GALAXY EVOLUTION IN GROUPS AND
CLUSTERS WITH ILLUSTRISTNG



THE EVOLUTION OF GALAXY STAR FORMATION AND
MORPHOLOGY IN GROUPS AND CLUSTERS WITH
ILLUSTRISTNG

By JING YEUNG, BSs

A Thesis Submitted to the School of Graduate Studies in Partial
Ful llment of the Requirements for

the Degree Master of Science

McMaster University () Copyright by Jing Yeung, September 2025


https://gs.mcmaster.ca/
http://www.mcmaster.ca/

McMaster University

MASTER OF SCIENCE (2025)

Hamilton, Ontario, Canada (Physics and Astronomy)

TITLE:

AUTHOR:

SUPERVISOR:

NUMBER OF PAGES:

The Evolution of Galaxy Star Formation and Morphol-

ogy in Groups and Clusters with HlustrisTNG

Jing Yeung
BSs (Physics and Astronomy),
University of Manitoba, Winnipeg, Canada

Laura Parker

xi, 98


http://www.mcmaster.ca/
https://physics.mcmaster.ca

Abstract

Galaxies residing in groups and clusters have long been observed to show lower star
formation rates and a higher fraction of early-type morphologies compared to eld
populations, highlighting the signi cant role of environment e ects in galaxy evo-
lution. Recent observational studies indicate that the fractions of bulge-dominated
and quenched galaxies increase with time since infall into dense environments. How-
ever, due to projection e ects, the timescales and dominant mechanisms driving these
changes remain under debate. This thesis investigates how galaxy star formation and
morphology evolve following infall into groups and clusters, using the state-of-the-art
hydrodynamical simulation IlustrisTNG100-1. We nd that the star formation and
morphology of TNG100 satellites change as a function of infall time in a way simi-
lar to low-z observations, but low-mass satellites in TNG100 are systematically more
guenched than observed galaxies. Moreover, satellites tend to quench and build up
their bulges more rapidly than central galaxies, following a two-stage evolutionary

scenario in which star formation is suppressed prior to major structural changes.
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Chapter 1

Introduction

For thousands of years, people across cultures have observed the night sky, tracking
the motion of stars and planets. Among the pinpoint-like stars, ancient observers
also noticed fuzzy, di use objects|now known as deep sky objects. Some, like the
star cluster Pleiades (the Seven Sisters), are objects within the Milky Way. Others,
including the Andromeda Galaxy, were long debated until the early 20th century,
when Edwin Hubble provided de nitive evidence that Andromeda lies far beyond our
galaxy (Hubble, 1929). This discovery marked the beginning of our understanding
that the Milky Way is just one of many galaxies in the Universe. Since then, techno-
logical advancements have vastly expanded our knowledge of galaxy formation and
evolution.

We now know that the Universe contains billions of galaxies, exhibiting a wide
variety of properties, including di erences in mass, morphology, colour, and star
formation activity. In this chapter, | provide an overview of galaxy properties, the
characteristics of the environments in which galaxies reside, and a summary of the

processes that drive their evolution over cosmic time.
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1.1 Galaxy Properties

1.1.1 Components and Structure of Milky Way-like Galaxies

Galaxies are collections of stars, multi-phase gas, dust, and dark matter. Our Galaxy,
the Milky Way, belongs to the class of disk galaxies. These systems are characterized
by a dense central region, extended stellar and gaseous components, all embedded
within a massive dark matter halo. These components, ordered roughly from most
to least centrally concentrated, together shape a galaxy's morphology, dynamics, and
evolution. Their relative prominence varies depending on a galaxy's morphological
type (Section 1.1.2) and its surrounding environment (Section 4.4). The structure of

Milky Way-like galaxies generally includes:

Bulge: The dense, spheroidal central region dominated by an old stellar popu-

lation with largely random motions.

Stellar disk: A attened, rotationally supported structure containing young and

intermediate-age stars, along with dust.

Gas disk: An extended disk rich in cold atomic (HI) and molecular (K gas,

which serves as the primary fuel for star formation.

