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Abstract

In this thesis, we explore the roles that galaxy environment, stellar mass and out�ows

play in the quenching of star formation, by studying recently quenched galaxies at cosmic

noon and beyond (0.5 <I < 4.4). We utilise photometric data from the UKIDSS Ultra

Deep Survey (UDS), the deepest NIR survey over� 1 deg2, which has su�cient volume

to enable samples to be split by stellar mass, redshift and environment. Additionally,

we use spectroscopic data for galaxies within the UDS �eld, from deep observations at

ESO VLT (UDSz, VANDELS) and JWST NIRSpec (EXCELS), to study galactic scale

winds in the interstellar medium.

We conduct the �rst study of how the relative quenching probability of galaxies depends

on environment over the redshift range 0.5 <I < 3. By constructing the stellar mass

functions for quiescent and post-starburst (PSB) galaxies in high-, medium-, and low-

density environments, we �nd an excess of quenched galaxies in dense environments out

to at leastI � 2. Using the growth rate in the number of quenched galaxies, combined

with the star-forming galaxy mass function, we calculate the probability that a given

star-forming galaxy is quenched per unit time. We �nd a signi�cantly higher quenching

rate in dense environments (at a given stellar mass) at all redshifts. Massive galaxies

(M � > 1010•7 M � ) are on average 1.7� 0.2 times more likely to quench per Gyr in the

densest third of environments compared to the sparsest third. Finally, we compare the

quiescent galaxy growth rate to the rate at which galaxies pass through a PSB phase,

�nding that the PSB route can explain� half of the growth in the quiescent population

at high stellar mass, and potentially all of the growth at lower stellar masses.

We then use optical spectra of galaxies selected from the UDS atI ¡ 1 to explore

the transition in out�ow properties along a quenching time sequence. To do this, we

perform a stacking analysis of MgII absorption pro�les, investigating out�ow velocities

as a function of time since the last major burst of star formation (tburst). We �nd evidence

for high-velocity out�ows (vout � 1000 - 1500 kms� 1) in a star-forming progenitor

population and for recently quenched galaxies with tburst < 1 Gyr. The oldest galaxies

(tburst> 1 Gyr) show no evidence for signi�cant out�ows. Our samples show no signs of

AGN in optical observations, however the presence of signi�cant out�ows in the older

quenched galaxies (tburst > 0.6 Gyr) is di�cult to explain with starburst activity alone,

and may indicate energy input from episodic AGN activity as the starburst fades.

Finally, we complement our ground-based stacking analysis using the JWST NIRSpec
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EXCELS survey. We select a sample of 9 post-starburst galaxies in the redshift range

1.8 < I < 4.4, and utilise the high resolution spectra to establish, for the �rst time, if

out�ows are prevalent in post-starburst galaxies at earlier epochs than cosmic noon.

The large wavelength coverage and unique sensitivity of JWST allows us to compare

out�ow properties for both the MgII and NaD absorption pro�les. We �rst perform a

stacking analysis of our sample, �nding� 1600 kms� 1 and� 290 kms� 1 out�ows from

the magnesium and sodium pro�les, respectively. We use these out�ow velocities to

estimate lower limits on the mass out�ow rates, of¤" out–MgII � 1 M� yr� 1 and ¤" out–NaD �

3 M� yr� 1, higher than the average SFR of our sample. We then investigate galactic scale

winds for individual objects atI � 3, �nding a wide range of out�ow velocities, with

some galaxies also showing signs of in�owing gas. These results suggest that out�ows

may play a key role in the quenching of galaxies at these epochs, by removing the gas

needed to fuel star formation.
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Chapter 1

Introduction

Despite thousands of years of humanity speculating on the nature of the Universe, it

was only in the 1920s that astronomers �rst concluded that separate `island universes',

or galaxies, exist outside of our own Milky Way. In 1924, following the `Great Debate'

between Harlow Shapley and Herber Curtis, Edwin Hubble used the distance to Cepheid

variable stars to show that Andromeda was indeed far beyond the Milky Way (Hubble,

1925a,b). Since then, the advent of whole sky surveys and space telescopes has led to a

wealth of new discoveries within the �eld of extra-galactic astronomy. However, there is

still much left to be understood � one such puzzle is how and why galaxies stop forming

stars.

1.1 Galaxy Classi�cation and Bimodality

In general, the baryonic matter within a galaxy is contained either in stars or the gas and

dust in between (the interstellar medium, ISM). Hotter, younger stars are generally more

luminous and massive, with shorter lives and bluer colours, while older stars tend to be

cooler, smaller and redder in colour. The stellar makeup of a galaxy largely in�uences

its colour and structure; highly star-forming, gas-rich galaxies are generally blue with

spiral structures, and a galaxy which is primarily red in colour is likely to be passive

and no longer forming new stars. There are numerous methods used by astronomers to

classify galaxies based on their appearances and internal properties (e.g. morphology,

1



1.1. Galaxy Classi�cation and Bimodality 2

Figure 1.1: The Hubble sequence, or Hubble tuning fork (�rst described in Hubble,
1936), accompanied by images of real galaxies. Elliptical galaxies (early-types) are to
the left of the diagram, designated the letter `E', and become less elliptical towards the
centre of the fork. Spiral galaxies (late-types) are to the right, with non-barred spirals
(`S') along the top and barred spirals (`SB') along the bottom. Lenticular (`S0') galaxies
lie at the centre of the diagram.Image credit: NASA & ESA

colour, star formation rate and spectral characteristics), and these are outlined below.

