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ABSTRACT OF THE DISSERTATION

Physical Properties of Galaxies at Small and Large Scales

by

Zahra Sattari

Doctor of Philosophy, Graduate Program in Physics

University of California, Riverside, June 2024

Dr. Bahram Mobasher, Chairperson

This thesis presents a comprehensive analysis of galaxies spanning a wide range in

mass and environment, using deep optical/infrared spectroscopy and high-resolution imaging

to understand the physical mechanisms deriving their formation and evolution. The research is

structured around three primary studies. 1) I studied the metal enrichment of galaxies in proto-

clusters and the effect of the environment on the mass-metallicity relation (MZR). I found that

massive galaxies residing in protoclusters are metal-deficient compared to galaxies in the field.

This implies that primordial cold gas, channeled through cosmic filaments, dilutes the metal con-
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tent of the protocluster; 2) I investigated the fraction of clumpy galaxies at 0.5 < z < 3, using

UVCANDELS and CANDELS imaging data to examine clump properties in star-forming galaxies.

The results reveal a peak in clumpiness around cosmic noon, with a decline towards the present

and a lack of environmental dependence, suggesting that internal processes predominantly drive

clump formation; 3) I extended the analyses to dwarf galaxies at z ∼ 0.15, establishing a robust

mass-metallicity relation and confirming the fundamental metallicity relation at low masses,

highlighting the nuanced interplay between star formation rate and gas-phase metallicity. I find

that the intrinsic scatter in the MZR is larger for dwarf galaxies compared to normal galaxies,

indicating more diverse star formation histories and/or stronger environmental effects in these

systems. This work advances our understanding of galaxy evolution across cosmic time, offer-

ing new insights into the mechanisms influencing star formation and chemical enrichment and

finding the complex interplay between internal dynamics and environmental factors in shaping

galaxy evolution.
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Chapter 1

Introduction

Galaxies, as fundamental building blocks of the universe, undergo a myriad of complex processes

that govern their formation and evolution over cosmic time. Various internal and external ac-

tivities influence these processes, including star formation, gas inflow from the circumgalactic

and intergalactic media (CGM/IGM), and gas outflow to the interstellar medium (ISM) due

to feedback mechanisms such as stellar winds, active galactic nuclei (AGNs), and supernova

explosions (White and Frenk, 1991; Dekel and Birnboim, 2006; Somerville and Davé, 2015).

Together, these interactions contribute to the “baryon cycle” within galaxies, shaping their prop-

erties and evolution (Lilly et al., 2013; Tumlinson et al., 2017).

Moreover, galaxies often reside within larger structures known as

groups/clusters/protoclusters. The environmental context, whether a galaxy is part of a

dense group/cluster or an isolated field, significantly impacts its evolutionary trajectory (e.g.,

Dressler, 1980; Mulchaey and Zabludoff, 1998; Peng et al., 2010).
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1.1 Environmental Impact on Metal Enrichment

The environment in which a galaxy resides plays a crucial role in its evolution. Galax-

ies in dense environments, such as clusters and protoclusters, experience different evolutionary

paths compared to those in the field. Environmental processes like ram pressure stripping,

galaxy harassment, and tidal interactions are postulated to significantly influence the gas con-

tent, star formation rates, and morphology of galaxies (Gunn and Gott, 1972; Moore et al.,

1996; Boselli and Gavazzi, 2006). For example, ram pressure stripping, caused by the inter-

action between a galaxy’s interstellar medium (ISM) and the intracluster medium (ICM), can

remove gas from galaxies, leading to a cessation of star formation (Gunn and Gott, 1972; Abadi

et al., 1999). Galaxy harassment involves frequent high-speed encounters between galaxies in

a cluster, which can induce morphological transformations and trigger bursts of star formation

or, conversely, quench star formation by heating the ISM and driving gas outflows (Moore et al.,

1996; Boselli and Gavazzi, 2006).

Observational studies have consistently shown that galaxies in dense environments

in the local universe tend to be more quiescent and exhibit higher fractions of early-type mor-

phologies compared to their counterparts in the field (Dressler, 1980; Peng et al., 2010; Woo

et al., 2013). Such environmental dependence is also found beyond the local universe out to

z ∼ 3 (Quadri et al., 2007; Patel et al., 2009a,b, 2011; Quadri et al., 2012; Balogh et al., 2016;

Darvish et al., 2016; Kawinwanichakij et al., 2017; Fossati et al., 2017; Nantais et al., 2017;

Ji et al., 2018; Pintos-Castro et al., 2019; Chartab et al., 2020; Ando et al., 2020; Old et al.,

2020). However, at high redshifts beyond z > 2, the relationship between environment and

galaxy evolution becomes more complex and less clear.
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Some studies suggest that galaxies in overdensities at z ∼ 2− 3 have lower star for-

mation rates (SFRs), following the same trend as the local universe (e.g., Patel et al., 2009a,b,

2011; Kawinwanichakij et al., 2017; Chartab et al., 2020). Conversely, other studies find that

protoclusters at similar redshifts exhibit elevated SFRs, indicating a reversal of the local trend

where dense environments quench star formation (e.g., Elbaz et al., 2007; Cooper et al., 2008;

Lemaux et al., 2022). Additionally, some studies show no significant difference in SFRs between

galaxies in dense environments and those in the field, suggesting no strong environmental effect

(e.g., Darvish et al., 2016). Together, these indicate that the influence of the environment on

galaxy evolution at high redshifts is still an open question and may depend on various factors

such as the specific properties of the protocluster, the stage of its evolution, and the selection

criteria of the galaxies studied (Overzier, 2016).

Beyond star formation rate, gas-phase metallicity is another crucial measurement for

understanding galaxy evolution. Metallicity, the abundance of elements heavier than hydrogen

and helium, is influenced by star formation and feedback processes such as supernovae and stel-

lar winds (Garnett, 2002; Brooks et al., 2007; Steidel et al., 2010; Martin et al., 2012; Chisholm

et al., 2018). These processes can enrich the ISM and affect the metal content of outflows into

the IGM (Heckman et al., 1990; Tremonti et al., 2004). A significant correlation has been ob-

served between gas-phase metallicity and stellar mass, known as the Mass-Metallicity Relation

(MZR), which holds up to z ∼ 3.5 (Lequeux et al., 1979; Tremonti et al., 2004; Erb et al., 2006;

Mannucci et al., 2009; Finkelstein et al., 2011; Steidel et al., 2014; Sanders et al., 2015, 2020).

This relation appears to evolve substantially with redshift, such that galaxies at a given stellar

mass have lower metallicities at higher redshifts (Maiolino and Mannucci, 2019).
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Star formation rates also appear to be correlated with metallicity. At a given stellar

mass, galaxies with lower SFRs tend to have higher metallicities (Mannucci et al., 2010; Sanders

et al., 2018). Gas accretion from the IGM introduces chemically poor gas into the ISM, which

can lower gas-phase metallicity while also providing additional fuel for star formation (Lilly

et al., 2013).

Studies have also shown varying degrees of environmental impact on metallicity. In

the local universe, studies have shown that at a given stellar mass, galaxies in overdensities

exhibit higher gas-phase metallicity compared to field galaxies (Cooper et al., 2008; Peng and

Maiolino, 2014). The accretion of metal-laden gas from recycling due to the outflows can cause

this increase in the metal content of the galaxies in overdensities. However, at higher redshifts,

the situation is less clear. Some studies report higher metallicities in protocluster galaxies at

z > 2 (Kulas et al., 2013; Shimakawa et al., 2015), while others find lower (Valentino et al.,

2015; Chartab et al., 2021) or no significant difference compared to field galaxies (Kacprzak

et al., 2015).

Therefore, understanding the interplay between metallicity, star formation, and en-

vironment is crucial for constructing a comprehensive picture of galaxy evolution. Chapter 2

of this thesis investigates these environmental impacts by analyzing the gas-phase metallicities

of galaxies within a protocluster at z = 2.2 in the COSMOS field, providing insights into how

external processes shape galaxy evolution in the key epoch of cosmic noon.
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1.2 Star-forming Clumps in High-Redshift Galaxies

High-resolution imaging of galaxies in the rest-frame UV has revealed the presence

of giant star-forming clumps, particularly in high redshift galaxies. These clumps, which are

typically a few hundred parsecs in size, are critical for understanding galaxy formation and

evolution as they represent intense regions of star formation. The formation and evolution

of clumps provide important information about the internal processes within galaxies and the

interaction between galaxies and their environments.

Clumps are believed to form through gravitational instabilities within gas-rich disks

and can migrate towards the galactic center, potentially contributing to bulge formation and the

growth of supermassive black holes (Dekel et al., 2009b; Bournaud et al., 2014). The migration

and eventual coalescence of these sub-structures can lead to the formation of central bulges in

galaxies, influencing their overall morphology. Studies have shown that the fraction of clumpy

galaxies increases with redshift, peaking around z ∼ 1.5, which suggests that clump formation

was more prevalent in the early universe (Guo et al., 2015; Shibuya et al., 2016). This trend

aligns with the observation that galaxies at higher redshifts have higher gas fractions and more

turbulent disks, conditions that favor clump formation (Wisnioski et al., 2015).

Previous studies have utilized data from the Hubble Space Telescope (HST) to identify

and analyze clumps in star-forming galaxies. For example, Guo et al. (2015) used HST imaging

to study the fraction of clumpy galaxies in The Cosmic Assembly Near-IR Deep Extragalactic

Legacy Survey (CANDELS; Grogin et al., 2011; Koekemoer et al., 2011) fields and found that

the fraction of clumpy galaxies is higher in lower mass galaxies and increases with redshift.

Additionally, Shibuya et al. (2016) analyzed a large sample of galaxies from various HST surveys
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and confirmed that clumpy galaxies are more common at higher redshifts. These studies provide

valuable insights into the processes driving clump formation and their role in galaxy evolution.

Recently, UVCANDELS (Ultraviolet Imaging of the Cosmic Assembly Near-infrared

Deep Extragalactic Legacy Survey) has provided unique imaging data covering the far UV for

galaxies in a wide redshift range of z = 0.5− 2, enabling a comprehensive analysis of clumpy

star-forming regions across a broad span of cosmic time. Chapter 3 of this thesis leverages these

datasets, combined with CANDELS, to study clumps across z ∼ 0.5− 3, enhancing our under-

standing of their role in galaxy evolution and their connection with the galaxy environment.

The environment in which these clumpy galaxies reside can also play a role in the

formation and evolution of clumps. In dense environments such as clusters and protoclusters,

interactions such as mergers and tidal forces can trigger clump formation and influence their

subsequent migration and coalescence. Conversely, in less dense field environments, the forma-

tion and survival of clumps can be more influenced by internal processes such as disk instabilities

and supernova feedback. Therefore, studying the properties of star-forming clumps across dif-

ferent environments can help constrain the mechanisms that drive the formation of clumps. By

tracking the dependence of clump formation—and its associated star formation activity—on

environment and time, we can test the extent to which the accelerating rise of the large-scale

structure itself plays a role in shaping the cosmic star formation rate density (Madau and Dickin-

son, 2014) at late times or in the evolving variations of galaxy SFR, morphology, and metallicity

across time and environment.

With the James Webb Space Telescope (JWST) now operational, this field is set to

be revolutionized by its high-resolution imaging and spectroscopy capabilities in the infrared.
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Data from JWST will allow for detailed spectral energy distribution (SED) fitting of clumps,

offering insights into their stellar populations, star formation histories, and dust content. In the

future, such data will enable a more comprehensive understanding of the physical properties of

star-forming clumps and their impact on galaxy formation and evolution.

1.3 Dwarf Galaxies

Dwarf galaxies, with their low masses (M∗ < 109 M⊙), offer unique insights into the

processes of galaxy formation and evolution. They are the most numerous type of galaxy and

play a vital role in the hierarchical framework of structure formation. Today’s larger galaxies

have their origins in these low-mass structures from the early universe. Thus, accurately model-

ing dwarf galaxies in galaxy formation theory is essential. Without a robust understanding and

representation of these galaxies at later stages, confidence in the theoretical modeling of earlier

galaxy formation remains uncertain.

It is widely believed that dwarf galaxies were pivotal contributors to the ionizing pho-

ton budget during the reionization era and also play a significant role in the metal enrichment

of the circum-/intergalactic medium (CGM/IGM) (e.g., Robertson et al., 2010; Lin et al., 2023).

While dwarf galaxies might be intuitively simpler to study, being predominantly in-situ hubs of

star formation and having minimal merger contributions, the current simulation models have

struggled to capture the vast diversity observed in their properties – a challenge often referred

to as the “dwarf diversity problem” (Sales et al., 2022). There has been an increased focus on

the observational study of dwarf galaxies in recent years. However, the primary obstacle has

been the scarcity of detailed photometric and spectroscopic data.
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Due to their shallow gravitational wells, dwarf galaxies are highly susceptible to feed-

back processes, such as supernova explosions and stellar winds, which can expel gas and sup-

press star formation (Dekel and Silk, 1986; Silk, 2003). This makes them excellent laboratories

for studying the effects of feedback on galaxy evolution. Additionally, dwarf galaxies provide

valuable information about the metal enrichment history of galaxies. The mass-metallicity re-

lation (MZR) for dwarf galaxies shows significant scatter, reflecting their sensitivity to environ-

mental effects and internal processes (Berg et al., 2012; Jimmy et al., 2015). For example,

Zahid et al. (2012) found that the scatter in the MZR increases at lower stellar masses, indi-

cating that dwarf galaxies are more affected by stochastic events like bursts of star formation

and supernova-driven winds. Additionally, Berg et al. (2012) used spectroscopic data to study

the metallicities of a sample of local dwarf galaxies and found that these galaxies exhibit a

wide range of metallicities, highlighting the diverse evolutionary paths of low-mass systems.

Gallagher et al. (1984) show that galaxies at these masses tend to have rising Star formation

histories (SFHs) at late times (see also Kelson, 2014; Kelson et al., 2020), having not yet ex-

hausted their cosmic gas supply on average, unlike massive galaxies that have been studied with

far more detail and attention.

Chapter 4 of this thesis is dedicated to the optical spectroscopy of dwarf galaxies at

z ∼ 0.15 in the COSMOS field. By examining a unique spectroscopic sample of more than

300 dwarf galaxies, this work provides detailed measurements of their physical properties, star

formation rates, and gas-phase metallicities. We also compare these dwarf galaxies to a sample

of ∼ 700 galaxies at slightly higher masses, observed in a similar fashion, to better understand

the subtle differences in galaxy properties with stellar mass. This study significantly enhances
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our comprehension of the metal enrichment history in dwarf galaxies, shedding light on their

pivotal contributions within the broader framework of galaxy evolution.
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Chapter 2

Evidence for gas-phase metal

deficiency in massive protocluster

galaxies at z ∼ 2.2

Abstract

We study the mass-metallicity relation for 19 members of a spectroscopically-confirmed pro-

tocluster in the COSMOS field at z = 2.2 (CC2.2) and compare it with that of 24 similarly

selected field galaxies at the same redshift. Both samples are Hα emitting sources, chosen from

the HiZELS narrow-band survey, with metallicities derived from N2 ( [NII]λ6584
Hα ) line ratio. For

the mass-matched samples of protocluster and field galaxies, we find that protocluster galax-

ies with 109.9M⊙ ≤ M∗ ≤ 1010.9M⊙ are metal deficient by 0.10± 0.04 dex (2.5σ significance)

compared to their coeval field galaxies. This metal deficiency is absent for low mass galaxies,

M∗ < 109.9M⊙. Moreover, relying on both SED-derived and Hα (corrected for dust extinction
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based on M∗) SFRs, we find no strong environmental dependence of SFR-M∗ relation, however,

we are not able to rule out the existence of small dependence due to inherent uncertainties in

both SFR estimators. The existence of 2.5σ significant metal deficiency for massive protocluster

galaxies favors a model in which funneling of the primordial cold gas through filaments dilutes

the metal content of protoclusters at high redshifts (z ≳ 2). At these redshifts, gas reservoirs

in filaments are dense enough to cool down rapidly and fall into the potential well of the pro-

tocluster to lower the gas-phase metallicity of galaxies. Moreover, part of this metal deficiency

could be originated from galaxy interactions which are more prevalent in dense environments.

