., 2017). Similarly, further investigation into the effects
of feedback found that massive clumps (e.g., log(M∗/M⊙) > 8.5) are generally less affected by
feedback (e.g., Bournaud et al., 2014; Moody et al., 2014; Mandelker et al., 2017; Dekel et al., 2022).
These clumps can survive longer, lasting ∼ 300 Myr or more. The survivability of clumps is likely
further complicated by clump and disk kinematics (e.g., Dekel et al. 2023). Simulations of isolated
galaxies also emphasized the dependence of clump survivability on the disk gas fraction (Fensch
and Bournaud, 2021; Renaud et al., 2024), with short-lived clumps found in lower-gas-fraction host
galaxies. We anticipate clump populations to be a composition of short- and longer-lived clumps1.

Observational studies that seek to constrain the evolution of clumps primarily rely on estimating
the clump ages and their galactocentric distances. In particular, a radially decreasing age gradient
is expected, as clumps are thought to form in the outskirts and migrate inward as they evolve Guo
et al. (2012, 2015); Zanella et al. (2019) (see Figure 1.5 as an example). While a correlation has
been predicted, it should be noted that individual estimates of the clump masses, SFRs, and ages
can generally have significant uncertainties (Huertas-Company et al., 2020; Ginzburg et al., 2022).
It is therefore essential to perform these analyses on a large sample of clumps. Correlations between
clump physical properties and galactocentric distance can be affected by the background-subtraction
method. Clumps are situated on a gas disk, and the underlying light from the disk will affect the
light of the clumps. In general, galaxies are redder and older, with more dust near the center, which
suggests that improper background subtraction can lead to artificial aging of clumps near the center.
Moreover, interpreting clump ages depends critically on their star formation histories. It remains
unclear whether clumps form stars continuously over extended periods or through shorter, intense
bursts of star formation. Distinguishing between these scenarios is crucial for determining whether
clumps are long-lived structures or transient features.

1A recurring theme here is that not everything is as black and white as we make it out to be.
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Overall, a picture is emerging that clump formation is tied to the availability of gas, either
supplied through cosmic gas accretion or through galaxy interactions. Clumps can be disrupted
or survive long enough to shape the evolution of their host galaxies, depending on their mass and
environment. Untangling these evolutionary pathways requires estimates of properties including
stellar and gas masses and ages for larger samples of clumps across cosmic time, which motivates
some of the work presented in this dissertation.

1.3 Aims and Approach

1.3.1 What Still Bothers Us at Night?

The previous sections outline the importance of star-forming clumps in galaxy assembly and broadly
discuss the diverse formation channels and evolutionary scenarios proposed for clumps. We broadly
know that clumpy star formation is a common feature in most cosmic noon star-forming galaxies
(e.g., Shibuya et al. 2016; de la Vega et al. 2025). Recent observations with JWST of clumpy stellar
structures in galaxies at z > 5 (e.g., Mowla et al., 2024; Fujimoto et al., 2025) further suggest that
galaxy formation in the early universe may also have been fundamentally clumpy in nature.

However, the underlying processes that determine clump formation across cosmic time remain
elusive. In particular, it remains unclear which processes are dominant and whether they vary with
redshift. While previous studies have laid important groundwork for understanding clump formation
and evolution, but key aspects of how clumps originate and how they relate to the overall assembly
of galaxies remain elusive. Part of the problem lies in the lack of observational studies linking
the resolved properties of clumps to the global properties of the host galaxies. Establishing these
links will allow for direct testing of clump formation in the environments and will help determine
how those environments influence clump evolution and survivability. Additionally, there are limited
observations before JWST that can enable astronomers to probe different clump populations across
redshift.

1.3.2 How Can We Chase the Monster Away?

This dissertation directly addresses these challenges by leveraging the latest multi-wavelength data,
from imaging survey of the JWST CANUCS fields (Willott et al., 2022) to near-infrared spectroscopic
data, such as the LEGA-C (van der Wel et al., 2021) and MOSDEF (Kriek et al., 2015) survey. This
endeavour will ultimately tie different clump populations to the environment that they form in. If
processes such as metal-poor gas accretion are responsible for global instabilities of the gas disk,
then a missing piece of the puzzle for understanding clump formation is the kinematics and physical
conditions of the gas disk. For example, cosmic gas accretion is expected to be near-pristine (van de
Voort and Schaye, 2012), which can then dilute the galaxies’ gas-phase metallicity (e.g., Ceverino
et al. 2016; Estrada-Carpenter et al. 2025). Performing a large systematic study of clumpy and
nonclumpy galaxies by probing their gas-phase metallicity will offer one of the first observational
constraints that directly link clump formation to a physical process such as gas inflow.

Other observational constraints come from cataloguing the diverse properties of clumps, including
their stellar masses, ages, and SFRs. In particular, the global gas conditions leave imprints on the
distribution of clump mass that are formed (e.g., Fensch and Bournaud 2021; Renaud et al. 2024).
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Figure 1.6: Taken from Iyer et al. (2025). A schematic showing the spectral energy distribution of
a galaxy, and the different sources of emission at different wavelength.

By probing the clump mass distribution, we gain insight into the environment that sets the stage
for clump formation and link the rise and fall of clumps to an evolving cosmic gas density. Before
James Webb Space Telescope, the first constraint of the clump stellar mass function came from the
work of Dessauges-Zavadsky and Adamo (2018), who studied clumps from 1 < z < 3. With the
number of increased surveyed extragalactic fields by James Webb Space Telescope, we are now at a
unique time to map the clump stellar mass function as a function of redshift.

1.4 Field Guide to Being a Clump Expert

The majority of my work involves using various tools and techniques to infer clump properties. To
provide you with the necessary knowledge to understand how these properties are obtained, this
Section provides a general overview of the different tools. In doing so, I hope to also provide you
with the tools to solve the problems of the Universe.

A recurring theme in the later chapters of this dissertation is the extraction of stellar masses from
clumps and disks, as well as the inference of gas-phase metallicity from strong emission lines observed
in galaxy spectra. The following sections, therefore, describe how we can infer these estimates.

1.4.1 How to Infer Mass From the Spectral Energy Distribution

Galaxies consist of different components, including gas, dust, stars and some dark matter that cannot
be observed. The spectral energy distribution (SED) of a galaxy is therefore composed of the light
emitted from stars, ionized gas, dust and, if presented, active galactic nuclei (e.g., see Figure 1.6).
Information about the current state and past star formation activity is also encoded in the SED. In
the simplest terms, inferring a galaxy’s physical properties means modelling its SED by summing
the emissions from its components.
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The core part of a galaxy’s SED consists of the combined light from all its stars, also known
as the stellar continuum. The detailed shape of the stellar continuum depends primarily on the
ages, metallicities and relative abundances of the stellar population of the galaxy. A crucial step
in creating a composite stellar continuum is the Initial Mass Function (IMF), which describes the
relative abundance of stars of different masses at birth. Common choices for the IMF include the
Salpeter (Salpeter, 1955), Chabrier (Chabrier, 2003), or Kroupa (Kroupa, 2001) IMFs.

Early versions of SED modelling also often assumed that all of the star formation occurred in a
single burst. This is referred to as a Simple Stellar Population (SSP), where all the stars of a given
IMF are assumed to form at a single lookback time and with the same metallicity. This motivates
the need for more complicated models involving “composite stellar populations" arise later with more
complex star formation histories (SFHs). The SFH of a galaxy can be visualized as the number of
stars formed over time. Given an SFH, Stellar Population Synthesis (SPS) codes such as FSPS
(Conroy and Gunn, 2010) enable the creation of different composite stellar continua by weighting
and summing different SSPs according to the galaxy’s star formation history.

Assumptions of the star formation history can lead to systematically different derived ages and
masses, particularly for star-forming clumps. For example, as noted in Messa et al. (2022), assuming
a single stellar population or a constant star formation history generally gives lower stellar masses
than models that allow star formation to extend over longer timescales. This therefore motivates the
uses for fitting for non-parametric SFH, which provide the flexibility needed to capture the diversity
of SFHs expected in galaxies and their clumps.

It should be clear by now that inferring the mass distribution and star formation history of a
galaxy is (and may I add, very complicated) inverse problem given the observed SED. However, the
explanation above is a gross oversimplification of SED modelling. Other factors, including chemical
enrichment of the interstellar medium and dust attenuation, also affect the shape of the SED and
must therefore be considered. For example, dust can attenuate the rest-frame ultraviolet light, with
its re-emission in the longer near-infrared. Nebular lines, arising from star-formation regions, also
affect the photometry by boosting certain bands based on their wavelengths (e.g., Withers et al.
2023).

There are numerous SED fitting codes available. In the chapters ahead, I adopt Dense Basis

(Iyer and Gawiser, 2017; Iyer et al., 2019) to infer physical properties of galaxies. Dense Basis

employs the core concepts outlined above by constructing an atlas consisted of SEDs corresponding
to a wide set of SFHs. However, instead of assuming a parametric SFH (e.g., an exponentially
declining SFH), Dense Basis infers the SFH nonparametrically from the data. In this framework,
the SFH is described by the lookback times at which a galaxy (or clump) assembled fixed quantiles of
its total stellar mass, with Gaussian Process interpolation used to generate a smooth SFH between
these points. However, the concept of a single “age” is no longer uniquely defined unlike using a single
burst SFH model, as star formation proceeds continuously over time. This dissertation therefore
adopt a mass-based definition of age, which I will later describe in detail in Chapters 3 and 4. Dense

Basis uses the observed photometry of each galaxy to compare to the atlas of precomputed SEDs
within a Bayesian framework, providing posterior distributions for stellar population parameters
and the reconstructed SFH.
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1.4.2 How to Infer Gas-Phase Metallicity from Strong Line Diagnostics

A key part of understanding galaxy formation lies in tracing the chemical history of galaxies, which is
probed through measurements of their gas-phase metallicity. In this work, the gas-phase metallicity
(or sometimes just metallicity) refers to the oxygen abundance. Typically, this is inferred from
nebular emission lines spanning wavelengths from the ultraviolet to the infrared.

One method to determine the gas-phase metallicity is the direct method. As noted by Kew-
ley et al. (2019), this is a misleading term because several assumptions are still made to derive
metallicity here. In the direct method, the electron density (ne) and temperature (Te) are mea-
sured using density-sensitive doublets and temperature-sensitive auroral-to-nebular line ratios such
as [Oii]λ4363/λ5007. These quantities determine the emissivities of collisionally excited metal lines,
which are proportional to the abundances of the corresponding ionic species. Measuring the fluxes
of these ionic lines relative to hydrogen recombination lines therefore allows the oxygen-to-hydrogen
abundance (O/H), and hence the gas-phase metallicity, to be inferred.

However, auroral lines are typically faint and are especially difficult to detect in galaxies with
high metallicities. An alternative method is the use of strong line calibrations. The strong line
methods rely on the flux ratios of strong lines, which do not directly measure metallicity but are
metallicity-sensitive. Therefore, strong line ratios can be calibrated to estimate gas-phase metallicity
in three ways: (1) empirically, using metallicities derived from the direct method, (2) theoretically,
using photoionization models, or (3) semi-empirically, by combining direct-method metallicities with
model-based calibrations (e.g., see Kewley et al. 2019 for reviews). Strong line methods are more
widely used because the relevant lines are brighter and more readily observed.

In the upcoming chapters, I employ several robust strong-line metallicity diagnostics to infer the
gas-phase metallicity of star-forming galaxies near cosmic noon. In particular, these diagnostics are
the R23 and the N2 indices. The R23 index is defined as,

R23 =
[Oii]λ, λ3727, 9 + [Oiii]λ, λ4959, 5007

Hβ
, (1.2)

First proposed in Pagel et al. (1979), the R23 line index is sensitive both to metallicity and to the
ionization state of the gas, or “ionization parameter". However, its dependency on the ionization
parameter can be corrected by including the O32 index (e.g., Kobulnicky and Kewley 2004). Another
commonly used line diagnostic is the N2 line index, defined as,

N2 =
[Nii]λ6583

Hα
. (1.3)

Here, N2 is empirically calibrated to the gas-phase metallicity (Pettini and Pagel, 2004). Although
it is affected by the ionization parameter, inferring gas-phase metallicity from a large sample still
reveals underlying trends. The N2 line diagnostic is also very practical for high-redshift observations,
as it is less sensitive to dust attenuation and instrumental effects. For this dissertation, the emission
lines for the two strong line calibrations are either obtained from existing spectroscopic surveys or
from new spectroscopic observations.

It should be further noted that these strong-line diagnostics generally have an intrinsic scatter,
where a specific value of R23 or N2 correspond to a metallicity with scatter of approximately 0.1-
0.2 dex. In the later chapters where I will be comparing the metallicity of clumpy and nonclumpy
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galaxies, such larger scatter can affect the robustness of the metallicity differences. However, this
scatter can be mitigated and the robustness thus improves by using a larger sample of galaxies
similar to that presented in Chapter 4.

1.5 Dissertation Overview

With the stage now set, we turn to the real science. The remainder of this dissertation focuses on
my work over the course of my studies and the resulting insights into the formation and evolution of
star-forming clumps, their rise and fall, and the imprints they leave on galaxy assembly. Chapter 2
presents one of the first pilot studies examining the gas-phase metallicities of a population of star-
forming galaxies. These metallicities are inferred from the ratio of [Nii]λ6583 and Hα, measured
using near-infrared spectroscopic observations from GNIRS on Gemini-North. The results reveal a
metallicity difference between clumpy and nonclumpy galaxies, with clumpy galaxies having lower
metallicity than nonclumpy galaxies. The discussion investigates the possible physical mechanisms
responsible for this metallicity dilution. Chapter 3 shifts gears to explore the diverse populations of
clumps, focusing on their stellar masses and ages. The chapter characterizes clump mass distributions
across cosmic time. It examines how the slope of the clump stellar mass function relates to clump
ages and to the global properties of the host galaxies. The discussion highlights how different
clump formation mechanisms can be inferred from the slope and how the environment may influence
clump evolution. Finally, Chapter 4 expands on the previous two chapters by connecting resolved
properties of clumps to the global gas conditions of the hosts. In particular, the study provides
gas-phase metallicity measurements for a larger sample of star-forming galaxies. The study explores
how observed properties of clumps relate to the metal content of their host galaxies, specifically
whether galaxies are metal-enriched or diluted. The discussion then considers how clump properties
relate to larger-scale processes, such as gas accretion. Finally, I summarize the findings from these
studies in Chapter 5, where I discuss the exciting new insights this work has yielded. I conclude by
discussing the open questions that remain and the exciting directions that can be pursued with the
next generation of telescopes. Without further ado, I present the works that form the core of my
Ph.D. research.

13



Chapter 2

Evidence for metal-poor gas accretion
in clumpy star-forming galaxies

“Well, this little maneuver’s gonna cost us
51 years!"
— Cooper, Interstellar

A version of the following chapter was originally published in the January 2025 issue of the
Astrophysical Journal, Volume 979, Issue 1 as Sok et al. (2025a). The co-authors were Adam
Muzzin, Pascale Jablonka, Vivian Yun Yan Tan, Z. Cemile Marsan, Danilo Marchesini, Gillian
Wilson and Leo Y. Alcorn. In this chapter, we explore the gas-phase metallicity inferred from
[NII]λ6584/Hα for a sample of clumpy and non-clumpy galaxies. In particular, we test whether
clumpy galaxies have lower gas-phase metallicity compared to nonclumpy galaxies. If so, this would
suggest that clumpy galaxies are experiencing gas inflow. This work is one of the first observational
studies that provide insights and constraints on the formation of clumps in star-forming galaxies.

Abstract

Despite the ubiquity of clumpy star-forming galaxies at high-redshift, the origin of clumps are still
largely unconstrained due to the limited observations that can validate the mechanisms for clump
formation. We postulate that if clumps form due to the accretion of metal-poor gas that leads to
violent disk instability, clumpy galaxies should have lower gas-phase metallicities compared to non-
clumpy galaxies. In this work, we obtain the near-infrared spectrum for 42 clumpy and non-clumpy
star-forming galaxies of similar masses, SFRs, and colors at z ≈ 0.7 using the Gemini Near-Infrared
Spectrograph (GNIRS) and infer their gas-phase metallicity from the [NII]λ6584 and Hα line ratio.
We find that clumpy galaxies have lower metallicities compared to non-clumpy galaxies, with an
offset in the weighted average metallicity of 0.07 ± 0.02 dex. We also find an offset of 0.06 ± 0.02

dex between clumpy and non-clumpy galaxies in a comparable sample of 23 star-forming galaxies at
z ≈ 1.5 using existing data from the FMOS-COSMOS survey. Similarly, lower [NII]λ6584/Hα ratio
are typically found in galaxies that have more of their UVrest luminosity originating from clumps,
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suggesting that “clumpier" galaxies are more metal poor. We also derive the intrinsic velocity
dispersion and line-of-sight rotational velocity for galaxies from the GNIRS sample. The majority of
galaxies have σ0/vc ≈ 0.2, with no significant difference between clumpy and non-clumpy galaxies.
Our result indicates that clump formation may be related to the inflow of metal-poor gas; however,
the process that forms them does not necessarily require significant, long-term kinematic instability
in the disk.

2.1 Introduction

An important step to understanding the formation and evolution of galaxies is to trace where
star formation is occurring within galaxies through cosmic time. Deep field observations reveal an
abundance of high-redshift star-forming galaxies (SFGs) that host prominent, clumpy star formation
(Wuyts et al., 2012; Murata et al., 2014; Guo et al., 2015; Förster Schreiber et al., 2018a; Sok et al.,
2022; Sattari et al., 2023). Interestingly, the fraction of clumpy galaxies evolves with the cosmic
star formation rate density, where it peaks at cosmic noon before declining toward higher redshift
(Shibuya et al., 2016); however recent results from gravitationally-lensed galaxies observed with
JWST suggest clumpy star formation may dominate the mass assembly of galaxies at z > 4 (e.g.,
Vanzella et al. 2022; Adamo et al. 2024; Mowla et al. 2024). Star-forming clumps are observed
as UV-bright, kiloparsec-scale structures, but are also detected in Hα emission. The specific star
formation rate (sSFR) of clumps is elevated compared to the surrounding regions (Wuyts et al. 2012,
2013). A gradient in the sSFR of clumps is also reported by Guo et al. (2018), where clumps that
are further away from the galactic centers typically have higher sSFR. They found a similar negative
gradient in stellar masses and ages, possibly suggesting an inward migration of clumps. In general,
clumps have an estimated stellar masses of 107 − 109 M⊙ (e.g., Soto et al. 2017; Zanella et al. 2019;
Huertas-Company et al. 2020), with lower mass estimates report in lensed galaxies (Cava et al.,
2018). Nonetheless, the ubiquity and unique mode of clumpy star formation during a period known
for galaxy mass assembly suggest that clumps play an integral role in galaxy formation.

The two broadly discussed pathways for the formation of star-forming clumps are in-situ forma-
tion through violent disk instability and gravitational fragmentation within the host galaxy’s gas
disk, and ex-situ origins via the accretion of external satellites. In the in-situ channel, clumps arise
from the fragmentation of gas-rich, turbulent disks, a process commonly described by the Toomre
stability parameter Q (e.g., Toomre 1964; Agertz et al. 2009; Dekel et al. 2009b; Ceverino et al. 2010).
At high redshift, such gas-rich disks are maintained in a marginally unstable state by continuous
gas accretion from the cosmic web (e.g., Dekel et al. 2009a).

Observational support for in-situ fragmentation due to gas accretion comes from studies of the
co-evolution of the clumpy fraction, merger rates, and disk instability indicators, which show that
mergers alone cannot account for the prevalence of clumps at z ∼ 2 (e.g., Guo et al. 2015; Adams et al.
2022; Sattari et al. 2023). Moreover, the elevated star formation activity in clumpy galaxies relative
to nonclumpy systems is difficult to explain solely through merger-driven triggering and instead
points to sustained internal gas inflows and disk instabilities (Martin et al. 2023). The observed
stellar mass function of clumps is likewise consistent with an in-situ origin from disk fragmentation
(Dessauges-Zavadsky and Adamo 2018; Huertas-Company et al. 2020), whereas clumps of ex-situ
origin (i.e., accreted satellites) are expected to produce a flatter mass function (e.g., Mandelker et al.
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2017).
Under the gas accretion leading to VDI framework, we postulate that if clumps form within

a gas-rich disk that is replenished by (relatively) pristine (or metal-poor) gas from cosmological
accretion, it is expected that the accreting gas would dilute the metal contents within the disk,
leading to lower metallicities in clumpy galaxies compared to non-clumpy galaxies. Indeed, such a
scenario has been observed in a simulation by Ceverino et al. (2016), where clumps are found to have
lower metallicities by 0.3 dex compared to the surrounding regions. Therefore, one way for testing
in-situ clumpy formation is to compare the metallicity of the gas disk for clumpy and non-clumpy
galaxies (i.e., galaxies that do not host star-forming clumps).

In this work, we use the Gemini-North Near-Infrared Spectrograph (GNIRS) on the Gemini-
North observatory to indirectly measure the gas-phase metallicity for a sample of clumpy and non-
clumpy galaxies at z ≈ 0.7 and test the validity of clump formation under violent disk instability.
We also make use of another large near-infrared spectroscopic survey (FMOS-COSMOS; Silverman
et al. 2015; Kashino et al. 2019), which will serve as an independent test to see if the metallicity
offset is observed in a different sample of SFGs at z ≈ 1.5. The metallicity is inferred from the
[NII]λ6584 and Hα line ratio, following the calibration from Pettini and Pagel (2004). This line
ratio is commonly used as both lines are easily accessible from the same filter, and their proximity
mitigates the effect of dust in the inferred metallicity. The structure of the chapter is as follows.
First, we discuss our galaxy sample, as well as define the nomenclature for clumpy and non-clumpy
galaxies in Section 2.2. Overviews of the GNIRS observations and data reduction are then reported
in Section 2.3 and 2.4, respectively. In Section 2.5, we present our metallicity measurements and
compare them to other studies. Given the high signal-to-noise ratio of some of our spectra, we also
investigate the relation between disk kinematics and morphologies (i.e., clumpy vs non-clumpy) in
Section 2.6. Finally, we discuss the implications of our results in the context of clump formation due
to violent disk instability in Section 2.7.

Throughout the chapter, we adopt a ΛCDM cosmological model of the universe with Ωλ = 0.7,
ΩM = 0.3, and a Hubble constant of H0 = 70 km/s/Mpc. All physical parameters are determined
by assuming a Chabrier initial mass function (Chabrier, 2003), and our magnitudes are reported in
AB magnitudes.

2.2 Galaxy Sample

2.2.1 GNIRS Sample

Our targets are selected using the publicly available photometry of the COSMOS/UltraVISTA cat-
alog (Muzzin et al., 2013). A number of criteria are employed to determine the candidates. We first
require that the galaxies are at a redshift, either photometric or spectroscopic where available, where
both Hα and [NII]λ6584 lie within the wavelength coverage of the X and J filter of GNIRS, which
avoid the highly contaminated atmospheric skylines in the H -band. The choice in the two GNIRS
filters correspond to the detection of Hα and [NII]λ6584 between the redshift range of 0.6 < z < 0.9.

Using the stellar masses and SFRs from the UltraVISTA catalog, we then select galaxies of simi-
lar masses and SFRs to ensure that any observed metallicity offset is not driven by the fundamental
metallicity relation. The masses were derived by fitting the spectral energy distribution of 30 photo-
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metric filters, extending from 0.15− 24 µm, and the SFRs were determined from the rest-frame UV
and infrared luminosity. We select primarily galaxies with log(M∗/M⊙) ≈ 10.5. This corresponds
to star-forming galaxies with a high SFR (≳10 M⊙yr−1), and therefore increases the likelihood of a
strong detection for both Hα and [NII]λ6584. Lastly, we select galaxies of similar colors (i.e., U −V

and V − J) to mitigate the effect of dust in our analyses as galaxies with higher dust attenuation
generally have higher metallicities.

Figure 2.1 summarizes our GNIRS galaxy sample. We select 42 galaxies; 23 are clumpy galaxies
and 19 are non-clumpy galaxies (the classification of clumpy and non-clumpy is presented in Section
2.2.4). The solid markers denote galaxies that have a detection of SNR > 3 in both Hα and
[NII]λ6584. Throughout the analysis we use only these S/N > 3 galaxies, which reduces our sample
to 32 galaxies. The average mass for the clumpy galaxies is log(M∗/M⊙) = 10.48+0.15

−0.02, with an
average SFR of log(SFR [M⊙ yr−1]) = 1.23+0.19

−0.14. The average mass for non-clumpy galaxies is
log(M∗/M⊙) = 10.54+0.04

−0.06, and their average SFR is log(SFR [M⊙ yr−1]) = 1.30+0.12
−0.28. The average

specific SFR for both clumpy and non-clumpy galaxies is approximately log(sSFR [yr−1]) ≈ −9.2.
Similarly, clumpy galaxies have an average U − J = 1.21+0.11

−0.07 and V − J = 0.95+0.11
−0.08, and for non-

clumpy galaxies, U − J = 1.32+0.08
−0.11 and V − J = 1.05+0.06

−0.08. Here, the lower and upper errors are
derived from the 16-th and 84-th percentiles.