1.1.1 Morphology

One of the earliest classi�cation schemes used for extragalactic objects is the Hubble

sequence (Hubble, 1936, see Figure 1.1), based on a galaxy's observed structure. Hubble

classi�ed galaxies into two broad groups: early- and late-types. Early-type galaxies

(ETGs) are those with elliptical or lenticular (`S0') morphologies, and late-type galaxies

(LTGs) have spiral structures. Elliptical (`E') galaxies have smooth, often featureless
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light distributions and spheroidal shapes, while spiral galaxies have �at disks with spiral

arm structures. Spiral galaxies are further split into those with bars extending from

the central bulge (`SB') and those without (`S'). S0s show features in between the two

former categories, with bright, central bulges resembling elliptical galaxies, surrounded

by a non-spiral disk.

Morphology can vary with wavelength, as stellar populations with di�erent colours

generally reside in di�erent parts of a galaxy. This variation can also be due to dust

extinction, which preferentially attenuates light at UV wavelengths. Since young, hot

OB stars emit huge amounts of radiation in the UV, star-forming galaxies are generally

more a�ected by dust extinction than passive galaxies with little to no ongoing star

formation (e.g., Bohlin et al., 1991; Taylor-Mager et al., 2007).

1.1.2 Colour

Galaxy colours are one of the most easily determined properties, and contain important

information about the star formation history of the object. Optical colours are broadly

correlated with Hubble type, with spiral galaxies being generally blue in colour and

ellipticals being red. The correlation of morphology, color and stellar populations has

long been studied (e.g. Humason, 1936), but the advent of massive surveys such as

the Sloan Digital Sky Survey (SDSS, York et al., 2000) allowed detailed studies of

vast numbers of galaxies. A strong bimodal distribution of galaxies in colour-colour

and colour-magnitude space is seen (Strateva et al., 2001; Baldry et al., 2004; Bell

et al., 2004; Schawinski et al., 2014, see Figure 1.2), with the two peaks corresponding

roughly to early-types (termed the `red sequence') and late-types (the `blue cloud'). This

bimodality has since been found to hold out toI � 2.5 (Franzetti et al., 2007; Williams

et al., 2009; Brammer et al., 2009). The region between the red sequence and blue cloud

in colour-magnitude space is thought to be inhabited by galaxies transitioning between

the two populations, and is commonly referred to as the `green valley'.

The interpretation of colour can be complicated, however, by two additional factors: (i)

dust, as described in Section 1.1.1, and (ii) galaxy metallicity. Metal-rich stars appear

redder than metal-poor stars, leading to the age-metallicity degeneracy (Worthey, 1994).

Measurements of spectral lines such as the Balmer series (which are sensitive to stellar

age) and metal lines (which are sensitive to metallicity) can be used to help break the
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Figure 1.2: Theu-r colour-mass diagram, taken from Schawinski et al. (2014). Green
diagonal lines represent the `green-valley'. The diagram clearly shows a bimodality in
the distribution of galaxy colours: early-types (top-right) form a tight sequence, with
high stellar masses and red colours, while late-type galaxies (bottom-right) are blue, and
generally of lower stellar mass.
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Figure 1.3: The history of cosmic star-formation, taken from Madau & Dickinson
(2014). The black line shows the best-�tting star-formation rate density, based on FUV
and IR luminosity measurements. Galaxies had a peak SFR roughly 10 billion years
ago, and the rate of star-formtion has been declining since.

degeneracy.

1.1.3 Star-formation Rate

The star-formation rate (SFR) of a galaxy can be determined using various diagnostics

sensitive to the presence of young stars (see Kennicutt & Evans, 2012; Madau &

Dickinson, 2014). The most commonly used estimators are the UV and IR continuum

luminosities, since these are dominated by OB star radiation (and emission from heated

dust grains absorbing this radiation). X-ray and radio luminosities can also be used, as

well as HU and [OII ] luminosities when spectral data is available. The star formation

rate density (SFRD) of the Universe is the SFR per unit volume at a given epoch, and has



1.1. Galaxy Classi�cation and Bimodality 6

been studied out toI � 8. The SFRD was at its maximum atI � 2, with stars forming

at a peak rate approximately 9 times higher than today (Madau & Dickinson, 2014, see

Figure 1.3). This period is commonly referred to as `cosmic noon'.

There is a tight relationship seen between SFR and the stellar mass (M� ) of star-forming

galaxies, known as the star-forming main sequence (Brinchmann et al., 2004; Wuyts

et al., 2011). The correlation has been studied out toI � 6 (Popesso et al., 2022), and is

thought to have been in place since at leastI � 2 (Daddi et al., 2007; Noeske et al., 2007).

Starburst galaxies commonly lie above the main sequence, whilst quiescent galaxies lie

below.

1.1.4 Spectral Properties of Galaxies

The stellar and gas content of galaxies can also be determined using spectral energy

distributions (SEDs) and spectroscopy. With respect to continuum emission, young OB

stars emit strongly in the UV and blue-optical, older stars and dust contribute to the IR

and red-optical, and hot gas within the ISM emits in the X-ray range. If a galaxy contains

an active galactic nuclei (AGN), this can have a large e�ect on the overall SED, as AGN

emit strongly in the UV, optical, X-ray and (sometimes) radio wavelengths. Thus, the

shape of an SED can give insight into the contents of a galaxy.