2.1 Introduction

In the standardΛCDM cosmological scenario, structures form from the growth of small

fluctuations through gravitational instability. Dark matter structures grow by two main pro-

cesses: By merging small halos to form the larger ones or by smooth accretion of dark matter

from their immediate environment. Baryons fall into the potential well of these dark matter

structures and feed galaxies within those structures with cold pristine gas, which allows them

to form their stars. Galaxy clusters observed in the present Universe are the largest virialized

dark matter halos that are populated with massive and evolved galaxies (e.g., Dressler, 1980;

Balogh et al., 2004; Kauffmann et al., 2004; Peng et al., 2010). At high redshifts (z ≳ 2), most

of these clusters have not yet had the time to virialize and consist of subhalos which will then

merge and form the massive clusters present in the local Universe. Direct observations of the

progenitors of these clusters at high redshifts, known as protoclusters, provide useful informa-

tion about the processes involved in the early stages of structure formation.
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It is now well established that, at a given redshift, the interstellar medium (ISM) of

massive galaxies is more metal-enriched than that of low mass galaxies. This correlation, known

as mass-metallicity relation (hereafter MZR), is observed out to z ∼ 3.5 (see review by Maiolino

and Mannucci, 2019, and references therein). The infall of cold gas from intergalactic medium

(IGM) provides the fuel for galaxies to form their stars, which are the factories responsible for

metal production in galaxies. However, galaxies are not very efficient in forming stars as the

cold gas accretes into their potential well. Behroozi et al. (2013a) found that the star formation

efficiency of galaxies (the star formation rate (SFR) divided by the baryon accretion rate) can

reach a maximum of ∼ 55%. Therefore, the extra primordial cold gas that could not convert to

stars dilutes the metal content of the ISM. This mechanism can explain observations where, at

a given stellar mass, galaxies with higher SFR have lower gas-phase metallicity (e.g., Mannucci

et al., 2010; Lara-López et al., 2010a; Stott et al., 2013; Sanders et al., 2018). More interestingly,

many studies suggest that these two parameters, SFR and gas accretion rate, depend on the

environment of galaxies even at high redshift Universe (Darvish et al., 2016; Kawinwanichakij

et al., 2017; Chartab et al., 2020). Thus, comparing gas-phase metallicity of galaxies in extreme

environments and high redshifts, such as protoclusters, with a similarly selected population of

field galaxies at the same redshift can provide valuable insights about galaxy evolution processes

and their environmental dependencies.

Although in the local Universe, most of the studies found evidence for environmental

imprint on the MZR (e.g., Cooper et al., 2008; Ellison et al., 2009; Peng and Maiolino, 2014;

Sobral et al., 2015), environmental dependence of the MZR at high redshift is still controversial.

Some studies found an enhancement in the gas-phase metallicity of galaxies in protoclusters
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compared to their field counterparts at z ∼ 2 (Kulas et al., 2013; Shimakawa et al., 2015).

However, there is observational evidence of metal deficiency in protocluster galaxies at z ∼ 2

compared to their field counterparts, according to Valentino et al. (2015). Moreover, Chartab

et al. (2021) studied the relation between the local density of MOSFIRE Deep Evolution Field

(MOSDEF; Kriek et al., 2015) galaxies and their gas-phase metallicities and found that galaxies

in overdensities have ∼ 0.07 dex lower metallicity than the field galaxies at z ∼ 2.3. On the

other hand, Kacprzak et al. (2015) and Alcorn et al. (2019) found no significant environmental

dependence on the MZR of galaxies at z ∼ 2.

In this paper, we study the MZR for galaxy members of the recently confirmed pro-

tocluster, CC2.2, in the Cosmic Evolution Survey (COSMOS; Scoville et al., 2007) at z ∼ 2.2

(Darvish et al., 2020). We then compare this relation with a control sample of similarly selected

field galaxies. Both protocluster and field samples are Hα emitting sources, selected from the

narrow-band High-Z Emission Line Survey (HiZELS; Geach et al., 2012; Sobral et al., 2013,

2014). The paper is organized as follows: In Section 2.2, we describe the KeckI/MOSFIRE ob-

servations and data reduction procedure followed by stellar mass measurements and sample

selection. We then explain the stacking process and measurements of gas-phase metallicities in

Section 2.3. In Section 2.4, we construct the MZR for both protocluster and field samples and

compare them to deduce the role of the environment in MZR at z ∼ 2.2. We discuss our results

in Section 2.5.

Throughout this paper, we assume a flat ΛCDM cosmology with H0 = 70 kms−1Mpc−1,

Ωm0
= 0.3 andΩΛ0

= 0.7. All the physical parameters are measured assuming a Chabrier (2003)

initial mass function (IMF).
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2.2 Data

2.2.1 MOSFIRE Observation

In this paper, we use near-IR spectroscopy of galaxies in a recently confirmed proto-

cluster, CC2.2, at z ∼ 2.2 (Darvish et al., 2020), in the COSMOS field (Scoville et al., 2007). The

spectroscopic observations were conducted with KeckI/MOSFIRE NIR multi-object spectrograph

(McLean et al., 2012) in December 2018 and January 2019 in both K(∼ 1.92− 2.40µm) and

H(∼ 1.47−1.81µm) bands, leading to 35 confirmed members. The primary spectroscopic sam-

ple comprises the narrow-band Hα emitting candidates from the HiZELS survey (Geach et al.,

2012; Sobral et al., 2013, 2014). For a full description of the protocluster identification and

observation, we refer readers to Darvish et al. (2020).

As a control sample, we use KeckI/MOSFIRE spectroscopic observations of 24 field

galaxies in the redshift range 2.22≤ z ≤ 2.24, located in less-crowded regions of the COSMOS

(16 galaxies) and UDS (8 galaxies) fields. All these field galaxies were observed over the ob-

serving programs during 2018-2019 (PI: N. Z. Scoville) in K band (a few in H band as well)

and are selected similarly from the HiZELS survey to avoid any biases introduced by sample

selection.

The observations were performed the same way for both field and protocluster galax-

ies, minimizing any source of bias. All the observing nights were conducted under clear condi-

tions with the average seeing of 0.5′′, and a typical exposure time of ∼ 90 minutes per mask.
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2.2.2 Data Reduction

The acquired data were reduced using the MOSFIRE data reduction pipeline (DRP).

The outputs of the DRP are rectified, sky-subtracted, and wavelength-calibrated 2D spectra

and their associated uncertainties. We then extract optimally weighted 1D spectra and their

errors using the optimal extraction algorithm (Horne, 1986). We weight the flux of each pixel

by the inverse of the flux variance and the spatial extent of the 2D spectrum in an optimized

window and then, sum the weighted fluxes along the wavelength axis. The size of the optimized

window is determined such that the bright features with the highest signal-to-noise (S/N) in the

2D spectrum are surrounded by the window. The weighted summation within the optimized

window produces 1D spectra of the sources along with their errors. Figure 2.1 shows an example

of the 2D and optimally extracted 1D spectra for a field galaxy and a protocluster member.

We fit a triple Gaussian function to the reduced 1D spectra to extract [NII]λ6548,

Hα and [NII]λ6584 emission line fluxes. We require a constant value for the continuum and

the same width for all three emission lines. The line fluxes are the integration of the best fit

Gaussian function to the 1D spectra. For the error calculation, we perturb the 1D spectra 1000

times and remeasure the line fluxes. The standard deviation of these 1000 measurements is

assigned as the uncertainty in line fluxes. The redshifts of the sources are measured based on

the peak of Hα emission lines with S/N ≥ 3.

2.2.3 Stellar Masses and SFRs

We estimate the stellar masses (M∗) and SFRs of galaxies by fitting synthetic spectral

energy distributions (SED) to their available photometric data (COSMOS: Laigle et al. (2016);
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UDS: Mehta et al. (2018)). To perform the SED fitting, we utilize Bayesian Analysis of Galaxies

for Physical Inference and Parameter EStimation (Bagpipes) code (Carnall et al., 2018), which

uses 2016 version of a library of Bruzual and Charlot (2003) synthetic spectra. We fix the

redshifts of galaxies to their spectroscopic values, considering delayed exponentially declining

star formation history, te−t/τ. A range of 0.3− 10 Gyr with a uniform prior is assumed for the

star formation e-folding time-scale (τ). The nebular emission models which are constructed

based on the methodology of Byler et al. (2017) are added to the SEDs. Also a metallicity range

0< Z/Z⊙ < 2.5 with a logarithmic prior and a Calzetti et al. (2000) extinction law are adopted.

The SFRs of the galaxies are also estimated using their Hα emission line fluxes taken

from HiZELS survey (Sobral et al., 2013). Since the H band data are not available for most

of the sample, following Sobral et al. (2012) and Koyama et al. (2013), we utilize Garn and

Best (2010) calibration to correct the Hα luminosity for the dust extinction based on the stellar

masses of the galaxies. We then convert the dust-corrected Hα luminosity to SFR using the

calibration from Kennicutt (1998): SFR(M⊙yr−1) = 7.9 × 10−42LHα(erg/s). One should note

that the SFR derived from this method is highly uncertain due to the existence of a large scatter

in dust attenuation calibration based on the stellar mass.

2.2.4 Sample Selection

We select galaxies with significant detection in Hα emission lines (S/N≥ 3). We ex-

clude galaxies with M∗ < 109.5M⊙ to construct a mass complete sample. We also remove poten-

tial mergers by visual inspection of their spectra and images, as well as the active galactic nuclei

(AGNs). The AGNs are identified through their broad emission lines, X-ray flags included in

the UDS and COSMOS catalogs, or IR emissions (Donley et al., 2012). Moreover, optical AGNs
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are excluded by requiring log( [NII]λ6584
Hα ) < −0.3 (Coil et al., 2015). These criteria result in 19

protocluster members at z = 2.23 and 24 field galaxies at the same redshift, spanning a narrow

redshift range 2.22≤ z ≤ 2.24.

2.3 Composite spectra

2.3.1 Stacking Analysis

We measure the gas-phase metallicity of galaxies, using the N2 ( [NII]λ6584
Hα ) line ratio.

Due to the prevalence of [NII]λ6584 undetected galaxies in our low-mass sample (S/N < 3),

we use stacking technique. To stack the spectra, we divide the sample into three stellar mass

bins, with an equal number of objects in each bin, for both the protocluster and field galaxies.

We provide the range of stellar mass bins and the number of galaxies residing in each bin for the

field and protocluster samples in Table 2.1. We then shift the spectra of galaxies to their rest-

frame and normalize them by the total Hα luminosity. In each mass-bin, we bin the normalized

spectrum with a resolution of 0.5 Å. The stacked spectrum is calculated as the weighted average

of the spectra in each 0.5 Å bin:

f̃ (λ)stacked =

∑

i

f̃i(λ)
σi

2

∑

i

1
σi

2

, (2.1)

where f̃i(λ) is the flux density of each normalized spectrum, σi is its corresponding standard

deviation, and f̃ (λ)stacked is the composite spectrum with the uncertainty of

√

√

√1/(
∑

i

1
σi

2
) in

each mass-bin. The protocluster and field galaxies are also bootstrap resampled 100 times to
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take into account the sample variance. To perform the bootstrap resampling, we draw a random

sample of galaxies from the original sample considering replacement. The replacement allows

us to have a random sample that may include some duplicate members from the original sample,

or may not contain some of the galaxies from the initial sample. This process is repeated 100

times and each time we end up having new stacked spectra. The sample variance is calculated

using the standard deviation of these 100 trials.

Table 2.1: The stellar mass range of each mass bin in the stacking process

Sample log M∗
M⊙

Number of galaxies

Field
[9.5,9.7) 8
[9.7,10) 8
[10,10.8] 8

Protocluster
[9.5,9.8) 7
[9.8,10.5) 6
[10.5,11.2] 6

2.3.2 Metallicities

Since only a few field galaxies are observed in the H band (∼ 10% of the field galaxies),

we utilize rest-frame optical emission line in the observed K band to measure the gas-phase

metallicities. This is done by measuring the best-fit [NII]λ6584 and Hα emission line intensities

and estimating the gas-phase metallicity using the N2 ( [NII]λ6584
Hα ) line ratio.

To measure the line fluxes and their uncertainties for the stacked spectra, we use

the same methodology described in Section 2.2.2 for the individual spectra. Since the stacked

spectra are normalized by the Hα luminosity, the area underneath the [NII]λ6584 line in the

stacked spectra corresponds to 〈 [NII]λ6584
Hα 〉.
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In order to measure the gas-phase oxygen abundance (12 + log(O/H)) of galaxies,

we employ the empirical calibration from Pettini and Pagel (2004), which is based on electron

temperature measurements in the local HII regions, and is given by 8.9+ 0.57 log(N2).

2.4 Results

2.4.1 SFR-M∗ Relation

Different studies have shown that the fundamental metallicity relation (FMR) exists

for galaxies at z ∼ 2 (Mannucci et al., 2010; Sanders et al., 2018). According to this relation, at

a given stellar mass, galaxies that have a higher SFR tend to have lower gas-phase metallicities.

Thus, before studying the environmental dependence of the MZR in our sample, to investigate

any possible dependence between the environment of the galaxies and their SFRs we show the

relation between the SFR of the field and protocluster galaxies and their stellar masses in Figure

2.2. The SFR in the left panel is calculated from SED fitting, while the right panel shows the Hα

SFRs (corrected for extinction as mentioned in section 2.2.3) as a function of stellar mass.

An important issue in the SFR estimation using these two methods is that there are

large uncertainties in both measurements. This will not allow us to rule out any small envi-

ronmental dependence of the main sequence, if exists. For a better comparison, we also add

the best-fit line from Koyama et al. (2013) in the right panel of Figure 2.2. Our result is in

agreement with theirs, showing no significant environmental dependence of the main sequence

galaxies for our star forming sample.
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2.4.2 Mass-Metallicity Relation

In this section, we study the MZR for the field and protocluster samples to investigate

the role of the environment in the gas-phase metallicity of galaxies at fixed M∗. As discussed in

Section 2.3.1, we divide the sample into three stellar mass bins with equal number of galaxies

in each bin. Figure 2.3 shows the MZR for the stacked spectra and individual galaxies. The

metallicities of the stacked spectra in three stellar mass bins are shown in blue (red) squares for

field (protocluster) galaxies. The stellar mass uncertainty in the stacked data points shows 1σ

scatter in each bin.

As shown in Figure 2.3, in the stellar mass range 109.7M⊙ ≲ M∗ ≲ 1010.5M⊙, the

average protocluster galaxies have a relatively lower metallicity than the average field galaxies

by ∼ 0.1 dex. However, the gas-phase metallicity of low-mass galaxies, M∗ < 109.7M⊙, do not

significantly depend on the environment. Moreover, in the massive end of the MZR (M∗ >

1010.5M⊙), due to the small number of field galaxies, we cannot draw robust conclusions on the

MZR variation between the field and protocluster galaxies. In the following section, we match

the stellar mass distributions of protocluster and field samples to properly isolate the effect of

stellar mass from galaxy environment.

2.4.3 The Mass-Matched Samples

It is known that protoclusters often host more massive galaxies compared to the field.

Therefore, to have a reliable comparison between the metallicity of protocluster and field galax-

ies at fixed stellar mass, the two samples should have similar stellar mass distributions. Other-

wise, any change in the MZR may be attributed to the differences in stellar mass distributions.
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Figure 2.3: MZR for the field (blue circles) and protocluster (red circles) galaxies at z ∼ 2.2,
without controlling for the stellar mass distribution (mass-matching). The 1σ upper-limits for
galaxies with undetected [NII]λ6584 line are shown with inverted triangles. The solid blue
(red) squares indicate the metallicity measurements for stacked spectra of field (protocluster)
galaxies in three bins of stellar mass. The error bars are smaller than the square symbols if not
shown. Also, the horizontal error bars in the stacked data show the 1σ scatter in the stellar
mass of each bin.
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The left panel in Figure 2.4 shows the stellar mass distribution for the field and proto-

cluster galaxies. It is clear that, for protocluster galaxies in the massive end of the distribution,

there is no analog of the field galaxy, resulting in a biased comparison between field and proto-

cluster samples. We resolve this by constructing the mass-matched samples. Similar to Chartab

et al. (2021), we match the stellar mass distributions of field and protocluster galaxies with the

resolution of log(M∗/M⊙) = 0.1 dex, which is the typical stellar mass uncertainties computed

in section 2.2.3. As a result of mass-matched distributions, we have the same number of proto-

cluster and field galaxies in each stellar mass bin of log(M∗/M⊙) = 0.1 (green hatched region

in the left panel of Figure 2.4).