2.2.2 FMOS-COSMOS Sample

The FMOS-COSMOS near-infrared spectroscopic survey (Silverman et al., 2015; Kashino et al.,
2019) utilized the Fiber-Multi Object Spectrograph on the Subaru Telescope, and comprised of an
observing mode that primarily targets star-forming galaxies at z ≈ 1.5. In particular, the survey
provides fluxes for both Hα and [NII]λ6584. The primary goal of this sample is to test whether
a metallicity offset is also detected for a completely different sample of galaxies that have been
observed with a different observing strategy, but are selected similarly in masses, SFRs, and colors
as the GNIRS sample.

We cross-match galaxies from the FMOS catalog to the UltraVISTA catalog, keeping only galax-
ies that have a measured RA and Dec that are within 0.2 arcsec of both catalogs. This angular
scale corresponds to less than two imaging pixels of the UltraVISTA/COSMOS mosaics (which has
a pixel scale of 0.15 arcsec). This is also well below the size of the images’ point spread function, and
therefore ensures that there is no contamination from close-by neighbours. We select FMOS galaxies
that have Hα and [NII]λ6584 fluxes detected to at least 3 sigma. Similar to the GNIRS sample, we
also select galaxies within a mass range between 10.4 < log(M∗/M⊙) < 10.6, and limit the analyses
to galaxies of similar colors, i.e., 0.9 < U − V < 1.2 and 0.7 < V − J < 1.1. In total, there are
23 FMOS galaxies at z ≈ 1.5 that meet our selection criteria. We reiterate that the goal for this
sample is mainly to determine whether a metallicity offset is similarly observed between clumpy and
non-clumpy galaxies when using a different sample of galaxies. In the following sections, we discuss
how galaxies are classified as clumpy and non-clumpy from their ground-based images.

2.2.3 Resolving clumps with finite-resolution deconvolution

While clumpy galaxies are ubiquitous at high-redshift, identifying galaxies as clumpy is difficult due
to the fact that high-resolution observations are required to resolve the kiloparsec-scale structures.
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Figure 2.1: Top: The contour lines show the star-forming main sequence for the parent sample of
galaxies at z ≈ 0.7 in the COSMOS field. The blue circle and red square markers denote clumpy
and non-clumpy galaxies that were observed with GNIRS, respectively. The solid markers denote
galaxies with detection in both Hα and [NII]λ6584 (SNR> 3). Bottom: Similar to the top panel, but
is now showing the UVJ diagram. In general, the selection process is limited to galaxies of similar
masses, SFRs and colors. This ensures that we can directly test for a relation between clumpy
morphologies and metallicities.
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Furthermore, multi-wavelength images are typically needed to account for the morphological K-
correction effect, in which the morphology of galaxies may change depending on which wavelength
they are observed in. This becomes particularly important when the galaxies are observed over a
wide range of redshifts.

A unique solution to obtaining high-resolution and multi-wavelength imaging for a large volume
of the sky is to use image deconvolution. This had been previously done in Sok et al. (2022)
using finite-resolution deconvolution (FIREDEC; Cantale et al. 2016a), where we deconvolved the
multi-band imaging of approximately 20,000 SFGs in the COSMOS field at 0.5 < z < 2, and created
resolved stellar mass and surface brightness maps for those galaxies. That work showed that FIREDEC
recovers clumps in galaxies from ground-based imaging. Comparing the deconvolved images to HST
observations confirmed that these clumpy features are intrinsic to the galaxies and not artifacts of
deconvolution.

A technical overview of image deconvolution and FIREDEC is provided in Cantale et al. (2016a),
with practical applications discussed in Cantale et al. (2016b) and Sok et al. (2022). In summary,
this deconvolution algorithm aims to to deconvolve images to a finite resolution, ensuring that the
resulting image retains its own PSF (i.e., as opposed to completely removing the PSF to achieve
an infinite angular resolution, which would violate the Nyquist’s sampling theorem). In practice,
a target resolution is defined to be a 2D Gaussian function. The deconvolution kernel is then con-
structed through a combination of analytical and numerical fits, such that the convolution between
the deconvolution kernel and the Gaussian functions gives back the PSF of the image.

In practice, the ground-based images have a pixel scale of 0.15′′, with typical seeing greater
than 0.65′′. In order to deconvolve images in different filters of the COSMOS field, we constructed
deconvolution kernels for each filter. This is required as the PSF can vary from filter to filter, which
arises due to the different observing conditions (see Sok et al. 2022 for the PSF variation for each
filter of the COSMOS field). Here, we deconvolved to a seeing with angular resolution of 0.3" which
probes a physical scale of approximately 2.3 kpc for galaxies at z ≈ 0.7. While this angular resolution
only partially resolves star-forming clumps, it is sufficient for identifying whether a galaxy is clumpy
or non-clumpy. A comparison between the ground-based imaging and the deconvolved images for
a few galaxies in this study is shown in Figure 2.2. These galaxies are chosen as examples because
they have multi-band HST imaging, which enables us to directly compare the deconvolved images
to HST images. Galaxies that are classified as clumpy are denoted by the asterisk in the ID name
in the right panel. In general, deconvolution reveals multiple clumps that are not detectable with
ground-based imaging. These clumps are also detected by HST, suggesting that the resolved clumps
are intrinsic to the galaxies, and not deconvolution artifacts.

2.2.4 Clumpy/Non-clumpy SFGs Classification

A number of methods have been used to classify whether a galaxy is clumpy or non-clumpy. Clumps
can be identified by creating a contrast image, in which an image is passed through a high-pass filter
(e.g., Zanella et al. 2019; Claeyssens et al. 2023). The flux and size of the clumps can be obtained
by fitting each clump with a Gaussian model. Recent studies have also employed a convolutional
neural network to identify the location of clumps from an image (Huertas-Company et al., 2020).

In this work, we follow the method described in Wuyts et al. (2012), which utilizes the nor-
malized rest-frame U -band light profile to identify clumpy regions in a galaxy. The rationale of
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Figure 2.2: Comparison of deconvolved images to the corresponding HST images. From the left to
right panel, we compare the V -band imaging to F606W, z+-band imaging to F814W, and the com-
posite VzH image to a composite image constructed from F606W +F814W +F160W. Each stamp is
7.8′′×7.8′′. For each panel, the left to right column shows the ground-based image, the deconvolved
image, and the corresponding HST image. Only 9 out of the 42 galaxies from our sample have HST
imaging in the 3 HST filters. The images are deconvolved to a resolution of 0.3", corresponding to
a physical scale of ∼2.3 kpc at z ≈ 0.7. We arrange the figure such that the galaxies are shown in
ascending order based on their clumpiness, as defined by the ratio of rest-frame UV light emitted
from clumps relative to the host galaxy. Clumpy galaxies are those with clumps that have at least
8% of the total rest-frame UV luminosity.
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a normalized profile relies on the fact that regions with relatively high surface brightness, such as
UV-bright clumps, will appear as a bump in an otherwise smooth light profile of a galaxy. We will
briefly describe the steps to making a normalized light profile, however we refer the reader to Wuyts
et al. (2012) for a more detailed process. We first obtain Urest by spatially fitting the multi-band
deconvolved images with EAZY (Brammer et al., 2008). Instead of fitting the spectral energy distri-
bution (SED) over individual pixels, which can introduce biases for pixels with low signal-to-noise
ratio (SNR), we instead bin pixels using a Voronoi binning technique (vorbin; Cappellari and Copin
2003) so that each Voronoi bin has a minimum SNR of 5 in the Ks-band. A similar binning technique
has been employed to construct stellar mass maps from spatially SED fits (Wuyts et al., 2012; Sok
et al., 2022; Tan et al., 2022).

Once a map of the Urest surface brightness is created, the normalized light profile for a galaxy is
constructed. We characterize the galaxies by two elliptical parameters; the ellipticity and position
angle. This is done by fitting an elliptical function to a segmentation map of the galaxy. These
parameters are then used to define elliptical apertures centered on the galaxy. We then define the
effective radius of the galaxy as the radius at which half of the light from the galaxy is within that
radius. This is measured from a curve of growth based on the elliptical apertures. The effective
surface brightness is then measured as the mean surface brightness within the effective radius. The
normalized profile is constructed by normalizing the Urest surface brightness at each pixel by the
effective surface brightness, and the galactocentric distance of each pixel by the effective radius. In
essence, the normalized profile illustrates how the normalized surface brightness varies with distance
from the center of the galaxy. Figure 2.3 shows two examples of the normalized light profile for a
clumpy and non-clumpy galaxy.

Clumps are situated in the same parameter space within the normalized profile. The division
lines of the inner, outer, and clumpy regions, shown in Figure 2.3, are defined in Eqn. 6-8 of Wuyts
et al. (2012), based on their visual inspections of the stacked profiles of their sample. Galaxies
are defined as clumpy if they have pixels that originate from the clumpy regime in the normalized
profile, and that contribute ≥8% of the total Urest luminosity of the host galaxy. This criterion
is commonly used to identify star-forming clumps in high-redshift galaxies in other studies, and
therefore represents a consistent way of classifying clumpy galaxies.

2.3 GNIRS Observations

A total of 42 galaxies in the COSMOS field were observed in seeing limited conditions with GNIRS
on the Gemini-North observatory. These observations took places between 2019 and 2022 as part of
several GNIRS observation programs, with program IDs: GN-2019B-Q-131, GN-2019B-Q-229, GN-
2020A-Q-307, GN-2020B-Q-215, GN-2021B-Q-212, GN-2022A-Q-213. The observations were done
through the long-slit spectroscopy mode in the X or J filter and the 111 line per mm grating. We use
the short camera, corresponding to a pixel resolution of 0.15 arcsec per pixel, with a slit opening of 1
arcsec. The observational setup therefore corresponds to a wavelength coverage between 1.03 - 1.37
microns, at a spectral resolution of R ≈ 2000 (σinst ∼ 50 km/s). This spectral resolution is sufficient
for differentiating the Hα and [NII]λ6584 emission lines. The on-source integration time for each
galaxy is set either to 40, or 60 minutes. The shorter integration time is used when the observations
took place with good seeing (i.e., Band 1) condition, while the longer 60 min of integration is needed
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Figure 2.3: Two examples showing how the normalized light profile is used to identify clumps. The
top figure shows the normalized profile for a clumpy galaxy while the bottom figure shows the profile
for a non-clumpy galaxy. In each figure, the top left panel shows the composite VzH image (6′′×6′′),
the bottom left shows the surface brightness, the bottom right shows the constructed normalized
Urest profile, and top left shows the pixel type map based on the division lines in the normalized light
profile. The clump regime is defined as the pixel residing above the curved dotted line. As shown in
the top figure in the pixel type map, clumps are identified easily using the normalized profile. The
color-coding in the normalized profile respond to the (U − V )rest. Pixels in the clumpy regime are
UV-bright.
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when observing in the degraded seeing of Band 3 to account for greater light loss through the 1"
wide slit opening.

A blind offset from a reference bright star (or a reference object when there are no nearby star)
is needed in order to center the slit onto our faint galaxies. The position of the slit is fixed along
the major axis of the galaxy to ensure that most of the light coming from the galaxy is captured
by the slit. We observe each galaxy using the ABB′A′ pattern, which corresponds to the dithering
nod of -1", 6", -6", 1" along the slit direction. This pattern is used for sky subtraction, but helps
mitigate pixel persistence when observing bright objects such as a standard star. At each nodding
position, we have 300 seconds of integration. The standard star is observed either before, or after
the exposures on the galaxy using the same observational setup. The spectroscopic observations of
a standard star is needed in order to apply flux calibration for telluric absorption features in the
near-infrared.

2.4 Near-Infrared Spectra

The reduction of the raw data is done using Gemini IRAF (Gemini Observatory and AURA, 2016).
A number of raw exposure frames for the science observations were affected by striping patterns;
however these patterns were removed with cleanir1. Telluric and science observations are then flat-
fielded, sky-subtracted and wavelength-calibrated. The master flat is obtained by stacking flat frames
that do not have anomalous mean, or standard deviation. The wavelength solution is computed by
running nswavelength on the included Argon lamp observations. We extract the one-dimensional
spectrum for the standard star using nextract. In the following sections, we describe the steps to
extract the one-dimensional spectra from the reduced two-dimensional science spectra.

2.4.1 Spectra and velocity curves

One simple method for extracting a one-dimensional spectrum from the two-dimensional spectrum
is the boxcar method, in which the two-dimensional spectrum is summed along the slit direction.
However, this can lower the SNR of the emission lines if the galaxy’s rotation is not accounted
for. In this section, we describe the steps to extract the one-dimension spectrum by modeling the
kinematics of the galaxy.

The kinematics modeling is performed using similar steps as outlined in Weiner et al. (2006).
We first obtain the velocity and dispersion profile of a galaxy by fitting a Gaussian function to its
emission lines along the slit. To this end, we bin the two-dimensional spectrum along the spatial
direction by 2 pixels to increase the SNR of the emission lines. Here, Hα is primarily used when
fitting the Gaussian function as it has a higher SNR compared to [NII]λ6584. However, [NII]λ6584
is used when Hα lies next to a strong skyline as the centroiding of the Gaussian function may be
affected by the skyline. The fitted parameters are determined through a least-squares Levenberg-
Marquardt minimization algorithm with respect to the observed data using lmfit (Newville et al.,
2016). The retrieved error represents an uncertainty of one standard deviation around the fitted
values. A few examples of the measured velocity profile are plotted on the right panels of Figure
2.4.

1https://github.com/andrewwstephens/cleanir
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The kinematics model consists of two components; a rotation curve and the dispersion term. We
assume that the intrinsic velocity dispersion σ0 is constant with radius for each galaxy. The inverse
tangent function is adopted for the rotation of the galaxies,

v(r) = v0 +
2

π
va arctan

(r − r0
rt

)
, (2.1)

where va is asymptotic rotation velocity, ro is the spatial center of the galaxy, and rt is the knee
radius to the flat part of the curve. When modeling the emission line, we vary values for v0, r0, va
and σ0, while keeping rt constant at a fiducial value of 0.2′′ due to the limited seeing. The modeled
emission line is then spatially convolved with a Gaussian seeing kernel. We determine the appropriate
FWHM from the acquisition images of the bright offset star, or from the acquisition images of the
standard star (which are observed before or after the science integration). The modeled emission
line is also convolved by the line spread function. We use emcee (Foreman-Mackey et al., 2013) to
explore the parameter space, assuming a flat prior for each parameter. The best-fit parameters and
their errors are taken to be the median and standard deviation, respectively. We note that σ0 is not
resolved for a few galaxies due to our relatively coarse spectral resolution of R ∼ 2000.

The rotation models are then used to align the emission lines along the slit. The one-dimensional,
velocity-corrected spectrum are then optimally extracted, using the extraction algorithm from Horne
(1986). The weighting profile is determined from the spatial profile of the emission lines. In cases
where the emission lines have low SNR, we perform a standard boxcar extraction over some aper-
ture width (i.e., 2.1′′ to 2.7′′ depending on the size of the galaxy). Finally, we do not apply an
aperture correction for possible slit losses. While the size of galaxies varies and can therefore affect
the measured [NII]λ6584/Hα ratio, we mitigate this by placing the slit along the major axis that
contains clumps. A slit correction would also assume some generalization of the metallicity gradient,
which can be diverse (e.g., Gillman et al. 2021). However, larger galaxies typically have a negative
metallicity gradient (Carton et al., 2018). Since clumpy galaxies are generally larger compared to
non-clumpy galaxies (e.g., Martin et al. 2023), and assuming a negative metallicity gradient for
clumpy galaxies, we expect the measured metallicity for clumpy galaxies to be overestimated com-
pared to non-clumpy galaxies when using a slit that is centered on the central region of the galaxies.
Given these reasons, we choose to not apply an uncertain slit-loss correction and present the data
as-is. Finally, we note that the size difference between non-clumpy and clumpy galaxies is observed
for the GNIRS sample (e.g., see Fig. 2.10), where we find the average effective radius of clumpy
and non-clumpy galaxies to be 5.1 ± 0.3 and 3.4 ± 0.3 kpc (corresponding to 0.7′′ and 0.57′′), re-
spectively. Figure 2.4 summarizes this section, showing examples of the observed rotation in the
two-dimensional spectrum, the derived velocity curve, and the extracted spectrum after correcting
for the velocity curve.

2.4.2 Telluric corrections

Molecules in the atmosphere can absorb and subsequent suppress certain spectral features in the
near- and mid-infrared. These telluric absorption features may therefore affect the ratio between
[NII]λ6584 and Hα if the two lines fall within regions of strong absorption. Correcting for the
absorption features is done by observing the spectrum of a standard star. Each of our observing
blocks included a near-infrared spectroscopic observation of a standard star. The standard stars are

24



ID116791

1′′

−2 0 2

r [arcsec]

−50

0

50

v
[k

m
/s

]

10850 10875 10900 10925 10950 10975 11000

observed wavelength [angstrom]

0

150

F
[r

el
at

iv
e]

ID118818

1′′

−2 0 2

r [arcsec]

−100

0

100

v
[k

m
/s

]

12600 12650 12700 12750

observed wavelength [angstrom]

0

80

F
[r

el
at

iv
e]

ID122650

1′′

−2 0 2

r [arcsec]

0

100

v
[k

m
/s

]

10450 10475 10500 10525 10550 10575 10600 10625

observed wavelength [angstrom]

0

80

F
[r

el
at

iv
e]

ID123666

1′′

−2 0 2

r [arcsec]

0

200

v
[k

m
/s

]

10800 10825 10850 10875 10900 10925 10950 10975

observed wavelength [angstrom]

0

60

F
[r

el
at

iv
e]

Figure 2.4: Examples of spectra along with the rotation curve of the galaxies. The left panel shows
the composite image of the galaxies. The red line denotes the slit, which is purposely chosen to
lie along the axis containing clumps. The top middle panel shows the two-dimensional spectrum
where the y-axis is the slit (or spatial) direction and the x-axis is the dispersion direction. The
bottom middle panel shows the extracted 1D spectrum after correcting for the rotation curve. The
grey highlights are regions that are contaminated by skylines. The right panel shows the rotation
curve of the galaxies, where the green line is the fitted rotation curve, and the black markers are the
measured centroids of the emission line at each spatial bin along the two-dimensional spectrum.

selected to be early-type stars at a similar airmass, and are selected primarily because their spectra
are generally devoid of intrinsic stellar absorption features in the near-infrared (between 1.05− 1.3

microns), with the exception of hydrogen recombination lines. However, these hydrogen lines can be
fitted and removed. The steps to apply the telluric correction to our observations are listed below.

1. Hydrogen absorption lines in the standard star telluric observations are first masked out. The
continuum of the masked spectrum is modeled as the sum of Chebyshev polynomials using
specutils.

2. The reference spectrum for each standard star is obtained from the stellar spectral library of
Pickles (1998). These reference spectra are then flux-calibrated so that their V -band magni-
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tude is equal to the observed magnitude of the respective star. We mask the hydrogen lines in
the flux-calibrated reference spectra and model their continuum using a similar step as above.

3. The correction factor at each wavelength is obtained by dividing the flux-calibrated spectrum
by the observed telluric spectrum.

In general, we find that the correction factor for the ratio of [NII]λ6584 and Hα ranges between 0.8
and 1.5. On average, the correction factor for the clumpy and non-clumpy sample is 1.05 and 1.09,
respectively.

2.5 Comparison between Clumpy & Non-Clumpy Galaxies

2.5.1 [NII]λ6584/Hα

Figure 2.4 shows four examples of the reduced one-dimensional, telluric-corrected spectrum. The
flux for each emission line is obtained by fitting a double-Gaussian function using lmfit. To this end,
we fix the relative wavelength offset between the two emission lines, and assume that the line width
for both lines are the same. Therefore, our fitting function consists of five parameters; the peak
intensity (a) for both [NII]λ6584 and Hα, the line width (σ) for the emission lines, the wavelength
center for Hα, and a constant continuum/background noise. The integrated flux for both emission
lines is calculated as aσ

√
2π, using the respective line intensity. Similarly, the flux error is obtained

by propagating the uncertainties of the fitted parameters a and σ.
Out of the 42 galaxies, 2 galaxies are not detected in either Hα and [NII]λ6584. Only 32 out

of the remaining 40 galaxies have Hα and [NII]λ6584 lines that are not significantly affected by
atmospheric skylines, and have an SNR > 3. Table 2.1 lists their measured line ratios and their
associated error. We find the weighted average of the [NII]λ6584/Hα ratio for the entire sample to be
0.36±0.01. When separated into clumpy and non-clumpy sample, we find that clumpy galaxies have
a weighted flux ratio average of 0.31±0.02, while non-clumpy galaxies have a flux ratio of 0.42±0.02.
The difference in the [NII]λ6584 and Hα flux ratio is 0.11± 0.02. Taken at face value, this suggests
a clear metallicity difference between the two samples; however, in the next section we examine this
difference more closely via the mass-metallicity relation and the fundamental metallicity relation.

2.5.2 The mass-metallicity relation

The gas-phase metallicity of each galaxy is inferred by converting the [NII]λ6584/Hα line ratio to
an oxygen abundance, using the N2 line ratio calibration from Pettini and Pagel (2004), which has
the following form,

12 + log(O/H) = 8.9 + 0.57× log([NII]λ6584/Hα) (2.2)

This calibration is valid for −2.5 < log([NII]/Hα) < −0.3. The error associated with the slope and
intercept are 0.03 and 0.04, respectively. The [NII]λ6584/Hα line ratio and inferred metallicities are
listed in Table 2.1.

The left side of Figure 2.5 shows the mass-metallicity relation for 32 SFGs with a detected SNR of
at least 3 for both Hα or [NII]λ6584, color-coded as clumpy vs non-clumpy. The weighted averages

26



T
ab

le
2.

1:
D

er
iv

ed
va

lu
es

fo
r

th
e

G
N

IR
S

ob
se

rv
at

io
ns

.
W

e
lis

t
on

ly
ga

la
xi

es
w

it
h

de
te

ct
ed

H
α

an
d

[N
II

]
lin

es
.

T
he

[N
II

]/
H
α

lin
e

ra
ti

o
is

us
ed

to
ob

ta
in

th
e

ga
s-

ph
as

e
m

et
al

lic
it
y

us
in

g
th

e
ca

lib
ra

ti
on

fr
om

P
et

ti
ni

an
d

P
ag

el
(2

00
4)

.

C
O

SM
O

S
ID

R
A

[d
eg

]
D

ec
[d

eg
]

z s
p
e
c

lo
g
(M

∗/
M

⊙
)

lo
g
(S
F
R

U
V
+
IR
)

U
V

c
lu
m
p
y

[N
II

]/
H
α

12
+
lo
g
(O

/
H
)

v c
[k

m
s−

1
]

σ
0

[k
m

s−
1
]

22
89

15
0.

48
25

3
1.

71
25

19
3

0.
71

2
10

.4
4

0.
99

T
ru

e
0.

26
±

0.
02

8.
56

±
0.

02
17

2.
3
±

14
.8

13
.7

±
6.

1
40

73
8

15
0.

24
48

6
1.

96
78

42
9

0.
93

6
10

.4
4

1.
45

T
ru

e
0.

21
±

0.
05

8.
51

±
0.

06
–

35
.8

±
23

.7
62

94
5

14
9.

72
48

5
1.

87
60

71
3

0.
69

4
10

.4
4

1.
09

T
ru

e
0.

28
±

0.
07

8.
58

±
0.

06
–

–
64

16
7

14
9.

66
53

9
1.

89
08

89
9

0.
74

9
10

.4
8

0.
99

Fa
ls

e
0.

28
±

0.
06

8.
58

±
0.

05
–

–
73

81
6

15
0.

50
74

0
2.

00
96

67
6

0.
70

2
10

.5
9

1.
45

Fa
ls

e
0.

38
±

0.
04

8.
66

±
0.

02
21

2.
5
±

22
.2

4.
1
±

7.
5

85
09

3
15

0.
67

80
9

2.
18

46
41

8
0.

79
5

10
.5

2
1.

08
T
ru

e
0.

44
±

0.
14

8.
70

±
0.

08
–

–
91

38
9

15
0.

72
30

2
2.

28
11

96
6

0.
95

7
10

.4
1

1.
18

T
ru

e
0.

25
±

0.
07

8.
55

±
0.

07
–

26
.3

±
17

.1
91

84
0

15
0.

68
43

9
2.

28
63

96
3

0.
60

7
10

.6
1

1.
08

T
ru

e
0.

49
±

0.
12

8.
72

±
0.

06
–

21
.5

±
13

.9
94

15
2

15
0.

45
47

0
2.

32
39

20
0

0.
66

2
10

.5
8

0.
93

Fa
ls

e
0.

37
±

0.
08

8.
65

±
0.