Absorption and emission lines present in galaxy spectra can also provide clues. The

absorption line strengths of di�erent stars vary due to di�erences in temperature; hotter

stars have fewer absorption lines, while cooler stellar photospheres allow molecules

which produce absorption features to form. Spectra may also show a discontinuity in

the continuum �ux at 4000Å, caused by the blanket absorption of radiation by metals

in the stellar atmospheres of older stars, representing a de�ciency of hot, young stars.

Additionally, the �ux ratio of the continuum either side of 4000Å, the D4000 index, can

be used as an indication of the age of the stellar population within a galaxy (Poggianti

& Barbaro, 1997). The spectra of galaxies hosting AGN may show forbidden emission

lines, such as [OIII ], produced only in regions of very low-density gas, as well as strong,

broad emission lines caused by the bulk, high-velocity motion of gas near the nucleus.

Some absorption lines, such as MgII and Na D, are good tracers of cool gas within the

ISM (Veilleux et al., 2020), and the shape of their absorption features has been used to

trace out�owing winds in some galaxies (see Section 1.3.1.1).
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In general, quiescent galaxies have stronger absorption features, and few to no emission

lines, and a strong 4000Å break.

1.2 Galaxy Environments

Galaxies have been found to reside in di�erent environments. The currently accepted

model for the formation of the Universe is the� CDM cosmological model (e.g. Deruelle

& Uzan, 2018), in which the Universe is thought to be 13.7 billion years old, with a

composition of baryons (� 4.9%), dark matter (� 26.8%) and dark energy (� 68.3%).

The process of structure formation within� CDM is hierarchical, where small density

�uctuations in the very early Universe grow and collapse under gravity to form dark

matter haloes. These haloes then merge, forming larger haloes which provide the

potential wells for baryons to fall into. The baryonic matter compresses under gravity,

eventually forming the stars and galaxies we see today (see, e.g. Silk, 1977; White

& Rees, 1978; Peebles, 1982; White & Frenk, 1991). Galaxies are expected to form

�rst within the highest density peaks in the underlying dark matter distribution. This

is known as `biased' galaxy formation, which leads to galaxies being typically more

strongly clustered than the underlying dark matter (Coil, 2013). Hierarchical structure

formation results in a non-uniform distribution of galaxies throughout the Universe;

galaxies are commonly found in huge gravitationally bound groups and clusters. Groups

often contain tens of galaxies with low relative velocities (� 200 kms� 1), while galaxy

clusters can contain thousands of galaxies moving at very high speeds (� 800 - 1000

kms� 1, see, e.g. Hubble & Humason, 1931; Abell, 1965; Kravtsov & Borgani, 2012).

Galaxy environments can be measured using a variety of methods (see Muldrew et al.,

2012, for a summary). Nearest neighbour techniques use the distance from the galaxy of

interest to itsnth-nearest neighbour, de�ning denser environments as those with smaller

distances between galaxies (e.g. Brough et al., 2011). Alternatively, aperture densities

can be found using a �xed volume around a given galaxy, within which the number of

galaxies are counted (e.g. Croton et al., 2005; Lani et al., 2013). A higher number of

galaxies indicates a higher-density environment. Finally, `friends-of-friends' algorithms

(Huchra & Geller, 1982; Socolovsky et al., 2018) �nd overdensities based on a �xed

linking distance. If objects lie within the linking distance of the galaxy of interest, they

are considered members of the same structure/dark matter halo.
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Many studies have linked the internal properties of a galaxy to its environment:

1. The morphology-density relation. There is an observed increase in the fraction

of elliptical and lenticular galaxies in increasingly dense environments atI � 0

(Oemler, 1974; Dressler, 1980). At higher redshifts (I � 0.5), the fraction of

ellipticals in dense environments remains similar to the local universe, however

the fraction of S0 galaxies is found to decrease. The de�cit in lenticulars is

matched by an increase in the fraction of spiral galaxies, indicating that high-I

spirals are likely the progenitors of S0s in present day clusters (Dressler et al.,

1997; Poggianti et al., 2006). It is therefore natural to assume that clusters and

high-density environments may play a role in transforming the morphology of

spiral galaxies. Mei et al. (2023) studied the local environment of cluster galaxies

at I � 2, �nding that the morphology-density relation may have already been in

place by this epoch.

2. The colour-environment relation. Galaxies in high-density environments exhibit

redder colours than their �eld counterparts (Kodama et al., 2001; Baldry et al.,

2006; Bhambhani et al., 2023), and some studies observe this relationship out to

I � 1.4 (e.g. Lemaux et al., 2019). However, other studies �nd that the relation is

undetectable pastI = 1 (Cucciati et al., 2006), or depends strongly on stellar mass

(Grützbauch et al., 2011).

3. The SFR-environment relation. The SFR of galaxies in higher-density environ-

ments has been found to be lower than their �eld counterparts (Balogh et al., 1997;

Gómez et al., 2003; Vulcani et al., 2010, see Figure 1.4), and this trend has been

seen out toI < 2 (Noirot et al., 2018). In someI > 1 clusters, however, there is an

observed reversal of the SFR-environment relation seen at lower redshift. Some

clusters have been found to have enhanced SFRs in their cores (Tran et al., 2010;

Santos et al., 2015; Wang et al., 2016). A strong dependence of the SFR-density

relation on stellar mass has been noted by some authors (e.g. Lin et al., 2014;

Tomczak et al., 2019).