However, there is not a unique way to subsample data and construct mass-matched

samples. For instance, four protocluster galaxies are in the mass range 109.5M⊙ ≤ M∗ ≤

109.6M⊙, but just two field galaxies are in this range of stellar mass. Thus, to take into account

all the galaxies that reside in each mass-matched region, we randomly subsample galaxies 500

times and each time, we construct the stacked spectra and perturb them based on their uncer-

tainties. The stacking process is the same as described in Section 2.3.1, where we consider both

measurement errors and sample variance. The average and standard deviation of 500 trials

correspond to the composite spectrum and its error, respectively. The right panels in Figure 2.4

show the composite spectra for the mass-matched sample of protocluster and the field galaxies

in two stellar mass bins 109.5M⊙ ≤M∗ < 109.9M⊙, and 109.9M⊙ ≤M∗ ≤ 1010.9M⊙.

We report the gas-phase metallicities of the field and protocluster galaxies for the mass-

matched samples in Table 2.2. Red (blue) squares in Figure 2.5 (top panel) show the MZR for

the stacked protocluster (field) sample in two stellar mass bins 109.5M⊙ ≤ M∗ < 109.9M⊙, and
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109.9M⊙ ≤ M∗ ≤ 1010.9M⊙. The metallicity estimates for all the galaxies in the mass-matched

samples are also included in the figure. At z ∼ 2.2, the protocluster galaxies in the massive

end of the MZR are metal deficient by 0.10± 0.04 (2.5σ significance) dex compared to those

residing in the field. However, this deficiency is not significant (< 1 σ) in the lower mass bin

(0.03± 0.06 dex), possibly due to the prevalence of non-detections and/or small sample size.

Table 2.2: Gas-phase metallicities of the stacked spectra for the mass-matched samples. The
second and third columns show stellar mass ranges and the mean value of mass in each range,
respectively.

Environment log M∗
M⊙

〈log M∗
M⊙
〉 〈12+ log(O/H)〉

Field
[9.5,9.9) 9.62± 0.04 8.38± 0.04
[9.9,10.9] 10.25± 0.12 8.50± 0.03

Protocluster
[9.5,9.9) 9.62± 0.03 8.35± 0.05
[9.9,10.9] 10.25± 0.12 8.40± 0.03

2.4.4 Comparison with Literature

To compare our results with those in the literature, we show the offset between the

average gas-phase metallicity of the protocluster (galaxies in overdense regions) and the field

galaxies from different studies (including the present work) as a function of stellar mass in

Figure 2.5 (bottom panel).

We emphasize that gas-phase metallicity is calibrated locally and its absolute value at

high redshift could be uncertain (Steidel et al., 2014; Shapley et al., 2019). However, when we

study relative metallicity and estimate the difference of metallicities between field and proto-

cluster galaxies, the calibration effect is not a concern.

Moreover, consideration of selection biases is essential in measuring the MZR (Stott

et al., 2013). Different selection criteria for protocluster and field samples result in an unreliable
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comparison between their respective metallicities. As both protocluster and field samples in the

present work are Hα-selected, the metallicity offset does not suffer from such selection biases.

Kulas et al. (2013) studied the MZR of a protocluster sample at z = 2.3 and compared

it with field galaxies at the same redshift. Both samples are selected based on their rest-frame

UV emission. The gas-phase metallicity of their sources is calculated using N2 indicator. In the

lower stellar mass bin (M∗ ∼ 1010M⊙), they found an offset of 0.15 dex between the metallicity

of protocluster and field galaxies, i.e., their field sample is more metal deficient than the pro-

tocluster. Our result is in contrast with their findings, possibly due to the fact that they did not

employ mass-matched samples.

Also, in the stellar mass range covered in this paper, Shimakawa et al. (2015) found

metallicity enhancement (∼ 0.15 dex) for two protoclusters at z = 2.2 and z = 2.5 compared

to the field sample of Erb et al. (2006) at z = 2.2. A part of this enhancement can be caused by

different selection criteria they used for protocluster and field samples (Their protoclusters are

narrow-band selected, but the field sample from Erb et al. (2006) is UV-selected). Comparing

our field sample with the UV-selected sample of Erb et al. (2006), we notice that in the low-

mass end of the MZR, the narrow-band selected sample has systematically higher metallicity

compared to the UV-selected sample. Thus, the disagreement between the present work and

Shimakawa et al. (2015) can be originated from selection biases.

Kacprzak et al. (2015) found no significant difference between the MZR of a proto-

cluster at z = 2 and a field sample at the same redshift. On the other hand, Valentino et al.

(2015) found that a protocluster sample at z ∼ 2 with M∗ ∼ 1010.5M⊙ is 0.25 dex metal defi-

cient compared to field galaxies at the same redshift. Their results are in qualitative agreement
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with the results in this study; however, we find∼ 0.1 dex metal deficiency for protocluster galax-

ies compared to the field sample in the massive end of the MZR at z ∼ 2.2. Moreover, Chartab

et al. (2021) recently studied the environmental dependence of the MZR for a sample of H-

band selected galaxies in the MOSDEF survey at 1.37 ≤ z ≤ 2.61. For a mass-matched sample

in the redshift range 2.09 ≤ z ≤ 2.61, they found ∼ 0.07 dex metal deficiency for galaxies in

overdense regions compared to field galaxies. As shown in the bottom panel of Figure 2.5, our

results are in agreement with their findings. Additionally, they found that this metal deficiency

increases by the stellar mass, which is also seen in our result in Figure 2.5 (top panel).

2.5 Summary and Discussion

In this paper, we studied the mass-metallicity relation for 19 galaxies in a spectroscop-

ically confirmed protocluster at z ∼ 2.2 in the COSMOS field and compared it with the MZR of

a field sample with 24 galaxies at the same redshift. We used [NII]λ6584
Hα ratio to measure the

gas-phase metallicity of these galaxies. After matching the stellar mass distributions of field and

protocluster samples, we found that the protocluster galaxies with 109.9M⊙ ≤ M∗ ≤ 1010.9M⊙

are 0.10 ± 0.04 dex (2.5σ significance) metal deficient in comparison to field galaxies at the

same redshift. However, this metal deficiency is not significant for low-mass galaxies.

Darvish et al. (2020) predicted that this protocluster will grow to a Coma-type clus-

ter with ∼ 9 × 1014M⊙ at z = 0. Dekel and Birnboim (2006) found that at z ≲ 2, halos with

Mhalo ≳ 1012M⊙ will be dominated with hot-mode accretion. However, as we go to higher red-

shifts, cold streams can penetrate massive halos from filaments hosting dense pristine gas (Kereš
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et al., 2005). Based on halo mass evolution trajectories of Behroozi et al. (2013b), we estimate

that the progenitor of this protocluster at z ≳ 2.5 has Mhalo ≲ 1013.5M⊙, where the protocluster

is in a phase that hosts cold streams in hot media (Dekel and Birnboim, 2006). Therefore, the

observed protocluster at z = 2.2 was experiencing cold streams until ∼ 0.5 Gyr ago (z ≥ 2.5),

which dilutes the gas-phase metallicity of galaxies residing in the protocluster. After the termi-

nation of cold streams, the protocluster galaxies continue to process their gas reservoirs until

their star formation fully shuts down. However, 0.5 Gyr is a short time for the protocluster

galaxies to significantly enrich their ISM metal content due to star formation. As a result, we

are still witnessing metal deficiency for the members of this protocluster at z = 2.2 compared to

field galaxies. We also expect that the SFRs of the protocluster galaxies increase due to a higher

fraction of cold gas, but we are not able to confirm this effect, possibly due to the small sample

size and inherent uncertainties in SED-derived and Hα (mass-dependant extinction corrected)

SFRs, which prevent us from detecting weak environmental dependence of SFR at a given M∗.

Future H-band spectroscopies of our sample can properly constrain the environmental depen-

dence of SFR given the dust-corrected Hα luminosities, where the attenuation is derived from

Balmer decrements.

In addition, the prevalence of minor/major mergers in dense environments at high

redshifts (Hine et al., 2016; Watson et al., 2019) can explain a part of the metal deficiency

observed in the present work. Although we exclude potential ongoing mergers in our sample,

our protocluster galaxies could be descendants of recently-merged galaxies at higher redshifts.

Minor and major mergers could provide a higher fraction of cold pristine gas for galaxies, in-

creasing their SFR and lowering their metallicities (Horstman et al., 2020).
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Moreover, the stellar mass dependence of metal deficiency (i.e., the absence of signifi-

cant metal deficiency for low mass galaxies) can be explained by: 1) Massive galaxies located in

deeper potential wells, being fed by metal-poor cold streams from the cosmic web (Dekel et al.,

2009b), 2) Scaling of the merger fraction with the stellar mass of the galaxies. Duncan et al.

(2019) showed that the major merger fraction for massive galaxies (M∗ > 1010.3M⊙) is 3 times

higher than low mass galaxies with 109.7M⊙ <M∗ < 1010.3M⊙ at z = 2.

We speculate that the metal content of the protocluster members will rapidly increase

at lower redshift as all the remaining cold gas reservoirs will be processed through star formation

activity. In addition, the IGM gas within the protocluster will be enriched due to strong outflows,

which will then reaccrete into galaxies and enhance their gas-phase metallicity. This metal

enhancement at lower redshifts in dense environments compared to field galaxies is observed

in previous studies (e.g., Cooper et al., 2008; Ellison et al., 2009; Darvish et al., 2015).
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Figure 2.5: The MZR for the mass-matched samples at z ∼ 2.2 for protocluster galaxies (red)
and field galaxies (blue). Inverted triangles show [NII]λ6584 non-detections. The gas-phase
metallicities for stacked spectra of protocluster and field samples in two stellar mass bins of
109.5M⊙ ≤ M∗ < 109.9M⊙, and 109.9M⊙ ≤ M∗ ≤ 1010.9M⊙ are also shown in red and blue
squares, respectively. The horizontal error bars in the stacked data show 1σ scatter in stellar
mass of each bin.
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Figure 2.5: Continued - The compilation of the difference (offset) between gas-phase metallicity
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show the offset for the mass-matched samples used in this work in two stellar mass bins. The
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field samples.
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Chapter 3

Fraction of Clumpy Star-forming

Galaxies at 0.5≤ z ≤ 3 in UVCANDELS:

Dependence on Stellar Mass and

Environment

Abstract

High-resolution imaging of galaxies in rest-frame UV has revealed the existence of giant star-

forming clumps prevalent in high redshift galaxies. Studying these sub-structures provides im-

portant information about their formation and evolution and informs theoretical galaxy evolu-

tion models. We present a new method to identify clumps in galaxies’ high-resolution rest-frame

UV images. Using imaging data from CANDELS and UVCANDELS, we identify star-forming

clumps in an HST/F160W≤ 25 AB mag sample of 6767 galaxies at 0.5 ≤ z ≤ 3 in four fields,
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GOODS-N, GOODS-S, EGS, and COSMOS. We use a low-pass band filter in Fourier space to

reconstruct the background image of a galaxy and detect small-scale features (clumps) on the

background-subtracted image. Clumpy galaxies are defined as those having at least one off-

center clump that contributes a minimum of 10% of the galaxy’s total rest-frame UV flux. We

measure the fraction of clumpy galaxies (fclumpy) as a function of stellar mass, redshift, and

galaxy environment. Our results indicate that fclumpy increases with redshift, reaching ∼ 65% at

z ∼ 1.5. We also find that fclumpy in low-mass galaxies (9.5 ≤ log(M∗/M⊙) ≤ 10) is 10% higher

compared to that of their high-mass counterparts (log(M∗/M⊙) > 10.5). Moreover, we find no

evidence of significant environmental dependence of fclumpy for galaxies at the redshift range of

this study. Our results suggest that the fragmentation of gas clouds under violent disk instability

remains the primary driving mechanism for clump formation, and incidents common in dense

environments, such as mergers, are not the dominant processes.

3.1 Introduction

High-redshift star-forming galaxies (SFGs) frequently harbor compact regions of star

formation, known as “clumps”, which are abundant in cool gas (e.g., Conselice et al., 2004;

Elmegreen and Elmegreen, 2005; Elmegreen et al., 2007; Bournaud et al., 2008; Förster

Schreiber et al., 2011). These regions are fed by cold gas inflow from intergalactic medium

(IGM) into the galaxy (Dekel and Birnboim, 2006; Dekel et al., 2009a), and their co-evolution

with their host galaxy is affected by various processes within the galaxy or by incidents in the lo-

cal environment (e.g., Dekel et al., 2009b; Mandelker et al., 2014, 2017). Several observational

studies and simulations have suggested two commonly accepted scenarios for the formation of

34



these clouds: either they are formed through the fragmentation of gas clouds under gravita-

tional instability of the violent disk (in-situ), or gas-rich minor mergers (ex-situ). The formation

of clumps via violent disk instability (VDI) is supported by different simulations (e.g., Noguchi,

1999; Immeli et al., 2004a,b; Bournaud et al., 2007, 2009; Elmegreen et al., 2008; Genzel et al.,

2008, 2011; Dekel et al., 2009b; Agertz et al., 2009; Ceverino et al., 2010, 2012; Inoue et al.,

2016) and observations (e.g., Elmegreen et al., 2007; Guo et al., 2012, 2015; Shibuya et al.,

2016; Hinojosa-Goñi et al., 2016; Mieda et al., 2016; Soto et al., 2017; Fisher et al., 2017;

Zanella et al., 2019; Adams et al., 2022; Sok et al., 2022). However, there are also studies that

indicate mergers as the origin of clump formation (e.g., Robertson and Bullock, 2008; Puech,

2010; Hopkins et al., 2013; Straughn et al., 2015).

Clumps are reported as regions exhibiting elevated specific star formation rates (sSFR;

defined as star formation rate (SFR) per stellar mass) compared to their surrounding areas (Guo

et al., 2012; Wuyts et al., 2012; Hemmati et al., 2014; Mieda et al., 2016; Mehta et al., 2021;

Iani et al., 2021), with majority of them in the mass range 107 − 109 M⊙ (Elmegreen et al.,

2007; Guo et al., 2012, 2015; Soto et al., 2017; Dessauges-Zavadsky et al., 2017; Huertas-

Company et al., 2020; Ambachew et al., 2022). However, studies of high-redshift lensed systems

revealed smaller stellar masses (106 M⊙) and sizes (≤ 100 pc) for clumps (Livermore et al.,

2015; Johnson et al., 2017; Rigby et al., 2017; Cava et al., 2018; Dessauges-Zavadsky and

Adamo, 2018; Dessauges-Zavadsky et al., 2019; Zick et al., 2020; Vanzella et al., 2021, 2022;

Meštrić et al., 2022; Messa et al., 2022; Claeyssens et al., 2023) since, by utilizing these systems,

we are able to achieve a significant increase in resolution, which allows for the investigation of

much smaller scales than what is possible with field galaxies (Livermore et al., 2012; Adamo
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et al., 2013; Johnson et al., 2017; Vanzella et al., 2019; Sharma et al., 2021; Meštrić et al., 2022;

Welch et al., 2023).

Rest-frame ultraviolet (UV) images of galaxies trace their SFR over timescale of ∼ 100

Myr associated with continuum from massive, short-lived O- and B-type stars (Calzetti, 2013).