06
18

6.
7
±

46
.3

37
.3

±
20

.4
11

18
26

15
0.

16
79

4
2.

09
91

18
0

0.
96

1
10

.6
5

1.
41

Fa
ls

e
0.

40
±

0.
08

8.
67

±
0.

05
–

23
.3

±
15

.2
11

67
91

15
0.

07
15

0
2.

16
23

76
4

0.
66

2
10

.5
7

1.
53

Fa
ls

e
0.

42
±

0.
01

8.
68

±
0.

01
10

8.
2
±

13
.7

23
.3

±
7.

0
11

88
18

15
0.

15
17

3
2.

18
86

75
2

0.
92

7
10

.5
6

1.
70

T
ru

e
0.

27
±

0.
04

8.
58

±
0.

04
15

1.
5
±

17
.8

54
.6

±
7.

5
11

89
02

15
0.

15
82

2
2.

19
01

27
1

0.
92

5
10

.5
1

1.
57

Fa
ls

e
0.

34
±

0.
05

8.
63

±
0.

04
17

9.
7
±

37
.6

17
.4

±
12

.4
12

05
17

15
0.

18
66

1
2.

20
85

88
1

0.
89

2
10

.4
7

1.
52

Fa
ls

e
0.

41
±

0.
05

8.
68

±
0.

03
20

1.
8
±

30
.1

79
.4

±
13

.1
12

13
58

15
0.

17
50

3
2.

21
70

86
1

0.
67

9
10

.4
2

1.
31

T
ru

e
0.

27
±

0.
02

8.
57

±
0.

01
17

3.
3
±

28
.7

35
.7

±
6.

9
12

25
92

15
0.

14
95

4
2.

23
34

94
5

0.
73

1
10

.3
5

1.
16

T
ru

e
0.

27
±

0.
03

8.
58

±
0.

03
68

.2
±

15
.0

21
.3

±
7.

7
12

26
50

15
0.

07
10

6
2.

23
30

39
9

0.
60

3
10

.5
3

1.
28

Fa
ls

e
0.

39
±

0.
02

8.
67

±
0.

01
16

7.
4
±

20
.6

14
.8

±
6.

7
12

36
66

15
0.

21
81

9
2.

24
58

37
5

0.
65

7
10

.6
1

1.
36

T
ru

e
0.

42
±

0.
02

8.
69

±
0.

01
25

5.
1
±

16
.3

40
.0

±
10

.6
12

58
67

15
0.

36
45

3
2.

27
35

41
5

0.
74

9
10

.4
1

1.
24

T
ru

e
0.

22
±

0.
05

8.
53

±
0.

05
12

7.
1
±

36
.3

32
.1

±
12

.4
12

73
26

15
0.

17
82

2
2.

29
21

34
0

0.
74

8
10

.4
2

1.
40

T
ru

e
0.

34
±

0.
09

8.
63

±
0.

06
–

49
.9

±
20

.1
15

18
06

14
9.

88
29

7
2.

11
79

97
6

0.
67

7
10

.4
9

0.
94

T
ru

e
0.

30
±

0.
04

8.
61

±
0.

03
14

9.
4
±

15
.1

28
.4

±
8.

6
15

31
39

14
9.

73
52

3
2.

13
52

14
6

0.
69

8
10

.4
3

1.
18

T
ru

e
0.

41
±

0.
04

8.
68

±
0.

02
17

1.
7
±

17
.1

33
.4

±
11

.0
15

99
71

14
9.

61
75

8
2.

21
55

59
0

0.
67

5
10

.5
4

1.
12

Fa
ls

e
0.

49
±

0.
06

8.
72

±
0.

03
19

0.
9
±

19
.4

16
.2

±
11

.8
16

19
93

14
9.

88
49

0
2.

23
84

93
7

0.
70

3
10

.5
5

1.
40

Fa
ls

e
0.

66
±

0.
05

8.
80

±
0.

02
–

–
16

28
07

14
9.

75
43

8
2.

24
61

48
1

0.
73

0
10

.5
9

1.
21

T
ru

e
0.

40
±

0.
14

8.
67

±
0.

08
–

–
18

59
48

15
0.

51
09

9
2.

52
88

16
9

0.
85

2
10

.5
6

1.
19

Fa
ls

e
0.

38
±

0.
15

8.
66

±
0.

09
–

–
19

15
95

15
0.

53
10

7
2.

61
09

06
6

0.
81

5
10

.5
3

1.
40

Fa
ls

e
0.

51
±

0.
09

8.
73

±
0.

04
–

–
19

20
43

15
0.

65
98

4
2.

61
78

50
5

0.
89

1
10

.5
0

1.
23

T
ru

e
0.

31
±

0.
07

8.
61

±
0.

05
–

35
.6

±
23

.1
20

70
78

14
9.

98
32

8
2.

47
97

26
8

0.
70

4
10

.5
0

1.
40

T
ru

e
0.

30
±

0.
03

8.
60

±
0.

02
75

.9
±

26
.2

20
.0

±
9.

2
20

73
62

15
0.

17
22

3
2.

48
45

95
1

0.
80

0
10

.4
8

1.
24

Fa
ls

e
0.

53
±

0.
09

8.
74

±
0.

04
–

–
23

95
78

14
9.

84
00

0
2.

51
36

21
1

0.
67

9
10

.6
0

1.
43

Fa
ls

e
0.

48
±

0.
05

8.
72

±
0.

03
22

0.
0
±

26
.6

15
.6

±
11

.2
23

96
38

14
9.

72
88

1
2.

51
53

31
0

0.
69

6
10

.4
3

1.
03

T
ru

e
0.

30
±

0.
07

8.
60

±
0.

06
14

5.
6
±

23
.1

38
.8

±
14

.7

27



10.3 10.4 10.5 10.6 10.7

log(M∗)

8.4

8.6

8.8

9.0

12
+

lo
g

(O
/H

)

z ≈ 0.7

Zahid+14

el los Reyes+15

Guo+16

Huang+19

9.9 10.0 10.1 10.2 10.3

µ = log(M∗) - 0.32 log(SFR)

8.4

8.6

8.8

9.0

non-clumpy

clumpy

Figure 2.5: Left: the metallicities of clumpy and non-clumpy galaxies in relation to stellar masses.
The dark, larger markers show the weighted average. The different lines show the mass-metallicity
relation for galaxies at z ≈ 0.8 from Zahid et al. (2014); de los Reyes et al. (2015); Guo et al.
(2016), and Huang et al. (2019). The error is calculated as the weighted standard error. Right: The
metallicities in relation to the projected stellar masses and star formation rate.

are calculated using the inverse variance weighting, and are denoted as the dark, large markers,
and their errors are calculated as the weighted standard error. We also plot the mass-metallicity
relation from other studies for galaxies at a similar redshift range. However, since these studies used
a different metallicity calibration, which can lead to discrepancies in metallicities (e.g., Kewley and
Ellison 2008), we also apply a polynomial correction to each mass-metallicity relation to convert
them to the N2 calibration. The polynomial correction are taken from Teimoorinia et al. (2021).

The grey curves are the corrected mass-metallicity relation from Zahid et al. (2014), de los Reyes
et al. (2015), Guo et al. (2016), and Huang et al. (2019), respectively. In general, we find that our
values are consistent with other studies. Massive galaxies typically have higher metallicities, while
lower-mass systems having lower metallicities. When split into a clumpy and non-clumpy sample,
we find that the sample of clumpy SFGs have a lower median metallicity, with an offset of 0.07±0.02

dex compared to their non-clumpy counterparts.
While the mass-metallicity relation of Figure 2.5 suggests a metallicity offset between clumpy

galaxies and non-clumpy galaxies, we acknowledge that there is a small (but non-negligible) mass
offset between the two samples. Our clumpy sample has a lower mean stellar mass compared to
the non-clumpy galaxy sample. Although the original sample of targets were chosen so that both
the stellar masses and star formation rates are similar, some galaxies were affected by skylines.
This resulted in two samples of galaxies with a mean mass offset of 0.1 dex. However, we do not
expect the mass difference to affect the observed metallicity offset by much since the mass-metallicity
relations suggest only a slight change in metallicities with our given mass offset. For example, given
the mass offset of 0.1 dex, the metallicity is expected to change by 0.01-0.02 based on the different
mass-metallicity relations.

We further quantify this by fitting a mass-metallicity relation to our data. Using the analytical
functions from Zahid et al. (2014), de los Reyes et al. (2015), Guo et al. (2016), and Huang et al.
(2019), we find the best fitting mass-metallicity relation for our observed metallicities, by fixing
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Figure 2.6: The histogram of the differences between the observed metallicity and the re-normalized
mass-metallicity relation from de los Reyes et al. (2015) for clumpy and non-clumpy galaxies. Using
a KS test, we find the two distributions are statistically different, with a p-value of 0.004.

the slope and only fitting the y-intercept. We opt to do this instead of fitting for both the slope
and normalization factor due to our limited sample size and mass range. We find that the mass-
metallicity relation from de los Reyes et al. (2015) gives that smallest scatter in the residuals. Figure
2.6 shows the histogram of the differences between the metallicity of clumpy and non-clumpy galaxies
to the fitted mass-metallicity relation. A two-sample Kolmogorov-Smirnov (KS) test is performed
on the two distributions to determine whether the distributions are statistically similar (p > 0.05),
or different (p ≤ 0.05). We obtain a p-value of 0.004, which rejects the null hypothesis of the same
distribution.

Finally, we note that the slope of the N2 relation from Pettini and Pagel (2004) is shallower
(particularly at higher N2 regime - log(N2) ∼ 0.5) relative to other N2 calibrations (e.g., Marino
et al. 2013). This could lead to a more defined metallicity offset. To test whether the observed
metallicity offset is affected by the choice of line calibration, we perform a similar KS test as above,
but using metallicities derived from the steeper line calibration of Marino et al. (2013). Here, We
obtain a p-value of 0.03. While the result is less significant than before, the null hypothesis that
clumpy galaxies have the metallicities compared to non-clumpy galaxies can still be rejected.

2.5.3 The fundamental metallicity relation

It is known that the gas-phase metallicity has a secondary dependence on the star formation rate
of the galaxies. The metallicity is found to decrease with increasing SFR at a given stellar mass.
The combined stellar mass, SFR and metallicity is suggested to form a fundamental plane, and is
known as the fundamental metallicity relation (FMR; Mannucci et al. 2010). We use the following
definition from Mannucci et al. (2010) to project the three-dimensional parameter space into two
dimensions,

µ = log(M∗)− 0.32 log(SFR), (2.3)
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Figure 2.7: The fundamental metallicity relation of clumpy and non-clumpy galaxies in the FMOS-
COSMOS sample. The darker markers shows the weighted average, and the error is taken as the
weighted standard error. In general, the metallicity of clumpy and non-clumpy galaxies in the
FMOS-COSMOS sample are similar to the GNIRS sample. The metallicity offset is measured to be
0.06± 0.02 dex.

This projection of the FMR is chosen as it minimizes the scatter of the gas metallicity.
The right side of Figure 2.5 shows the projected FMR for our galaxies. As shown in the figure,

the distribution of µ for the clumpy and non-clumpy sample is slightly offset, with a mean difference
of ∆µ = 0.04. When comparing the two distributions of µ, a p-value of 0.21 is obtained, suggesting
that the distribution of µ (i.e., the stellar masses and SFRs) for clumpy and non-clumpy galaxies are
drawn from the same parent sample. However, if we perform a KS test on the metallicity distributions
for clumpy and non-clumpy galaxies, we obtain a p-value of 0.004. These results suggest that lower
metallicities in clumpy galaxies are not driven by the mass of the galaxies and/or their SFR, and
are therefore intrinsic to the clumpy population.

2.5.4 Metallicity Difference in FMOS-COSMOS

In this section, we investigate whether there is a metallicity difference between clumpy and non-
clumpy galaxies at a higher redshift. We use the [NII]λ6584 and Hα observations from the FMOS-
COSMOS survey, which targets galaxies at z ≈ 1.5.

The selection criteria was described in Section 2.2.2. In essence, we select star-forming galax-
ies of similar masses, SFRs and colors, with log(sSFR [yr−1]) = −8.70 and -8.67 for clumpy and
non-clumpy galaxies, respectively. Furthermore, only galaxies with a robust detection in Hα and
[NII]λ6584 are selected (SNR > 3). As these galaxies are located in the COSMOS field, we use the
deconvolved dataset from Sok et al. (2022) to identify clumpy and non-clumpy galaxies (see Section
2.2.4). This results in a final sample size of 23 galaxies.

Figure 2.7 shows the relation between metallicities and the projected stellar masses and SFRs for
clumpy and non-clumpy galaxies from the FMOS sample. In general, we find that the metallicities of
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the FMOS sample are comparable to our values. This is also in agreement with other studies of the
FMR, which indicated that there is no observed evolution in the FMR with redshift (Sanders et al.,
2021). We also find that clumpy galaxies have a lower median metallicity compared to non-clumpy
galaxies, with an offset of 0.06 ± 0.02 dex. A similar two-sample KS test was performed on the
metallicity distribution for clumpy and non-clumpy galaxies, and we obtain a p-value of 0.02. Given
that the metallicity offset is observed at two different redshifts for a selected sample of galaxies
with similar stellar masses and SFRs, these results suggest that clumpy galaxies intrinsically have
lower metallicities compared to non-clumpy galaxies, and this differences cannot be explained by
differences in their stellar mass, or SFR alone.

2.6 Kinematics of Clumpy Galaxies

Having established that clumpy and non-clumpy galaxies have different metallicities, we now explore
if additional signatures between the two samples are observed. Kinematics are interesting as we might
expect to see signs of increased disk instability in clumpy galaxies if clumps are formed via VDI.
Figure 2.8 shows the relation between the gas fraction fgas and σ0/vc. Here, vc is the asymptotic
rotational velocity, corrected for the inclination of the galaxy (i.e., vc = va/ sin i). The inclination i

is estimated as,

cos i =

√
q2 − q20
1− q20

. (2.4)

q is the axial ratio of the galaxy, and q0 is the intrinsic axial ratio for an edge-on galaxy, taken to be
q0 = 0.2 (Ryden, 2006). The gas fraction is inferred using the relation between gas and SFR density
(e.g., the Kennicutt-Schmidt relation; Kennicutt 1998). The SFR density is derived by assuming
that star formation is contained within the effective radius. We obtain the effective radius and q by
fitting a Sérsic profile to the F814W images using statmorph (Rodriguez-Gomez et al., 2019). We
further limit the analyses to “kinematically-resolved" galaxies, where vc/δvc is greater than 1 (δvc
is the measurement uncertainty). We also note that some of the derived values σ0 are unreliable
due to our relatively coarse spectral resolution. In cases where the observed velocity dispersion is
within one sigma uncertainty of the instrumental dispersion, we plot the observed dispersion (i.e.,
σobs =

√
σ2
0 + σ2

inst) as the upper limit for the intrinsic dispersion. These are denoted as open
markers in the figure.

The dotted horizontal line in Figure 2.8 denotes the cutoff between dispersion- and rotationally-
dominated disks, with the former having σ0/vc > 1.25 (e.g., Förster Schreiber et al. 2009). We
find that both clumpy and non-clumpy galaxies have a range of kinematics, but can be viewed as
rotationally-dominated systems. Given the upper limits in the dispersion, it is also possible for the
non-clumpy sample to have lower dispersion compared to clumpy galaxies.

The sloped line in Figure 2.8 is derived from the Toomre’s Q parameter (Toomre, 1964). Insta-
bility within a gas disk is predicted when Q falls before unity. Q is typically expressed as,

Q =
σκ

πGΣgas
, (2.5)

where σ is the local dispersion, κ is the epicyclic frequency, and Σgas is the gas density. κ is related
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Figure 2.8: The relation between σ0/vc and fgas for clumpy and non-clumpy galaxies. fgas is derived
from the integrated SFR, using the Kennicutt-Schmidt relation. The darker color markers show the
mean value, and the error is calculated as the standard error of the mean. The dotted line shows
the typical cutoff between rotationally- and dispersion-dominated systems Förster Schreiber et al.
(2009). The shaded region shows the parameter space in which the Toomre Q value is less than 1
(i.e., unstable disks). This relation is defined by Eqn. 2.7 (see text for the derivation). Based on the
integrated values, clumpy and non-clumpy galaxies have stable disks, with no significant differences
between their kinematics.

to the angular velocity Ω such that κ = aΩ, and a ranges from 1 for a Keplerian orbit to
√
3 for a

uniform disk (Dekel et al., 2009b). As shown by Genzel et al. (2011), the Toomre parameter can
then be reduced to,

Q =
σκ

πGΣgas
=

σ(avc/Rdisk)

πGΣgas

= a
( σ

vc

)( v2cRdisk/G

πR2
diskΣgas

)
= a

( σ

vc

)(Mtot

Mgas

)
Q = af−1

gas

σ

vc
,

(2.6)

and fgas is the gas fraction. Assuming a flat rotation with a =
√
2, the following equation is obtained

σ

vc
= Q

fgas√
2
. (2.7)

Setting Q = 1 for the instability criterion gives the sloped relation in Figure 2.8. Lower values
for Q indicate unstable disks (i.e., the shaded region). Taking Figure 2.8 at face value, it appears
that non-clumpy galaxies might be more kinematically stable than clumpy galaxies, however, given
that many non-clumpy galaxies have only upper limits in the dispersion we do not find a strong
preference for clumpy galaxies to have lower Toomre values compared to non-clumpy galaxies.

It is not surprising that most galaxies are found to be marginally stable with Q ∼ 1, if we consider

32



the result within the context of a self-regulating disk. If the gas is accreted smoothly such as there
is no injection of turbulence, Q < 1 is more readily achieved in the outer region of the disk given
the increase in gas density and flatter rotation curve. This naturally leads to the fragmentation and
formation of clumps. Several processes can then regulate Q by driving up turbulence. Clump-clump
interaction can lead to the transport of mass centrally, and the gain in gravitational energy during
this process can increase gas turbulence. Similarly, clumpy accretion of gas is also suggested to drive
up turbulence.

It is important to address several caveats in this analysis. We note that the use of Q here
only accounts for the gaseous component of the disk. An effective Q that takes into account both
the gaseous and stellar component may better predict the stability of the disk. For example, Puech
(2010) found that while clumpy galaxies at z ∼ 0.6 have Qgas that is stable, their Qeff is below unity.
Likewise, Eqn. 2.5 describes the local instability within a gas disk. Since we are assuming a gas
fraction that is derived from the integrated SFR, using the Kennicutt-Schmidt relation to estimate
the gas fraction may be incorrect as clumpy galaxies have localized star formation. Similarly, the
kinematics are measured based on the ionized gas, which can be susceptible to processes such as
outflows. It may be insightful to do similar analyses in the future at higher resolution with molecular
gas observations, as such observations can provide better constraints.

2.7 Discussion

2.7.1 Gas inflow driving the MZR offset

The simplest explanation for the metallicity offset between galaxies of similar masses and SFRs
is with the accretion of metal-poor gas; either induced by mergers, or cosmological gas accretion.
Indeed, simulations have shown that the scatter in the mass-metallicity relation can be reproduced
as the variations in SFR and metallicity (Torrey et al., 2018). The fluctuation of the gas supply can
play a role in these variations, where lower gas inflow leads to the increase of metallicity (De Lucia
et al., 2020). Similarly, van Loon et al. (2021) found that gas inflow influences the scatter of the
mass-metallicity the most compared to other parameters such as outflows and star formation rate
in the EAGLE simulation.

Observationally, lower metallicities in high-redshift (z ≈ 3) galaxies can also be explained through
gas accretion. By using a chemical evolution model from Erb (2008), Cresci et al. (2010) found that
the relation between their observed metallicities and the inferred gas fraction is better explained
as the accretion of in-falling metal-poor gas as opposed to outflows due to AGN, or stellar winds.
In this model, both the accretion and outflow rate is assumed to be a constant inflow and outflow
fraction compared to the SFR. In the former case, this can be viewed as a continuous process or
average of discrete accretion event. Similarly, using the MUSE data from the MEGAFLOW survey,
Langan et al. (2023) found that galaxies with inflows are typically found at the lower end of the
mass-metallicity relation.

2.7.2 Clump formation due to gas accretion

Chemical inhomogeneities in the gas disk have been observed both locally and at high-redshift, with
localized, kilo-parsec starbursts reportedly having lower metallicities compared to the surrounding
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Figure 2.9: The relation between the [NII]λ6584/Hα line ratio and the fractional UVrest contribution
for the GNIRS and FMOS samples. The fractional UVrest contribution is defined as the ratio of
the total rest-frame UV luminosity of all clumps in a galaxy to the total rest-frame UV luminosity
of the galaxy. The darker markers show the mean the mean fractional UVrest contribution and the
weighted mean N2 line ratio for the GNIR sample, using discrete bins along the fractional UVrest

contribution at between 0-0.15, 0.15-0.3, and 0.3-0.5. Each bin, starting from the lowest bin, has
14, 6, and 6 galaxies. If the fractional UVrest contribution is taken as the size/number of clumps in
galaxies, the result suggests that clumpier galaxies are more likely to have lower metallicities.

regions (e.g., Sánchez Almeida et al. 2015). In the context of cosmological gas accretion, lower
metallicities in such clumpy galaxies can be explained through the accretion of metal-poor gas.
Such gas accretion can either triggers a starburst as the gas compresses through its approach to the
disk, or results in a build up of the gas disk, which may subsequently form star-forming clumps due
to internal instabilities. Using a zoom-in AMR cosmological simulation, Ceverino et al. (2016) found
that the accretion of gas leads to the formation of star-forming clumps in galaxies with M∗ < 109 M⊙.
In particular, in all the cases where clumps have a metallicity drop compared to the surrounding
interstellar medium, the gas mass of the host galaxies steeply increases, and can double prior to
clump formation. Most of their observed clumps have a metallicity drop of around 0.3 dex, and are
typically dispersed within a few dynamical times. While this offset is larger than what we observe,
similar metallicity depressions of ∼ 0.1 dex have been reported for samples of clumpy star-forming
galaxies (e.g., Estrada-Carpenter et al. 2025). Furthermore, as noted in their work, the amplitude
of the metallicity offset depends on both the recency and the amount of accreted gas.

2.7.3 Clump formation due to mergers

Wet mergers have also been shown to lead to a dilution of metal contents in galaxies, with major
mergers resulting in a larger metallicity drop in comparison to minor mergers (Bustamante et al.,
2018). The study found that the metallicity dilution can range from approximately 0.05, 0.1, 0.15
dex for minor (mass ratio < 1/10), intermediate (1/10 < mass ratio < 1/3), and major (mass ratio
> 1/3) mergers, respectively. Our observed metallicity offset of 0.06− 0.07 dex for both the GNIRS
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and FMOS sample suggests that both minor and intermediate mergers could be the main driver for
clump formation. This is broadly consistent with other studies that suggested that clump formation
could be formed to minor mergers at low-redshift. In particular, the major merger rate is relatively
low at z ∼ 1 and is therefore not expected to be a major contributor of clump formation, while minor
mergers are still relatively common at z ∼ 1 (e.g., Guo et al. 2015; Shibuya et al. 2016). It should
also be noted that the galaxy major merger rate is expected to be higher toward high-z (Romano
et al., 2021; Shibuya et al., 2022; Duan et al., 2025). Clumps observed at z > 4 (e.g., Shibuya et al.
2016; Ribeiro et al. 2017; Hainline et al. 2024) could therefore be formed due to major mergers. In
fact, Nakazato et al. (2024) found that most of their detected clumps at the redshift range of 5.5
and 9.5 were induced by mergers using the FirstLight simulation. We note that most of our galaxies
are rotationally-dominated, which may imply that the observed metallicity offset is not driven by
major mergers. However, such kinematics signatures may not be a good indicator for major mergers
as the galaxies may also be in their late merger stage.

2.7.4 What are the properties of the host SFGs?

Within the picture of gas inflow, the accreting gas would lead to the dilution of metallicity, and a
burst of star formation. This relation between UV-bright, star-forming clumps and lower metallicities
is also observed in our results. Figure 2.9 show the relation between the mean [NII]λ6584/Hα line
ratio as a function of the fractional rest-frame UV contribution from all clumps in a galaxy compared
to the integrated value of its host galaxy for both the GNIRS and FMOS samples. The fractional
UV contribution can be taken as the size and/or number of the clumps, where higher values can
indicate that a galaxy that hosts more and/or massive clumps. We find a slight correlation between
the [NII]λ6584/Hα line ratio and fractional rest-frame UV contribution. A Spearman correlation
test yields a coefficient of -0.47 with a p-value of approximately 0.006. The result indicates that
galaxies with a higher fractional UV contribution from clumps tend to have lower metallicities.