4. The size-environment relation. Studies have also found evidence of a correlation

between galaxy sizes and their environments, for low-mass galaxies. Maltby

et al. (2010) found the sizes of only low-mass SFGs showed an environmental

dependence; the environment had no e�ect on the sizes of high-mass SFGs or
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quiescent galaxies (see also Huertas-Company et al., 2013; Yoon et al., 2023). In

general, atI > 0.5, massive quiescent galaxies in high-density environments have

larger radii than comparable �eld galaxies (Papovich et al., 2012; Cooper et al.,

2012; Delaye et al., 2014). Kuchner et al. (2017) also found SFGs in clusters to

be smaller than those in the �eld.

1.3 Galaxy Quenching

There is still a gap in our understanding, however, as to what leads to the cessation of

star formation in star-forming galaxies, causing their evolution onto the red sequence.

This process is commonly referred to as quenching, and comprises many possible

physical mechanisms (discussed below) that could theoretically lead to a gas-rich galaxy

experiencing a drop in star formation.

One way to investigate quenching is to study the evolution of the galaxy stellar mass

functions (SMFs) that de�ne the number density of galaxies of di�erent masses. SMFs

allow us to trace the assembly of stellar mass through cosmic time, and thus they provide

a useful tool for studying quenching by quantifying the transformation of star-forming

galaxies into quiescent1 systems (e.g. Bell et al., 2003; Baldry et al., 2008; Pozzetti

et al., 2010; Moustakas et al., 2013). Star formation in massive galaxies was at its peak

from I � 3 to I � 1, a period often referred to as "cosmic noon", and over this relatively

short time, these systems formed roughly half their current stellar mass (see Schreiber

& Wuyts, 2020). Furthermore, there is strong evidence that most massive quiescent

galaxies were already in place byI � 1 (e.g. Ilbert et al., 2013; Muzzin et al., 2013;

Papovich et al., 2018; Wright et al., 2018; Leja et al., 2020; McLeod et al., 2021; Santini

et al., 2022; Weaver et al., 2023). Ilbert et al. (2013) found that the number density

of quiescent galaxies increases fromI � 3 to I � 1 over all stellar masses, with no

signi�cant evolution at the high-mass end belowI � 1. Similarly, McLeod et al. (2021)

found that while passive galaxies contributedŸ 10 per cent to the total stellar mass

density of the Universe atI � 3, they dominate byI � 0•75.

1Throughout this thesis, I use the terms `quiescent' and `passive' interchangeably, to refer to red and
dead systems which are no longer forming stars.
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Figure 1.4: The SFR-environment relation, taken from Gómez et al. (2003). The shaded
area represents the distribution of SFRs, between the 25th and 75th percentiles. The
central solid line shows the median SFR. There is a clear decline in the SFR of galaxies
residing in denser environments.
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1.3.1 Quenching Mechanisms

Di�erent quenching mechanisms are expected to act on di�erent timescales, leading to

varying spectral features and morphological properties in the quenched systems. The

proposed mechanisms can be broadly separated into two classes: (i) internal processes

and (ii) external processes related to the galaxy's environment.

1.3.1.1 Internal Mechanisms

Internal, or secular, quenching mechanisms can occur in all galaxies, regardless of their

environment. A selection of these processes are described below.

Supernovae feedback. High-mass stars (M� � 8 - 25 M� ) at the end of their life release

large amounts of energy into the ISM via Type II supernovae (see, e.g. Heckman &

Thompson, 2017; Rupke, 2018; Veilleux et al., 2020). This energy injection drives

out�owing galactic winds, which can clear dense gas from star-forming regions (Sokal

et al., 2016), and/or heat the cool gas within a galaxy via shocks, preventing further star

formation (Alatalo et al., 2016). Supernovae feedback is expected to be more e�ective

in low-mass galaxies, which have a weaker gravitational hold on their gas (Larson,

1974; Dekel & Silk, 1986). Simulations also indicate this mechanism is e�ective at

suppressing star formation rates (Springel & Hernquist, 2003), and could remove up to

� 60 per cent of gas in the lowest-mass galaxies (Efstathiou, 2000). Out�ows driven

by supernovae are a common feature of galaxies with high star-formation rates out to

redshifts ofI � 2-3 (e.g. Murray et al., 2011; Bradshaw et al., 2013; Borthakur et al.,

2013; Geach et al., 2014; Rupke, 2018).

AGN feedback. Supermassive black holes (SMBHs) at the centre of galaxies emit

signi�cant amounts of energy via the accretion of surrounding material � the accreted

material loses gravitational potential energy which is converted into heat and radiated

away. AGN feedback is a key ingredient in cosmological simulations of galaxy evolution

(Hopkins et al., 2006; Debuhr et al., 2012; Schaye et al., 2015; S¼acki et al., 2015),

where it is invoked to prevent the build-up of too many massive galaxies. There are two

main modes of AGN feedback commonly invoked to explain quenching: radiative mode

and radio mode (see, e.g. Silk & Rees, 1998; Fabian, 2012; Combes, 2017; Morganti,

2017; Harrison & Ramos Almeida, 2024).
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1. Radiative mode, or quasar mode, AGN feedback occurs when a highly luminous

SMBH is accreting matter at close to the Eddington limit. Once the accretion

limit is reached, the SMBH radiation begins to drive huge out�ows which eject

surrounding material. This process can potentially shut down future star forma-

tion, as the radiation can couple with cold gas and clear it from the galaxy (e.g.

Fabian, 1999; Benson et al., 2003).