Thus, clumps can be detected in high-resolution imaging of field or lensed galaxies in rest-frame

UV or optical (e.g., Conselice et al., 2004; Elmegreen and Elmegreen, 2005; Elmegreen et al.,

2007; Taylor-Mager et al., 2007; Elmegreen et al., 2009; Förster Schreiber et al., 2011; Guo

et al., 2012; Murata et al., 2014; Tadaki et al., 2014; Guo et al., 2015; Shibuya et al., 2016;

Soto et al., 2017; Cava et al., 2018; Mager et al., 2018; Guo et al., 2018; Dessauges-Zavadsky

and Adamo, 2018; Messa et al., 2019; Vanzella et al., 2021; Sok et al., 2022; Meštrić et al.,

2022). There are, however, other studies that have identified clumps in Hα emission line maps

of galaxies (e.g., Genzel et al., 2008, 2011; Livermore et al., 2012; Mieda et al., 2016; Fisher

et al., 2017; Zanella et al., 2019; Sharma et al., 2021) or in CO observations of lensed galaxies

(e.g., Jones et al., 2010; Swinbank et al., 2010). In this work, we define clumps as off-center

star-forming regions that can be detected in the rest-frame UV images of galaxies.

Clumps can also evolve within galaxies and contribute to their morphology. The evo-

lution of the clumps within their host galaxies has been the subject of debate. Different obser-

vations and simulations support various scenarios, such as the migration of clumps towards the

center of the galaxy and forming the progenitor of the galaxy’s present bulge due to dynamical

friction or clump-clump interaction (e.g., Dekel et al., 2009b; Ceverino et al., 2012; Mandelker

et al., 2014; Shibuya et al., 2016; Soto et al., 2017; Mandelker et al., 2017; Mehta et al., 2021;

Dekel et al., 2022). However, other simulations found that stellar feedback can disturb these
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clumps and even destroy them before migrating to the center and thus, they have a short life-

time. In this scenario, disrupted clumps contribute to the formation of thick disks in their host

galaxies (e.g., Murray et al., 2010; Genel et al., 2012; Hopkins et al., 2012; Moody et al., 2014).

Despite our current understanding, the formation and evolution of clumps in galaxies

remains poorly understood and requires further study to help refine and constrain theoretical

models. By examining clumps in galaxies, we can gain valuable insights into the history of their

host galaxies. Moreover, their study has the benefit of testing the validity of feedback models

in simulations. However, observations of clumps are challenging due to the limited spatial

resolution specially of high redshift galaxies. With the advent of sensitive detectors on space

telescopes, we can obtain multi-waveband imaging data with much higher spatial resolution for

high-redshift galaxies.

In this paper, we identify star-forming clumpy regions in the rest-frame 1600 Å images

of galaxies using data from The Cosmic Assembly Near-IR Deep Extragalactic Legacy Survey

(CANDELS; Grogin et al., 2011; Koekemoer et al., 2011) and Ultraviolet Imaging of the Cosmic

Assembly Near-infrared Deep Extragalactic Legacy Survey (UVCANDELS; Wang et al. in prepa-

ration) in the redshift range of 0.5≤ z ≤ 3. We introduce a new method to subtract the smooth

component of galaxy images and detect clumps in the residual images. We then investigate how

the fraction of clumpy galaxies changes as a function of galaxy properties, such as stellar mass

and environment. Studying such scaling relations can inform us about the details of clump for-

mation within galaxies. Mainly, the environmental dependence of the clumpy fraction is studied

for the first time, providing an opportunity to test scenarios concerning the formation history

of clumps through mergers. Moreover, we study the redshift evolution of clumpy galaxies and
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compare our results with previous studies. We discuss the evolutionary path of clumpy galaxies

and address discrepancies between our work and previous studies.

The paper is structured as follows. In Section 3.2, we provide a description of the

dataset used, including the criteria for sample selection. The methodology for identifying

clumps within galaxies is explained in Section 3.3, where we also assess the completeness and

reliability of our identification technique. In Section 3.4, we explore the measurements of the

clumpy fraction in galaxies and analyze how these fractions evolve across different global prop-

erties of galaxies. Additionally, this section delves into the relationship between the clumpy

fraction and redshift and includes a comparative analysis with findings from previous studies

in the literature. We discuss the physical implications of our results and provide a summary in

Section 3.5.

Throughout this paper, we assume a flat ΛCDM cosmology with H0 = 70 kms−1Mpc−1,

Ωm0
= 0.3 andΩΛ0

= 0.7. All the physical parameters are measured assuming a Chabrier (2003)

initial mass function (IMF) and magnitudes are represented in the AB system.

3.2 Data

3.2.1 Catalogs and Mosaics

We conduct a detailed analysis of rest-frame UV images of galaxies to identify star-

forming clumps. We select galaxies from multi-wavelength catalogs in four CANDELS fields:

GOODS-S (Guo et al., 2013), GOODS-N (Barro et al., 2019), COSMOS (Nayyeri et al., 2017),

and EGS (Stefanon et al., 2017). Each of GOODS-S and GOODS-N fields covers an area of

170 arcmin2 with 5σ limiting AB magnitude depth of 27.36 (GOODS-S) and 27.8 (GOODS-N)
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in the F160W band. Also, the areal coverage of COSMOS and EGS fields is 216 and 206 arcmin2

with 5σ limiting AB magnitude depth (in F160W band) of 27.56 and 27.6, respectively.

Recently, UVCANDELS survey with the Hubble Space Telescope (PI: H. Teplitz, Cy-

cle 26 GO 15647) conducted UV observations of these four fields in WFC3/UVIS F275W and

ACS/WFC F435W bands. For the redshift range of this study (0.5 ≤ z ≤ 3), F275W, F435W,

and F606W bands probe the rest-frame UV 1600 Å at 0.5 ≤ z < 1, 1 ≤ z < 2, and 2 ≤ z ≤ 3,

respectively (Figure 3.1). We use 60-mas mosaics of aforementioned bands to identify clumps.

Although 30-mas mosaics can also be used due to the smaller pixel scale of the ACS instrument,

60-mas images provide sufficient resolution to probe our desired clumps with the size of ∼kpc,

which contribute significantly to the total SFR of galaxies (Section 3.3). The CANDELS/UDS

field is not included in this study since it does not have observations in two of these bands

(F275W and F435W).

To calculate the physical properties of galaxies such as their stellar mass (M∗) and SFR,

the spectral energy distribution (SED) fitting is performed using Code Investigating GALaxy

Emission (CIGALE; Boquien et al., 2019). In the SED fitting procedure, the new observations of

F275W and F435W bands obtained by UVCANDELS are also added to the existing data. More-

over, photometric redshifts of the galaxies are taken from the UVCANDELS catalog that includes

F275W and F435W photometry. The catalog combines the redshift probability distributions of

three different codes to compute robust values for the photometric redshifts (Sunnquist et al.

in preparation).

A detailed description of the SED fitting procedure will be published in a future paper

(Mehta et al. in preparation). In brief, the synthetic spectral library of Bruzual and Charlot
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0.5

1.0

1.5

2.0

2.5

3.0

R
ed

sh
if

t

λ re
st

=
14

00̊
A

λ re
st

=
16

00̊
A

λ re
st

=
18

00̊
A

Figure 3.1: Top: Filter throughput (normalized to the peak transmission) for three wavebands
that are utilized in this work. The shaded regions in the figure show the filter width with at least
1% of maximum transmission. Bottom: The observed wavelength of rest-frame 1400, 1600 and
1800 Å lines as a function of redshift. Blue, orange and green boxes correspond to rest-frame
UV coverage for galaxies at the redshift range of 0.5− 1, 1− 2, and 2− 3, respectively.
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(2003) with the following assumptions is used to perform the SED fitting: A delayed expo-

nentially declining star formation history (te−t/τ) with a range of 30 Myr to 30 Gyr e-folding

time-scales (τ) is considered. Additionally, we allow for the possibility of an episode of recent

star-burst as a 10 Myr old burst with an exponential e-folding time of 50 Myr and the contribu-

tion of the burst is parameterized by the fraction of total mass generated in the burst. The code

also includes the contribution of nebular emission lines. The stellar metallicities of Z = 0.0001,

0.0004, 0.004, 0.008, 0.02, 0.05, and a Calzetti et al. (2000) extinction law are adopted to

generate the template SEDs and perform the fitting.

3.2.2 Sample Selection

The galaxy sample in this paper comprises HST/F160W (H band)-selected sources in

four CANDELS fields: GOODS-S, GOODS-N, COSMOS, and EGS. Target galaxies are all covered

by the desired HST/ACS and HST/WFC3 imaging data, i.e., galaxies with 0.5≤ z < 1, 1≤ z < 2

and 2≤ z ≤ 3 have coverage in F275W, F435W and F606W bands, respectively.

SED-derived SFRs are well-constrained when rest-frame UV data are available. We,

therefore, utilize a threshold defined by Pacifici et al. (2016) on the sSFR of galaxies to select

a sample of star-forming galaxies. Based on this threshold, galaxies with sSFR> 0.2/tU(z) are

identified as star-forming galaxies, where tU(z) is the age of the Universe at redshift z. We

investigated the alternative UVJ color-color selection and obtained a similar sample. We also

require all galaxies to have F160W ≤ 25 mag and M∗ ≥ 109.5M⊙ over the redshift range of

0.5 ≤ z ≤ 3. The stellar mass limit ensures a mass-complete sample within this study’s redshift

range.
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Table 3.1: Summary of data utilized in this study.
Field Area (arcmin2) 5σ Depth (AB) N 1

GOODS-S 170 27.36 1572
GOODS-N 170 27.8 1870
COSMOS 216 27.56 1304

EGS 206 27.6 2021

Active galactic nuclei (AGNs) as well as stars (stellarity parameter of SExtractor

(Bertin and Arnouts, 1996), CLASS_STAR> 0.9) are excluded from our sample. Also, to allow

measurements of resolved images and identification of clumps, we select face-on galaxies with

axial ratio (q) > 0.5 in their F160W images (the ratio of the major and minor axes). Further-

more, we require the size of the semi-major axis (SMA) of the galaxies to be > 0.2”. All the

above criteria lead us to a sample of 1572, 1870, 2021, and 1304 galaxies in the GOODS-S and

GOODS-N, EGS, and COSMOS fields, respectively. Table 3.1 summarizes detailed information

about the data and sample size.

3.3 Clump Identification

We detect clumpy regions in the rest-frame UV 1600 Å images of galaxies. The sample

is divided into three redshift bins and we inspect images of galaxies in a filter that corresponds

to the rest-frame UV wavelength in each redshift bin. Thus, we detect the clumps in F275W,

F435W and F606W bands at the redshift ranges 0.5 ≤ z < 1, 1 ≤ z < 2, and 2 ≤ z ≤ 3,

respectively. We PSF-match all mosaics to the F160W band to achieve three goals. Firstly, to

accurately distinguish clumps from bulges of host galaxies, it is beneficial to have a consistent

definition of their centers, which are defined in the F160W band. Secondly, to minimize noise

and ensure consistent clump detection throughout the redshift range, matching the PSF of the
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Figure 3.2: Two examples demonstrating the process of subtracting background from rest-frame
UV images of galaxies. Panel (a) shows the galaxy image in the rest-frame UV filter. We calculate
the power spectrum of this image in the Fourier space. Panel (b) shows log(power spectrum)
in the frequency domain. After constructing the background map of the clump (Panel (c)), we
remove it from the original image and the residual is an image which is ready to identify its
clumps (Panel (d)).
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other filters with that of the F160W band is advantageous. The FWHM of the F160W PSF is 0.17

arcseconds (< 3 pixels), which is less than the minimum number of pixels required to define

a clump. Lastly, detection of clumps in PSF-matched images are necessary for future work that

involves measuring SED of individual clumps.

3.3.1 Method

We first construct and subtract the local background of clumps in galaxy images.

There are various ways to define and remove the background which involve subtracting the

smooth background of the image that corresponds to large-scale variations compared to typical

clump size. In this work, we use Fourier transformation to decompose small-scale features (i.e.,

clumps) from the smooth image of a galaxy.

One approach to construct the background of the clumps is to smooth the galaxy image

with a custom kernel function (e.g., Gaussian function). This method usually has an underlying

assumption about the symmetrical shape of galaxies and involves a hyper-parameter (i.e., the

width of a kernel function) which controls the background construction and hence the clump

identification. However, the diverse shape of galaxies, especially at high redshifts, needs to be

modeled non-parametrically and asymmetrically to develop an effective clump identification

technique.

In order to make an adaptive method to take into account the irregular morphology of

the galaxies properly while constructing the background, we use a method based on Fast Fourier

Transform (FFT) (SciPy; Virtanen et al., 2020). The steps involved in background subtraction

are demonstrated in Figure 3.2. We first transfer the rest-frame UV image of the galaxy to Fourier

(frequency) space. We then make the power spectrum map of the galaxy in this space (Panel
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(b)). This map shows the power distribution coming from various scales (large-scale or small

frequencies, and small-scale or high frequencies). The struggle to eliminate the background of

the clumps now reduces to masking low frequencies in the FFT image since these frequencies

represent the large-scale background features.

As previously stated, making a high-pass filter to mask the lower frequencies in the im-

age is challenging because of the variety in the morphology of different galaxies. To effectively

remove lower frequencies in an image of a galaxy, we first fit a 2-dimensional asymmetric Gaus-

sian function to the power spectrum image of the galaxy to determine the values of standard

deviation in the x and y directions (σx and σy). Based on these values, we then employ a box

high-pass filter (with the size of 2σx × 2σy) that is tailored to the specific galaxy. The filter is

then convolved with the FFT image of the galaxy to construct the background-subtracted image

where we identify clumps (Panel (d) in Figure 3.2). The background image is shown in panel

(c) of Figure 3.2. Compared to the original image of the galaxy (Panel (a)), we can see most of

the features corresponding to large-scale variations are removed in this image.

A similar background subtraction method has been used by Wang et al. (2015), who

investigated the filamentary structures in Milky Way spiral arms. They considered a threshold of

90% of the maximum of the power spectrum and selected pixels above this cut as representatives

of the low spatial frequencies (large-scale features of background). As described above, we avoid

a constant threshold and compute it based on the power distribution of a galaxy in the frequency

space.
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Figure 3.3: Eight examples of clumpy galaxies after identifying their clumps with magenta cir-
cles on their background-subtracted images in the right panels. Also, the left and middle panels
show F160W and rest-frame UV 1600 Å images of these galaxies, respectively. In Section 3.3.2,
we eliminate clumps that account for less than 10% of the total rest-frame UV flux of their host
galaxies, resulting in a complete sample of clumpy galaxies. However, in this figure, we do not
apply this requirement.
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Figure 3.3: (Continued.)
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Figure 3.3: (Continued.)
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After making a background-subtracted image for each galaxy, we use an image seg-

mentation method to identify and isolate the clumpy structures within these galaxies. To per-

form the image segmentation, we utilize Photutils package (Bradley et al., 2020) and define

a threshold to choose contiguous pixels (≥ 4 pixels) that are ∼ 1.5σ above the background-

subtracted image. The result of this procedure is an image of the clumps of the galaxy. To avoid

the pixels that are in the noise level of the galaxy image, we only consider bright, robust clumps

by requiring their signal-to-noise to be greater than 3 (S/N ≥ 3).

We also note that in the process of clump detection, the central bulge of the galaxy and

possible contamination from other bright sources can be falsely detected as clumps. To avoid

this, we exclude these objects by requiring a clump to be between 0′′.1 (to remove bulge) and

1.5×SMA from the center of the galaxy (to remove nearby sources) defined in the F160W band.

Figure 3.3 shows eight examples of clumpy galaxies with detected clumps after im-

plementing the clump identification method (magenta circles in each image). This figure also

shows the F160W images of these clumpy galaxies in the left panels. As we can see, most of

these clumps in rest-frame UV images disappeared in the H-band filter. An H-band image pri-

marily reveals the stellar mass distribution of a galaxy, while a rest-frame UV image traces its

dust-unobscured SFR.

3.3.2 Success Rate of Clump Identification Method

To uniformly define which clumpy galaxies can be detected at all redshifts, we need

to determine down to what flux limit we can detect clumps. To effectively evaluate the perfor-

mance of our clump identification algorithm, we add one fake clump to the image of the galaxy
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(whether it is clumpy or not) and test whether our algorithm can accurately detect and recover

the inserted pseudo clump.

Following Guo et al. (2015), we add the pseudo clump to the rest-frame UV image

of the galaxy in the desired band using the PSF image of the F160W (H band) band as a point

source. The reason to use the H band PSF as a fake clump is that all galaxy images are PSF-

matched to this band, and thus, the resolution of the rest-frame UV images is similar to that of

the H band.