In addition, if gas accretion helps build up the disk of the galaxies, leading to violent disk
instability, we would expect the galaxies to have a disk-like morphology. The relation between
clumpy and disk-like morphologies is reported by Shibuya et al. (2016), who observed that the clumpy
fraction is higher for galaxies with lower Sérsic n index (i.e., n ∼ 1 indicates a disk-like component).
Martin et al. (2023) reported no significant differences between the Sérsic index between clumpy
and non-clumpy galaxies. We perform a similar analysis on our sample. Figure 2.10 shows the
relation between the Sérsic index and the effective radius to the fractional UV contribution. Our
analysis indicates that most of our galaxies exhibit disk-like structures. Additionally, we identify
a slight correlation between the fractional UVrest contribution of clumps and the Sérsic index of
the galaxies. Utilizing the Spearman correlation coefficient test, we obtain a coefficient of -0.44,
with a corresponding p-value of 0.01. On the other hand, the fractional UVrest contribution of
clumps is correlated with the effective radius of the galaxies, with a Spearman coefficient of 0.78 (p-
value < 0.001), suggesting that clumpier galaxies are larger in size. This can be explained within the
framework of violent disk instability (e.g., see Dekel et al. 2009b). Firstly, gas accretion is anticipated
to accumulate in the outer regions of the disk, leading to increased gas density in these areas. With
smooth accretion, gas turbulence would remain unaffected. Finally, assuming a flat rotation curve,
the angular velocity is expected to fall off as Ω ∼ r−1. Together, these factors naturally lead to a
decreasing Toomre parameter, Q ∼ σΩ/Σ. We note that the relation between the size and fractional
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Figure 2.10: Similar to Fig. 2.9, but is now showing the comparison between the Sérsic index (top
panel) and Re (bottom panel) to the fractional UVrest contribution of clumps. The darker markers
now denote the mean, and the error here is taken as the standard error. The galaxies in our sample
are consistent with being a disky galaxies. Clumpier galaxies are generally bigger in size. However,
we note that the relation between the size and clumpiness could be an observational artifact where
it is easier to identify clumps that are further extended from the central regions.
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UVrest contribution could also be an observational artifact where it is easier to identify clumps that
are further extended from the central regions of the galaxies.

2.8 Chapter 2 Conclusion

Star-forming clumps in high-redshift SFGs are suggested to form as the result of violent disk insta-
bilities within the gas-rich disk. Such disks are believed to be sustained by the continuous accretion
of metal-poor gas from cosmological stream. If such gas accretion event leads to clump formation
due to VDI, we expect to find lower metallicities in clumpy galaxies.

In this work, we obtain the [NII]λ6584/Hα line ratio for a sample of 32 SFGs at z ≈ 0.7 and 23
SFGs at z ≈ 1.5 in the COSMOS field in order to validate the above scenario by testing whether
clumpy galaxies have lower metallicities compared to non-clumpy galaxies. The sample of galaxies
consists of both clumpy and non-clumpy galaxies that are selected to have similar stellar masses and
star formation rates. The classification of clumpy and non-clumpy is made based on whether the
galaxy hosts clumps that account for more than 8% of the total rest-frame UV luminosity of the
galaxy. We infer the gas-phase metallicity based on the line ratio of [NII]λ6584 and Hα. The main
takeaways of the chapter are as follows.

• We measure the mass-metallicity relation and find that it is in agreement with other studies
of the relation at similar redshift ranges. Our weighted metallicity average is 8.67± 0.01 dex.

• Clumpy galaxies have lower metallicities compared to non-clumpy galaxies, with a difference
in the metallicity of 0.07± 0.02 dex.

• Furthermore, we find a similar metallicity offset at a higher redshift by performing similar
analyses using data from the FMOS-COSMOS survey. FMOS-COSMOS contains fluxes for
both Hα and [NII]λ6584 for galaxies in the COSMOS field at z ≈ 1.5. We apply the same
morphological classification to these galaxies, and observe a metallicity offset of 0.06 ± 0.02

dex.

• Both clumpy and non-clumpy galaxies exhibit a wide range of disk kinematics, with σ0/vc

ranging between 0.02 and 0.4. This indicates that the majority of our SFGs are rotationally-
dominated.

• We do not find a significant difference in the kinematics of clumpy and non-clumpy galaxies.

• The [NII]λ6584/Hα ratio is negatively correlated with the fractional UVrest luminosity contri-
bution from clumps. Interpreting the fractional UVrest luminosity as the number and/or size
of clumps, this result suggests that “clumpier" galaxies tend to have lower metallicities.

Our results indicate a metallicity offset between clumpy and non-clumpy galaxies, as well as a
clear relation between metallicity and the number of clumps. The lower metallicities observed in
clumpy galaxies suggest that clump formation is driven by the inflow of metal-poor gas, and that
the processes that form them may not require significant kinematics instability in the gas disk.
However, given the observational uncertainties, performing similar analyses with direct molecular
gas observations would be valuable to better constraints for these parameters.
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Chapter 3

The Stellar Mass and Age
Distributions of Star-Forming Clumps

“Legolas! Two already!"
“I’m on seventeen!"
“Huh? I’ll have no pointy-ear outscoring
me!"
— Gimli and Legolas, The Lord of the
Rings: The Two Towers

A version of the following chapter was initially submitted to the Astrophysical Journal. The
co-authors were Adam Muzzin, Vivian Yun Yan Tan, Yoshihisa Asada, Maruša Bradač, Vicente
Estrada-Carpenter, Kartheik Iyer, Nicholas S. Martis, Gaël Noirot, Ghassan T. E. Sarrouh, Marcin
Sawicki, Chris J. Willott, Sunna Withers, Samantha C. Berek, and Katherine Myers. In this chap-
ter, we investigate the stellar properties of clumps. Specifically, we look at the clump stellar mass
distribution as a function of host galaxy mass. We also explore the relationship between the slope of
the clump stellar mass function and clump age to provide insights into clump evolution.

Abstract

We investigate the resolved properties of star-forming clumps and their host galaxies at 0.5 < z < 5

in the JWST CANUCS fields. We find that the fraction of clumpy galaxies peaks near z ∼ 2 for
galaxies with masses of log(Mg,∗/M⊙) ≥ 10, while galaxies with masses of 8.5 ≤ log(Mg,∗/M⊙) < 10

show lower clumpy fractions with little redshift evolution. We identify and measure individual clump
masses, finding that the aggregated clump stellar mass function (cSMF) follows a power-law slope
of α = −2 across all redshift bins, broadly consistent with in-situ clump formation. However, when
split by galaxy masses, the cSMF is found to be flatter (α ∼ −1.6) for massive galaxies and steeper
(α ∼ −2.3) for lower mass galaxies, with little redshift evolution in both cases. We explore how
different clump formation mechanisms and evolutionary processes affect the shape of the clump
mass function. In particular, we find that the cSMF slope is flatter with increasing gas fractions
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in younger clump populations (< 300 Myr old), suggesting that higher gas availability leads to
more massive clumps forming at the time of formation. Alternatively, many high-redshift galaxies
in the sample have disturbed morphologies and simulations show that clumps of ex-situ origins can
flatten the cSMF slope. We also investigate the evolution of clump populations and find that the
slope of the cSMF becomes flatter with increasing clump age. Such an evolution may reflect the
combined effects of multiple physical processes, including feedback and clump–clump interactions,
which remove lower mass clumps. Overall, the galaxy-mass dependent cSMF and age distribution
point to a complex history for clumps, involving different and competing mechanisms for their
formation and destruction.

3.1 Introduction

Over the past decades, observations have revealed that star-forming galaxies at z > 1 commonly
exhibit irregular morphologies and often host multiple kiloparsec-scale, rest-frame UV bright star-
forming clumps (e.g., Elmegreen et al., 2005; Puech, 2010; Förster Schreiber et al., 2011a,c; Wisnioski
et al., 2011; Wuyts et al., 2012, 2013). Particularly, the fraction of clumpy galaxies is found to increase
with redshifts (e.g., Murata et al., 2014; Guo et al., 2015; Huertas-Company et al., 2020; Sok et al.,
2022; Mercier et al., 2025) but peak at around z ∼ 2, following the peak of the cosmic star formation
density (Shibuya et al., 2016; Sattari et al., 2023; de la Vega et al., 2025). With the recent launch
of JWST, there is also a growing number of spectacularly gravitationally lensed sources observed at
z ≳ 5 that host compact stellar structures (e.g., Adamo et al., 2024; Mowla et al., 2024; Fujimoto
et al., 2025; Vanzella et al., 2025). While many of these objects are likely to be globular cluster
progenitors, it naturally raises important questions about how clumpy star formation occurs, what
formation pathways dominate, and how these different mechanisms may evolve across cosmic time.

The commonly discussed pathways for clump formation at z ∼ 2 can be broadly divided into
in-situ and ex-situ origins. In-situ clumps are often linked to violent disk instability, driven by high
gas fractions and turbulence. This process is commonly described in terms of the Toomre instability
parameter, Q, which governs the susceptibility of a rotating gas disk to fragmentation (e.g., Toomre
1964; Agertz et al. 2009; Dekel et al. 2009a,b; Ceverino et al. 2010; Cacciato et al. 2012). Such
conditions are observed in gas-rich, rotationally supported galaxies at high redshift (e.g., Daddi
et al. 2010; Tacconi et al. 2010; Wang et al. 2022). The gas-rich nature of these disks is explained
as a result of the accretion of gas from cosmological streams (e.g., Kereš et al. 2009; Dekel et al.
2009b). We note there that galaxy interactions and mergers can also cause in-situ fragmentation
and formation of massive clumps (e.g., Puech 2010; Calabrò et al. 2019; Estrada-Carpenter et al.
2024).

In contrast, ex-situ clumps originate as external bound systems and are accreted onto the galaxies.
Such clumps are seen in simulations as accreting satellites (e.g., Mandelker et al. 2017) and are
inferred observationally (e.g., Ribeiro et al. 2017; Zanella et al. 2019). The key diagnostic for such
clumps can include their size, mass, and metallicity. For example, a metallicity offset between clumps
and the surrounding disk is expected if clumps are not formed in-situly. In fact, the low-metallicity
clumps reported by Estrada-Carpenter et al. (2025) can be naturally interpreted as candidates for
ex-situ accretion rather than in-situ disk fragmentation. Similar metallicity offsets are also reported
in Sok et al. (2025a), where clumpy galaxies are found to have lower metallicities compared to
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nonclumpy galaxies.
While clump formation has been previously argued to be more efficient near cosmic noon, when

high gas accretion rates set the conditions for VDI. it remains unclear what the dominant driver
for clump formation is at earlier epochs. Recent morphological studies show that a large fraction of
galaxies remain disk-like out to z ∼ 7, implying that disk fragmentation may still operate efficiently
even in the early Universe (e.g., Ferreira et al., 2023; Kartaltepe et al., 2023). In contrast, some
clumpy galaxies may instead be ongoing mergers, as indicated by metallicity offsets (e.g., Morishita
et al., 2025). Simulations also offer contrasting pictures. Nakazato et al. (2024) found that in the
FirstLight simulation, clumps at 5.5 < z < 9 predominantly arise in merger-driven, with classical
disk-driven violent disk instability only becoming important once rotationally supported disks emerge
at z ∼ 5–6. In contrast, hydrodynamical simulations by Mayer et al. (2025) showed that clump
formation via gravitational fragmentation of gas-rich disks is already possible at z > 7.

Larger, statistical samples of clumps in galaxies are needed to better constrain clump formation
mechanisms. Particularly, the clump stellar mass distribution also provides insights into clumps of
in-situ and ex-situ origins. Detecting clumps and measuring their stellar masses accurately depend
both on the spatial resolution and sensitivity of the observations. High-z star-forming clumps in
field galaxies are generally observed to be larger and more massive, often estimated to be 106-109

solar masses (e.g., Kalita et al., 2025a,b), compared to their star-forming region counterparts in the
local universe. However, these masses can be overestimated by an order of magnitude due to limited
resolution and sensitivity of the observations (e.g., Livermore et al., 2015; Cava et al., 2018; Meštrić
et al., 2022; Messa et al., 2024; Claeyssens et al., 2025), with sensitivity having a greater impact
on derived clump masses (Dessauges-Zavadsky et al., 2017; Tamburello et al., 2017). Any inferred
physics using the measured clump properties must therefore account for these limitation to ensure
robust conclusions.

Initial analyses on the redshift evolution of the clump stellar mass distribution at z < 5 include
the work of Dessauges-Zavadsky and Adamo (2018) and Claeyssens et al. (2025), where both studies
found that clump formation is broadly consistent with being in-situ. In this chapter, we expand on
these analyses by utilizing the deep, multi-wavelength imaging of the Canadian NIRISS Unbiased
Cluster Survey (CANUCS) to constrain the clump properties of a larger sample of ∼ 5000 star-
forming galaxies (SFGs) at 0.5 < z < 5. In particular, we analyze the redshift evolution of the
clump stellar mass function in different galaxy mass bins, with clump completeness considerations
to mitigate sensitivity biases. We further investigate the relationship between the mass and age of
clumps and their host galaxy properties within the context of the mechanisms for their formation
and destruction. In order to obtain robust estimates of the stellar mass, age and star formation rate
of clumps, we use images that are PSF-matched to the F444W filter. This gives an angular resolution
of ∼0.16′′, corresponding to an effective spatial resolution of ∼1−1.3 kpc for over our redshift range.
In §3.2, we briefly describe the CANUCS dataset, while §3.3 covers our galaxy selection criteria for
the analyses. In §3.4, we describe our methodology, which includes spatially fitting the SED of
galaxies, extracting clumps, and estimating our clump detection limits. We discuss the redshift
evolution of the fraction of clumpy galaxies in §3.5, as well as the clump properties and the clump
stellar mass distribution in §3.6.

Throughout the chapter, all magnitudes are expressed in the AB system (Oke and Gunn, 1983).
We adopt a ΛCDM cosmological model of the universe with Ωλ = 0.7, ΩM = 0.3, and a Hubble
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constant of H0 = 70 km/s/Mpc.

3.2 Data

This chapter makes use of deep and extensive photometric datasets from the Canadian NIRISS
Unbiased Cluster Survey (CANUCS, Willott et al. 2022). A detailed overview of the first data
release is presented by Sarrouh et al. (2025). Briefly, the full datasets for CANUCS include HST,
JWST/NIRCam and JWST/NIRISS photometry, along with spectroscopy from JWST/NIRISS and
JWST/NIRSpec of five strong lensing clusters; Abell 370 (z = 0.375, hereafter A370, Lotz et al.
2017), MACS J0416.1-2403 (z = 0.395, hereafter MACS0416, Lotz et al. 2017), MACS J0417.5-1154
(z = 0.443, hereafter MACS0417, Postman et al. 2012), MACS J1149.5+2223 (z = 0.543, hereafter
MACS1149, Lotz et al. 2017), and MACS J1423.8+2404 (z = 0.545, hereafter MACS1423, Salmon
et al. 2020). The primary cluster fields consist of imaging from NIRISS, including filters F090WN,
F115WN, F150WN, and F200WN (where the suffix “N” denoting the NIRISS filter designation),
with NIRCam filters F090W, F115W, F150W, F200W, F277W, F356W, F410M, and F444W. Also
included are supporting HST imaging, with filters F435W, F606W, F814W, F105W, F125W, F140W,
and F160W. The typical 3σ magnitude limits are rmAB ≈ 29.5 for NIRISS, mAB ≈ 29.5−30.0 for
NIRCam, and mAB ≈ 28.0−30.0 for the HST/ACS and HST/WFC3 filters.

In addition to the primary cluster fields, there are a total of ten flanking fields, comprising of a
NIRCam flanking (NCF) field and a NIRISS flanking (NSF) field that are observed by the NIRCam
and NIRISS module on either side of each cluster field, respectively. In this work, we utilize the
five NCF fields. Three of these five NCF fields (A370, MACS0416, MACS1149) include almost the
full set of NIRCam imaging, while the other two NCF fields contain nine medium bands and four
wide-band filters. In brief, the available filters for the NCF fields include wide-band filters F070W,
F090W, F115W, F150W, F200W, F277W, F356W, and F444W, and medium-band filters F140M,
F162M, F182M, F210M, F250M, F300M, F335M, F360M, F410M, F430M, F460M, and F480M.
Similarly, the 3σ magnitude limits for the medium- and wide-band filters in the NCF fields are
mAB ≈ 29.5−30.5 for NIRCam, and mAB ≈ 27.5−30.0 for the HST/ACS and HST/WFC3 filters.
We refer the reader to Sarrouh et al. (2025) for the detailed list of available filters and limiting
magnitude for each cluster and flanking field.

Details of the PSF-matching, object detection, photometry and catalog creation are described
in Sarrouh et al. (2025). Briefly, source detection is done based on a combined chi-mean detection
image, with aperture photometry done using the photutils package (Bradley et al., 2024). Each
cluster field is also affected by varying level of gravitational lensing, with one NIRCam module
centered on the cluster and the other generally sampling a lower-magnification region. The lensing
models for A370 are provided in Gledhill et al. (2024), for MACS0416 in Rihtaršič et al. (2025),
MACS1149 in G. Rhitaršič et al. (in prep), and MACS0417 and MACS1423 in G. Desprez et al. (in
prep). The lensing models are available on the CANUCS website1.

1https://niriss.github.io/data.html
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Figure 3.1: We selected galaxies based on their integrated SNR within a 0.5′′ aperture and stellar
mass. Additionally, we used the UV J color selection to select star-forming galaxies (see text for
details). Note that not all sources falling within each selection region necessarily satisfy all the
selection criteria.

3.3 Sample Selection

We make use of the imaging and photometric products from Data Release 1 (Sarrouh et al., 2025)
to select the galaxy sample for this work. The data release also included photometric redshift (and
spectroscopic redshift where available) and derived galaxy property. Objects with unreliable pho-
tometry, USE_PHOT = False, are excluded. These include sources that are bright cluster galaxies,
sources contaminated by the bright cluster galaxy subtraction, and those with Kron aperture over-
lapping masked and bad pixels. In addition, point-like objects are also removed to avoid stellar
contamination, using the flag FLAG_POINTSRC.

Figure 3.1 shows the main selection criteria of the sample. The selection criteria include cuts
into stellar masses, redshift, integrated signal-to-noise ratio (SNRint, measured within an aperture
diameter of 0.5′′ based on the F444W image), and rest-frame colors. The mass completeness of the
CANUCS sample is determined to be 95% complete down to stellar masses of 108.2 M⊙ at z ∼ 5

(Sarrouh et al. in prep.). We adopt a conservative cut at 108.5 M⊙, excluding lower-mass galaxies
to enable a fair comparison of the clump stellar mass function across redshift. We exclude galaxies
that have a SNRAPER05 (SNR within an aperture of 0.5′′) less than 50 to ensure that each galaxy
can be spatially binned using Voronoi tessellation, as described in §3.4.1, for resolved SED fitting.
A lower redshift cut of z = 0.5 (z = 0.65 for MACS1149 and MACS1423 as these clusters are at a
higher redshift) is also applied to exclude galaxies associated with the clusters, as our primary focus
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is on clump formation irrespective of environment. Due to the constraints on stellar masses and
SNRAPER05, galaxies at z > 5 are also excluded as the number of galaxies that satisfy these criteria
becomes limited.

Since clumps are regions of intense star formation, we select star-forming galaxies based on their
rest-frame UVJ colors. The UVJ selection for SFGs at all redshift bins follows the prescription from
Antwi-Danso et al. (2023), and is defined by the following color cuts,

(U − V ) < 1.07

(V − J) > 1.6

(U − V ) < (V − J)× 0.92 + 0.69

(3.1)

These lines are calibrated for the CANUCS parent galaxy sample between 0.5 < z < 6, where the
slope and zero-point of the diagonal line is iteratively updated until a clear bimodality is determined
between the red and blue sequence of galaxies. Using a broad redshift interval here ensures that the
calibration accounts for any redshift evolution in the zero-point. While the UVJ color selection is
known to lead to contamination of SFGs in the quiescent sample (e.g., Schreiber et al. 2018), it is
still an efficient method to select different galaxy populations. We note other color selections can
yield a more complete selection (e.g., Noirot et al. 2022; Antwi-Danso et al. 2023). However, since
our analyses combine clump populations across many host galaxies, the results are not sensitive to
the specific choice of color–color selection.

We also exclude galaxies with magnification factors of µ > 2 as the majority of the galaxies
in our sample is unlensed. This threshold removes ∼600 galaxies that are potentially subjected to
significant differential magnification, but ensures that the analyses are performed on images with
similar spatial resolution. We apply a correction to the derived properties for magnification by
accounting for a factor of µ where applicable (see §3.4.2). Lastly, we exclude highly edge-on galaxies
with axial ratio q < 0.2, as projection effects and increased dust attenuation in these systems can
obscure clumps, leading to biases in clump detection and unreliable estimates of their physical
properties. The axial ratio is determined by fitting a Sérsic profile to each galaxy in the F444W
filter with GALFIT (Peng et al., 2002). More details for the morphological parameter fitting is
presented in Merchant et al. in prep. Finally, the number of galaxies in our sample given these
criteria is approximately 4300.

3.4 Methodology

This section describes the methodology for constructing resolved stellar mass density and rest-frame
UV (λrest ≈ 3600Å) surface brightness maps. Pixels are spatially binned to obtain the spectral
energy distribution (SED). These SEDs are fitted to produce resolved maps of the stellar mass
density and Urest surface brightness maps. We adopt the recalibrated U filter from Maíz Apellániz
(2006), which is based on the Johnson system, to retrieve Urest. We also discuss how clumps are
identified within these Urest brightness maps. Galaxies are first classified as clumpy and nonclumpy
based on their Urest brightness normalized profile, and individual clumps are identified in those
galaxies which are classified as clumpy. Lastly, this section outlines how clump masses are retrieved
from the two-dimensional stellar mass density maps and discuss our clump detection limits. Again,
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the following analyses are done using images that are PSF-matched to the F444W image, with pixel
resolution of 40 mas.

3.4.1 Spatially-resolved SED fitting

Voronoi Binning

Spatially-resolved SED fitting provides better estimates of stellar masses compared to unresolved
fitting (e.g., Sorba and Sawicki 2015, 2018). However, rather than fitting the SED on a pixel-by-pixel
basis, as individual pixels generally have low SNR, we first bin pixel together to acquire a minimum
SNR. There exist several binning techniques, including vorbin, a Voronoi tessellation technique
(Cappellari and Copin, 2003), and piXedfit (Abdurro’uf et al., 2021). The former method allows
for compact bins of similar SNR and preserve some spatial information, while piXedfit allows for
SNR constraints in multiple different filters and performs binning based on similarity in the SEDs.

In this chapter, the binning step is done based on Voronoi tessellation using vorbin. The code
consists of two main steps; a bin accretion step and a regularization step to generate the Voronoi
bins. We modify the bin accretion step to also take into account the shape of the SED, making
this approach more similar to that of Abdurro’uf et al. (2021). In practice, an unbinned pixel is
only accreted to a bin if its SED shape is similar to the mean SED shape of the pixels already in
the bin. This is quantified by the cosine similarity score of the SEDs. The cosine similarity score
measures the similarity between two vectors by computing the cosine of the angle between them
in vector space. Specifically, we calculate the cosine similarity score between the normalized SED
of the unbinned pixel and that of the average SED in the current bin. The cosine similarity score
ranges from -1 to 1, where a value closer to one means the vectors are very similar. A minimum
cosine similarity score of 0.95 is required for bin accretion.

We bin pixels together until we acquire a minimum SNR for each bin based on the F444W
photometry. The minimum SNR per Voronoi bin is defined by the integrated SNR of the galaxies
in the F444W image (i.e., SNRAPER05 as measured within a aperture diameter of 0.5′′). We set
the minimum SNR to be 5 and 10 for galaxies with SNRAPER05 < 500 and SNRAPER05 ≥ 500,
respectively. The choice for varying the minimum SNR on a galaxy to galaxy basis is because our
sample consists of galaxies at a wide range of stellar masses and redshifts. A fixed threshold can
otherwise yield fine binning in high-SNR galaxies and unnecessarily coarser binning in low-SNR
galaxies.

Inferring physical properties

We determine the flux for each bin by summing the pixel values within that bin. Similar to Han and
Han (2019), the flux uncertainty for each bin is estimated as the quadrature sum of the statistical
uncertainty and the systematic uncertainty. Here, the statistical uncertainty is the aperture flux
uncertainty, while the systematic component accounts for potential biases during data reduction
and calibration. Since each bin consists of multiple pixels, we assume that the flux uncertainty for a
given bin is similar to that within a circular aperture encompassing the same area (see Sarrouh et al.
2025 for estimations of the aperture flux uncertainty). We assume that the systematic uncertainty is
just a multiplicative factor of the flux. A multiplicative value of 0.05 is used to account for systematic
uncertainties in this analyses, similar to that proposed in Abdurro’uf et al. (2021).
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We derive spatially resolved stellar mass and SED–based star formation rate surface densities
for each galaxy by fitting the SED of every Voronoi bin with Dense Basis (Iyer et al., 2019).
Dense Basis employs a Bayesian nested sampler to determine the star formation history non-
parametrically, which has been shown help mitigate biases against outshining from younger stellar
populations and lead to more robust measurements of the SFH (e.g., Iyer and Gawiser 2017; Leja
et al. 2019). We adopt a Chabrier initial mass function (Chabrier, 2003) and Calzetti attenuation
law (Calzetti et al., 2000). In later discussions, we also determine the age of clumps based on
background subtracted aperture photometry. The clump age is defined to be the lookback time at
the redshift of the galaxy hosting the clump where 75% of its total stellar mass formed (denoted as
t75). We adopt t75 to account for more recent star formation. To determine t75, we sample the star
formation history (SFH) posteriors, integrate each SFH to obtain the cumulative mass formed, and
calculate the lookback time at which the cumulative mass fraction reaches 0.75. The adopted t75 for
each clump is taken as the median of the its posterior distribution. Additionally, we also spatially
reconstruct the rest-frame UV surface brightness maps with eazy-py (Brammer et al., 2008), using
the recalibrated U filter from Maíz Apellániz (2006). To this end, we fix the redshift of each SED
to the redshift of its parent galaxy.