2. Radio mode, or maintenance mode, feedback occurs in galaxies with a BH accret-

ing at lower rates which produce powerful radio jets. These jets heat gas within

the circumgalactic medium (CGM), preventing the galaxy from accreting further

cool gas for star formation (e.g. McNamara & Nulsen, 2007; Bower et al., 2012).

Radio mode AGN are typically associated with massive galaxies in the centres of

groups and clusters (McNamara et al., 2005; Voit et al., 2015).

In general, AGN feedback is thought to have more impact on high-mass galaxies, since

galaxy mass is correlated with black hole mass (Silk & Rees, 1998; Best et al., 2005).

Observations of out�ows in galaxies hosting AGN at both low (Rupke & Veilleux, 2011;

Sturm et al., 2011) and high redshift (Alexander et al., 2010; Maiolino et al., 2012)

provide evidence for the feedback processes taking place.

High-velocity out�ows are ubiquitous in star-forming galaxies at cosmic noon, both with

(Feruglio et al., 2010; Hainline et al., 2011; Harrison et al., 2012; Cicone et al., 2014)

and without AGN (Bradshaw et al., 2013; Geach et al., 2014; Talia et al., 2017), but

are not detected in old quiescent galaxies at the same epoch (e.g. Maltby et al., 2019).

Recent work has found evidence that out�ow velocity depends on various properties,

such as SFR and SFR density (e.g. Heckman et al., 2015; Heckman & Borthakur, 2016),

and (more weakly) on stellar mass (Davis et al., 2023), suggesting that star-formation

may be the root of galactic-scale winds. Some studies conclude that, although AGN

activity can boost out�ow velocity compared to out�ows driven solely by star-formation

(Cicone et al., 2014), even AGN driven winds may not be su�cient to fully clear cold

gas from a galaxy (e.g., Fluetsch et al., 2019).

In addition to driving out�ows, AGN may also in�uence star formation in more subtle

ways, e.g. by injecting turbulence in the ISM, e�ectively smoothing it on small scales

and preventing collapse to very high densities (e.g., Guillard et al., 2015; Smercina et al.,

2018, 2022). Very strong molecular lines suggest turbulent/shock heating, but the lack
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of other molecular species suggest gas isn't collapsing to form dense molecular clouds.

Morphological quenching. The velocity of stars and gas within a galactic bulge in-

creases proportional to bulge mass (Kormendy & Illingworth, 1982). Any bulge growth

leads to an increase in gas velocity, and consequently, temperature, preventing star

formation (Martig et al., 2013; Gensior et al., 2020). The basic idea of morphologi-

cal quenching is that a galaxy can quench internally without the removal of cold gas

(Martig et al., 2009), and may help explain observations of local quiescent galaxies

containing signi�cant atomic or molecular gas reservoirs (Young et al., 2009; Donovan

et al., 2009). The initial bulge growth may be triggered by external mechanisms such as

mergers, however, which are discussed below.

1.3.1.2 External Mechanisms: galaxy-galaxy interactions

The hierarchical growth of structure in the Universe results in large, central galaxies

being surrounded by smaller satellite galaxies. Interactions between close neighbours

can cause disruptions to the baryonic matter within a galaxy.

Mergers. If two systems are moving with low relative velocities, they may collide

and undergo a merger, combining their stellar and gaseous material (Icke, 1985; Bekki,

1998). Mergers are thought to be most e�cient in lower-density environments such as

galaxy groups, since galaxy velocities in clusters are too high to allow direct collisions

(Ostriker, 1980; van Dokkum et al., 1999; Ellison et al., 2010; Kampczyk et al., 2013;

Delahaye et al., 2017; Sureshkumar et al., 2024). Mergers can be categorised based on

the masses of the galaxies colliding (major or minor mergers), or their gas content (wet

or dry mergers).

1. Major mergersinvolve galaxies with mass ratios of 1:4 or greater (Conselice,

2014), and can lead to structural changes within the stellar distribution of the

resulting system (Toomre & Toomre, 1972). During a major merger, gas can

�ow inwards into the galaxy centre, triggering extreme starbursts (Ellison et al.,

2013; Baron et al., 2020; Lotz et al., 2021), AGN activity (Springel et al., 2005;

Goulding et al., 2018; Gao et al., 2020) and shocks (Cox et al., 2004; Alatalo et al.,

2016). Feedback from star formation and AGN may then result in out�ows (see

Section 1.3.1.1), clearing star-forming fuel from the galaxy, whilst shocks may
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heat cool gas preventing further star formation.

2. Minor mergersinvolve galaxies with lower mass ratios (Conselice, 2014). These

events are less violent than major mergers, but are expected to be more frequent

(Jogee et al., 2009; Conselice et al., 2022) and may still trigger radial in�ows and

starbursts (Mihos & Hernquist, 1994; Lambas et al., 2012; Jackson et al., 2019).

3. Wet mergersof gas-rich galaxies can trigger large amounts of star-formation as

gas is driven inwards (Barton et al., 2000; Bridge et al., 2007; Lin et al., 2008),

and induce AGN activity (Hopkins et al., 2006).

4. Dry mergersof gas-poor galaxies result in little increase to star formation rates,

but may lead to size growth of already quenched galaxies (van Dokkum, 2005;

Bell et al., 2006). The energy of the merger cannot be dissipated by the gas and/or

triggered star-formation, and hence causes an expansion of the stellar distribution.