Circumgalactic medium (CGM): A diuse halo of hot, ionized gas that sur-
rounds the galaxy. It acts as a reservoir that can replenish the gas disk through

accretion.

Dark matter halo: The dominant mass component that governs the galaxy's

gravitational potential.
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Figure 1.1: The Hubble tuning fork is a classi cation scheme for galaxies based on
their visual appearance. Ellipticals and spirals are on the left and right, respectively.

Hubble originally believed that galaxies evolved from ellipticals to spirals, hence the
terms \early-type" and \late-type" (e.g. Carroll & Ostlie, 2017). Image credit: NASA

& ESA

1.1.2 Morphology
Visual Morphology

Edwin Hubble's classi cation system (Hubble, 1926) marked the rst structured at-
tempt to categorize galaxy morphology, introducing three principal types: elliptical,
spiral, and irregular, now known as the Hubble Tuning Fork (Figure 1.1). Ellipti-
cal galaxies are smooth and featureless, ranging from nearly spherical shapes (EO)
to highly elongated (E7). Spiral galaxies, by contrast, feature a central bulge and
well-de ned spiral arms, and are further classi ed based on the presence/absence of
a central bar, as well as the size of the bulge relative to the disk. Later updates
to Hubble's system introduced lenticular (SO) galaxies, which display a bulge{disk

structure without spiral arms and are considered transitional between ellipticals and

3
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spirals. It is common to refer to elliptical and SO galaxies as early-type, and all spi-
ral types as late-type. Galaxies that do not t neatly into this schematic and that
display disturbed or asymmetric structures are classi ed as irregular (Irr). Moreover,
while the Hubble sequence provides a good description of galaxies with stellar masses
M, > 10°°M , lower-mass dwarf galaxies show much greater diversity and less regu-
larity in their morphologies (e.g. Lazar et al., 2024). Many lack the prominent bulges
and spiral arm features characteristic of massive galaxies (Governato et al., 2010;
Zasov et al., 2021).

As galaxy surveys have grown in size, visual classi cation of morphology has
become increasingly time-consuming. For instance, the Sloan Digital Sky Survey
(SDSS) has observed millions of galaxies photometrically (Yasuda et al., 2001). To
address this challenge, various approaches have been developed, including citizen sci-
ence projects such as Galaxy Zoo (Lintott et al., 2011). More recently, machine
learning techniques have been applied to automate galaxy morphology classi cation
(e.g. Huertas-Company et al., 2019; Martin et al., 2020). In addition, visual classi-
cation can be subjective and is often limited by the spatial resolution and depth
of imaging data. Therefore, more objective and quantitative methods based on the

analysis of galaxy light pro les have been introduced (e.g. Vika et al., 2015).

Surface Brightness Morphology

A widely adopted approach to classifying galaxy morphology is through tting a

single-Sersic pro le (Sersic, 1963) to the surface brightness distribution:

«c " L "
I(r)= leexp b rL 1 (1.1.1)
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Here, I (r) and |, are surface brightness at radiug, and the e ective radius re,
respectively, andh, is a coe cient that depends on the Sersic indexn. A higher
Sersic index indicates a more centrally concentrated light pro le, while a lower index
corresponds to a pro le closer to exponential. Thus, early-type galaxies typically have
Sersic indices 4, whereas late-type galaxies have lower values. It is also common
to t the light pro les of the bulge and disk components separately to estimate the
bulge-to-total (B/T) light ratio. As with whole-galaxy tting, bulges generally have
higher Sersic indices (e.g., n 4), while disks have lower indices. Galaxies with

B=T =1 are purely elliptical, and those with B=T =0 are purely disks.

1.1.3 Star Formation Rate

In addition to morphology, another key property for studying galaxy star forming
activity is the star formation rate (SFR), which quanti es the amount of stellar mass
a galaxy forms per unit time, expressed in solar masses per year [M 1].