The position of the artificial clump is selected randomly within the size of the galaxy.

We vary the flux of the fake clump from 0.01% to 75% of the total rest-frame UV flux of the host

galaxy. To test the completeness of the clump finder, we randomly select 200 galaxies in each of

the four fields at each redshift bin and perform the process of adding fake clumps. We then feed

these galaxy images with fake clumps to our clump identification algorithm to estimate how

successful we are in recovering the artificial clumps. Figure 3.4 shows the success rate of clump

identifier as a function of the ratio of the clump luminosity to the host galaxy for four fields of

GOODS-S, GOODS-N, COSMOS, and EGS in three different redshift bins defined in this work.

The horizontal dashed lines show the success rate of 50% which corresponds to the clumps that

include at least ∼ 8− 13% of the galaxy’s rest-frame UV flux.

Based on the simulations of clump recovery, we define a galaxy as clumpy if it has at

least one off-center clump that is brighter than 10% of the rest-frame UV flux of the galaxy. We

conduct experiments with varying threshold values from 8% to 15% and find that our results

in this study remain consistent, regardless of the chosen 10% threshold for the clump-to-galaxy

flux ratio. Furthermore, we explore using variable thresholds at each redshift to maintain a
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50% completeness rate, yet still observe no significant impact on our findings. In the following

section, we perform aperture photometry on the clumps of each galaxy and calculate their rest-

frame UV fluxes.

3.3.3 Aperture Photometry of Clumps

We perform fixed aperture photometry on each clump using Photutils package

(Bradley et al., 2020). The radius of the aperture is fixed to be 3 pixels (0′′.18) for each clump.

To estimate the background of an individual clump, we consider two annuli with radii of 6 and

10 pixels around the clump and calculate the mean value of the pixels in between the two an-

nuli. Since there might be contamination from other clumps in the background of each one,

we mask all other clumps in a galaxy image while measuring the average background of the

clump. We then subtract the average background from the total flux within the aperture radius.

Using the PSF in F160W, we calculate that only ∼ 56% of the light from a point source is en-

compassed in a 3-pixel aperture radius. Thus, to measure the total flux of the clump, we scale

the background-subtracted aperture by this value.

Using the total flux of individual clumps in the rest-frame UV band, we select those

clumps that independently contribute ≥ 10% to the rest-frame UV luminosity of their host

galaxy. This value is set based on Figure 3.4 that shows our clump identification method re-

covers ∼ 50% of the fake clumps with a flux ratio of ≥ 10% compared to the total flux of the

host galaxy. The following section presents our results.
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3.4 Results

In this section, we investigate the fraction of clumpy galaxies (fclumpy) as a function of

redshift and also the physical properties of galaxies, such as stellar mass and environment. In

order for a galaxy to be considered clumpy, it must have ≥ 1 off-center clump in its rest-frame

UV 1600 Å image. The clumps of galaxies are identified using the methodology described in

Section 3.3. Furthermore, we set a limit on the relative flux of clumps to their host galaxy such

that the samples of clumps are ≥ 50% complete when identifying them (Section 3.3.2). We

calculate the fraction of clumpy galaxies, which is the number of clumpy galaxies divided by

the total number of galaxies in a given M∗, redshift or environment bin. The uncertainty in

measuring fclumpy is also calculated using Poisson statistics from the galaxy number count.

3.4.1 Redshift Evolution

Figure 3.5 illustrates the clump distribution of galaxies in the bins of redshift and

stellar mass for all the SFGs selected based on criteria mentioned in Section 3.2.2, in four fields

of GOODS-S, GOODS-N, COSMOS, and EGS. We find that over the redshift range of our study

0.5 ≤ z ≤ 3, clumpy galaxies have at most four off-center clumps that contribute more than

10% to the host galaxy’s SFR. Moreover, galaxies with a higher number of clumps are mostly

found at high redshifts (z ≳ 1).

Figure 3.6 shows the redshift evolution of fclumpy in three bins of stellar mass. The

bins of redshift are considered such that in each bin, we have the same number of galaxies.

As seen in Figure 3.6, the fraction of clumpy galaxies as a function of redshift follows almost
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Figure 3.5: From top to bottom, each panel demonstrates the distribution of galaxies with one,
two, three and four clumps that contribute> 10% to the rest-frame UV light of their host galaxies
in the bins of redshift for three stellar mass ranges 9.5 ≤ log(M∗

M⊙
) < 10, 10 ≤ log(M∗

M⊙
) < 10.5

and log(M∗
M⊙
)≥ 10.5, respectively.
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Figure 3.6: Fraction of clumpy galaxies as a function of redshift in three stellar mass bins
(squares). Clumpy galaxies are those that have at least one off-center clump in their rest-frame
UV images. Shaded regions correspond to 1σ uncertainty estimated from Poisson statistics. For
comparison, measurements from Murata et al. (2014) (triangles), Guo et al. (2015) (circles)
and Martin et al. (in preparation) (pentagons) are also added. The stellar mass bins in this
works are the same as those of Murata et al. (2014) and Martin et al. (in preparation) (low-M∗:
9.5 ≤ log(M∗

M⊙
) < 10, int-M∗: 10 ≤ log(M∗

M⊙
) < 10.5, and high-M∗: log(M∗

M⊙
) ≥ 10.5). But Guo

et al. (2015) binned the stellar mass of galaxies slightly different (low-M∗: 9 ≤ log(M∗
M⊙
) < 9.8,

int-M∗: 9.8≤ log(M∗
M⊙
)< 10.6, and high-M∗: 10.6≤ log(M∗

M⊙
)< 11.4).

55



0.0 0.5 1.0 1.5 2.0 2.5 3.0

z

0

10

20

30

40

50

60

70

80

f c
lu

m
py

(%
)

Elmegreen+07

Overzier+09

Puech+10

Wuyts+12

Guo+12

Tadaki+14

Shibuya+16

Sok+22

Adams+22

This work

Figure 3.7: Same as Figure 3.6, but the fraction of clumpy galaxies is not binned by stellar
masses. Also, more studies of clumpy fraction are added to the figure for comparison. Summary
of previous studies on clumpy galaxies is presented in Table 3.2.

the same trend for all three stellar mass bins of low-mass, intermediate-mass and high-mass

galaxies (blue, green, and red squares for galaxies with the stellar mass of 9.5≤ log(M∗
M⊙
)< 10,

10 ≤ log(M∗
M⊙
) < 10.5, and log(M∗

M⊙
) ≥ 10.5, respectively), with fclumpy ∼ 35%− 60% at z ∼ 2.5

increasing to∼ 55%−70% at z ∼ 1.5, and decreasing to∼ 35%−40% at lower redshifts (z < 1).

Furthermore, galaxies in higher stellar mass bin tend to have lower clumpy fraction compared

to those with intermediate and lower stellar masses, especially at z ∼ 2.5, where this fraction is

∼ 25% lower for massive galaxies.
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Additionally, we present fclumpy as a function of redshift for the entire sample regardless

of their stellar masses in Figure 3.7. We find that the fraction of clumpy galaxies (shown with

purple diamonds) is at its highest (∼ 65%) in the redshift range∼ 1−2 and decreases to∼ 40%

towards lower redshifts. Also, the trend is almost constant beyond z ≳ 2 with fclumpy ∼ 50%.

As can be seen in Figure 3.6 — and repeated in Figure 3.7 with the average for the

whole sample — there is a steep decline in the clumpiness of SFGs at late times, in a manner that

appears to reflect the decline in star formation rate density (SFRD) (e.g., Madau and Dickinson,

2014). At early times, the data do not simply reflect the early rise in SFRD and there may be a

number of issues that complicate the measurement and interpretations of clumpiness at those

epochs.

To compare our clumpy fraction measurements with previous works, we show mea-

surements of fclumpy in different redshifts from other studies in Figure 3.6 and 3.7 and summarize

some of them in Table 3.2. Nevertheless, the definition of clumps varies across different studies,

and various wavelengths can be used to identify them, so the comparison between different

studies is qualitative.

Murata et al. (2014) studied the evolution of fclumpy as a function of redshift and

reported an increase of clumpy galaxies with increasing redshift for galaxies at 0.2 < z < 1.

Our result is in general agreement with them in the low- and intermediate-mass bins. However,

in the high-mass bin, we find a higher fraction of clumpy galaxies. Part of the discrepancy

between our measurements and their values can be due to the detection band of clumps and

the definition of clumpy galaxies. While Murata et al. (2014) considered at least three clumps

as the criteria to select a clumpy galaxy in optical (HST/ACS F814W) images of galaxies, we
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identify clumps in the rest-frame UV maps and determine clumpy galaxies with at least one

off-center clump.

Another comprehensive study on the fraction of clumpy galaxies is done by Guo et al.

(2015) with a sample of SFGs at 0.5 < z < 3 in the two CANDELS/GOODS-S and UDS fields.

They utilized rest-frame UV 2500 Å HST/ACS images of galaxies and detected clumps through

an algorithm that identifies high-intensity pixels. A threshold of 8% is employed on the lumi-

nosity of the individual clumps relative to the host galaxy. Moreover, Shibuya et al. (2016) took

a sample of SFGs, and Lyman break galaxies (LBGs) in five CANDELS fields, Hubble Ultra Deep

Field and eXtreme Deep Field (HUDF and XDF; Beckwith et al., 2006; Bouwens et al., 2011;

Illingworth et al., 2013; Ellis et al., 2013; Koekemoer et al., 2013) and the parallel fields of Abell

2744 and MACS0416 in the Hubble Frontier Fields (HFF; Coe et al., 2015; Atek et al., 2015;

Oesch et al., 2015; Ishigaki et al., 2015) with a similar sample selection to Guo et al. (2015)

and investigated the fraction of clumpy galaxies at 0< z < 8. They used the same definition of

clumps and the detection algorithm as Guo et al. (2015).

Although our mass bins are slightly different from the ones employed by Guo et al.

(2015), our result on the evolution of fclumpy for intermediate-mass galaxies is in qualitative

agreement with theirs (green circles in Figure 3.6), which shows an increase of fclumpy with

increase in redshift and then flattening around z ∼ 1.5. However, this fraction in their low-mass

bin is almost independent of redshift at all redshift bins (blue circles). In contrast, our result

for this mass bin follows the same trend as our intermediate-mass bin. In the high-mass bin,

Guo et al. (2015) reported a monotonically increasing fclumpy with redshift (red circles), while

our measurement agrees on the increase out to z ∼ 1.5 and then shows a sign of decrease at
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higher redshifts. We speculate that part of this discrepancy, at least in the low-mass bin at low

redshifts, is due to the fact that Guo et al. (2015) detected clumps in rest-frame Near-UV (NUV)

images, while our study is conducted on the Far-UV (FUV) images. Recently, a study by Martin

et al. (in preparation) is using UVCANDELS data to study demographics of clumpy galaxies at

0.5≤ z ≤ 1 with a similar clump identification method to Guo et al. (2015) on the FUV images

of galaxies. Their measurements of fclumpy are demonstrated by pentagons in Figure 3.6. At

the redshift range of their study, our low-mass bin measurements are in agreement with theirs

within the uncertainties.

Moreover, reported measurements of fclumpy as a function redshift by Shibuya et al.

(2016) are shown in Figure 3.7 with pentagons. Our estimates agree well with theirs out to

z ∼ 2. However, with increasing redshift, their fraction of clumpy galaxies decreases while

ours flattens. Other studies of clumpy galaxies have also investigated the evolution of clumpy

galaxy fraction with redshift. For instance, a recent study by Sok et al. (2022) detected clumpy

galaxies at 0.5< z < 2 by deconvolving ground-based images of galaxies in the COSMOS field to

increase their resolution, and measured the fraction of clumpy galaxies (blue squares in Figure

3.7). Similar to ours, their fclumpy is increasing with redshift below z ∼ 2.

In conclusion, the decline in clumpiness from cosmic noon to today is very well mea-

sured, regardless of technique. It is, therefore, possible that part of the decline in cosmic SFRD

can be attributed to the decline in the prevalence of clumps, which are sites of star formation.

The formation and evolution of clumps can be affected by various physical mechanisms, in-

cluding both internal processes (e.g., stellar feedback, AGN activity) and/or external processes

(e.g., galaxy interactions, strangulation). To constrain the dominant process responsible for
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clump formation and evolution, in the following sections, we study fclumpy as a function of stel-

lar mass and environment. Feedback processes scale with stellar mass of galaxies, therefore,

any relationship between stellar mass and clumpy fraction indicates that internal processes are

responsible for clump evolution, while any correlation with the environment indicates that ex-

ternal processes play a role.

3.4.2 Stellar Mass Dependence

We present the fraction of clumpy galaxies in redshift bins as a function of stellar

mass in Figure 3.8. At all three redshift bins of 0.5 ≤ z < 1 (cyan squares), 1 ≤ z < 2 (orange

squares), and 2≤ z ≤ 3 (green squares) the fraction of clumpy galaxies decreases monotonically

with increase in stellar mass. At low redshifts, fclumpy decreases from ∼ 40% for galaxies with

stellar masses in the range 9.5 ≤ log(M∗
M⊙
) < 10 to ∼ 30% for massive galaxies (log(M∗

M⊙
) ≥

10.5). The slope of this decrease is steeper for galaxies at z > 1. At 1 ≤ z < 2, the fraction

of clumpy galaxies decreases from ∼ 70% to ∼ 55% for galaxies with 9.5 ≤ log(M∗
M⊙
) < 10 and

log(M∗
M⊙
)≥ 10.5, respectively. At the highest redshift bin, fclumpy is almost independent of stellar

mass (∼ 55%) for low-mass galaxies, but drops quickly to ∼ 40% in massive galaxies.

For comparison, two other studies which have demonstrated the fraction of clumpy

galaxies as a function of stellar mass are shown in Figure 3.8 as well. Guo et al. (2015) found

that fclumpy is decreasing with the increase of stellar mass (cyan, orange and green circles),

which is in agreement with our results. Moreover, Huertas-Company et al. (2020) used neural

networks to detect clumps in the rest-frame optical and UV images of galaxies in the CANDELS

fields and hydrodynamic zoom-in simulations of VELA (Ceverino et al., 2014) at 1 < z < 3.
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They measured the fraction of clumpy galaxies as a function of stellar mass and redshift and

found that ∼ 40% of galaxies with log(M∗
M⊙
) > 10 are clumpy, and this fraction drops to ∼ 20%

for low-mass (log(M∗
M⊙
)< 10) galaxies (orange and green pluses). This result is in contrast with

our clumpy fraction and those reported in Guo et al. (2015).

3.4.3 Environmental Dependence

It has been shown, at least at low redshifts (z ≲ 1), that star formation activity of

galaxies is strongly correlated with their surrounding environments (Patel et al., 2009a; Peng

et al., 2010; Darvish et al., 2016; Chartab et al., 2020). Thus, clumps, which are sites of star

formation in galaxies, may be linked to the local environment of their host galaxies, and by

studying the environmental dependence of fclumpy, one can gain insights into clump formation

and evolution.

Several simulations and observational studies suggest that clumps join the disk of

galaxies through minor mergers, and their formation is ex-situ (Hopkins et al., 2013; Straughn

et al., 2015). As minor/major mergers are more prevalent in dense environments (Hine et al.,

2016; Watson et al., 2019), examining the correlation between clumps and their host galaxies’

local environment would constrain the clump formation mechanisms. It is possible that ex-

situ formation is the dominant process of clump formation in galaxies if the clumpy fraction is

correlated with the local environment.

Our sample of galaxies, located in four CANDELS fields, has local environmental mea-

surements available from the catalog of Chartab et al. (2020), which includes measurements of

local density for galaxies with HST/F160W ≤ 26 AB mag in all the CANDELS fields. They recon-
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structed density maps of galaxies probabilistically using the weighted kernel density estimation

method in a wide redshift range (0.4 < z < 5). Their density measurements are based on uni-

formly calculated photometric redshifts with well-calibrated probability distributions across the

CANDELS fields (Kodra et al., 2022). In this work, we utilize the local density catalog of Chartab

et al. (2020) to study the fraction of clumpy galaxies in different environments. For a full de-

scription of environment measurements, we refer readers to Chartab et al. (2020, 2021). We

note that due to the limited size of CANDELS fields, these density measurements only probe the

galaxy groups and cores of the structures rather than extended structures such as protoclusters

(Chartab et al., 2021).