Mergers are typically identi�ed by selecting galaxies which show signs of disturbances

in their stellar distributions such as asymmetry or tidal tails (Conselice et al., 2003;

Lotz et al., 2011; Whitney et al., 2021), or by selecting close galaxy pairs (Bluck et al.,

2012; Mundy et al., 2017). Merger rates have been shown to decrease with cosmic time

(Casteels et al., 2014; Duncan et al., 2019; Whitney et al., 2021).

Harassment. Galaxies within high-density environments such as cluster cores have

high relative velocities, and often undergo high-speed `�y-bys' (Moore et al., 1996;

Smith et al., 2010; Bialas et al., 2015). The cumulative e�ect of several high-speed

interactions is known as harassment, and can result in tidal tails and asymmetry in

galaxy stellar distributions, with much of the stellar material stripped (Moore et al.,

1999). Harassment is thought to be more e�ective at stripping low-mass galaxies, due

to the weaker gravitational hold on gas and stars within the galaxy.

1.3.1.3 External Mechanisms: galaxy-cluster interactions

There exists a hot, X-ray emitting gas between galaxies in a cluster, known as the

intracluster medium (ICM), the density of which rises towards the cluster centre. As a

galaxy moves through a high-density environment, the hot ICM exerts pressure on the

galaxy ISM, causing the gas in a galaxy to be stripped.
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Ram pressure stripping. If ICM pressure is strong enough to overcome the gravitational

potential of the galaxy, it can remove the gas contained within the ISM via ram-pressure

stripping (RPS, Gunn & Gott, 1972). RPS a�ects the gas and dust within a galaxy,

but is unable to alter the stellar distribution directly (Boselli et al., 2022). Simulations

have found that ram pressure could strip up to 50 per cent of a galaxy's cool gas (Bahé

& McCarthy, 2015). RPS is expected to reach peak intensity in cluster cores, as ICM

density decreases radially � outside a given cluster-centric radius, the ICM ram pressure

may not be su�cient to overcome the gravitational potential of a galaxy (Cortese et al.,

2021; Boselli et al., 2022). At low redshift, RPS is thought to be the most common

process stripping gas from satellite galaxies (e.g., Marasco et al., 2016), but may be less

prominent in early clusters where the ICM is not yet dense enough to supply su�cient

pressure (Balogh et al., 2016; Hwang et al., 2018). Wetzel et al. (2015) found increasing

quenching timescales with increasing stellar mass, consistent with the idea that RPS

e�ciency is lower for higher-mass galaxies due to the stronger gravitational hold on

their gas.

Strangulation/starvation. Galaxies infalling into clusters experience tidal forces which

can remove the hot gas in their CGM, cutting o� the replenishment of fuel for star

formation ( s̀trangulation', Cole et al., 2000; Balogh & Morris, 2000) and/or preventing

accretion of further cold gas (`starvation', Larson et al., 1980). Feedback from star

formation and AGN activity may expel gas into the CGM, which is then removed,

accelerating strangulation. Starvation and strangulation are thought to be more dominant

than RPS in cluster outskirts and young clusters, where the ICM is not su�ciently dense

to strip a galaxy's ISM fully, but may remove the less gravitationally bound hot gas from

the CGM (Cortese et al., 2021).

1.3.1.4 Mass or Environment?

Quenching mechanisms are often broadly grouped into `mass quenching' and `environ-

mental quenching' (e.g Peng et al., 2010; Muzzin et al., 2012; Papovich et al., 2018).

Mass quenching involves mechanisms driven by stellar mass or internal galaxy proper-

ties (Section 1.3.1.1), whereas environmental quenching mechanisms are those driven by

a galaxy's environment or external processes (Sections 1.3.1.2 and 1.3.1.3). Peng et al.

(2010) found that the e�ects of mass and environment on quenching were completely

separable out toI � 1, and were able to reproduce the evolution of the SMFs of blue
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Figure 1.5: The red fraction as a function of galaxy stellar mass and environment atI <
1, taken from Peng et al. (2010). In this study, the e�ects of mass and environment on
galaxy quenching were found to be independent. The fraction of red galaxies increases
with overdensity at �xed stellar mass, and increases with stellar mass at �xed overdensity.
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and red galaxy populations with this quenching formalism (see Figure 1.5). They found

that the e�ciency of mass quenching is proportional to the star formation rate (SFR),

and that the e�ciency of environment quenching depends on the galaxy density �eld,

with galaxies in the highest density environments having a higher likelihood of being

quenched (see also Kovac et al., 2014; Knobel et al., 2015). In contrast, some studies

of groups and clusters �nd that the same formalism used by Peng et al. may not hold

pastI � 0•7 (e.g., Balogh et al., 2016; McNab et al., 2021). Studies at higher redshifts

suggest either a declining in�uence from environmental quenching (e.g., Nantais et al.,

2016; Kawinwanichak¼ et al., 2017; González Delgado et al., 2022) or potentially no

additional quenching due to environment (Darvish et al., 2016). Furthermore, De Lucia

et al. (2012) propose that in the real Universe it is unexpected that mass and environment

separability holds at any redshift, as the two are physically connected (see also Pintos-

Castro et al., 2019).Observationally, however, the role played by environment in

quenching galaxies remains unclear atI ¡ 1.

1.4 Post-starburst Galaxies

Studying galaxies in transitionary stages may provide the key to understanding the

processes responsible for terminating star formation. One such class are post-starburst

galaxies (PSBs, e.g., Dressler & Gunn, 1983; Tran et al., 2004; Wild et al., 2009; French,

2021), which are thought to be systems that have undergone a recent, major burst of star

formation (or an extended period of high star formation) followed by rapid quenching.