There are many possible observables to trace SFR. Ultraviolet (UV) is commonly
used to trace recent star formation ( 100 Myr) as short-lived, hot, young stars
emit predominantly in the UV (Boissier, 2013). Meanwhile, as the stellar popula-
tions evolve, metals are expelled into the interstellar medium (ISM) through stellar
feedback such as supernovae, and eventually condense into dust (Inoue, 2011; Santini
et al., 2014). This dust absorbs UV photons from young stars and re-emits the energy
primarily as infrared (IR) radiation (Kennicutt & Evans, 2012). A more comprehen-
sive method of estimating SFR is to combine UV, IR, and optical data using spectral
energy distribution (SED) tting. This approach assumes that the galaxy's spectrum

is a combination of the emission from various galactic components, including stars,
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dust in the ISM, and active galactic nuclei (AGN). From this, key physical properties
such as SFR, stellar mass, dust content, and star formation history can be inferred
(Salim et al., 2016).

Also, as the massive young stars are born within gas clouds, their strong ultra-
violet radiation can ionize the surrounding gas. Recombination lines are produced
when ions and electrons recombine, making them reliable tracers of the recent star
formation (Stahler & Palla, 2004). At low redshift, H is the most commonly used
recombination line, tracing very recent star formation on timescales of 10 Myr
(Kennicutt, 1992). Correcting for dust extinction is also critical when using these
lines, often achieved through Balmer decrements (i.e. the ratio HH ), which esti-

mates the dust obscuration (Kennicutt & Evans, 2012).

Star Forming Main Sequence

Star formation is fundamentally driven by the gravitational collapse of cold gas clouds.
Therefore, massive galaxies that contain more gas are expected to have higher SFRs.
This tight and linear correlation between SFR and stellar mass is known as the Star-
Forming Main Sequence (hereafter MS; Figure 1.2), and has been observed across a
wide range of redshifts (z = 0 7; Brinchmann et al. 2004; Pannella et al. 2015;
Koprowski et al. 2024; Rinaldi et al. 2025). The SFR of star-forming galaxies at low
redshift is observed to be lower than those at higher redshifts (Daddi et al., 2007;
Sobral et al., 2014), causing the MS to shift upward in the SFR{Mplane at higher
redshifts. Not all galaxies lie along the MS. Quenched galaxies are commonly de ned
as those that lie more than 1 dex below the MS (e.g. Genel et al., 2018). As SFR scales

with stellar mass, it is also common to normalize the SFR by stellar mass to calculate
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Figure 1.2: The star-forming main sequence of galaxies a¥B< z < 5:70 in obser-
vations, colour-coded by redshift. The slope of the main sequence remains relatively
constant across redshifts, while the intercept increases with redshift. Image credit:
Koprowski et al. (2024)

the speci c star formation rate (SSFR). For low-redshift studiesZ < 0:06), a threshold
of log(sSFR) = 11 [yr 1] is frequently used to classify quenched galaxies, as it
approximately corresponds to the local minimum of the bimodal sSFR distribution

(see Figure 2 of Kau mann et al. 2004 and Figure 6 of Wetzel et al., 2012).

Colours

Galaxy colours, de ned as the magnitude di erence between two photometric bands,

can also be used to distinguish star-forming and quenched populations. Figure 1.3



M.Sc. Thesis { J. Yeung; McMaster University { Physics and Astronomy

Figure 1.3: Rest-frame UVJ colour diagram from observations of galaxies with stellar
mass log(M=M ) > 9:5. Star-forming and quenched galaxies are coloured in blue
and red, respectively. Image credit: George et al. (2024)

shows a rest-frame ultraviolet (U), visual (V), and infrared (J) diagram from George
et al. (2024), which is commonly used for galaxies at z 3 (e.g. Gebek et al., 2025).
The U band primarily traces young stellar populations and is highly sensitive to
dust attenuation, while the V and J bands are dominated by older, evolved stars (e.g.
Gebek et al., 2025). Thus, evolved galaxies with low star formation, low dust content,
and older stellar populations appear red in (U-V) and blue in (V-J), occupying the
top-left of the diagram. On the other hand, dusty, star-forming galaxies appear red

in both (U-V) and (V-J), and are located at the top-right region (Wuyts et al., 2007).

8
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