It is well-known that the fraction of quiescent galaxies is positively correlated with the

local density contrast (δ), especially at z ≲ 1 (Patel et al., 2009a; Peng et al., 2010; Balogh

et al., 2016; Kawinwanichakij et al., 2017; Darvish et al., 2017; Chartab et al., 2020). The

left panel in Figure 3.9 demonstrates the fraction of quiescent galaxies as a function of local

environment (1 + δ) for a sample of galaxies with F160W ≤ 25 mag and M∗ ≥ 109.5M⊙ in

three redshift bins used in the present work. We define quiescent galaxies with a cut on sSFR

as described in Section 3.2.2. Across all redshift bins, we find a positive correlation, which

is stronger at the lowest redshift bin (0.5 ≤ z < 1). We also estimate the fraction of clumpy

galaxies in three redshift bins as a function of their local environment for a sample of SFGs

described in Section 3.2.2. The right panel of Figure 3.9 shows that the fraction of clumpy

galaxies is almost independent of the environment in all three redshift bins of 0.5 ≤ z < 1

(cyan squares), 1 ≤ z < 2 (orange squares), and 2 ≤ z ≤ 3 (green squares). fclumpy is constant

around ∼ 35%−40%, ∼ 50%−55%, and ∼ 65% from lower to higher redshift bin, respectively.
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It suggests that in dense environments, there are rapid processes that quench galaxies before

interfering with their clumps.

Moreover, the lack of a significant relationship between the clumpy fraction and the

environment of galaxies may indicate that clumps are rather formed in-situ than ex-situ. It is

possible, however, that measurements of clumpy fractions or the environments of galaxies are

subject to large uncertainties, and any existing correlations might be too weak or subtle to be

reliably detected by these measurement methods.

To assess this issue, we study the fraction of clumpy galaxies within a spectroscopically-

confirmed cluster in the GOODS-S field around the redshift where the fraction of clumpy galaxies

reaches its maximum (z ∼ 1.5). This cluster has 42 spectroscopically-confirmed members at

zmed = 1.61 within ∆z = 0.01, which is a virialized structure with X-ray detection (Kurk et al.,

2009). Figure 3.10 shows the footprint of this cluster and its confirmed members in the sky (right

panel), as well as the density map of GOODS-S field at z = 1.6 reconstructed by environment

measurements of Chartab et al. (2020) color-coded by the density contrast (right panel). The

red region in the left panel shows this over-density with > 4σ significance. On the right panel,

confirmed members of the cluster are identified by green circles, while the red circle indicates

the boundary of the cluster, which has a radius of 1 Mpc (physical).

Out of 42 members of this cluster, 25 were in the stellar mass range of our study

(log(M∗
M⊙
) ≥ 9.5). We perform clump detection analysis on the cluster members and found

that 15 out of 25 of them are classified as clumpy, corresponding to an fclumpy of 60% for this

structure. We overlaid the measurement of fclumpy for this cluster in the figure showing the

fraction of clumpy galaxies as a function of redshift for our entire sample (Figure 3.11). We find
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less than 5% discrepancy in the clumpy fraction of this structure compared to our total sample,

which is insignificant and within the measurement uncertainties.

Our assessment of the environmental measurements by studying a spectroscopically-

confirmed cluster confirms the lack of trend in Figure 3.9, implying that fclumpy is independent

of the environment of galaxies. However, further studies are needed to confirm this for a statis-

tically large sample of structures. The availability of future wide surveys with deep and high-

resolution images will facilitate such studies as they will enable reliable measurements of the

environment and deep-resolved images of galaxies.

3.5 Summary

In this paper, we identify star-forming clumpy sub-structures in the rest-frame UV

1600 Å images of SFGs selected from four CANDELS fields. The rest-frame UV at the redshift

range of our study (0.5 ≤ z ≤ 3) is probed by F275W, F435W and F606W filters for which the

observations are conducted by Hubble Space Telescope via UVCANDELS and CANDELS surveys.

We utilize low-pass band filter in Fourier space to reconstruct the background image of the

galaxies and subtract them from the galaxy images to detect clumps. We study the fraction of

clumpy galaxies (the number of galaxies with at least one detected off-center clump in their

images divided by the total number of galaxies) as a function of their host galaxies’ physical

properties, such as stellar mass and local environment. We also investigate the clumpy fraction

evolution with redshift and compare our results with that of previous works. Moreover, clump

statistics of a spectroscopically-confirmed cluster at z = 1.61 is calculated for 25 members. Our

findings can be summarized as follows:
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z = 1.61 is also shown with a red star. The error bars are measured using Poisson statistics from
the number counts of galaxies.
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• We find that the fraction of clumpy galaxies peaks at redshifts ∼ 1− 2 (fclumpy ∼ 65%),

and decreases to ∼ 40% at lower redshifts. Furthermore, the fraction of clumpy galaxies

is almost redshift independent beyond z ≳ 2 with fclumpy ∼ 50%.

• The fraction of clumpy galaxies decreases monotonically with an increase in stellar mass.

The slope of this decline is steeper for galaxies at higher redshifts (z > 1).

• For the first time, we study the fraction of clumpy galaxies as a function of their local

environment derived from accurate photometric redshifts out to z = 3. We find that

fclumpy is independent of local environment of galaxies across the redshift range of this

study (0.5 ≤ z ≤ 3). We also investigate the clumpy fraction for the members of a

spectroscopically-confirmed cluster at z = 1.61. Out of 25 selected members of this

cluster in the stellar mass range of our study, 15 are labeled as clumpy, resulting in the

fclumpy = 60% for this cluster. This result is consistent with our measurements of clumpy

fraction in the field at the same redshift.

• Due to the lack of a significant correlation between the clumpy fraction and the local en-

vironment of galaxies, it appears that clump formation is facilitated by the fragmentation

of gas clouds under VDI rather than being caused by incidents in the local environment

of galaxies (e.g., mergers).
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Chapter 4

Optical Spectroscopy of Dwarf

Galaxies at z ∼ 0.15 in the COSMOS

Field: Insights into Metal Enrichment

Abstract

We present a detailed analysis of the physical properties of low-mass galaxies (LMGs; 108 ≤

M∗/M⊙ ≤ 109) at z ∼ 0.15 in the COSMOS field, utilizing deep optical spectroscopy from the

IMACS/Magellan telescope. We compare the properties of these LMGs with those of a similarly

observed sample of intermediate-mass galaxies (IMGs; 109 ≤M∗/M⊙ ≤ 1010). We find a consis-

tent SFR-M∗ relation for both LMGs and IMGs, with slopes of 0.90±0.12 and 1.06±0.07, respec-

tively. The Balmer decrement-based nebular attenuation increases with stellar mass, consistent

across both samples. We also observe higher nebular-to-stellar attenuation ratios in LMGs com-

pared to IMGs, suggesting different dust geometry within LMGs. Moreover, gas-phase metal-
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licities are derived using N2 and O3N2 indicators, showing shallower MZR slopes for LMGs

compared to IMGs. The existence of the FMR is also validated for both samples, revealing that

higher gas-phase metallicity correlates with lower SFR at fixed stellar mass. Our measurements

suggest that the intrinsic scatter in the MZR is larger for LMGs (∼0.22 dex) than for IMGs (∼0.15

dex), indicating more diverse star formation histories or environmental effects in LMGs. These

findings provide insights into the chemical enrichment processes in dwarf galaxies, emphasizing

the need for further studies on their star formation histories and environmental impacts.

4.1 Introduction

The hierarchical model of structure formation suggests that low-mass galaxies, also

known as dwarfs (with stellar mass M∗ ≲ 109M⊙), are the fundamental building blocks of the

universe and can provide important information about the formation history of the massive

structures (White and Rees, 1978; Dekel and Silk, 1986). They are the most common type of

galaxies in the universe, as evidenced by the low-mass end of the stellar mass function (e.g.,

Baldry et al., 2012). Despite their importance, dwarf galaxies have not been studied as exten-

sively as their massive counterparts, mostly due to observational challenges. While the scaling

relations between the physical parameters of massive galaxies are reasonably well understood,

the situation is less clear for the dwarfs.

Investigating interconnected parameters in galaxies, such as the star formation rate

(SFR), gas inflow and outflow, and metal enrichment of the interstellar medium (ISM), offers

essential information about understanding the baryon recycling in galaxies. Dwarf galaxies are

excellent laboratories for such studies, and analyzing those relations in low-mass galaxies pro-
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vides crucial insights into the universality and evolution of different scaling relations. Due to

their shallow potential wells, dwarf galaxies are more susceptible to feedback processes within

their ISM, such as supernova explosions and stellar winds. These mechanisms can expel metal-

enriched gas from the galaxies into the circumgalactic medium (CGM) and intergalactic medium

(IGM). Because these processes are more prevalent in dwarf galaxies, they contribute signifi-

cantly to metal enrichment in the CGM and IGM (Tremonti et al., 2004; Robertson et al., 2010;

Peeples and Shankar, 2011; Lin et al., 2023).

One of the key scaling relations in galaxies that encapsulates the cumulative effects of

star formation, metal production, and gas flows is the mass-metallicity relation (MZR). The MZR

demonstrates that more massive galaxies have higher gas-phase metallicities (Tremonti et al.,

2004; Kewley and Ellison, 2008; Mannucci et al., 2009; Sanders et al., 2015; Maiolino and

Mannucci, 2019). Some studies have reported the existence of the MZR for low-mass galaxies

with increased scatter in this mass range (Zahid et al., 2012; Guo et al., 2016). This large scatter,

compared to their massive counterparts, can be attributed to several factors, including variations

in star formation activity, enhanced sensitivity to environmental effects, and the efficiency of

feedback processes in these galaxies (Berg et al., 2012; Jimmy et al., 2015).

For intermediate-mass (109 M⊙ ≲ M∗ ≲ 1010 M⊙) and massive (M∗ > 1010M⊙)

galaxies, the fundamental metallicity relation (FMR, a relation between the stellar mass,

metallicity, and SFR) further refines our understanding by incorporating the SFR as a third

parameter, showing that at a fixed stellar mass, galaxies with higher SFRs tend to have lower

gas-phase metallicities (Mannucci et al., 2010; Lara-López et al., 2010b; Yates et al., 2012;

Sanders et al., 2018). FMR suggests that the inflow of pristine gas into the ISM, which fuels star
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formation, increases the SFR in galaxies while simultaneously diluting the metal abundance

in the ISM. Several studies have also validated the existence of FMR at the low-mass end,

demonstrating its existence in dwarf galaxies (Bulichi et al., 2023; Gburek et al., 2023; Li et al.,

2023; Curti et al., 2024).

The dust properties of galaxies offer additional insights into their evolutionary pro-

cesses and ISM characteristics. The correlation between nebular and stellar dust attenuation

reveals insights into the dust geometry within galaxies. Previous studies have demonstrated

that nebular regions experience greater reddening compared to the stellar continuum in star-

forming galaxies (Calzetti et al., 2000; Garn and Best, 2010; Kreckel et al., 2013; Kashino et al.,

2013; Reddy et al., 2015; Qin et al., 2019; Chartab et al., 2024), confirming the two-component

dust-star model, wherein all stars undergo moderate attenuation by diffuse ISM dust, while neb-

ular lines from young, massive stars in HII regions are further attenuated by dusty birth clouds

(Calzetti et al., 1994; Charlot and Fall, 2000). Furthermore, the correlation between nebular

to stellar reddening and various galaxy properties such as stellar mass, SFR, specific star forma-

tion rate (sSFR; defined as SFR per stellar mass), and gas-phase metallicity has been explored in

previous studies (Garn and Best, 2010; Reddy et al., 2015; Hemmati et al., 2015; Shivaei et al.,

2020). However, these studies predominantly focus on massive galaxies, leaving the relation-

ships between dust content and other galaxy properties less explored in low-mass systems.

In this paper, we analyze the physical properties obtained from rest-frame optical emis-

sion lines for a large sample of low-mass galaxies (hereafter LMGs) and compare them with

those of a similarly observed sample of intermediate-mass galaxies (hereafter IMGs; Patel et al.,
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2023). The paper is structured as follows. Section 4.2 describes the sample selection and ob-

servations for LMGs and IMGs. In Section 4.3, we detail the spectral energy distribution (SED)

fitting procedure and the measurements of emission line fluxes for our spectra. In Section 4.4,

we study the SFR and stellar mass relation for both samples, investigate their stellar and nebular

dust content, examine the AGN contamination in our samples to have robust measurements of

gas-phase metallicity, and construct the MZR for LMGs and IMGs. We discuss our results and

summarize them in Section 4.5.

Throughout this paper, we assume a flat ΛCDM cosmology with H0 = 70 kms−1Mpc−1,

Ωm0
= 0.3, and ΩΛ0

= 0.7. All the physical parameters are measured assuming a Kroupa (2001)

initial mass function (IMF).

4.2 Data

In this paper, we study a sample of LMGs in the Cosmic Evolution Survey (COSMOS;

Scoville et al., 2007) field. Our galaxies are initially selected based on two criteria on their

stellar mass and photometric redshift (zphot):

1. 108 ≤M∗/M⊙ ≤ 109;

2. 0.1≤ zphot ≤ 0.2.

Spectroscopy of these galaxies was acquired in 2019, 2023, and 2024. We discuss details of the

observations in the next section. The galaxies observed in 2019 were selected from Muzzin et al.

(2013c), with their zphot calculated using the EAZY code (Brammer et al., 2008) and their stellar
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masses determined through the SED fitting code of FAST (Kriek et al., 2009). However, the more

recent sample was selected from the CLASSIC catalog of COSMOS2020 (Weaver et al., 2022).

The stellar mass and zphot of these sources are selected from a combination of EAZY (Brammer

et al., 2008) and LePhare (Arnouts et al., 2002; Ilbert et al., 2006) solutions of SED fitting.

For all the sources initially selected from the two catalogs of Muzzin et al. (2013c)

and Weaver et al. (2022) based on their stellar mass and zphot , we then perform SED fitting by

fixing their redshifts to the spectroscopic values to recalculate their physical properties (Section

4.3.1).

4.2.1 IMACS Observation

Deep optical spectroscopic observation of our galaxies is obtained using the Inamori-

Magellan Areal Camera and Spectrograph (IMACS; Dressler et al., 2011) at the Magellan Baade

telescope over the observing programs during 2019, 2023, and 2024. All 12 masks were ob-

served under clear conditions with an average seeing of ∼ 0.6′′. The typical exposure time for

each mask was ∼ 210 minutes.

f /2 spectroscopy with 300 mm−1 grism dispenser and the spectroscopic filter is con-

ducted for observing runs. The slit widths were 1′, and the wide range of wavelength coverage

(3700-9500 Å) allows the detection of strong emission lines, such as Hα and Hβ , simultane-

ously.
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4.2.2 Data Reduction

To reduce the spectroscopic data, we utilize the Carnegie Python Distribution (CarPy1),

which is a powerful tool tailored for IMACS observations (see e.g., Kelson et al., 2000; Kel-

son, 2003). The pipeline stacks individual frames, subtracts the sky background, rectifies and

extracts 2D spectra. Following this, we apply the optimal extraction algorithm to obtain 1D

spectra of galaxies and associated errors (Horne, 1986). Spectroscopic redshifts of galaxies are

determined based on strong emission lines in the galaxy spectra, such as Hα, [OIII]λ5008, and

[OII]λ3727. Figure 4.1 displays both 2D and 1D spectra for selected LMGs, along with their

positions on the UVJ diagram and their F814W/HST postage stamps.

4.2.3 Intermediate-Mass Control Sample

As a comparison, a similarly observed sample of IMGs is also added to our LMG sample.