PSBs are typically identi�ed by their spectra showing both strong Balmer absorption

lines typical of a population dominated by young A/F stars, and weak or absent nebular

emission lines, indicating the lack of ongoing star-formation. One traditional PSB

selection method uses cuts on the HXabsorption and [OII ] emission lines, due to their

close proximity in spectra (e.g., Zabludo� et al., 1996; Goto, 2005; French et al., 2015,

see Figure 1.6). However, the requirement for low or absent emission lines can bias

sample selections against active galactic nuclei (AGN) and galaxies exhibiting shocks.

Shocks may be expected in galaxies which have undergone a recent merger (Rich et al.,

2011; Soto et al., 2012; Mortazavi & Lotz, 2019), and thus selecting against these objects

may exclude a sample of young, more recently quenched galaxies. Recently, Alatalo et al.

(2016) selected sample of `shocked post-starbursts', or SPOGs, by allowing for emission
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Figure 1.6: Example PSB spectra (top) and the corresponding imaging (bottom), taken
from Goto (2007). These objects show the typical triangular shape of PSB spectra, and
have a commonly observed red, compact appearance.
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line ratios consistent with shocks, and found their sample to be at an earlier stage of

transition than those selected to have no emission. Photometry can also be used to select

PSBs, as they populate a unique position in UVJ diagrams (Whitaker et al., 2012; Suess

et al., 2020), and their SEDs have a distinct triangular shape (when displayed in F_, see

Figure 1.6), due to the dominance of A/F-type stars. To allow for PSB samples including

AGN, Wild et al. (2007, 2009) performed a principal component analysis (PCA) over

the 4000Å region of galaxy spectra, �nding two principal components correlated with

the Lick HX� (Worthey & Ottaviani, 1997) and D=4000 (Bruzual A., 1983) indices. The

D=4000 index can select against ongoing star formation while allowing for some AGN

activity. In subsequent work, Wild et al. (2014, 2016) applied a similar PCA method to

galaxy SEDs, �nding a well distinguished PSB population without the need for extensive

and expensive spectroscopy.

PSBs constitute only a small fraction of the total galaxy population. Wild et al. (2016)

found that they are rare at all epochs: less than 1% of local massive galaxies are

PSBs, with this number rising to� 5% atI � 2. Studies have found that PSBs could

potentially evolve to produce up to� 50% of the massive red sequence, depending on

the assumptions made about their visibility timescales and star formation histories (e.g

Wild et al., 2016; Belli et al., 2019; Wild et al., 2020).

1.4.1 How do Post-starburst Galaxies Become Quenched?

As discussed previously, there are a whole host of di�erent quenching mechanisms which

have varying e�ectiveness depending on a galaxy's internal properties, environment and

redshift. Therefore, it is natural to expect PSBs to be produced by distinct routes with

di�erent combinations of quenching mechanisms (e.g., Pawlik et al., 2019).

Various authors have found that PSBs are more abundant in denser environments to

I � 1, suggesting a strong link to environmental quenching (e.g Poggianti et al., 2009;

Vergani et al., 2010; Muzzin et al., 2012; Socolovsky et al., 2018; Paccagnella et al.,

2019). Poggianti et al. (2009) �nd that PSBs at 0.4 <I < 0.8 reside preferentially in high-

density environments, with a higher prevalence of PSBs in clusters with higher velocity

dispersions, indicating quenching in their sample is due to ICM related processes.

Studies of PSBs in clusters at bothI � 0.1 (Paccagnella et al., 2017; Owers et al., 2019)

andI � 1 (Muzzin et al., 2014) detect a higher incidence of PSBs closer to the cluster
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Figure 1.7: Stacked optical spectra of 1 <I < 1.4 PSBs (left) and passive galaxies
(right), taken from Maltby et al. (2019). The inset in each panel shows the MgII
absorption feature for the stack, with a best-�tting two component Gaussian model (blue
dashed line). The model is comprised of a rest-frame ISM component (red), and a
component to model any out�owing gas (green). The post-starburst galaxy stack shows
clear asymmetry in the MgII pro�le, indicating out�owing gas with velocity� 1000
kms� 1 as determined from the �t. The passive galaxies show no evidence of out�ows.

core, and suggest ram-pressure stripping is the most plausible candidate for the cause of

quenching (however, see von der Linden et al., 2010). Werle et al. (2022) use spatially

resolved spectroscopy of 21 cluster PSBs at 0.3 <I < 0.4, and �nd the majority of their

sample show evidence for `outside-in' quenching, attributing this to RPS. The authors

also observe three galaxies at the high-mass end of their sample with signs of `outside-

in' quenching, two of which host an AGN, implying internal processes are the more

probable cause. Socolovsky et al. (2018) study the stellar mass functions of galaxies

in di�erent environments at 0.5 <I < 1, �nding a strong excess of low-mass PSBs in

clusters, and a corresponding de�cit of low-mass star-forming galaxies. They determine

that 74 per cent of their M� Ÿ 1010•5 M � cluster galaxies were rapidly quenched, while

the remaining objects were quenched via a slower pathway.

With the exception of the work contained within this thesis, to date, there have been no

studies of the link between PSBs and environment at higher redshifts (I ¡ 1•5), when

massive (M� ¡ 1010 M � ) PSBs were much more common (Wild et al., 2016). Studies of

this nature could provide insight into the mechanisms responsible for quenching massive

galaxies at this crucial epoch.