Voronoi binning improves the signal-to-noise ratio of our SED fits, but it also degrades the
spatial resolution of the resulting maps, particularly in the low S/N outer regions of galaxies where
bins become large. This can smear out small-scale structure such as clumps in the rest-frame UV
brightness maps. To recover high spatial resolution, we redistribute each SED-derived quantity
within a bin using the JWST images. For each pixel i in a bin, we assign

Q′
i = Qbin

Fi

Fbin
, (3.2)

where Qbin is the SED-derived quantity for the bin (e.g., stellar mass or rest-frame UV luminosity),
Fi is the flux in pixel i, and Fbin is the total flux in the bin. We use the F444W image to redistribute
stellar mass, since it closely traces stellar mass, and the appropriate rest-frame UV image to redis-
tribute UV luminosity. Because all images are PSF-matched to F444W, this procedure preserves
the total quantity in each bin while restoring spatial information at the native ∼ 0.16′′ resolution.

3.4.2 Identifying clumps in the rest-frame UV maps

We identify clumps in galaxies based on the derived rest-frame UV images. This approach ensures all
galaxies are analyzed at a common rest-frame wavelength, and avoid redshift- and band-dependent
selection effects that would arise from using real observed images. To identify clumps, we first
select clumpy galaxy candidates using the normalized light profile method of Wuyts et al. (2012).
This method only identifies broad regions of enhanced rest-frame UV emission. We then apply a
clump finding algorithm to find localized clumps in these clumpy candidates. We note that the
selection based on the rest-frame UV image therefore primarily targets UV-bright, actively star-
forming clumps and biases against clumps with low star formation rates or high attenuation.

The normalized light profile is constructed based on the rest-frame UV surface brightness maps
(see Wuyts et al., 2012; Sok et al., 2022, 2025a). We refer the reader to these papers for more
details, however we briefly describe it here. Galaxies with a smooth disk will have a normalized light
profile that is brighter near its galactic center and tapers off with radius. As star-forming clumps
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Figure 3.2: An illustration showing how clumps are identified with starlet wavelet transform. The
rest-frame U image is first decomposed into multiple spatial scales. The top row shows the resulting
wavelet scales. A smooth model of the galaxy is then reconstructed by combining only the large-scale
components (scales 3 and higher), while setting scales 1 and 2 to zero. The bottom row shows the
composite color image, the rest-frame U image, the reconstructed smooth image, and finally the
high-contrast residual image obtained by subtracting the smooth model from the original. Clumps
are identified using a peak finding algorithm on the high-contrast image (see text) and are marked
by red circles with a diameter of 0.2′′. The cutouts shown here are 3.6′′ × 3.6′′.

are bright UV regions, superimposed on an otherwise smooth disk, clumpy regions will therefore
appear as bumps in this one-dimensional normalized light profile. In order to make the normalized
light profile for a galaxy, we first define two structural parameters of the galaxy; the axial ratio
and the position angle. These elliptical parameters are inferred from the segmentation map of the
galaxy. The apertures are then used to construct a curve of growth, with apertures centered on the
mass-weighted center. We then define the half-light radius Re as the radius that contains half of
the total light, and the effective surface brightness as the mean surface brightness within Re. The
normalized light profile is obtained by normalizing the distance of each pixel to the mass-weighted
center of the galaxy by Re, and the rest-frame UV surface brightness of each pixel by the effective
surface brightness. Within this normalized parameter space, Wuyts et al. (2012) defined a region
to identify clumpy pixels. Here, we classify a galaxy as a clumpy candidate if more than 5% of its
total rest-frame UV light arises from this clumpy region. The choice of 5% is generally consistent
with thresholds used in previous work to classify clumpy galaxies (e.g., Guo et al., 2018; Sok et al.,
2022; Sattari et al., 2023).

The normalized light profiles only determine broad regions of enhanced rest-frame UV brightness,
and will identify extended regions of star formation as clumpy. We identify star-forming clumps in
these galaxies by using a clump finding algorithm similar to what is presented in Kalita et al. (2025a).
We first subtract the large-scale structures from the rest-frame UV images to enhance small-scale
structures such as clumps. This is achieved by decomposing the rest-frame UV images into six
spatial scales using a wavelet-based approach, and reconstructing a smooth model of each imaging
by setting scale one and two to zero. Specifically, we adopt the Isotropic Undecimated Wavelet
Transform, or more commonly known as starlet transform, as it is well-suited for astronomical data
analysis (Starck et al., 2007). The starlet transform has been implemented in the python package
scarlet (Melchior et al., 2018).
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Figure 3.3: Examples of clumpy galaxies in the CANUCS fields. These galaxies are selected based
on their clumpy morphology to illustrate our clump detection algorithm, and are ordered by red-
shift, with less massive galaxies (log(Mg,∗/M⊙) ≲ 10) shown on the left and more massive galaxies
(log(Mg,∗/M⊙) ≳ 10) on the right. In each panel, we show the composite RGB image, the stellar
mass maps, the rest-frame UV map, and the same map superimposed with detected clumps (shown
as the circle markers) and bulges (shown as the star markers).
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Figure 3.2 illustrates the steps to construct the high-contrast residual image. It should be noted
that the third wavelet scale corresponds to an angular resolution of ∼0.2′′. Subtracting wavelets of
this scale and higher effectively removes any diffuse background emission and only leaves structures
smaller than this scale. The resolution at scale 3 is determined by injecting a Gaussian profile with
FWHM = 0.16′′ into the image and analyzing its FWHM across wavelet scales. We apply a peak
finding algorithm to find clump candidates using a threshold of 5σ and minimum separation of three
pixels. To mitigate spurious detection, we further require that each detected clump has a flux above
3σ within a 0.2′′-diameter aperture in the rest-frame UV.

We note that the clump finding algorithm does not discriminate between star-forming clumps
and bulge-like components. To remove contamination of bulge-like structures in the subsequent
analyses, we assume that the center of mass determined from the surface mass density map traces
the galaxy’s gravitational potential. Any clumps located within 0.24 arcsec of the center of mass are
therefore considered as part of the bulge structures and are removed from the analyses (see Figure
3.3 for examples of these bulge-like components). Finally, we define clumpy galaxies as those with
detected clumps that contribute to more than 5% of the total UV luminosity. Here, we use a lower
threshold as compared to the 8% in Sok et al. (2022) to select fainter clumps. Only clumps detected
in clumpy galaxies are considered for the remainder of the chapter. This gives a total of ∼1400
clumpy galaxies with 3800 clumps.

Galaxy subtraction

We measure clump stellar masses directly from the stellar mass surface density maps using fixed
aperture photometry. Since clumps are generally superimposed within a galactic disk, it is essential
to account for this underlying background to avoid overestimating their physical properties.

We assess the robustness of different background subtraction techniques in Appendix 3.A. In
particular, we test three different methods, including (1) reconstructing the smooth underlying disk
by decomposing the mass map into different wavelet scales and removing the contribution of the
two lowest scales (similar to §3.4.2 when creating a smooth image of the galaxies), (2) modeling the
disk by fitting a Sérsic profile, and (3) estimating the local background via an annular aperture. In
general, we find that all three methods reliably recover masses of artificially injected clumps. In the
end, we adopt the annular subtraction method as it relies on simpler assumptions of the underlying
disk, compared to parametric modeling approaches such as a Sérsic profile. Other studies such
as Sattari et al. (2023) have also used the annular background subtraction to estimate physical
properties of clumps. Overall, performing background subtraction generally leads to correction of
∼0.2 dex per clump.

As the clumps in this study are typically unresolved and will have a FWHM of ∼0.16′′, we use
an aperture of radius 0.2′′ to extract clump masses. This aperture size encloses the majority of the
clump’s mass (and similarly, light) while minimizing contamination from the underlying disk. Local
background estimation is done by calculating the mean stellar mass density between two annuli at
3.5 and 5 pixels around the clumps. We also mask other clumps in the galaxy image while measuring
the local stellar mass density to avoid contamination. The local stellar mass density is subtracted
from the aperture measurement to isolate the stellar mass associated with each clump. We account
for magnification, if any, by dividing the retrieved clump mass by µ.

We note that clump masses can be alternatively retrieved by fitting the SED to photometry
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Figure 3.4: The fractional luminosity function of clumps as a function of redshift. In general, we
find that the distribution is shifted toward higher Lclump/Lgal values at higher redshifts as fainter
clumps become harder to detect. The gray regions denote the 50% and 80% completeness limit
determined by simulating clumpy galaxies and determining how many clumps are retrieved back.

measured directly from the multi-band images. To compare this approach to extracting the clump
masses from the two-dimensional mass maps, we perform similar aperture photometry on images
using the same background subtraction procedure. Here, magnification is accounted by dividing each
flux by the corresponding µ. We find that clump masses from the two approaches are consistent,
with a scatter of ∼0.3 dex.

Clump completeness

Understanding our clump detection thresholds is a crucial step towards interpreting our results,
including the clump stellar mass function. We determine the clump detection limit by injecting
clumps into galaxy images across all available filters and applying our spatially resolved SED-fitting
and clump-finding algorithm to quantify our clump recovery.

In Figure 3.4, we examine the distribution of all clumps detected as a function of their luminosity
compared to the host galaxy’s luminosity (i.e., the fractional luminosity function). We find that we
are able to detect fainter clumps compared to the host galaxy’s luminosity at lower redshifts. How-
ever, at higher redshifts, the distribution is shifted to higher Lclump/Lgal values as clumps become
harder to detect. To determine the completeness of our detection, we simulate clumpy galaxies by in-
jecting clumps into them. Rather than inject clumps from an assumed set of parameters, we instead
sample directly from a parent sample of detected clumps and inject them into different galaxies. This
approach ensures that the simulated clumps reflect the intrinsic range of observable clump properties.
Since clumps are detected based on their rest-frame UV brightness, we explore mass detection limits
by randomly scaling clump fluxes so that their final mass span between 7.4 < log(Mc,/M⊙) < 8.6.

The parent sample of clumps used for simulating clumpy galaxies consists of clumps detected
between 0.5 < z < 4. We limit this sample to clumps with masses at 7.4 < log(Mc,/M⊙) < 8.6

to avoid selecting either clumps that are well below the detection limit, or brighter clumps that
could be satellites. To simulate clumpy galaxies, we randomly select both clumpy and nonclumpy
galaxies from our galaxy sample. For each simulated galaxy, we inject “donor" clumps from the
parent clump sample whose redshifts are within ∆z = 1 of the simulated galaxy’s redshift. The
redshift constraint here ensures that these clumps are representative of those observed at similar
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Figure 3.5: The completeness limit as a function of host galaxy mass and redshift bins. In the top
panels, we show the completeness as a function of the fractional luminosity of clumps. The bottom
panels show the completeness as a function of clump stellar mass. We determine the completeness
by injecting clumps into galaxy images and rerunning our SED fitting and clump detection pipelines
(see text for details). In general, we find that the clump completeness is similar for both galaxy
mass bins.

epoch. Since these donor clumps are generally at a different redshift compared to the target galaxy,
we shift their spectral energy distributions accordingly to the new redshift. The SED of clumps is
obtained from Dense Basis, using a 0.2′′-diameter circular aperture centered on the clump, with
background subtraction applied in each filter. The flux of the redshifted SED through each JWST
filter is measured with Dense Basis, which account for the filter response. These are then injected
into the corresponding images of the simulated galaxy. Each clump is modeled as a 2D elliptical
Gaussian with semi-minor axis of FWHM of 0.16′′, and is scaled so that the total flux is within
an aperture of 0.2′′. We randomize the ellipticity between 0.1 < e < 0.2 and the position angle.
For each simulated galaxy, up to four donor clumps are injected into them. The uncertainties of
the clump mass completeness are determined by performing twenty independent realizations of this
injection-recovery procedure. In each realization, there are approximately 200 simulated galaxies
with ∼800 injected clumps.

The top panels of Figure 3.5 show the completeness as a function of the fractional rest-frame
UV luminosity in clumps per redshift bin, separated by galaxy masses. In general, we find that
the completeness is lower for less-massive galaxies at fixed fractional clumpy luminosity. This arises
because lower mass galaxies will have lower total luminosities, so clumps corresponding to a given
fraction of that luminosity are intrinsically fainter and therefore more difficult to detect. Similarly,
the bottom panels of Figure 3.5 show the completeness as a function of clump mass. We model the

51



completeness as a sigmoid function, described as,

C(Mc,∗) =
100

1 + e−k(Mc,∗−Mo)
, (3.3)

where k and Mo are model parameters. At clump masses of log(Mc,∗/M⊙) ∼ 8.0, the clump mass
completeness is at 80%. Given the uncertainties, we find that the clump mass completeness is similar
for both low- and high-mass galaxies. However, we note that the mass completeness seems lower for
massive galaxies at lower redshifts. This could be driven due to the contrast of the image, where
the light from a clump is weaker compared to more massive galaxies.

3.5 The Fraction of Clumpy Galaxies

In this section, we examine the abundance of clumpy galaxies between 0.5 < z < 5. Clumpy galaxies
are defined as those with clumps that contribute to more than 5% of their total UV luminosity.
We denote fclumpy as the fraction of star-forming galaxies that are clumpy. Figure 3.6 shows the
evolution of the fraction of clumpy galaxies at different redshift bins, and the error bars represent the
1σ uncertainties assuming binomial statistics. We find differences in the redshift evolution based on
galaxy masses. Specifically, massive galaxies with log(Mg,∗/M⊙) ≥ 10 exhibit a stronger evolution
with redshift relative to less massive galaxies with 8.5 < log(Mg,∗/M⊙) < 10. The clumpy fraction
for massive galaxies peaks at around 60% near z ∼ 2 and remains at around 40% at z ∼ 4. For less
massive galaxies, the clumpy fraction is observed to be at 30% for all redshift bins.

The trend in the redshift evolution of the clumpy fraction can be driven due to incompleteness,
where clumps become fainter and harder to detect at higher redshift. To estimate a correction to
the clumpy fraction, we determine the incompleteness of our classification based on a Monte Carlo
approach. For each redshift bin, we integrate both the observed and corrected fractional luminosity
function from log(Lclump/Lgal) > −2 (see §3.4.2) to determine the expected number of clumps per
galaxy. In each realization, we then sample that number of clumps directly from the fractional
luminosity functions to determine if the sampled clumps add up to more than 5%. This provides
an estimate for the classification completeness X of our sample based on the corrected fractional
luminosity functions. The corrected fclumpy is then calculated following a similar equation in Guo
et al. (2015),

f corr
clumpy = fold

clumpy +
( 1

X
− 1

)
fold
clumpy. (3.4)

The second term on the right hand side accounts for the fraction of galaxy that may have been
clumpy but classified as non-clumpy due to non-detections of clumps. In general, we find that the
classification completeness is around 80-95% depending on the redshift bins. These values are likely
lower if clumps of lower fractional luminosity are included, however we limit the correction to clumps
with log(Lclump/Lgal) > −2, where the completeness is approximately at 50% and the correction is
more reliable.

We also compare our results to other studies. While the differences in the normalization of the
clumpy fraction can be affected by choices in sample selection and clump detection thresholding, we
generally find that the overall redshift evolution of the clumpy fraction is consistent with previous
studies for galaxies of similar mass bins. This is shown as the gray markers in Figure 3.6. Shibuya
et al. (2016) further noted that the clumpy fraction peaks near cosmic noon and declines at both
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earlier and later times. They suggested that the clumpy fraction broadly traces the evolution of the
cosmic star formation rate density (SFRD, Madau and Dickinson 2014). This redshift evolution is
also observed by de la Vega et al. (2025). Their higher clumpy fraction arises from using a lower
threshold at 2% compared to the 5% of this study. We reproduce the redshift evolution trend from
these studies by fitting our uncorrected clumpy fraction of galaxies with log(Mg,∗/M⊙) ≥ 10 using
the empirical prescription from Madau and Dickinson (2014),

fclumpy = a
(1 + z)b

1 + [(1 + z)/c]d
, (3.5)

where we fix the parameters b, c and d to the values reported in Madau and Dickinson (2014), and
only refit for a to renormalize the best-fit curve. This is plotted as the dashed gray line in Figure 3.6.
While the observed clumpy fraction seem to broadly follow the SFRD redshift evolution, the true
clumpy fraction drops more slowly at z > 2 due to incompleteness. Further, studies of lower-redshift
clumpy galaxies suggest a steep decline in the clumpy fraction at z < 1 (Murata et al., 2014; Adams
et al., 2022).

Across all redshifts, we find that massive galaxies are more likely to be clumpy than low mass
galaxies. While previous studies (e.g., Sok et al. 2022; Sattari et al. 2023) have reported a negative
correlation between galaxy mass and clumpy fraction, it should be noted that our sample contains
galaxies with stellar masses approximately an order of magnitude lower than those previous works.
For example, the clumpy fraction as observed in both Murata et al. (2014) and Huertas-Company
et al. (2020) is seemingly peaked at log(M∗/M⊙) ∼ 10 before declining at lower masses. In addition to
stellar masses, the clumpy fraction is also dependent on additional parameter such as star formation
rate (e.g., Murata et al. 2014; Sok et al. 2022).

3.6 Clump Properties

In this section, we examine the relationship between clump properties and the global properties of
their host galaxies, with a particular focus on stellar mass. We further analyze the clump mass
distribution and how it evolves with redshift. As noted in §3.4.2, these analyses are restricted to
clumps and do not include bulge-like components detected in galaxies.

3.6.1 Clump-Host Relations

Number of clumps per galaxy

Figure 3.7 shows the number of clumps found in galaxies as a function of the host galaxy mass and
star formation rate. The histograms on the top and the right show the normalized distributions
of galaxies with different clump counts. We find that the number of clumps is generally higher for
more massive galaxies at fixed redshift, similar to what was found in Soto et al. (2017). When
looking at star formation rates, we find that galaxies with higher star formation rate do not seem
to preferentially host more clumps compared to those with lower SFRs. This can be seen more
clearly in the histogram on the lower-right panel, where it shows the SFR distributions, normalized
by the number of galaxies and color-coded by the number of clumps per galaxy. In general, the
distributions seem to peak at the same star formation rate for all clump counts. Above z > 3,
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Figure 3.6: The top panel shows the fraction of clumpy star-forming galaxies with log(Mg,∗/M⊙) >
8.5. The bottom panel shows the fraction of clumpy star-forming galaxies in two different galaxy
mass bins, where the red markers denote galaxies with log(Mg,∗/M⊙) > 10 and the blue markers
denotes galaxies with 8.5 < log(Mg,∗/M⊙) < 10. We further correct the clumpy fraction based on
a Monte Carlo approach where we sample clumps from both the corrected and observed fractional
luminosity function to determine classification incompleteness (see text for details). We also compile
and show previous clumpy fraction measurements, shown as the lighter gray markers. The dashed
line shows a fit to our measured clumpy fraction for galaxies with log(Mg,∗/M⊙) > 10, using the
functional form of the star-formation rate density equation from Madau and Dickinson (2014).

the number of detected clumps decreases. However, this is likely driven by detection limits, where
clumps of a fixed fractional luminosity of their host galaxies are less complete.

Clump masses

Figure 3.8 shows the distribution of clump mass and the host galaxy mass for all clumps in our sample
as the contours. We also examine the relationship between the mass of the most massive clump in
each galaxy and its host galaxy mass. This is shown as the blue markers, which represent the
median mass of these most massive clumps in host galaxy mass bins of 108, 109, 1010, 1011, and 1012

M⊙. The blue marker do not trace the peak of the contour distributions since they represent only
the most massive clump in each galaxy, whereas the contours include the full clump population.
Similar trends have been reported in previous studies; for example, Claeyssens et al. (2025) also
found a strong positive correlation between the maximum clump mass and the host galaxy mass
(reproduced in Figure 3.8). We further examine the correlation between the maximum clump mass
and host galaxy mass by computing the Pearson correlation coefficient on the binned data points.
The Pearson test measures the linear correlation between two variables, with coefficients ranging
from -1 to 1. A value of one implies positive correlation. We find a strong and significant corelation,
with a Pearson coefficient of 0.73 and p-value less than 0.001. The p-value here indicates that the
probability of obtaining such a correlation by chance, if no correlation existed, is less than 0.1%.

In general, the correlation between clump mass and host galaxy mass, as shown by the contours
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Figure 3.7: Number of clumps in clumpy galaxies as a function of their host galaxy mass and SFR.
The histograms show the distributions, which are normalized by the number of galaxies and color-
coded by the number of clumps they have. Massive galaxies tend to host more clumps relative to
less massive galaxies, however we find no preference with the total SFR.

of Figure 3.8, suggests a fundamental link between clump formation and the broader physical context
of their host galaxy. In particular, while massive galaxies tend to host the most massive clumps, the
contours also suggest that low-mass clumps are are less common in massive galaxies. This becomes
clearer in §3.6.2 when we examine the clump mass distribution as a function of galaxy mass and find
that galaxies with log(Mg,∗/M⊙) > 10 appear to have a flatter slope relative to less massive galaxies.
This suggests that massive galaxies have a higher fraction of massive clumps relative to lower mass
clumps. We do not expect the absence of low-mass clumps in massive galaxies to be primarily driven
by detection biases as we note that our completeness limit is generally similar for all redshift bins at
the stellar mass range used for our analysis (see Figure 3.5). The next section shows that the clump
mass distribution across galaxy masses are still different even with a completeness correction.

3.6.2 The Clump Stellar Mass Function

The clump stellar mass function (cSMF) contains crucial insights on the formation mechanism of
clumps. Observations in the local Universe indicate that stellar mass distributions of star clusters
often follow a power-law form with a slope of α = −2 (e.g., Krumholz et al., 2019; Adamo et al., 2020),

55



8 9 10 11 12

log(Mg,∗/M�)

5

6

7

8

9

10

lo
g
(M

c
,∗
/M
�

)

This work

Claeyssens+25
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which is expected for structures formed via hierarchical, scale-free fragmentation (e.g., Hopkins 2013;
Guszejnov et al. 2018).

Due to the limited number of clumps identified in individual galaxies, a common practice is to
combine clumps across multiple galaxies to analyze their aggregated clump stellar mass function. In
the following sections, we investigate the redshift evolution of the aggregated cSMF, as well as the
cSMFs for two different galaxy mass bins. In order to measure the clump stellar mass function, we
define the fiducial redshift bin between 0.5, 1.2, 2, 3 and 5 to trace the evolution of the cSMF across
cosmic time. The clump mass distribution is constructed by using uniform bin width of 0.3 dex
spanning 7.5 < log(Mc,∗/M⊙) < 9.6. Within each bin, we count the number of clumps and measure
the mean clump mass. We note that at lower clump masses, we may not detected all clumps, which
is shown in § 3.4.2. This also varies as a function of redshift, where clumps are harder to detect.
To account for incompleteness, we correct the number of detected clumps per clump mass bin by
multiplying by the reciprocal of the completeness fraction, as described in § 3.4.2. Our sample
reaches an 80% completeness limit for log(Mc,∗/M⊙) ∼ 7.7 − 8.3 between our lowest and highest
bins. We therefore apply an incompleteness correction to extend the analyses to lower masses. This
correction is only applied to clump masses that are above our 50% completeness limit, as opposed
to lower masses where the incompleteness correction is more uncertain.

cSMF for different galaxy mass bins

In this section, we divide the clump mass function by two host galaxy masses, using the fiducial
mass bin of 8.5 < log(Mg,∗/M⊙) < 10 and log(Mg,∗/M⊙) ≥ 10 to represent the low- and high-galaxy
mass bins, respectively. Figure 3.9 presents the resulting cSMFs across different redshift and galaxy
mass bins. The histograms show the observed (uncorrected) cSMFs, while the solid markers denote
the mass-corrected distributions. A power-law relation is fitted to the corrected cSMF using the
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Figure 3.9: The clump stellar mass function (cSMF) in relation to redshifts and galaxy masses.
Open markers denote the observed cSMF, while solid markers show the corrected cSMF, which has
a correction factor based on our clump mass completeness limit. The darker and lighter gray regions
denote where we are mass complete at 50% and 80%, respectively. The slope of the mass function
is only fitted using clump mass bins above our 50% completeness limit and bins that contain more
than five clumps.
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following equation,
log(dNc/dMc,∗) = α log(Mc,∗)−m, (3.6)

where α is the slope and m is the normalization constant. The best-fit power law is plotted in the
figure as a dashed line, with the solid segment indicating the mass range above the 80% completeness
limit. Only the clump mass bins containing more than five clumps and that are above the 50%
completeness limit are included in fitting the stellar mass function to ensure robustness.