The details of the observation and sample selection of these galaxies are discussed extensively

in Patel et al. (2023), but we provide a brief summary here. IMGs are initially selected from

Muzzin et al. (2013c) based on their zphot and stellar mass, such that 109 ≤ M∗/M⊙ ≤ 1010,

and 0.3 ≤ zphot ≤ 0.4. The stellar masses are the product of FAST SED fitting code (Kriek

et al., 2009), and the photometric redshifts are measured with the EAZY code (Brammer et al.,

2008). Magellan IMACS spectroscopy, along with the measurement of spectroscopic redshifts

and emission line fluxes, is detailed in Patel et al. (2023). For a full description, we refer the

reader to this work.

Figure 4.2 shows the spectroscopic redshift distribution for both LMG and IMG sam-

ples. Our main sample consists of 336 LMGs, represented by the green histogram, and 743 IMGs,

1https://code.obs.carnegiescience.edu/
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Figure 4.2: Spectroscopic redshift distribution of both LMGs and IMGs.

depicted by the orange histogram. The redshift ranges for these samples are 0.1 ≲ z ≲ 0.2 for

the LMGs and 0.3≲ z ≲ 0.4 for the IMGs, respectively.

4.3 Analysis

4.3.1 SED Fitting

Utilizing the Bayesian Analysis of Galaxies for Physical Inference and Parameter ESti-

mation (Bagpipes; Carnall et al., 2018)2 framework, we fit the UV to mid-infrared SEDs of both

LMGs and IMGs to derive their physical properties. The observed photometry for these galaxies

2https://bagpipes.readthedocs.io/en/latest/
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is taken from the COSMOS2020 CLASSIC catalog (Weaver et al., 2022), which is corrected for

galactic dust and rescaled to the total flux for the 3′′ diameter aperture photometry.

Bagpipes employs the 2016 version of the Bruzual and Charlot (2003) stellar pop-

ulation synthesis (SPS) models. Additionally, the nebular emission modeling within the code

utilizes the 2017 version of the Cloudy photoionization code (Ferland et al., 2017) based on

the Byler et al. (2017) methodology.

In the process of SED fitting, we fix the redshifts to their spectroscopic values and

adopt a delayed exponentially declining star formation history, te−t/τ. We set a uniform prior

for the star formation e-folding time-scale (τ) ranging from 0.3 to 10 Gyr. A Calzetti et al.

(2000) dust model with AV = (0,2) is applied. Additionally, we consider a metallicity range

from 0< Z/Z⊙ < 2.5 with a logarithmic prior.

The best-fit SED model for each galaxy, along with stellar masses and other physical

parameters (e.g., SFR and stellar dust attenuation), is obtained from SED fitting. The rest-

frame UVJ colors are also measured for both LMGs and IMGs. In Figure 4.3, we demonstrate

the position of our galaxies on the rest-frame UVJ plane. The green line in the figure separates

the population of quiescent galaxies from the star-forming ones, following the definition from

Muzzin et al. (2013a). The bold red (blue) data points correspond to LMGs (IMGs) with 3σ

detection in their Hα and Hβ lines used in the present work. As shown in the figure, most of our

LMGs and IMGs are in the star-forming region, with a few of them (∼ 1% of LMGs and ∼ 2%

of IMGs) in the quiescent region.
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Figure 4.3: The rest-frame UVJ plane derived from SED fitting for both LMGs (red) and IMGs
(blue). The bold red (blue) data points correspond to LMGs (IMGs) with 3σ detection in their
Hα and Hβ lines. The green line indicates the boundary between quiescent galaxies and star-
forming galaxies.
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4.3.2 Emission Line Measurements

Given the wide wavelength coverage of IMACS, we measure the emission line fluxes

in three wavelength ranges with strong emission lines:

1. [OII]λλ3727, 3730;

2. Hβ , [OIII]λλ4960,5008;

3. Hα, [NII] λλ6550,6585.

In each wavelength range, we simultaneously fit multiple Gaussians to the 1D spectra of galaxies

to extract the desired emission line fluxes. The fluxes of Hα and Hβ emission lines are corrected

for underlying Balmer absorption using the best-fit SED models obtained in Section 4.3.1. We

measure the line fluxes by integrating the best-fit Gaussian function over the 1D spectrum. The

errors of the line fluxes are also calculated from the standard deviation of the best-fit Gaussian

functions.

4.4 Results

4.4.1 SFR-M∗ Relation

Out of 336 (743) LMGs (IMGs) at z ∼ 0.15 (z ∼ 0.35), 176 (460) of them have signal-

to-noise (S/N) ≥ 3 detection in their Hα and Hβ emission lines (these galaxies are shown

with bold colors on the UVJ diagram presented in Figure 4.3). We derive the Hα-based SFRs

(SFRHα) for our LMG and IMG samples using the Kennicutt (1998) calibration, assuming the
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Figure 4.4: Comparison between the SFRs estimated from SED fitting (SFRSED) with those based
on the Hα luminosity (SFRHα) for LMGs (blue circles) and IMGs (pink circles). The black line
represents a unit slope, indicating equality between SFRHα and SFRSED.

Kroupa (2001) IMF: SFRHα(M⊙yr−1) = 5.5×10−42 LHα(erg/s). SFRs are calculated by correcting

the Hα luminosities for attenuation using the Balmer decrement (elaborated in Section 4.4.2).

The uncertainties associated with SFRHα include the E(B−V )nebular uncertainties as well as the

measurement errors of the line fluxes.

Another measurement of SFR is also obtained from SED fitting (SFRSED). While the

SFR derived from Hα flux measurements traces the instantaneous star formation activity within

galaxies, the SED-derived SFR represents the integrated SFR of the galaxy over 100 Myrs and is
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Figure 4.5: SFRHα as a function of stellar mass for LMGs (purple circles) and IMGs (teal circles).
The purple (yellow) line represents the best-fit to the data points in the LMG (IMG) sample. The
shaded region around each line shows the uncertainty of the fitted line.

more susceptible to degeneracies present in SED modeling. These degeneracies can arise from

factors such as age, metallicity, dust attenuation, and assumptions about the IMF, making the

interpretation of SFRSED more complex. Nevertheless, we compare these two measurements

in Figure 4.4 and find that they are relatively in agreement. The normalized median absolute

deviation (σNMAD) is ∼ 0.3 for each sample, which is in agreement with measurements from

Patel et al. (2023) for IMGs.
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Additionally, we present the SFRHα as a function of stellar mass for our galaxies in

Figure 4.5. As shown in the figure, the SFR increases with the increase of stellar mass in all mass

ranges, indicating the common star formation main sequence trend of galaxies (e.g., Speagle

et al., 2014). We estimate the intrinsic scatter in SFRs using σ2
obs = σ

2
meas+σ

2
int. For both LMGs

and IMGs, σint is similar and ∼ 0.4. We also show the best-fit line along with its uncertainty for

each sample separately. The slope of the best-fit line for LMGs is 0.90± 0.12, similar to that of

IMGs (1.06± 0.07). This slope is in agreement with previous studies of SFR-M∗ relation (e.g.,

Salim et al., 2007; Peng et al., 2010; Kelson, 2014; Whitaker et al., 2014).

4.4.2 Dust Attenuation

We estimate the nebular dust attenuation for LMGs and IMGs using the Balmer decre-

ment (Hα/Hβ line flux ratio). The intrinsic ratio of 2.86 is considered for Hα/Hβ , assuming

standard case B recombination at T = 104 K and an electron density of ne = 102 cm−3 (Os-

terbrock and Ferland, 2006). To convert the color excess to attenuation (Aλ = kλE(B − V )),

we employ the Calzetti et al. (2000) attenuation law for estimating the reddening curve (kλ).

Attenuation uncertainty is also calculated using the Hα and Hβ flux errors and standard error

propagation methods.

The left panel of Figure 4.6 shows the Balmer visual band attenuation (Balmer AV ) as

a function of stellar mass for LMGs and IMGs. The running median of AV in bins of stellar mass

is also shown with orange squares. For both LMGs and IMGs, the median nebular attenuation

increases with stellar mass. This correlation has been found in previous studies for local and

high redshift galaxies (e.g., Garn and Best, 2010; Cullen et al., 2018). The left panel also

demonstrates that the median Balmer AV values are consistently high across all mass bins for
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Figure 4.7: Variation of nebular to stellar color excess with stellar mass for LMGs (purple circles)
and IMGs (blue circles). Median values for each sample are represented in two stellar mass
bins using pink diamonds. Error bars indicate the uncertainty of these medians. The solid line
denotes equal nebular and stellar color excess, while the dashed line shows the E(B−V )nebular =
2.27 E(B − V )stellar relation by Calzetti et al. (2000).

LMGs, comparable to those observed in IMGs. This may stem from the different redshift ranges

probed by each sample. However, it has been demonstrated that the correlation between nebular

attenuation and stellar mass remains the same across all redshift ranges, showing no evolution

with redshift (Shapley et al., 2022).

In the right panel of Figure 4.6, we display the relationship between visual band stellar

dust attenuation (SED AV ) and stellar mass for LMGs and IMGs. The median values across
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different stellar mass bins are depicted using orange squares. As illustrated in this panel, SED AV

increases with stellar mass in both LMGs and IMGs; however, the increase is more pronounced

for IMGs, exhibiting a steeper slope. Additionally, we observe an excess of nebular attenuation

compared to that of the stellar continuum for both LMGs and IMGs, as found in various previous

studies (e.g., Calzetti et al., 2000; Garn and Best, 2010; Hemmati et al., 2015; Qin et al., 2019;

Shivaei et al., 2020; Patel et al., 2023; Chartab et al., 2024). For our IMG sample, the results of

these analyses have also been detailed in Patel et al. (2023). Our measurements align closely

with those reported in their study.

To further investigate the high nebular to stellar attenuation in LMGs, we plot the

nebular to stellar color excess as a function of stellar mass in Figure 4.7. The median values in

two bins of stellar mass for each sample of galaxies are also shown with pink diamonds. The

solid line shows the case of no extra attenuation toward nebular regions, and the dashed line

shows E(B − V )nebular/E(B − V )stellar = 2.27 from Calzetti et al. (2000). For IMGs, the median

values closely follow this dashed line, while LMGs display E(B − V )nebular/E(B − V )stellar ∼ 5.

Comparing LMGs and IMGs, it is evident that the median reddening ratio for LMGs is higher,

yet the difference remains within the error margin, ∼ 1σ greater than that of IMGs. But within

each sample, there is no significant correlation between the reddening ratio and stellar mass,

which is consistent with previous studies for more massive galaxies (e.g., Hemmati et al., 2015;

Reddy et al., 2015; Shivaei et al., 2020).

We also show the nebular to stellar color excess as a function of sSFR in Figure 4.8. The

sSFR is derived from the dust-corrected Hα SFR (SFRHα), as detailed in Section 4.4.1. solid and

dashed lines in the figure show a 1 : 1 ratio of nebular and stellar color excess and the relation
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from Calzetti et al. (2000), respectively. The median values of the reddening ratio, along with

the errors associated with them, are shown with magenta (blue) diamonds for LMGs (IMGs) in

bins of sSFR. Despite large uncertainties, for both samples, the reddening ratio seems to increase

with the increase of sSFR, in agreement with previous works for high redshift galaxies (Reddy

et al., 2015). This supports the idea that the dust distribution in LMGs is not uniform, with

denser dust regions corresponding to areas of intense star formation.

4.4.3 AGN Contamination

The presence of active galactic nuclei (AGNs) prevents the robust measurements of

gas-phase metallicity from rest-optical emission lines (e.g., Chartab et al., 2022) and hence, we

locate our galaxies in two diagnostic plots to see the contamination from AGNs in our samples.

Figure 4.9 shows the stellar mass-excitation (MEx) diagnostic diagram (left panel) and the BPT

diagram (right panel) for our LMG and IMG samples with 3σ detection in their [OIII]λ5008

emission line (in the left panel), and [OIII]λ5008 and [NII] λ6585 emission lines (in the right

panel) in addition to their Hα and Hβ line detection.

Galaxies above the dashed line in the left panel of Figure 4.9 are expected to be AGNs

(Juneau et al., 2014), whereas galaxies between the two curves are “composite” sources whose

line ratios are influenced by both star formation and AGN activity. Below the demarcation lines

is the region where star-forming galaxies are located. We note that Juneau et al. (2014) found

these empirically determined demarcation lines based on a sample at 0.04 < z < 0.2 from

SDSS DR7 (Abazajian et al., 2009). For higher redshifts (z > 0.3), they predicted a shift in

these divisions to higher stellar masses. However, LMGs and IMGs fall within a similar redshift

91



8.
0

8.
5

9.
0

9.
5

10
.0

10
.5

lo
g(

M
*/

M
)

1.
0

0.
5

0.
0

0.
5

1.
0

log([OIII]5008Å/H)

LM
G

s 
(z

0.
15

)
IM

G
s 

(z
0.

35
)

1.
5

1.
0

0.
5

0.
0

0.
5

lo
g(

[N
II]

65
85

Å/
H

)

1.
0

0.
5

0.
0

0.
5

1.
0

1.
5

log([OIII]5008Å/H)

LM
G

s 
(z

0.
15

)
IM

G
s 

(z
0.

35
)

Fi
gu

re
4.

9:
Le

ft
:

Th
e

M
Ex

di
ag

no
st

ic
di

ag
ra

m
fo

r
LM

G
s

(g
re

en
ci

rc
le

s)
an

d
IM

G
s

(p
in

k
ci

rc
le

s)
w

it
h

3σ
de

te
ct

io
n

in
th

ei
r
[O

II
I]
λ

50
08

lin
e

in
ad

di
ti

on
to

th
ei

r
H
α

an
d

H
β

de
te

ct
io

n.
Th

e
da

sh
ed

de
m

ar
ca

ti
on

lin
es

sh
ow

th
e

su
gg

es
te

d
di

vi
si

on
s

be
tw

ee
n

st
ar

-f
or

m
in

g
ga

la
xi

es
,

co
m

po
si

te
ga

la
xi

es
,

an
d

A
G

N
s

fr
om

Ju
ne

au
et

al
.

(2
01

4)
fo

r
SD

SS
ga

la
xi

es
.

R
ig

ht
:

Th
e

B
PT

di
ag

ra
m

fo
r

LM
G

s
(p

ur
pl

e
ci

rc
le

s)
an

d
IM

G
s

(t
ea

l
ci

rc
le

s)
w

it
h

3σ
de

te
ct

io
n

in
al

l
fo

ur
lin

es
us

ed
in

th
is

di
ag

no
st

ic
pl

ot
.

Th
e

ba
ck

gr
ou

nd
be

ig
e

da
ta

po
in

ts
in

di
ca

te
th

e
B

PT
di

ag
ra

m
of

th
e

SD
SS

sa
m

pl
e

fr
om

K
au

ff
m

an
n

et
al

.(
20

03
).

Th
e

da
sh

ed
an

d
do

tt
ed

m
ar

oo
n

lin
es

re
pr

es
en

tt
he

z
∼

0
de

m
ar

ca
ti

on
s

be
tw

ee
n

st
ar

-f
or

m
in

g
ga

la
xi

es
(b

el
ow

th
e

lin
es

)
an

d
A

G
N

s
(a

bo
ve

th
e

lin
es

)
fr

om
K

au
ff

m
an

n
et

al
.(

20
03

)
an

d
Ke

w
le

y
et

al
.(

20
01

),
re

sp
ec

ti
ve

ly
.

92



range to the SDSS sample, allowing us to apply these boundaries in our MEx diagram. Notably,

all LMGs (100%) and the majority of IMGs (approximately 93%) are located within the star-

forming region, with minimal AGN contamination.

On the right panel of Figure 4.9, we locate our galaxies on the [OIII]λ5008/Hβ ver-

sus [NII]λ6585/Hα BPT diagram (Baldwin et al., 1981; Veilleux and Osterbrock, 1987). For

comparison, the distribution of SDSS galaxies from Kauffmann et al. (2003) with 3σ detection

in their four lines of Hα, Hβ , [OIII]λ5008, and [NII] λ6585 is also shown in the background

of the BPT diagram. Two maroon lines on the diagram, dashed representing Kauffmann et al.

(2003) and dotted representing Kewley et al. (2001), demarcate star-forming galaxies (below

the lines) and AGNs (above the lines) empirically and theoretically, respectively.