We find that the power-law slope of the cSMF is generally flatter for more massive galax-
ies compared to less massive galaxies, with typical values of α[high−mass] ∼ −1.6 compared to
α[low−mass] ∼ −2.3. This result is consistent with §3.6.1, where we find that massive galaxies tends
to host more massive clumps, likely contributing to the flatter cSMF slopes. We also note that the
steeper slopes found in less massive galaxies could be partly driven by the physical limit that clump
mass cannot be more massive than their host galaxy mass. The cSMF slopes also show little to
no evolution with redshift for both galaxy bins, given the large uncertainty associated with each
measurement.

We also fit the clump stellar mass functions using only clump mass bins above the 80% complete-
ness limit to investigate whether the observed differences in slope are driven by the incompleteness
correction. This is summarized in Table 3.1. Some redshift bins, particularly for the low galaxy
mass bin, have a limited number of clumps, so in these cases the slope is constrained by only two
data points. Noting this caveat, we generally find that the results are broadly consistent to the mass
completeness correction to the 50% threshold. That is, we find that massive galaxies tend to have
flatter slope compared to lower mass systems, with little to no redshift evolution.

Combined cSMF

Figure 3.10 shows the combined cSMF for the different redshift bins. Again, the sloped line shows
the fit to the cSMF, where the solid portion of the line highlights the range of masses where we are
mass-complete. In general, we find power-law slopes that are slighter lower than α = −2, but is
consistent to what are reported by previous studies. Specifically, the typical reported slope ranges
between −1.5 to −2 in other studies at redshift of 2 (e.g., Dessauges-Zavadsky and Adamo 2018;
Kalita et al. 2025a,b). Ambachew et al. (2022) found a flatter slope of −1.4 for clumps observed
in the DYNAMO sample. This sample consists of galaxies with rotating, marginally stable disk at
z ∼ 0.1, which are proposed to be analogs of high-z clumpy galaxies (e.g., Fisher et al. 2017). Using
the VELA simulations, Huertas-Company et al. (2020) reported a shallower slope of α = −1.5.
However, they found a flatter slope of ≲ −1 for clumps observed in CANDELS.

In general, we find no redshift evolution in the slope. This differs from our earlier results where
we find a slight redshift evolution that gets flatter with redshift for galaxies of lower mass. To assess
the impact of completeness corrections on the result, we also fit the slope using clump mass bins
that are above the 80% mass completeness limit (e.g., log(Mg,∗/M⊙) ≳ 8). Without any correction,
we find similar slope values. There is a more noticeable redshift evolution in the uncorrected cSMF
slopes, where it flattens strongly toward higher redshifts. This is likely driven by detection limits,
where less massive clumps are becoming increasingly difficult to detect at higher z.

A summary of the slopes is provided in Table 3.1, and Figure 3.11 shows the redshift evolution
of the slopes for the different galaxy mass bins. When aggregating the entire clump sample, we
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Figure 3.10: Similar to Fig. 3.9 but for the combined cSMF. Before combining, a correction factor
is applied to each cSMF to account for any completeness differences between the galaxy mass bins.
The darker and lighter gray region denote where the mass completeness is 50% and 80% complete,
respective.
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Figure 3.11: The redshift evolution of the cSMF based on different galaxy mass bins.

find that the slope is fairly consistent throughout redshift with a slope of α ∼ −2. Massive galaxies
tend to have flatter slopes compared to less massive galaxies, with α[high−mass] ∼ −1.6 compared to
α[low−mass] ∼ −2.3. This could reflect a mixing of galaxy population. For example, while differing
slope evolution in low- and high-mass galaxies are observed, combining the relative abundances of
clumps in different populations can average out these underlying trends. In particular, the cSMF
slopes of the combined sample are closer to the high galaxy mass bin, where there are more detected
clumps.

3.7 Discussion

In this work, we identify clumps in star-forming galaxies in CANUCS between 0.5 < z < 5. We
measure the slope of the cSMF, limiting our analyses to clump masses above the 50% completeness
limit and applying corrections for incompleteness. When aggregating the clump sample for all
galaxies, our results show little evolution in the slope of the clump mass function between 0.5 < z < 5.
Our finding is consistent with what is reported by Dessauges-Zavadsky and Adamo (2018); Claeyssens
et al. (2025). In the former case, Dessauges-Zavadsky and Adamo (2018) found a slope of -1.7 for
their sample at 1 < z < 3.5, while Claeyssens et al. (2025) compiled one of the largest sample of
∼1700 lensed clumps and found that their cumulative mass functions are largely consistent with a
power-law slope of α = −2 for 0.7 < z < 5.5. These results are often interpreted as being consistent
with a scenario where clumps form predominantly in-situ, with broadly similar formation conditions
across redshifts.

However, our findings suggest differences in the cSMF for the two different galaxy mass bins,
where galaxies with masses of log(Mg,∗/M⊙) > 10 have slopes of α[high−mass] ∼ −1.6 while galaxies
with masses of 8.5 < log(Mg,∗/M⊙) < 10 have steeper slopes of α[low−mass] ∼ −2.3, with uncer-
tainties of ±0.1 dex. We find that there is little redshift evolution in the slopes for both mass bins.
Similarly, Huertas-Company et al. (2020) found flatter slope in massive galaxies in the CANDELS
sample, but attributed this to incompleteness with low-mass clumps being less complete in massive
galaxies. However, we find that this difference cannot be fully explained even with a completeness
correction in our analyses.
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Taken together, the observed trends of the cSMF likely reflect an interplay between the conditions
for clump formation and possible mechanisms that destroy them over cosmic time. A flatter slope for
a cSMF could reflect either an intrinsically more top-heavy distribution of clumps at formation, or a
universal initial cSMF with preferential destruction of low-mass clumps over time, or a combination
of both. We explore some of these possibilities in the following discussion. First, we consider potential
mechanisms for clump formation and how it may flatten the cSMF slopes. We then examine how
clump evolution can flatten the cSMFs.

3.7.1 Clump formation

The prevalent theory for clump formation is through violent disk instability, with disk gas mass
(and subsequently gas fraction) being a key parameter for disk instabilities (e.g., Dekel et al. 2009b;
Ceverino et al. 2010). Several simulations suggest that varying gas fractions play a role in shaping
the cSMF. For example, Renaud et al. (2024) found higher gas fractions lead to flatter cSMF slopes
due to the formation of massive clumps with increasing gas fraction; a trend also observed in Fensch
and Bournaud (2021).

We further explore this relation using our observed slopes. We first limit the discussion to galaxies
with masses above 1010 solar masses due to the larger number of detected clumps in this mass bin.
While we do not have a direct measurement of molecular gas, we instead estimate the gas fraction
based on the stellar mass and SFR, following the relation described in Wang et al. (2022). Figure
3.12 therefore shows the relationship between increasing gas fraction and the cSMF slope, as well as
values reported in Renaud et al. (2024). At fixed masses, the galaxies in our redshift bins generally
have a higher gas fraction with increasing redshifts. Contrast to what is reported by Renaud et al.
(2024), we find little correlation between gas fraction and the cSMF slope.

However, Fensch and Bournaud (2021) noted the cSMF slopes tend to flatten from an initial
cSMF as clumps evolve and gain mass in their simulation. It could therefore be that initial cSMF
is dependent on gas fraction, where more massive clumps are formed in gas-rich disks at beginning,
but population mixing as clumps evolve will average out the cSMF slope. To remove the effects
of different clump population, we further focus on clumps with ages less than 300 Myr old. We
remind the reader that the age is defined to be the lookback time at which 75% of the total stellar
mass had formed, derived from SED fitting with a non-parametric SFH and typically more than
ten photometric bands. The age criterion therefore provides a closer probe of the initial clump
population while retaining a large clump sample for the analyses. Figure 3.12 shows the cSMF
slopes for clumps with ages less than 300 Myr old. We find that the slope of the cSMF of younger
clumps appears to correlate with gas fraction, albeit with larger uncertainties.

The result suggests that gas fraction can flatten the slope of the cSMF, likely by enabling the
formation of more massive clumps. However, gas fraction can not explain the steeper slopes found
in low-mass galaxies in our study. In particular, Wang et al. (2022) found increasing molecular gas
fraction with decreasing stellar masses, albeit their lowest mass bin is at log(Mg,∗/M⊙) ∼ 10.2. If
this trend holds at lower galaxy masses, it would suggest flatter slopes for our lower mass bin of
8.5 < log(Mg,∗/M⊙) < 10, which are not observed. This discrepancy likely indicates that despite
having higher molecular gas fraction, the total gas mass in lower mass galaxies may be smaller and
subsequently limit their ability to form massive clumps compared to more massive galaxies. This
is suggested from Toomre analyses, where the scale for fragmentation within a differential rotating
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Figure 3.12: The relationship between the cSMF slope and gas fraction. The data from Renaud
et al. (2024) represents simulations of isolated galaxies at varying fgas, and are analogous of the
Milky-Way at different redshifts, with mass of ∼1010.7 solar masses. In comparison, we plot the
slope of cSMF for galaxies between log(Mg,∗/M⊙) ≥ 10 for the different redshift bins and their
corresponding fgas, derived using the relation from Wang et al. (2022). The lightened circle markers
denote the cSMF slopes derived using all clumps, while the darker circle markers only account for
clumps that are <300 Myr old. The darker circle markers have been shifted by 0.005 in fgas for
visual clarity.

disk is given as λc ∼ GΣ/Ω2 (e.g., Binney and Tremaine, 2008, Chapter 6.2.3). Here, G is the
gravitational constant, Σ is the gas density, and Ω is the angular circular velocity. As shown in
Dekel et al. (2009b), this reduces to obtain the maximum scale for clumps, with λc ≡ Rc ∝ δRd,
and the mass of clumps as Mc ∝ δ2Md. Here, δ represents the disk mass fraction relative to the
total mass, Rd and Md are the radius and mass of the gas disk, respectively, suggesting that massive
clumps are likely to be hosted in massive disks.

We note some caveats for this discussion. The simulated galaxies in Renaud et al. (2024) represent
Milk-Way analogues, spanning from local universe to z ∼ 2.5, and are isolated systems without any
evolutionary, cosmological contexts. Their gas fraction fgas also span between 0.1−0.4. Our galaxies
span between 0.5 < z < 5, and are estimated to be more gas-rich, with 0.5 < fgas < 0.7. While our
galaxies are different compared to those in Renaud et al. (2024), we emphasize that this comparison
aims to investigate how the slope of the cSMF might change for galaxies of similar masses but
with increasing fgas. While the result suggests a trend between increasing gas fractions and flatter
cSMF slope for massive galaxies, this relationship cannot account for the differences in the slope
across galaxy mass bins. This points to other factors that can affect the shape of the clump mass
distribution.

Can ex-situ clumps affect the cSMF?

In this section, we now consider how clumps that are of ex-situ origins can affect the slope of the
cSMF. Clumps of ex-situ origins, possibly accreting satellites, generally have higher masses relative
to those formed in-situ (e.g., Mandelker et al. 2014, 2017). Observational studies, including Ribeiro
et al. (2017); Zanella et al. (2019), have also suggested that some clumps are remnants of accreting
satellites, due to their extended sizes and larger masses relative to other clump populations.

We note that while we find a slight redshift evolution in the slopes of the cSMF for galaxies with
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Figure 3.13: The top panel shows the normalized distribution of clump ages, while the bottom panels
show the distribution of clump ages with respect to their masses. The error bars denote the 16th,
50th and 84th percentile.

8.5 < log(Mg,∗/M⊙) < 10, this should be taken cautiously as the slopes have larger uncertainties
at higher redshifts. However, a visual inspection of Figure 3.3 shows a lack of disky galaxy at
higher redshifts, where, instead, clumpy galaxies resemble galaxy pairs or satellites. This hints
at the possibility a part of the clump populations is of ex-situ origins. Indeed, a recent resolved
spectroscopic observation with JWST/NIRISS indicates metal-poor gas accretion in cosmic noon
galaxies, in which a non-negligible fraction of clumps is observed having lower gas-phase metallicity
compared to the host disks (Estrada-Carpenter et al., 2025). Simulations have shown that proto-
clumps can form along gas filaments accreting onto the host galaxies (van Donkelaar et al., 2023). In
these scenarios, such metallicity offsets in clumps point to other formation channels such as accreting
gas clumps.

In addition to gas fraction, clumps of ex-situ origins may also contribute to the clump mass dis-
tribution by flattening the distribution if they represent a higher proportion of the clump population
relative to those formed in-situ. Identifying satellites based on imaging alone is challenging, and
future works involving large IFU surveys are needed to be able to distinguish in-situ and ex-situ
clumps.

3.7.2 Clump evolution

In the previous discussions, we investigate how the slopes of the cSMF are affected by formation
mechanisms. Here, we now consider how the shape of the cSMF is affected as clumps evolve. We
investigate the evolution of clump populations by comparing clump mass and age, using the inferred
ages to define samples of young and old clumps. The top of Figure 3.13 shows the distribution of
clump ages in low- and high-mass galaxies. The bottom panel shows the relationship between clump
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mass, their age, and the host galaxy mass. Some clumps have an estimated age exceeding a gigayear
despite our UV-based selection. These higher ages suggest that their star formation rate history is
more extended as the age here is defined as the lookback time at which 75% of the mass is created.

If clump populations evolve without mass-dependent effects, the shape of the cSMF should
remain similar between young and old samples. This scenario is tested by selecting a population of
young clumps (< 300 Myr) at z ∼ 2.5 and compare its cSMF to a population of older clumps (> 1

Gyr and < 1.5 Gyr) at z ∼ 1.5. The choice of redshift intervals here is motivated by the fact that
there is approximately 1.5 Gyr of cosmic time between z ∼ 2.5 to z ∼ 1.5, roughly tracing the age
evolution of the clump populations under the assumption that the young clumps at z ∼ 2.5 will
evolve to become those found at z ∼ 1.5. Lastly, we limit the analyses to clumps found in galaxies
of similar masses between 1010 and 1011 solar masses to mitigate the dependence of the slope of the
mass function on galaxy masses. We focus on this higher galaxy mass bin because it provides the
larger clump sample. Therefore, the two clump populations have nearly identical host-galaxy mass
distributions, with a mean of log(M∗/M⊙) ≃ 10.5 and a scatter of ∼ 0.3 dex.

Figure 3.14 shows the cSMF of the young and old clump populations, normalized by the number
of clumps in each sample. We find that the mass function slope is steeper for younger clumps,
pointing to a higher abundance of low-mass clumps. However, the cSMF becomes flatter for as
the clump population ages. This trend is consistent with a scenario in which lower-mass clumps
are preferentially disrupted. Indeed, feedback processes, such as supernovae and radiation pressure,
limit clump survivability, particularly at lower clump masses (e.g., Moody et al., 2014; Mandelker
et al., 2017; Ginzburg et al., 2021; Dekel et al., 2022). Other mechanisms such as clump-clump
mergers can also flatten of the slope of the mass function by removing smaller mass clumps to create
bigger ones (e.g., Behrendt et al. 2019).

It is important to address a few caveats. We note that the interpretation of Figure 3.14 assumes
that all clumps have similar star formation rates. However, if the star formation rate of a clump
is correlated to its stellar mass (similar to a star-forming main sequence), this could also flatten
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the relation over time. Additionally, our UV-based clump selection preferentially identifies actively
star-forming clumps, which may bias against older, low-mass clumps. Such selection effects could
contribute to the flattening of the cSMF for older clumps. A more detailed characterization of the
clump detection completeness as a function of both mass and age will therefore be beneficial to
fully quantify the impact of this bias. Given these caveats, the observed evolution of the clump mass
function nevertheless suggests that evolutionary trends are present in the clump population, motivat-
ing further work that will be required to disentangle intrinsic physical processes from observational
selection effects.

3.8 Chapter 3 Conclusion

In this work, we use imaging from the CANUCS fields to measure the properties of clumpy star-
forming galaxies and their clumps at 0.5 < z < 5. Particularly, we measure the evolution of the
fraction of clumpy SFGs with cosmic time, and investigate various relationships between clump
properties and their host galaxies. We also examine the evolution of the clump mass distribution as
a function of galaxy masses and redshifts. We summarize our main finding below:

• The fraction of clumpy galaxies (fclumpy) evolves differently for different galaxy mass bins. For
galaxies with log(Mg,∗/M⊙) ≥ 10, the fraction of clumpy SFGs peaks near cosmic noon, and
decreases at earlier and later times. We find little to no redshift evolution in the fraction of
clumpy SFGs of 8.5 ≤ log(Mg,∗/M⊙) < 10.

• Massive galaxies tend to host more clumps compared to less massive galaxies. However, we do
not find the number of clumps per galaxies to be dependent on the integrated star formation
rate of the host galaxies.

• We find that the mass of clumps appears to correlate with the masses of the host galaxies,
implying that massive clumps are generally found in galaxies with massive disks.

• When aggregating all clumps, we find little redshift evolution in the clump stellar mass function
slope.

• When separating the clump stellar mass function based on galaxy mass bin, we find that
galaxies with log(Mg,∗/M⊙) ≥ 10 tend to have flatter slopes (α[high−mass] ∼ −1.6) relative
to less massive galaxies (α[low−mass] ∼ −2.3). This suggests either an abundance of massive
clumps or an absence of less massive clumps in massive galaxies.

• We also explore the relationship between the cSMF slope and inferred gas fraction. We find
that when considering all clumps, the cSMF slope of galaxies with log(Mg,∗/M⊙) ≥ 10 has is
uncorrelated to gas fraction. However, when considering younger clumps with age less than
300 Myr old, the slope of the cSMF is flatter with increasing gas fraction. This suggests that
higher gas fraction leads to more massive clumps at the time of formation.

• By comparing the slope of a young clump population (<300 Myr old) at z ∼ 2.5 to that of
an older clump population with ages between 1 to 1.5 Gyr old at z ∼ 1.5, we find that the
slope is steeper for the younger clump population. Assuming that the young clump population
evolves to become the older clump population, this change in slope indicates that the relative
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abundance of low-mass clumps decreases with time. Such evolution may reflect a combination
of clump growth through mergers, and/or the preferential disruption of lower-mass clumps.

Overall, our results show that the aggregated clump mass function remains relatively constant
with redshift. However, when considering the cSMF by host galaxy mass bin, we find that it is
sensitive to galaxy masses. This likely reflects an interplay between the initial conditions for clump
formation and the processes that shape their subsequent evolution. Our results are consistent with
the interpretation that clump formation in massive galaxies (log(Mg,∗/M⊙) ≥ 10) happens as a
result of instabilities and fragmentation within gas-rich disks. Higher gas fraction can lead to the
formation of more massive clumps, which flattens the slope of the clump mass function. However,
alternative formation mechanisms, such as accreting satellites, can also be responsible for creating
flatter slopes as clumps of ex-situ origins are generally considered to be more massive than formed
in-situ. Together with processes such as clump mergers and stellar feedback that may preferentially
remove lower-mass clumps, these processes shape the clump mass distribution across different galaxy
populations. Additional observational studies will be critical to better constrain the origin of clumps.
Particularly, resolved IFU spectroscopy can disentangle the relative contributions of clumps formed
via in-situ fragmentation and ex-situ accretion by exploring the resolved kinematics of clumps with
respect to the host disks. Such studies will provide essential insights into the origin of clumps and
their role in galaxy evolution.
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Appendix - Chapter 3

3.A Mass Retrieval with different background subtraction

We test different disk subtraction methods to determine the most reliable approach to extract clump
masses. Specifically, we estimate the underlying stellar disk contribution using three techniques:
(1) fitting a 2D Sérsic profile, (2) modeling a smooth disk with wavelet transformation and by
setting lower scales to zero, and (3) performing local background subtraction by estimating the
mean background within an annular aperture around each clump.

To model the disk using a Sérsic profile, we follow the methodology described in Tan et al.
(2022). In brief, we normalize the stellar mass maps to the F444W images, and injected Gaussian
noise sampled from the pixel-to-pixel noise of the F444W image. We then used statmorph to
determine the best Sérsic model, which is then scaled back to the original stellar mass range. For
wavelet transformation, similar to what is described in §3.4.2, we decompose the mass maps into
6 different wavelet scales using scarlet and estimate the underlying disk by setting the first two
scales to zero. This effectively remove structures with scales less than 0.2′′. These estimates of
the stellar disk are then subtracted from the stellar mass maps to produce background-subtracted
mass maps. Finally, the local background using the annular method involves measuring the mean
background within two annuli with radii of 3.5 and 4.5 pixels (corresponding to 0.14 and 0.18 arcsec,
respectively). This estimated background is then subtracted from the aperture measurement.

To test the robustness of each method, we inject simulated clump of mass between 7.0 <

log(M∗/M⊙) < 7.8 into the stellar mass map of nonclumpy galaxies. Nonclumpy galaxies have
smoother mass distributions, and therefore present baseline for these tests. We add two clumps to
each galaxy at random location, with FWHM of 0.2′′. We randomize the position angle of each
clumps, with ellipticity ranging between 0.1 < e < 0.2. The mass of each injected clump is recovered
by measuring the mass within a aperture of radius 0.18′′. It should be noted that the underlying
stellar disk can be overestimated for some clumps, leading to over-subtraction of the clump mass.
This occurs more frequently for both the Sérsic and wavelet methods.

Figure 3.A.1 shows the distribution of the retrieved clump masses relative to their clump mass.
In general, all three methods are able to account for the local stellar disk, resulting in typical mass
correction of 0.4 dex. While each method has its strengths and weaknesses, we adopt the annular
subtraction method for this work. This is because using wavelets tends to overestimate the disk
contribution, while the Sérsic model does not always capture irregular features of the disk.
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Figure 3.A.1: A comparison of different background subtraction methods for retrieving clump
masses. In particular, we tested three different methods to estimate the underlying stellar disk;
by fitting the disk as a 2D Sérsic profile, using wavelet transformation to construct a smooth disk
(see text for details), and by performing an annular subtraction to estimate local background. We
find that all three methods can recover clump masses, but the annular subtraction method generally
results with more consistent clump masses.
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Chapter 4

Metal-poor gas accretion leading to
clump formation in cosmic noon SFGs

“You’ll have bad times, but that’ll always
wake you up to the good stuff you weren’t
paying attention to."
— Sean, Good Will Hunting

The people involved in the analyses for this chapter include Adam Muzzin, Jialu Chen, Ben
Forrest, Gillian Wilson, Sunna Withers, Katherine Myers, Nelson Nunes and the CANUCS col-
laboration. In this chapter, I expand on the findings of Chapter 2 by compiling and observing the
gas-phase metallicity of a larger sample of ∼ 300 galaxies. I investigate how stellar properties of
clumps relate to the global gas-phase metallicity, showing that younger, star-forming clumps are more
common in galaxies with lower gas-phase metallicities.

Abstract

Recent studies probing the gas-phase metallicity of a small sample of < 30 star-forming galaxies
(SFGs) have found that clumpy galaxies are metal-poor compared to nonclumpy galaxies, with
clumps exhibiting a metallicity offset from the host gas disk, suggesting ongoing gas accretion events.
In this work, we expand on these studies by comparing the gas-phase metallicity of a sample of
∼300 clumpy and nonclumpy SFGs between 0.6 < z < 2.6. We find that clumpy and nonclumpy
galaxies generally have lower and higher gas-phase metallicities compared to the mass-metallicity
relation, respectively. Using a smaller subset of ∼ 30 galaxies observed in the JWST CANUCS
fields, we further investigate the relationship between the resolved stellar properties of clumps and
the integrated gas-phase metallicity of the host galaxies. In particular, clumps in galaxies with
metallicity above the mass-metallicity relation (i.e., ∆Z > 0) are generally older and have higher
SFRs, compared to clumps whose host galaxies have ∆Z < 0. We do not find a significant mass
difference between these two clump populations. Finally, we compute the merger statistic using the
Gini-M20 morphological parameters and find that most clumpy galaxies are not mergers based on
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their stellar mass maps. The results suggest that the clumpy nature of cosmic noon galaxies is linked
to gas accretion events that dilute metals and form star-forming clumps.

4.1 Introduction

It is well known that high-redshift star-forming galaxies generally host kiloparsec-scale clumpy struc-
tures (e.g., Wuyts et al., 2012; Guo et al., 2012). In fact, clumpy galaxies are ubiquitous at higher
z, with redshift evolution similar to that of the cosmic star formation density, peaking near cosmic
noon (e.g., Shibuya et al., 2016; Sattari et al., 2023; de la Vega et al., 2025; Sok et al., 2025b).
Observations with the James Webb Space Telescope of distant galaxies further show that clumpy
substructures persist at z > 5, thanks to improved sensitivity and spatial resolution probed through
gravitational lensing. Indeed, we are able to probe clumpy structures down to parsec scales (e.g.,
Messa et al., 2024; Adamo et al., 2024; Mowla et al., 2024; Fujimoto et al., 2025; Claeyssens et al.,
2023, 2025; Bradač et al., 2025). Such a unique and prominent mode of clumpy star formation at
higher redshifts suggests that galaxy assembly history may be inherently clumpy, with even Milky
Way-like galaxies possibly hosting clump formation (e.g., Mowla et al. 2024; Tan et al. 2024). Under-
standing how clumps are formed and whether these mechanisms change over cosmic time is therefore
paramount for understanding galaxy evolution.

Despite the abundance of star-forming clumps, their origin and evolution are relatively uncon-
strained. The common framework for clump formation is violent disk instability (VDI), in which
clumps form due to gravitational instabilities in gas-rich regions (e.g., Toomre, 1964; Dekel et al.,
2009b). The gas-rich nature of these disks is attributed to the continuous accretion of cosmological
gas streams (e.g., Kereš et al., 2005, 2009; Dekel et al., 2009b,a; van de Voort and Schaye, 2012;
Nelson et al., 2013). The accreting gas is expected to be metal-poor (van de Voort and Schaye,
2012), in which a metallicity offset between clumps and host gas disks is expected as observed in
simulations (Ceverino et al., 2016). Observational constraints for clump formation via VDI gener-
ally probe the Toomre Q parameter of the gas disks (e.g., Förster Schreiber et al., 2011b; Genzel
et al., 2011; Girard et al., 2018; Fujimoto et al., 2025). However, this argument relies on simplified
assumptions about disk structure, and future studies may also need to consider more formalisms of
the Toomre stability theory to better capture the complexity of disk stability (e.g., Romeo et al.,
2010; Romeo and Wiegert, 2011; Bacchini et al., 2024).

Another pathway for clump formation is through mergers, in which gas is compressed by tidal
forces arising from galaxy interactions (e.g., Renaud et al., 2015; Nakazato et al., 2024). Direct
observational support comes from kinematic studies of smaller samples of galaxies, including Puech
(2010); Menéndez-Delmestre et al. (2013); Calabrò et al. (2019). Indirect inferences about clump
formation resulting from mergers are also made by using the redshift evolution of the merger rate to
explain the redshift evolution of the fraction of clumpy galaxies (Guo et al., 2015; de la Vega et al.,
2025). However, clumps may further be of ex-situ origins, being satellites, as observed in simulations
(e.g., Mandelker et al., 2014, 2017) and suggested in observations (e.g., Ribeiro et al., 2017; Zanella
et al., 2019).

Addressing the mechanisms driving clump formation requires observational data that link clump
formation to a physical process, such as gas inflow. Recently, in Sok et al. (2025a), we showed that
in a comparable sample of approximately 30 star-forming galaxies, those that are clumpy have a
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metallicity offset of ∼ −0.1 dex compared to nonclumpy galaxies. Similarly, resolved metallicity
maps for approximately 20 SFGs obtained with JWST NIRISS slitless grism data show that clumps
typically have a similar metallicity offset of −0.1 dex relative to the host galaxy disk (Estrada-
Carpenter et al., 2025). While the sample size of these studies is small (< 30), these findings suggest
that clump formation likely occurs due to lower-metallicity gas accretion events.

Building upon these previous studies, this chapter aims to investigate the relationship between
clump formation and gas-phase metallicity for a statistically significant sample by compiling existing
spectroscopic data from the Large Early Galaxy Astrophysics Census (LEGA-C) survey (van der
Wel et al., 2016) and MOSFIRE Deep Evolution Field (MOSDEF) survey (Kriek et al., 2015).
We further obtain robust gas-phase metallicity constraints for ∼70 SFGs in the Canadian NIRISS
Unbiased Cluster Survey (CANUCS, Willott et al. 2022) fields with new MOSFIRE observations.
Combined with the unparalleled multi-wavelength imaging of the CANUCS data, we examine the
relationship between the global gas-phase metallicity of host galaxies and the resolved properties
of star-forming clumps, derived from spectral energy distribution (SED) fitting. Such a multi-
wavelength approach for studying clumps enables us to directly test the physical processes driving
clump formation at cosmic noon.

The chapter is organized as follows. Section 4.2 describes the data presented in this work. We
describe the methodology in Section 4.3. More specifically, the section explains how clumpy and
nonclumpy galaxies are identified, and how the stellar properties of the clumps are estimated. Section
4.5 explores the gas-phase metallicity of SFGs and its relation to galaxy clumpiness. Section 4.6
expands on this by examining the relationship between metallicity offset with respect to the mass-
metallicity relation and properties of star-forming clumps. We discuss the implications for clump
formation mechanisms in Section 4.7 and summarize our work in Section 4.8.

Throughout the chapter, the term metallicity represents the gas-phase oxygen abundance. All
magnitudes are expressed in the AB system (Oke and Gunn, 1983). We adopt a ΛCDM cosmological
model of the universe with Ωλ = 0.7, ΩM = 0.3, and a Hubble constant of H0 = 70 km/s/Mpc.

4.2 Data

To provide an in-depth analysis of the relationship between galaxy clumpiness and gas-phase metal-
licity across a range of redshifts, we make use of several major extragalactic surveys. In particular,
we combine high-quality emission line measurements from the Large Early Galaxy Astrophysics Cen-
sus (LEGA)-C survey (van der Wel et al., 2016) and MOSFIRE Deep Evolution Field (MOSDEF)
survey (Kriek et al., 2015), which together span a redshift range between z ∼ 0.6 to z ∼ 2.6. These
datasets are chosen for their large galaxy samples and availability of ancillary imaging, enabling
us to investigate the connection between galaxy morphology and their gas-phase metallicity over a
broad redshift range.

In addition to these publicly available datasets, we include new near-infrared spectroscopic ob-
servations of galaxies in the Canadian NIRISS Unbiased Cluster Survey (CANUCS, Willott et al.
2022) fields obtained with the MOSFIRE instrument (McLean et al., 2012) on the 10-meter Keck I
telescope. At the time of these observations, CANUCS was among the first few extragalactic fields
with deep, multi-wavelength JWST/NIRCam imaging. These enable robust measurements of the
resolved properties of clumps such as stellar masses and ages. In the following sections, we describe
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the spectroscopic and photometric data used in this work, starting with the LEGA-C and MOSDEF
surveys, followed by our targeted observations of the CANUCS fields.

4.2.1 The LEGA-C Survey

We utilize the third data release of LEGA-C (van der Wel et al., 2021). LEGA-C is a European
Southern Observatory (ESO) Public Spectroscopic survey of approximately 3500 galaxies at 0.6 <

z < 1, observed with the Very Large Telescope/Visible Multi-Object Spectrograph (VIMOS; Le
Fèvre et al. 2003) at a spectral resolution of R ∼ 3500. Galaxies are located in the Cosmic Evolution
Survey (COSMOS) field (Scoville et al., 2007), and were selected as star-forming galaxies from the
UltraVISTA (McCracken et al., 2012) K-band catalogue presented by Muzzin et al. (2013).

We further cross-match the LEGA-C emission line flux catalogue with the deconvolved ground-
based imaging of the COSMOS field (Sok et al., 2022). The deconvolved imaging is available for
over 20,000 star-forming galaxies between 0.5 < z < 2, with wavelength coverage spanning from the
Subaru Bj-band to the UltraVISTA Ks-band. In this chapter, we use these images to construct the
rest-frame U surface brightness maps for the LEGA-C sample and classify them as being clumpy or
nonclumpy (see §4.3).

4.2.2 The MOSDEF Survey

We also include data from the MOSDEF survey, a 47-night observational program with MOSFIRE
that targets ∼ 1500 galaxies with 1.37 < z < 3.80. Specifically, the survey provided medium-
resolution rest-frame optical spectra for these galaxies, including bright emission lines such as Hα

and [N ii]λ6584. The galaxies are located in three of the CANDELS (Grogin et al., 2011; Koekemoer
et al., 2011) fields (AEGIS; Davis et al. 2007, COSMOS; Scoville et al. 2007, and GOODS-N;
Giavalisco et al. 2004). Similarly, targets for the MOSDEF survey were selected from the multi-
wavelength photometric and spectroscopic catalogues of the 3D-HST survey (Brammer et al., 2012;
Skelton et al., 2014).

As with the LEGA-C data, we classify galaxies in the MOSDEF survey as clumpy or nonclumpy
using the photometric imaging products from the 3D-HST catalogue. In particular, we use the
available HST imaging, spanning F475W to F160W, to construct their rest-frame U -band brightness
map, following the procedures described in §4.3. Finally, we note that the imaging products related
to the LEGA-C and MOSDEF surveys mentioned in this chapter are used solely to classify galaxy
morphology. We do not attempt to extract stellar properties of clumps here, either due to these
having limited angular resolution (in the case of LEGA-C), or lack of sufficient filter coverage for
SED fitting (in the case of MOSDEF).

4.2.3 CANUCS x MOSFIRE Observations

The primary focus of this study is to understand the relationship between the properties of star-
forming clumps and the integrated gas-phase metallicity of their host galaxies. To this end, we use
the JWST CANUCS fields, comprising JWST NIRCam and NIRISS broad-band and medium-band
imaging. These images reach 3σ AB magnitude depths of 27–30 in a 0.3′′-diameter aperture. A
detailed list of available filters in each field is provided in Sarrouh et al. (2025). The addition of
medium-band imaging enables more accurate modelling of the strong nebular emission observed
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in high-redshift galaxies (e.g., Withers et al. 2023), leading to better photometric redshift deter-
minations and stellar mass estimates. Relying solely on broad-band JWST data often leads to
underestimated stellar masses (e.g., Sarrouh et al. 2024). Building on our previous work (Sok et al.,
2025b), which investigated the clump mass and age distributions, we now extend the analysis by
inferring gas-phase metallicities from the [N ii]λ6584/Hα ratio. This allows us to explore the over-
all relationship between clump properties and the global properties of their host galaxies, such as
gas-phase metallicities.

Observations and Data Reduction

We obtain four nights on the Keck I telescope with MOSFIRE to perform deep spectroscopic obser-
vations of galaxies in the CANUCS fields. We target galaxies whose Hα and [N ii]λ6584 emission
lines fall within the wavelength coverage of the H (1.450 − 1.826 µm) and K (1.450 − 1.826 µm)
bands, respectively. In total, we create 17 (7 H and 10 K) masks using the MAGMA slit mask design
software. We adopt a slit width of 0′′.7, corresponding to a spectral resolution of R ∼ 3600.

The primary targets are selected from the catalogue presented in Sarrouh et al. (2025). We
determine slit-placement priorities for each mask based on several criteria. In particular, we target
only star-forming galaxies and prioritize those that are massive and have higher SED-based Hα flux
estimates. The priority on stellar masses ensures that both Hα and [N ii]λ6584 can be observed with
high S/N, particularly at higher redshifts where metallicity is expected to be lower. The Hα estimates
are obtained from the SED-derived star formation rate, with a dust correction applied based on their
SED-inferred Av. As most of our primary targets have no prior spectroscopic observations, we use
the photometric redshift to ensure that both Hα and [N ii]λ6584 fall within the observation window
of the H and K bands. During the first two nights, we include galaxies with stellar masses greater
than 109M⊙, and SED-based Hα fluxes greater than 1×10−18 erg s−1 cm−2, maximizing the number
of galaxies per mask with longer exposure time. However, our observing strategy changed after the
first two nights to target galaxies with FHα ≥ 5× 10−18 erg s−1 cm−2.

Each MOSFIRE mask has an on-source integration time of approximately 2 hours, and masks
were executed from February 2024 to January 2025. We follow a similar observing strategy as the
MOSDEF survey, specifically using an ABA′B′ dither pattern with nods of +1′′.5, −1′′.2, +1′′.2,
−1′′.5, and individual exposures of 2/3 minutes for the H/K bands. In total, we place 201 primary
targets on slit, and successfully measured spectroscopic redshifts for 141 of them (based on the
detection of Hα). The overall success rate is lower, partly because the first few masks observed
include targets with lower SED-derived Hα fluxes.

We use the custom IDL pipeline of the MOSDEF survey, described in Kriek et al. (2015), to
reduce and produce two-dimensional (2D) science spectra for each slit on the mask. The one-
dimensional (1D) science and error spectra are extracted based on the optimal extraction algorithm
(Horne, 1986). Figure 4.1 shows examples of the reduced spectra. We do not apply any correction
for slit losses, as this would be a multiplicative factor applied to both Hα and [N ii]λ6584 fluxes,
assuming weak metallicity gradients. However, we note that the metallicity gradient may differ from
one galaxy to another.
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Figure 4.1: Examples of the reduced two dimensional spectrum and the extract spectrum. The
inset figure shows the composite image of the galaxy, with the red line denoting the MOSFIRE slit
position and width.

4.2.4 Sample Selection

For each emission line flux catalogue, we select a sample of galaxies using several criteria. The
criteria selection includes,

1. S/N ≥ 3 for [O ii]λ3726, [O iii]λ4959, [O iii]λ5007, and Hβ to ensure a robust estimate of the
gas-phase metallicity for the LEGA-C sample. We additionally require S/N ≥ 3 for Hγ to
apply a dust correction based on the Balmer decrement.

2. S/N ≥ 3 for Hα and [N ii]λ6584 to ensure a robust estimate of the metallicity in both the
MOSDEF and CANUCS samples. No dust correction is applied here since Hα and [N ii]λ6584

are close in wavelength.

3. We exclude emission lines strongly affected by skylines in both the MOSDEF and CANUCS
samples. For CANUCS, this is done by visual inspection, while for MOSDEF we adopt their
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Figure 4.2: The mass and SFR distribution of galaxies from LEGA-C, MOSDEF and CANUCS,
color coded by redshift. Both stellar mass and SFR are derived from Dense Basis. The star-forming
main sequences from Mérida et al. (2025) are shown as the dashed lines.

skyline flag criterion, SLFLAG > 0.2.

4. We also exclude potential AGN. This corresponds to excluding galaxies with FLAG_SPEC ≥ 1

(van der Wel et al., 2021) and galaxies flagged as mass-extinction AGNs using the cut from
Juneau et al. (2011) in the LEGA-C sample. For MOSDEF and CANUCS, we exclude galaxies
with log([N ii]λ6584/Hα) > −0.4 (Cid Fernandes et al., 2010).

These criteria yield a sample of robust emission lines for 94 LEGA-C, 125 MOSDEF, and 57
CANUCS galaxies. Figure 4.2 shows the distribution of galaxies based on their stellar masses and
star formation rates. These are derived by fitting the SED using Dense Basis (Iyer and Gawiser,
2017). For the LEGA-C anbd MOSDEF galaxies, we performed the fit using the photometric
catalogue from Muzzin et al. (2013) and Skelton et al. (2014) with the spectroscopic redshift.

4.3 Methodology

4.3.1 Finding clumpy galaxies

This section describes the steps for determining whether a galaxy hosts star-forming clumps. This
process begins by binning pixels together to achieve sufficient signal-to-noise (S/N) for spectral
energy distribution (SED) fitting. Specifically, we fit the SED of the Voronoi bins to estimate and
reconstruct the rest-frame U (∼3600 Å) surface brightness. The rest-frame U -band brightness map
is then used to identify clumpy regions within galaxies. Galaxies are then classified as clumpy or
non-clumpy based on the presence of such areas.

Spatially binning pixels

Fitting the spectral energy distribution in an unresolved manner has been shown to lead to over-
estimation of the stellar masses (e.g., Sorba and Sawicki 2015, 2018). To mitigate this, we apply
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a spatially resolved SED fitting technique to obtain robust estimates of the physical properties of
star-forming clumps and their host galaxies. However, since individual pixels often have signal-
to-noise ratios (S/N) that are unsuitable for SED fitting, we first spatially bin pixels together to
improve the signal-to-noise ratio (S/N) of bins while retaining spatial information. This binning
step is performed using the Voronoi tessellation technique, vorbin (Cappellari and Copin, 2003).

Similar to our previous work (Sok et al., 2022, 2025b), we require each Voronoi bin to achieve a
minimum S/N of 5. For each survey, we select the band probing the reddest rest-frame wavelength
to define the bins. This ends up being the deconvolved Ks for LEGA-C, F160W for MOSDEF
and F444W for CANUCS. However, this choice does not affect the identification of clumps, since
the spatial redistribution of flux is performed using the rest-frame UV images after fitting the
binned SEDs (Section 4.3.1). This procedure preserves the UV morphology when mapping the
fitted quantities back to the native pixel grid, under the assumption that all pixels within a given
bin share the same colors.

These criteria yield a sample comprising 94 LEGA-C, 125 MOSDEF, and 69 CANUCS galaxies.
Figure 4.2 shows the distribution of galaxies based on their stellar masses and star formation rates.
The star formation rates for the LEGA-C and MOSDEF samples are based on the UV + IR fluxes.
For CANUCS, the SFRs are obtained from the SED fitting using Dense Basis.

Creating Urest maps

For each galaxy, we then calculate the fluxes for each Voronoi bin in each filter. We determine the
flux for each bin by summing up the pixel values. The flux uncertainty is estimated as the quadrature
sum of the statistical and systematic uncertainties. The statistical uncertainty is determined to be
the aperture flux uncertainty, while the systematic uncertainty accounts for potential biases during
data reduction and calibration. In practice, the flux uncertainty for a given Voronoi bin is assumed
to be the same as the flux uncertainty within a circular aperture encompassing the same area. The
systematic uncertainty is considered to be a multiplicative factor of 5% of the flux. This is similar
to what is used in piXedfit (Abdurro’uf et al., 2021), another Python-based spatially resolved
SED-fitting tool.

We use eazy-py (Brammer et al., 2008) to estimate rest-frame U luminosity for each bin, adopt-
ing the recalibrated rest-frame U filter from Maíz Apellániz (2006). To this end, we set the redshift
to each galaxy’s spectroscopic redshift. As binning degrades the angular resolution, particularly
for the bins at the outskirts of the galaxies where S/N is lowest, we recover spatial resolution by
“dezonifying" each map (Cid Fernandes et al., 2013). For a given derived quantity of a Voronoi bin
Qbin, the pixel within is distributed as,

Q′
i = Qbin

Fi

Fbin
, (4.1)

where i denotes the pixel, Fi is the flux value at that pixel, and Fbin is the total flux of the Voronoi
bin. This therefore preserves the total value for each bin while reintroducing spatial resolution.

Clumpy/nonclumpy classification

In this Section, we describe how galaxies are classified as clumpy and nonclumpy. The classification
is based on the Urest surface brightness map of the galaxy. To this end, we construct a normalized
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Figure 4.3: Examples of the classification of clumpy and nonclumpy galaxies. We show galaxies with
increasing fractional Urest luminosity from left to right, with the three left- and right-most galaxies
being classified as nonclumpy and clumpy, respectively. We note that some galaxies host clumps are
yet classified as nonclumpy because their clumps do not meet the adopted threshold as defined in
Section 4.3.1.

Each row further separates galaxies by the different redshift intervals sampled by the different
surveys. Each cutout is 3.6′′ × 3.6′′.

light profile from the Urest map using the prescription described in Wuyts et al. (2012). We refer
the reader to their paper and to Sok et al. (2022) for a detailed explanation of the methodology.
Briefly, galaxies with no clumps (i.e., a smooth disk) will have a constructed normalized Urest light
profile that is smoothly decreasing in intensity with galactocentric radius. Since clumps are regions
of enhanced star formation, clumps appear as a bump on an otherwise smooth normalized light
profile in the Urest.

The construction of the normalized light profile begins with defining elliptical parameters for
each galaxy. The center of mass of the galaxies is adopted from the stellar mass map, assuming it
traces the gravitational potential. An elliptical aperture is then used to obtain the curve of growth
centred on the centre of mass. A half-light radius Re is then calculated as the effective radius at
which half the light of the galaxy is contained within that radius. We then calculate the mean
Urest surface brightness within the half-light brightness as Σe. The galactocentric distance of each
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pixel within the Urest brightness map is then normalized by the half-light radius. The Urest flux of
each pixel is also normalized by Σe. This renormalization maps each pixel into a new parameter
space, where Wuyts et al. (2012) defined a region within this parameter space to select clumpy pixels
from the Urest brightness map. The dividing line for the clumpy regime was determined by visually
analyzing a number of normalized maps from different galaxies. In this chapter, clumpy galaxies are
defined as those galaxies with clumps contributing to at least 8% of the total Urest luminosity. This
threshold, compared to the 5% adopted in Sok et al. (2025b), is chosen to isolate galaxies dominated
by actively star-forming clumps, thereby increasing sensitivity to metallicity dilution expected from
recent gas accretion. The thresholding value is broadly consistent with other studies that identified
clumps and clumpy galaxies (e.g., Guo et al. 2015; Wuyts et al. 2013; Sok et al. 2025a). Examples
of the classification of galaxies are shown in Figure 4.3.

4.3.2 Properties of Star-Forming Clumps

For star-forming clumps in galaxies located in the CANUCS field, we make use of the available
deep medium- and broad-band JWST imaging to extract their physical properties, including stellar
masses, star formation rates and ages. This next section describes how individual clumps are iden-
tified within clumpy galaxies and how we determine their physical properties. We note that this
sample is a subset of the clumpy galaxy sample presented in Sok et al. (2025b). We therefore refer
the reader to that chapter for a more detailed description of the methodology; however, we briefly
describe it here.

Finding clumps in galaxies

Clumps are identified in a similar process as described in Kalita et al. (2025a), where the Urest image
is passed through a high-pass filter to create a high-contrast image. In practice, the low-pass image
of the galaxy is determined by decomposing the image into six different wavelets using scarlet

(Melchior et al., 2018). Each wavelet scale probes a different spatial scale. We obtain a smooth
version of the image by reconstructing the third wavelet scale and higher. Subtracting the image
from its smoothed image results in an image containing only smaller-scale structures. A peak-finding
algorithm is then used to locate clump candidates. We set a minimum S/N > 3 within an aperture
of 0′′.2 to remove spurious detection of clumps. Figure 4.4 illustrates this and highlights the detected
clumps for one galaxy.

Inferring physical properties from SED

Star-forming clumps are generally superimposed within the disk of their host galaxies. Background
subtraction is typically performed to mitigate flux contamination from the disk. In previous studies,
disk subtraction is commonly performed using aperture photometry, where the disk background flux
is estimated from an annulus aperture (e.g., Guo et al. 2018; Sattari et al. 2023). We follow a similar
methodology to subtract the disk. Specifically, we use an aperture size of 0′′.2 centred on the clumps,
with an annuli aperture of ∼ 0′′.3− 0′′.35, which is found to reliably extract clump masses from the
disk (Sok et al., 2025b).

The background-subtracted flux is then obtained for each filter to extract physical information
of the clumps with SED fitting. The SED is fitted using Dense Basis (Iyer and Gawiser, 2017;
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Urest CANUCS 3101346

Reconstructed
Wavelet scale 3 to 6

Urest - Reconstructed

Figure 4.4: An example showing how clumps are identified. Clumps are detected based on the high-
contrast image. This high-contrast image is obtained by subtracting the rest-frame bright map by its
reconstructed smooth image (see text). The reconstructed image is shown in the middle left panel.
The bottom left panel shows the high-contrast image, while the bottom right shows the detected
clumps (circle) and bulge (star).
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Iyer et al., 2019). The method describes the star formation history (SFH) using a tuple (M∗, SFR,
tX). In the current analysis, tX are a set of three lookback times describing when the galaxy formed
equally spaced quantiles of its total mass (i.e., t25, t50, t75). We adopt a Chabrier initial mass
function (Chabrier, 2003) and Calzetti attenuation law (Calzetti et al., 2000) to model the stellar
populations. The priors include flat priors for log(M∗) with range of (7,12), log(sSFR) with range
of (-14,-7), log(Z/Z⊙) with range of (-1.5,0.25), and Av with range of (0,4). Dense Basis performs
SED fitting using an amortized brute-force Bayesian approach, in which an atlas of model SEDs is
precomputed from random draws of parameters sampled from the prior distributions.

We extract the stellar mass, star formation rate (averaged over the past 100 Myr), and age for
each clump. The clump age is defined as the lookback time at which 75% of the stellar mass has
formed (t75), as inferred from the reconstructed star formation history. This metric closely tracks the
mass-weighted age while remaining more sensitive to recent star formation. We adopt the posterior
medians as the fiducial values and quote the 16th–84th percentile ranges as uncertainties.

4.4 Gas-Phase Metallicity

This Section describes how we infer gas-phase metallicity from strong emission lines across different
surveys. There exist several metallicity diagnostics that use flux ratios of strong emission lines have
been empirically and/or theoretically calibrated (for a review see Kewley et al. 2019). In this work,
we utilize both the R23 and N2 indices to infer gas-phase metallicity.