As shown in this diagnostic diagram, the majority of our LMGs and IMGs are posi-

tioned within the star-forming region. Only a small fraction (∼14% of LMGs and∼3% of IMGs)

fall between the two curves, identifying them as composite galaxies. These galaxies are not

excluded from our gas-phase metallicity measurements since they still reside within the star-

forming region of the BPT diagram, based on the division by Kewley et al. (2001).

4.4.4 Mass-Metallicity Relation

Observations of rest-optical emission lines for our samples of LMGs and IMGs allow us

to measure the gas-phase metallicity of these galaxies using different line ratios. In this section,

we use N2 ( [NII]λ6585
Hα ) and O3N2 ( [OIII]λ5008/Hβ

[NII]λ6585/Hα ) line ratios to estimate the gas-phase metallicity

of galaxies.

We measure the gas-phase oxygen abundance (12+ log(O/H)) of LMGs and IMGs that

have S/N ≥ 3 in their Hα and Hβ emission lines, using the empirical calibration based on local
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HII regions from Pettini and Pagel (2004). For each indicator, the conversion to the oxygen

abundance is given by:

12+ log(O/H) = 8.9+ 0.57 log(N2), (4.1)

and

12+ log(O/H) = 8.73− 0.32 log(O3N2). (4.2)

When utilizing the N2 indicator, we require galaxies to have 3σ detection in their [NII] λ6585

line as well. To include galaxies with undetected (S/N < 3) [NII] λ6585 lines in the MZR of our

LMGs and IMGs, we stack the spectra in bins of stellar mass. The mass bins are selected such

that each bin includes approximately the same number of galaxies.

To construct the composite spectra within each stellar mass bin, we first shift each

spectrum to its rest-frame and correct it for reddening by applying a dust correction based on

each galaxy’s Balmer decrement (Section 4.4.2). We then normalize the spectrum by its Hα

luminosity. Through normalization, galaxies with high SFR do not dominate the composite

spectrum. The Hα-normalized spectra are then interpolated at a resolution of 0.5 Å. The stellar

mass and gas-phase metallicity of stacks are calculated from the median stellar mass and oxygen

abundance of individual galaxies within each bin.

To assess the uncertainty of the composite spectra, we employ bootstrap resampling by

randomly selecting galaxies from the initial sample with replacement. This process is repeated

1000 times, and the standard deviation of these trials is calculated to determine the uncertainty

of the stack.
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The left panel of Figure 4.10 presents the MZR for our samples of LMGs and IMGs,

where the gas-phase oxygen abundance of galaxies is calculated using the N2 indicator. The

metallicity measurement for stacked spectra is shown with red and blue diamonds in stellar

mass bins for LMGs and IMGs, respectively. The equation for the best-fit line to the stacked

values is given by:

12+ log(O/H)N2 = (0.13± 0.09) log
� M∗

108 M⊙

�

+ (8.32± 0.07). (4.3)

for LMGs, and

12+ log(O/H)N2 = (0.24± 0.04) log
� M∗

109 M⊙

�

+ (8.37± 0.03). (4.4)

for IMGs. The slope of the best fit to the MZR of LMGs is inconsistent with that of massive

counterparts (i.e., IMGs) by ∼ 1.4σ, such that the slope is steeper for IMGs.

Moreover, the intrinsic scatter for metallicity calibration based on the N2 ratio is 0.18

dex (Pettini and Pagel, 2004). A composite spectrum in each stellar mass bin consists of N

galaxies (N = 58 for LMGs and N = 87 for IMGs); thus, the calibration error in the oxygen

abundance of the composite spectra is 0.18/
p

N ∼ 0.02 (Erb et al., 2006; Sanders et al., 2015).

By adding the calibration error to the measurement uncertainties in quadrature and recalculat-

ing the best-fit lines, the inconsistency in the slope of IMGs and LMGs is reduced to 0.2σ.

The intrinsic scatter for the O3N2 calibration is 0.14 dex, which is smaller than that

of the N2 calibration, indicating a more precise measurement. Hence, it is useful to investigate

the MZR using the O3N2 indicator as well.
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The right panel of Figure 4.10 also presents the MZR for LMGs and IMGs but with

metallicities derived from the O3N2 line ratio. The symbols are the same as in the left panel,

where the diamonds show the MZR of composite spectra in stellar mass bins. The best-fit line

for the stacked values of LMGs is:

12+ log(O/H)O3N2 = (0.17± 0.08) log
� M∗

108 M⊙

�

+ (8.22± 0.06). (4.5)

and for that of IMGs is:

12+ log(O/H)O3N2 = (0.34± 0.04) log
� M∗

109 M⊙

�

+ (8.26± 0.03). (4.6)

As in the left panel, the slope of the best fit to the MZR in the right panel is also inconsistent

between the two samples by∼ 2.7σ, and it is steeper for IMGs. Taking into account the intrinsic

scatter of the O3N2 calibration for oxygen abundance and the number of galaxies in each mass

bin (N = 76 for LMGs and N = 103 for IMGs), we expect the inconsistency in the slope to be

reduced to ∼ 1.9σ.

Consequently, we find that the LMG and IMG samples exhibit similar trends in their

MZR when the metallicities are measured with the N2 indicator. However, the slope of the

MZR is shallower for LMGs compared to that of IMGs when the gas-phase oxygen abundance

is measured using the O3N2 indicator. The insignificant difference between the slope of the

MZR for LMGs and IMGs, when relying on the N2 line ratio, can be a result of larger intrinsic

uncertainty in the N2 calibration.
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Utilizing our measurements of gas-phase metallicity and SFR, we investigate the ex-

istence of FMR within our sample of LMGs and IMGs. This involves examining the correlation

between stellar mass, gas-phase metallicity, and SFR. Specifically, we plot deviations in galaxies’

line ratio from the median line ratio (best fit to the stacked data) against deviations in their sSFR

from the best-fit line to the sSFR-M∗ relationship in Figure 4.11. The left panel shows the N2

line ratio residuals, while the right panel illustrates the residuals of the O3N2 line ratio.

In both panels of Figure 4.11, the median values in bins of ∆log(sSFRHα) along with

the best-fit lines to the medians for LMGs (shown in green diamonds and dashed lines) and

IMGs (shown in yellow diamonds and dashed lines) are displayed. In the left panel, the best-fit

slopes are −0.08± 0.02 for LMGs and −0.12± 0.02 for IMGs. In the right panel, these slopes

are 0.10± 0.09 for LMGs and 0.3± 0.04 for IMGs.

Both LMGs and IMGs exhibit a similar distribution in the FMR plane, indicating a

correlation between stellar mass, gas-phase metallicity, and SFR. At fixed stellar mass, galaxies

with higher gas-phase metallicity have lower SFR.

Additionally, we show the deviations in line ratios of LMGs and IMGs from the median

line ratio versus stellar mass in Figure 4.12. The left panel shows these residuals for the N2

line ratio, while the right panel displays that of the O3N2 line ratio. As shown in the figure,

LMGs exhibit a larger scatter in the line ratio residuals compared to IMGs. This is evident from

the shaded regions around the data points, with the red-shaded region representing LMGs and

the green-shaded region representing IMGs. By accounting for the measurement scatter for

each galaxy, we estimate the intrinsic scatter in the line ratio residuals using σ2
obs = σ

2
meas+σ

2
int.
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For LMGs, σint is estimated 0.22 and 0.33 with the N2 and the O3N2 line ratios,

respectively. These numbers for IMGs are 0.15 and 0.33. While the intrinsic scatter for LMGs

and IMGs is similar with the O3N2 line ratio, it is ∼ 1.5 times larger for LMGs compared to

IMGs with the N2 line ratios. Our results align with those of Zahid et al. (2012) and Guo et al.

(2016) and can be explained by diversity in star formation histories (SFHs) and the effect of the

galaxy environment on LMGs.

4.5 Discussion & Summary

In this paper, we conducted a comprehensive analysis of dwarf galaxies (i.e., LMGs) in

the COSMOS field at z ∼ 0.15 and compared their properties extracted from rest-frame optical

emission lines with those of IMGs. The deep optical spectroscopy for our galaxies is carried

out using the IMACS/Magellan telescope. The final sample of LMGs (IMGs) consists of 176

(460) galaxies with 3σ detection in their Hα and Hβ lines. Using the COSMOS2020 CLASSIC

catalog for the photometry of galaxies and fixing their redshifts to the spectroscopic values, we

performed SED fitting with Bagpipes and estimated the physical properties of LMGs and IMGs,

such as stellar mass, SFR, and stellar dust attenuation. Our key findings are summarized below:

• We measured the dust-corrected (from Balmer decrement) SFR from the Hα line fluxes

and compared them with SED-derived SFRs and observed fairly good agreement among

the two measurements. We also placed our LMGs and IMGs on the SFR-M∗ plane and

found that the slope of the best-fit line for the SFR-M∗ relation of LMGs and IMGs is

similar (∆log(SFRHα)/∆log(M∗/M⊙)∼ 1).

• The attenuation toward the HII regions within galaxies and that of the stellar continuum
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is compared for our samples of galaxies. We investigated the variation of nebular to stellar

color excess as a function of stellar mass and sSFR for LMGs and IMGs. Our LMGs show

higher nebular to stellar dust attenuation (∼ 5) compared to IMGs (∼ 2), and this ratio

increases with the increase of sSFR. We speculate that the dust geometry within LMGs is

different than that of IMGs, which correlates with regions of intense star formation.

• We further investigated the AGN contamination in our sample based on two diagnostic

diagrams (MEx and BPT diagrams) to remove AGNs for robust gas-phase metallicity mea-

surements. We measured the gas-phase metallicity of our galaxies with two indicators

of N2 and O3N2 and found a shallower slope for the median trend of MZR for LMGs

compared to IMGs.

• To explore the existence of FMR for our LMGs and IMGs, we investigated the residuals

in the line ratios from the median line ratios as a function of residuals in sSFR from the

best-fit line to the sSFR-M∗ relation. The existence of FMR for both LMGs and IMGs is

confirmed, such that at a fixed stellar mass, galaxies with higher gas-phase metallicity

have a lower SFR.

• We examined the deviation from the median trend of line ratios as a function of stellar

mass for LMGs and IMGs and found that the intrinsic scatter in the line ratio residuals

for LMGs is higher by a factor of 1.5 compared to that of IMGs when using the N2 line

ratio. The large intrinsic scatter in LMGs can be attributed to their diverse SFHs or the

effect of the environment on these galaxies. Further investigations on the SFHs and the

environment of dwarf galaxies are needed to confirm these speculations.
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Chapter 5

Summary and Conclusions

This thesis is focused on exploring the intricate processes that govern galaxy formation

and evolution across different cosmic epochs and environments. Through a series of detailed

spectroscopic and imaging studies, we investigate the metallicity, star formation characteristics,

and structural properties of galaxies from the early universe to the more recent universe. This

work sheds light on the underlying mechanisms that influence galaxy growth and evolution by

examining galaxies within diverse contexts—from dense protoclusters to isolated field galaxies.

Each chapter of this thesis contributes unique insights into these complex dynamics using obser-

vational data and analytical techniques. The following summaries encapsulate the key findings

from each chapter.

5.1 Summary of Chapter 2

In the second chapter of this thesis, we studied the metal enrichment of galaxies re-

siding in a protocluster at z = 2.23 in the COSMOS field. These galaxies, confirmed via Keck
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I/MOSFIRE spectroscopy in the K band, were initially narrowband-selected Hα emitter can-

didates from the HiZELS survey. Using the [NII]λ6584/Hα ratio, we measured the gas-phase

metallicity of 19 protocluster members and 24 galaxies of a field sample at the same redshift.

Their mass-metallicity relation (MZR) revealed that protocluster galaxies, within the stellar

mass range of 109.9M⊙ ≤ M∗ ≤ 1010.9M⊙, are metal deficient by 0.10 ± 0.04 dex (2.5σ sig-

nificance) relative to their field counterparts. Our study suggested that primordial cold gas,

flowing through cosmic filaments, dilutes the metal content of the protocluster. Additionally,

the frequent occurrence of minor and major mergers in high-redshift dense environments may

also contribute to the observed metal deficiency in the CC2.2 protocluster (Sattari et al., 2021).

5.2 Summary of Chapter 3

In Sattari et al. (2023), we studied the nature of giant star-forming clumps, promi-

nent features in high-redshift star-forming galaxies (SFGs). We developed a novel technique to

identify clumps in the rest-frame UV 1600 Å images of 6767 galaxies at 0.5≤ z ≤ 3, using data

from CANDELS and UVCANDELS HST surveys. We employed a low-pass band filter in Fourier

space to reconstruct the background of each galaxy, enabling the identification of small-scale

structures, referred to as clumps, in the background-subtracted image. Our method is validated

through the inclusion of synthetic clumps into galaxy images to test the detection algorithm’s

completeness.

We investigated the fraction of clumpy galaxies (fclumpy) as a function of redshift and

also the physical properties of galaxies, such as stellar mass and environment. A steep decline

in the clumpiness of SFGs can be observed at late times, aligning with the trend in star forma-
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tion rate density. Consequently, the universe’s increasing SFR at cosmic noon might be partly

attributed to the prevalence of clumpy galaxies at that time.

Moreover, for the first time, we examined the fraction of clumpy galaxies in relation to

their local environment up to z = 3 and found that fclumpy remains almost consistent, irrespective

of the environment. This observation was further supported by the clumpy fraction measure-

ments in a spectroscopically-confirmed cluster at z = 1.61. Such findings suggest that internal

processes, such as violent disk instability, are primary drivers of clump formation, challenging

the role of mergers in forming clumps in dense environments. We also studied the fraction of

clumpy galaxies as a function of stellar mass and found that it inversely correlates with stellar

mass across all redshift bins, with low-mass galaxies hosting more clumps.

5.3 Summary of Chapter 4

This chapter presents a thorough spectroscopic study of low-mass galaxies (LMGs) and

intermediate-mass galaxies (IMGs) in the COSMOS field, highlighting significant insights into

their physical characteristics, star formation rates, dust attenuation, and metallicities. Utilizing

the IMACS/Magellan telescope, the study analyzes galaxies with stellar masses between 108 ≤

M∗/M⊙ ≤ 109 (for LMGs) and 109 ≤ M∗/M⊙ ≤ 1010 (for IMGs) at z ∼ 0.15 and z ∼ 0.35,

respectively. We found a consistent star formation rate-mass relationship for both LMGs and

IMGs (∆log(SFRHα)/∆log(M∗/M⊙)∼ 1).

A notable finding in this study is the varying degrees of dust attenuation between LMGs

and IMGs, with LMGs exhibiting a higher nebular-to-stellar attenuation ratio. This suggests

different dust geometries within LMGs, likely influenced by their more intense star-forming
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regions. Such distinctions in dust properties could be pivotal in understanding the structure of

the interstellar medium and the role of dust in galaxy evolution.

Furthermore, our examination of the mass-metallicity relation (MZR) using N2 and

O3N2 indicators to calculate gas-phase metallicity shows that LMGs have a shallower slope in

their MZR trend compared to that of IMGs. This observation suggests that fundamental pro-

cesses influencing metal enrichment and retention might be different across different galaxy

masses. Also, the analysis of the Fundamental Metallicity Relation (FMR) reveals that this re-

lation exists for both LMGs and IMGs, indicating that galaxies with higher metallicity tend to

have lower SFRs at a given stellar mass.

Moreover, our study highlights that LMGs display a larger intrinsic scatter in the MZR

compared to IMGs. This variance could indicate more diverse star formation histories or a

stronger influence of environmental factors on smaller galaxies. Understanding these disparities

provides deeper insights into the evolutionary paths and growth mechanisms of galaxies across

the mass spectrum.
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Fèvre, O., Masters, D., McCracken, H. J., Onodera, M., Scoville, N., Strazzullo, V., Symeonidis,

M., and Taniguchi, Y. (2013). The FMOS-COSMOS Survey of Star-forming Galaxies at z ∼

1.6. I. Hα-based Star Formation Rates and Dust Extinction. , 777(1):L8.

Kauffmann, G., Heckman, T. M., Tremonti, C., Brinchmann, J., Charlot, S., White, S. D. M., Ridg-

132



way, S. E., Brinkmann, J., Fukugita, M., Hall, P. B., Ivezić, Ž., Richards, G. T., and Schneider,
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