For the LEGA-C samples, metallicities are derived using the R23 strong line calibration from
Kobulnicky and Kewley (2004). The R23 index requires multiple strong emission lines to obtain the
relevant flux ratios to infer gas-phase metallicities,

R23 =
[O ii]λ3726 + [O iii]λ4959 + [O iii]λ5007

Hβ
, (4.2)

O23 =
[O iii]λ4959 + [O iii]λ5007

[O ii]λ3726
, (4.3)

The R23 index is sensitive to the ionization parameter, but this sensitivity can be corrected for using
the O23 index. The typical intrinsic scatter for an individual metallicity measurement is ∼0.1 dex
(Kobulnicky and Kewley, 2004).

For the MOSDEF and CANUCS samples, we use the N2 index to infer metallicity. The N2 index
is commonly used in higher-redshift observation due to the close proximately of Hα and [N ii]λ6584,
and is defined by the line ratio,

N2 =
[N ii]λ6584

Hα
. (4.4)

To this end, we follow the line calibration from Pettini and Pagel (2004), which is given as,

12 + log(O/H) = 8.9 + 0.57×N2. (4.5)

The intrinsic scatter of the relation is approximately 0.18 dex.
We note that different line diagnostics provide different gas-phase metallicities. While there exist

several ways to calibrate one line diagnostic to another (e.g., Kewley and Ellison, 2008; Teimoorinia
et al., 2021), we do not apply any such calibration in this chapter, as the primary focus here is on the
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Figure 4.5: The mass-metallicity relation for the LEGA-C sample using the R23 index. The dotted
line shows the best-fit mass-metallicity relation. The right panel shows the empirical cumulative
distribution function (eCDF) of the metallicity residual, defined to be ∆Z = Z − MZR. We find
that the eCDF of clumpy is generally shifted to lower ∆Z values compared to nonclumpy galaxies,
indicating that clumpy galaxies have metallicity lower than the MZR.

relative metallicity offset between clumpy and nonclumpy galaxies. Finally, throughout this work,
metallicity is expressed as the ratio of the number of oxygen atoms to hydrogen atoms and quoted
as 12 + log(O/H).

4.5 Do clumpy galaxies have lower metallicity compared to

the MZR?

Previous work has found that clumps and their host galaxies have lower metallicity than the host disk
and other nonclumpy galaxies, respectively (e.g., Sok et al., 2025a; Estrada-Carpenter et al., 2025).
In particular, we showed that for a controlled sample of galaxies with similar masses, star formation
rates and colours, clumpy galaxies are systematically more metal-diluted than their nonclumpy
counterpart (Sok et al., 2025a). In this Section, we further investigate the metallicity offset between
clumpy and nonclumpy galaxies across a broader sample. We remind the reader that clumpy galaxies
are defined as galaxies with star-forming clumps that contribute to at least 8% of the total Urest

luminosity of the host galaxy.
In these analyses, we do not apply any conversion factor between the R23 and N2 indices as we

are mainly interested in the relative offset in gas-phase metallicity between clumpy and non-clumpy
galaxies for each sample/redshift bin. We first examine the metallicity offset in the LEGA-C sample.
The left panel of Figure 4.5 shows the gas-phase metallicity inferred from the R23 index. We also
plot the mass-metallicity relation from Zahid et al. (2011) and Huang et al. (2019), which inferred
metallicity using the same line diagnostic for galaxies at a similar redshift. In general, we find that
our metallicity range is consistent with previous measurements.

Following our previous analyses presented in Sok et al. (2025a), we also show the metallicity offset
between clumpy and nonclumpy galaxies as the distribution of ∆Z, defined to be the offset between
individual metallicity values to the mass-metallicity relation. To this end, we fit the mass-metallicity
relation using the parametrization given in Curti et al. (2020),

12 + log(O/H) = Z0 −
γ

β
log

[
1 +

( M

M0

)−β]
, (4.6)
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Figure 4.6: Similar to Figure 4.5, but now we show the mass-metallicity relation for the MOSDEF
and CANUCS sample using the N2 index. The best-fitted mass-metallicity relation is determined
by combining all galaxies between 1.4 < z < 2.6 shown in the bottom panels.

where Z0 represents the asymptotic metallicity at the high-mass end, and M0 is the characteristic
turnover mass above which the relation begins to flatten. At masses below M0, the MZR follows
a power-law behaviour with slope γ, while β controls the sharpness of the transition between these
regimes. The right panels of Figure 4.5 therefore show the empirical cumulative distribution function
(eCDF) constructed from ∆Z for both clumpy and nonclumpy galaxies. We find that the eCDF of
∆Z for nonclumpy galaxies is generally shifted to the right of clumpy galaxies, suggesting that the
typical values of ∆Z for nonclumpy galaxies are usually higher compared to clumpy galaxies.

Similarly, the left panels of Figure 4.6 show the distribution of the gas-phase metallicity inferred
from the N2 index. We plot the best-fitting mass-metallicity relation, obtained by combining the
sample of galaxies with 1.4 < z < 2.6. We also plot the mass-metallicity relation from Sanders
et al. (2018) to compare with our derived gas-phase metallicity. Their mass-metallicity relation
was obtained from a sample of 260 SFGs in the MOSDEF sample at z ∼ 2.3. We note that the
slope of our mass-metallicity relation is shallower than that in the MOSDEF survey; however, using
their best-fitted mass-metallicity relation does not affect the main findings of this study. Finally,

83



we perform a two-sample Kolmogorov-Smirnov (KS) test to determine whether the eCDF of ∆Z for
nonclumpy galaxies is systematically lower than that of clumpy galaxies. The resulting p-values ρKS

are reported in the right panels of both Figure 4.5 and 4.6, where a value of ρKS < 0.05 indicates less
than a five percent probability that the observed difference in eCDFs arises by chance. In general,
we find that ρKS < 0.05, indicating that the two eCDFs are statistically different, and that clumpy
galaxies intrinsically have lower metallicities than nonclumpy galaxies. These results are consistent
with what we reported in Sok et al. (2025a).

It is worth noting potential selection biases in the underlying galaxy sample and how these may
affect the result. The CANUCS data consist of clumpy massive galaxies (above 1010.5 M⊙), with
no nonclumpy counterparts. These clumpy galaxies also have lower metallicity compared to the
mass-metallicity relation, and can likely bias our analyses. To assess whether this has any effect on
our results, we perform the same analyses but within a selected mass range of log(M∗/M⊙) < 10.5.
This gives a ρKS = 0.03 for the combined CANUCS and MOSDEF sample between 1.4 < z < 2.6.

4.6 Stellar Population of Clumps

As shown in the previous section, clumpy galaxies are generally metal-poor compared to nonclumpy
galaxies. The recent work of Estrada-Carpenter et al. (2025) further showed that clump populations
consist of those with metallicities similar to the host disk and those that are lower. The galaxies
that host lower metallicity clumps are generally found to have lower metallicities compared to those
galaxies that host clumps with no metallicity offsets. These observations suggest that clump for-
mation, at least those with lower gas-phase metallicity, is the result of a near-pristine gas accretion
event.

An interesting question is how the properties of star-forming clumps differ between those above
and below the mass-metallicity relation. The stellar masses and ages of clumps have been shown to
provide insights into their origins (e.g., Ribeiro et al. 2017; Zanella et al. 2019; Sok et al. 2025b).
In this section, we therefore examine clump properties as a function of their host galaxy’s offset
from the MZR. Here, we omit the LEGA-C samples because the deconvolved ground-based images
have lower resolution. The following analyses therefore present only the derived properties for the
CANUCS samples, including both HST and JWST imaging. Similar to Sok et al. (2025b), we only
compute the stellar properties of clumps found in galaxies that are not highly magnified (µ < 2)
and that are not edge on (axial ratio of q > 0.2).

We divide the sample into clumps hosted by galaxies above the MZR (∆Z > 0) and those below it
(∆Z < 0). In Figure 4.7, we present the distributions of clump stellar masses, ages and SED-derived
SFR for these two samples. To improve statistics, we combine the two redshift bins, resulting in
a sample of approximately 120 clumps between 1.3 < z < 2.6. We find that clumps whose host
galaxies lie below the MZR are generally less massive and younger, compared to clumps whose hosts
lie above the MZR. Furthermore, clumps found in galaxies below the MZR also have higher SFRs
(SED-derived) compared to those found above the MZR.

To quantify these differences, we perform the KS test to determine whether the mass and age
distributions of clumps in galaxies below the MZR are smaller and younger than those above the
MZR. For clump masses, the KS test returns a p-value greater than 0.05, suggesting that the masses
are not statistically different. In contrast, both the age and SFR distributions yield p-values less
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Figure 4.7: The kernel density estimate of clump masses, ages, and SED-derived SFR for clumps in
galaxies with ∆Z > 0 (purple) and ∆Z < 0 (green). In general, we find that clumps in galaxies that
lie below the mass-metallicity relation are younger and highly star-forming compared to clumps in
galaxies that lie above the mass-metallicity relation.

than 0.05, implying that clumps below the MZR are statistically younger and exhibit more active
star formation than those above the relation.

4.7 Discussion

The mass-metallicity relation (and similarly, the fundamental metallicity relation) provides an em-
pirical framework for connecting galaxy evolution to physical processes such as star formation, the
infall of metal-poor gas, and the outflow of enriched material. In particular, scatter in the gas-phase
metallicity around the relation is often interpreted as being driven by the accretion of metal-poor
gas and/or mergers. In this Section, we discuss whether mergers or accretion from cosmological
streams drive the resulting metallicity offset and clump formation.

Generally, metal-poor gas accretion events are suggested to lead to the dilution of the gas-phase
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metallicity (e.g., Sánchez Almeida et al., 2014; Ceverino et al., 2016; Sok et al., 2025a; Estrada-
Carpenter et al., 2025). On the other hand, mergers are also suggested to affect the scatter of the
mass-metallicity relation. In interacting galaxies, the metallicity dilution and enrichment can be
driven by the inflow of metal-poor or metal-rich gas already present within the merging galaxies. In
the former case, metallicity dilution of around 0.1 dex is often attributed to major mergers (with
a mass-ratio larger than µ > 1/3), while weaker amplitudes in metallicity offsets are expected for
minor mergers (Bustamante et al., 2018, 2020). This interpretation is often inferred from observing
an increase in metal dilution with respect to decreasing projected separation between galaxy pairs
(e.g., Omori and Takeuchi, 2022). However, the outcome of the enrichment process also likely
depends on the initial metallicities of the interacting galaxies. For example, Michel-Dansac et al.
(2008) found that the secondary member of minor mergers exhibits metallicities ∼0.2 dex higher
compared to the mass–metallicity relation, possibly due to accretion of enriched gas from the more
massive companion.

We further assess the merger scenario by comparing the observability timescales for the metallicity
dilution and mergers. For a 1:1 merger scenario, the metallicity dilution phase can persist for
∼0.5− 1.5 Gyr (Montuori et al., 2010; Grønnow et al., 2015; Bustamante et al., 2018), whereas the
merger observability timescale based on G–M20 morphology is 0.2–0.5 Gyr (Lotz et al., 2008, 2010).
Noting that the age of the clumps is comparable (< 500 Myr, Figure 4.7) to the merger observability
timescale, it implies that if mergers were the primary driver for the observed metallicity offset in
clumpy galaxies, we would expect to detect corresponding merger signatures in galaxies hosting
clumps that are younger than 500 Myr.

We use a statistical morphological classification based on the Gini coefficient (G) versus M20

(e.g., Lotz et al. 2004) to determine potential mergers. The Gini coefficient quantifies the inequality
of a galaxy’s pixel flux distribution, M20 measures how the brightest 20% of the light is spatially
distributed. We compute these nonparametric morphological quantities based on the stellar mass
maps of galaxies using statsmorph (Rodriguez-Gomez et al., 2019), where mergers have a merger
statistic that satisfies Smerger(G,M20) > 0. We adopt the updated merger statistics of Tan et al.
(2024), which were calibrated against visual classifications in the CANUCS fields to identify mergers
between 0.3 < z < 5.

Out of the 69 galaxies in CANUCS with robust metallicities, only 27 of them are classified as
clumpy. These clumpy galaxies are plotted in the G−M20 parameter space in Figure 4.8. We find
that only one galaxy is classified as being a merger. Additionally, the majority of clumpy galaxies
with clumps younger than 500 Myr are not classified as mergers. This suggests that the majority
of the galaxies in this sample (at least for the CANUCS sample) are likely experiencing metal-poor
gas accretion from a cosmological stream rather than mergers.

We note that merger classification based solely on Smerger(G,M20) is generally not complete
(e.g., Faisst et al. 2025), especially for systems in the final coalescence stage. Resolved kinematic
observations are therefore needed to identify such systems. While such information is not available
for the current sample, studies of <20 star-forming galaxies at z ∼ 0.8 show that the kinematics of
both clumpy and nonclumpy galaxies are broadly similar and consistent with rotation-dominated
systems (Sok et al., 2025a). Nevertheless, mergers-driven clumps may be more critical at z > 6 (e.g.,
de la Vega et al. 2025), or in an overdense environment (Sattari et al., 2023).

In this interpretation, Figure 4.7 then suggests a scenario in which the accretion of metal-poor
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Figure 4.8: The Gini-M20 relation for clumpy galaxies in the CANUCS field. The red line denotes
the dividing line between interacting and non-interacting systems.

gas drives metallicity dilution. Star formation then occurs within the accreted gas, as indicated by
the presence of younger, highly star-forming clumps in galaxies that lie below the mass–metallicity
relation. In contrast, the possible absence of younger, less massive clumps in galaxies that lie above
the mass-metallicity relation can be explained by feedback. As stars form and feedback mechanisms
shut off star formation, clumps are then subjected to mass-dependent disruptive processes, where
lower-mass clumps are preferentially destroyed (e.g., Ginzburg et al. 2021; Dekel et al. 2022).

4.8 Chapter 4 Conclusion

The formation of star-forming clumps is often linked to violent disk instabilities, where instabilities
in disks of high-z galaxies arise from the continuous accretion of cosmological gas. Until recently,
direct observational constraints on the link between clump formation and physical processes, such
as gas inflow, have been limited. In particular, independent studies have begun to report evidence
for gas inflow and metallicity dilution in clumpy galaxies, albeit for a small sample of < 30 galaxies
(Sok et al., 2025a; Estrada-Carpenter et al., 2025).

In this study, we compile spectroscopic and photometric data from the LEGA-C and MOSDEF
surveys, combined with new MOSFIRE observations of galaxies in the CANUCS fields, to investigate
the relationship between gas-phase metallicity and galaxy morphology. We infer metallicities using
the R23 and N2 indices in a sample of ∼ 300 galaxies between 0.6 < z < 2.6. The main findings are
summarized as follows:

• Across all redshift bins, clumpy galaxies exhibit, on average, lower metallicities compared to
non-clumpy galaxies, relative to the mass-metallicity relation (MZR).

• For clumps in the CANUCS field, we perform SED fitting to extract their masses, SFRs, and
ages in clumpy galaxies. We find no significant mass differences between clumps in galaxies
lying above or below the mass–metallicity relation (MZR).

• However, galaxies with metallicity below the MZR generally host younger and higher star-
forming clumps, compared to galaxies with clumps that lie above the MZR.

• Based on the Smerger(G,M20) classification of the stellar mass maps, we find that only one
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galaxy is consistent with being a merger. This indicates that lower metallicity observed in
clumpy galaxies are more likely driven by metal-poor gas accretion events rather than by
mergers.

Together, the results of this study support a scenario in which gas accretion events dilute metal
content in galaxies, as reflected in the young stellar populations of clumpy regions. Furthermore,
clump populations in galaxies with metallicity above the MZR are generally older and show less
star formation than those below the MZR, suggesting possibly episodic accretion events. Future
work incorporating resolved kinematic studies will be essential to disentangle the relative roles of
gas inflow and mergers in driving metallicity dilution and clump formation.
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Chapter 5

Conclusions

“The universe has many horrors yet to
throw at us. This is not the end of our
struggle. This is just the beginning of our
crusade to save Humanity.”
— Emperor of Mankind, Warhammer 40K
Lore

5.1 Summary

Across cosmic time, star formation occurs with scales ranging from a few parsecs, as seen in star
clusters in the nearby Universe, to sub-kiloparsec scales in clumpy star-forming regions near cosmic
noon. These sub-kiloparsec clumps are intriguing because of their abundance at higher redshifts
and their absence in the local Universe. Notably, the fraction of star-forming galaxies that host
clumps seems to follow the star formation rate density of the Universe (e.g., Shibuya et al. 2016; de
la Vega et al. 2025; Sok et al. 2025b), indicating that clumps are closely tied to the mass assembly
of galaxies. Understanding the mechanisms that drive clump formation is therefore essential for
constraining the physics of galaxy evolution.

Section 1.2 stages the questions asked in this dissertation by highlighting previous results on the
nature of clumps. Clumps are suggested to form due to violent disk instability. At the same time,
major mergers may play a secondary role, as indicated by the redshift evolution of the fraction of
clumpy galaxies and merger rates (e.g., Guo et al., 2015; Nakazato et al., 2024; de la Vega et al.,
2025). Although we have a broad understanding of the origins of clumps and their evolution, a
coherent picture of the detailed physics driving these processes remains elusive, mainly due to a
lack of observational data that can directly test them. Section 1.3 then sets the aims for this work,
namely to address these long-standing questions by examining the relationship between the resolved
properties of clumps and global properties of the host galaxy. This dissertation is not possible
without the data from ground-based spectroscopic observations with GNIRS (Sok et al., 2025a) and
MOSFIRE (Sok et al. in prep.), but also from high-resolution JWST CANUCS imaging (Willott
et al., 2022) of thousands of star-forming galaxies.
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The formation of clumps is commonly suggested to be driven by violent disk instability as the
result of gas accretion (e.g., Dekel et al. 2009b; van de Voort and Schaye 2012; Ceverino et al.
2016), where the gas contents are generally assumed to be metal-poor. This framework for clump
formation is motivated by other studies that found that galaxies at cosmic noon are generally gas-
rich (Tacconi et al., 2010; Daddi et al., 2010). In Chapter 2, we conduct a pilot study to provide one
of the first observational constraints on whether a physical process, such as an inflow of metal-poor
gas, drives clump formation. In measuring the gas-phase metallicity for a sample of ∼ 30 galaxies,
we find evidence that clump formation in clumpy galaxies is likely the result of metal-poor accretion
events, as suggested by lower metallicities observed in clumpy galaxies compared to non-clumpy
galaxies. We further find that the kinematics of clumpy galaxies are not significantly different from
those of nonclumpy galaxies. Particularly, both clumpy and nonclumpy galaxies are consistent with
being rotationally dominated. Several interpretation is drawn from this, where (1) this suggests
that mergers may not be responsible for clump formation and (2) whatever processes drive clump
formation act on short timescales.

Chapter 3 further examines clump formation and evolution. In particular, we identify clumpy
galaxies and their clumps in the CANUCS field and obtain resolved clump masses and ages via
SED fitting. We find that the aggregated clump stellar mass function (cSMF) has a power-law
slope of α = −2, consistent with a picture where clumps formed in-situ through turbulent-induced
gravitational instabilities (e.g., Dessauges-Zavadsky and Adamo 2018; Claeyssens et al. 2025). When
separating by mass, we find that the slope of the cSMF is flatter for massive galaxies (> 1010

solar masses) and shallower for less massive galaxies (< 1010 solar masses). This result suggests
that massive galaxies generally form more massive clumps, most likely due to their larger disks
(e.g., from Toomre analyses, as shown by Dekel et al. 2009b) and stronger rotationally supported
disks compared to less massive systems (Orr and Rennehan, 2024). Additionally, the initial mass
function depends on the gas fraction (as inferred from the empirical relation described in Wang et al.
2022), where massive clumps are preferably formed at higher gas fraction. The slope of the clump
stellar mass function becomes progressively flatter with increasing clump age, which may reflect the
combined effects of processes such as feedback, disruption, or clump–clump interaction. However,
it should be noted here that this could also be driven by selection effects, where selecting based on
the UV biases the identification of low-mass, older clumps.

Finally, Chapter 4 expands on the work of Chapter 2, by compiling and investigating the rela-
tionship between the gas-phase metallicity of galaxies and their morphologies of a sample of ∼ 300.
Similar to the previous work (Sok et al., 2025a), we find that clumpy galaxies generally have lower
metallicity than nonclumpy galaxies. A subset of these galaxies is in the CANUCS fields, enabling
us to extract their stellar masses, ages and SFR distributions (Sok et al., 2025b). These galaxies are
not mergers, as suggested by their G vs M20 morphological parameter (e.g., Lotz et al. 2004). We
also compare clump populations in galaxies with gas-phase metallicity below the mass-metallicity
relation ∆Z < 0 to those above ∆Z > 0. We find that galaxies with ∆Z < 0 host younger clumps
that are still actively forming stars.

Overall, the findings presented in this work paint a consistent picture that depicts the rise and
fall of clumps across cosmic time. Clump formation is attributed to a metal-poor gas accretion event,
leading to the formation of new clumps. The properties of clumps also seem to depend on those of
the host gas disk, with a higher gas fraction favouring clump formation. The mass distribution of
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clumps further dictates their survivability and evolution.

5.2 Outlook for the future

A wise man once told me that science is never done, and answering questions will lead to new
questions that need to be addressed. Therefore, new questions should be left for another day.
The findings above undoubtedly shed light on the mechanisms driving clump formation and their
evolution. Nevertheless, more work is needed to unambiguously determine mechanisms driving
clump formation. In particular, I highlight two avenues of research that can provide fruitful progress
in the field.

5.2.1 Linking Clump Formation to their Fuel Supply

The findings in Chapter 3 show that the nature of clumps is inevitably tied to their gas supply. In
particular, the rise and fall of clumps seemingly follow the redshift evolution of the molecular gas
density (see Fig. 3.6). However, observational constraints on the molecular gas content of clumpy
galaxies remain limited. Future work should therefore focus on probing the molecular gas of both
clumps and their host galaxies to address the fuel that drives clump formation.

Molecular gas is composed mainly of H2, which is difficult to detect directly. As a result,
mapping molecular gas in galaxies relies on indirect tracers such as CO, which are accessible with
ALMA observations (e.g., Tacconi et al. 2020). Combined with lensing fields from CANUCS, ALMA
observations of low-J CO transitions will trace the resolved molecular gas density, providing direct
constraints on the fuel supply to clumps. In particular, the data will enable tests of how clump
formation is linked to disk dynamics, as inferred from the CO lines, and whether more and more
massive clumps are formed in a rotationally-supported gas-rich disk. Moreover, when combined
with existing resolved stellar properties of clumps, such observations will provide crucial connections
between total gas fraction, clump masses and the gravitational boundness of clumps (as inferred by
their dynamical and free-fall timescales). These are needed to link the baryonic cycle from gas
accretion to star formation to stellar feedback. Of course, obtaining resolved CO maps with ALMA
is time-intensive and requires substantial allocations of observing time.

5.2.2 Is It Actually Just Raining Clumps?

The prevailing theory of clump formation is the accretion of low-metallicity gas onto a gas disk, which
leads to violent disk instability. Chapter 3 shows that the clump stellar mass function is consistent
with predominantly in-situ formation. The findings from Chapter 2 and Chapter 4 suggest that
clump origins are linked to a gas accretion event. At the same time, recently resolved metallicity
maps of a sample of ∼ 20 clumpy galaxies near z ≃ 1 obtained with JWST NIRISS grism observations
surprisingly show that some clumps also have low metallicity compared to the disks in which they
reside (Estrada-Carpenter et al., 2025). Such a finding is unexpected for clumps formed in-situ as
gas mixing is expected to equilibrate the metallicity, and instead suggests that some clumps may be
ex-situ gas clumps that are “raining" in. Together, these results highlight that the detailed physics
of clump formation remains unresolved.
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Discriminating between clumps of in-situ and ex-situ is not straightforward from visual classifi-
cation alone (e.g., Faisst et al. 2025). A more powerful approach is to examine their kinematics using
high-resolution integral-field spectroscopy (IFS). As suggested by Noguchi (1999), the kinematics of
clumps are expected to be coplanar if they formed via fragmentation, whereas clumps induced by
mergers or raining in will exhibit random orientations. Resolved IFS data also enable simultaneous
measurements of metallicity and kinematic offsets, as demonstrated by Morishita et al. (2025). Ex-
tending such observations for a larger sample will provide the necessary data to distinguish clumps
of in-situ origin and those of ex-situ origin, whether merger-induced or accreting.

Unfortunately, resolved IFS observations are also time-intensive. Forthcoming instruments and
next-generation telescopes are poised to make such studies more feasible. In particular, instruments
such as the Gemini Infrared Multi-Object Spectrograph (GIRMOS, Sivanandam et al. 2024) will
offer a novel technique for simultaneously correcting atmospheric aberrations across multiple objects.
Combined with the imminent arrival of 30+ meter ground-based telescopes, we are also entering an
exciting period for the study of galaxy evolution. The increased photon-collecting area of these
facilities, together with adaptive–optics–assisted spectroscopy, will enable the characterization of
resolved properties of star-forming clumps across statistically significant samples of galaxies.
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