Feedback from both AGN and star formation has also been inferred in many PSBs
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through the presence of out�ows. Locally, Alatalo et al. (2011) detect a� 400 kms� 1

out�ow in the PSB NGC 1266, and determine that star formation alone is insu�cient

to drive the out�ow and AGN feedback is needed. Out�ows have been detected inI

� 0.1 PSBs hosting AGN by Baron et al. (2017, 2018, 2020), along with disturbed gas

providing evidence for minor mergers. AtI � 0.6, � 1000 kms� 1 out�ows have been

observed, with debate over whether the winds originate from highly compact starbursts

(Coil et al., 2011; Diamond-Stanic et al., 2012; Sell et al., 2014; Perrotta et al., 2021)

or from AGN feedback (Tremonti et al., 2007). PSBs have been found to be highly

compact, both at low (e.g., Luo et al., 2022; Otter et al., 2022) and high redshift (e.g.,

Almaini et al., 2017; Maltby et al., 2018), suggesting that compact central starbursts

could be a common feature in this population.

At higher redshift, studies have found similar results. Maltby et al. (2019) �nd similarly

high-velocity out�ows (vout � 1150 kms� 1) in a sample of 40 PSBs atI > 1 which

show no AGN signatures in their optical data (Figure 1.7). They conclude that these

PSBs were either quenched solely by stellar feedback from an intense episode of star-

formation, or that any AGN episode which may have contributed to the winds has now

faded. Conversely, Man et al. (2021) detect� 1500 kms� 1 out�ows in two gravitationally

lensed recently-quenched galaxies atI � 3 with emission line ratios that could indicate

AGN activity (see also: Belli et al., 2023). Similarly, Davies et al. (2024) �nd 14 galaxies

in their sample (1.7 <I < 3.5) with neutral gas out�ows they attribute to AGN feedback.

Recently, some work has been done to investigate how out�ows evolve alongside their

host galaxy in the local Universe; Sun et al. (2024) �nd out�ow velocities decreasing

with time since a starburst in a sample of 80,000 galaxies using SDSS.

There is also evidence for di�erent quenching routes being dominant for during di�erent

epochs in general (e.g., Carnall et al., 2019; Tacchella et al., 2022; Hamadouche et al.,

2023), and for PSBs speci�cally. By analysing the structure of PSBs at 0.5 <I < 2,

Maltby et al. (2018) �nd signi�cant di�erences at di�erent redshifts. AtI > 1, PSBs in

their sample are highly compact with structures similar to massive quiescent galaxies,

whilst PSBs atI < 1 are generally lower-mass and similar to passive discs. The authors

suggest two distinct quenching routes, where high-mass (M� ¡ 1010•5 M � ), high redshift

PSBs experience a major disruptive event (such as a gas-rich major merger) that leads

to compaction (see also, Almaini et al., 2017), whereas low-mass, low redshift PSBs

undergo a gentler, less disruptive quenching process. Belli et al. (2019) model the

number density evolution of quiescent galaxies and �nd evidence for a fast quenching
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route which produces compact PSBs � likely gas-rich major mergers �, and a slow

quenching route that a�ects primarily larger galaxies. Wilkinson et al. (2021) study the

clustering of PSBs from 0.5 <I < 3, �nding low-mass PSBs atI < 1 reside preferentially

in high-mass haloes, while high-mass PSBs are more weakly clustered at this epoch.

The authors combine this with structural properties of PSBs to conclude that secular

quenching is dominant atI > 1 and environmental quenching is dominant at lower

redshifts. Combined, the structural studies, mass functions, and large-scale structure,

all point to two rapid quenching routes: one at high-mass and high redshift, and the

other at low-mass and low redshift.

1.5 Structure of this Thesis

In this thesis, we explore the roles that galaxy environment, stellar mass and out�ows play

in the quenching of star formation, by studying recently quenched galaxies � those which

have had their star-formation quenched within the last 1Gyr, such as PSBs � at cosmic

noon and beyond (0.5 <I < 4.4). The structure of this thesis is as follows. In Chapter

2, we determine the in�uence of stellar mass and environment on the build up of the

quiescent population sinceI = 3, by investigating galaxy stellar mass functions split by

environment. We use this analysis to calculate the probability of quenching for a galaxy

of a given mass, in a given environment. In Chapter 3, we employ a stacking analysis

of VLT optical spectra of high redshift (I � 1) PSBs and recently quenched galaxies,

along with highly star-forming and passive galaxies. This allows us to determine how

out�ow velocity varies with time since a starburst, and whether AGN play a key role in

quenching at cosmic noon. We build on this work in Chapter 4, by analysing the JWST

NIRSpec data of 9 (7) PSBs at redshiftsI > 1.8 (3). We utilise these high resolution

spectra to establish, for the �rst time, if out�ows are prevalent in post-starburst galaxies

at earlier epochs than cosmic noon. JWST allows us to explore out�ows in individual

galaxies, which is very challenging to do with ground-based spectra. Finally, in Chapter

5, we present the conclusions and discuss the potential future work to be undertaken.

Throughout this thesis, we adopt the AB magnitude system and a �at� CDM cosmology

with 
 " = 0.3,
 � = 0.7, and� 0 = 100h kms� 1 Mpc� 1 where� = 0.7.



Chapter 2

Mass and Environment: E�ects on

Quenching Since Cosmic Noon

The work presented in this chapter has been published in Taylor et al. (2023). In this

chapter, all statistical analyses are my own work, however measurements of stellar mass,

redshifts and any relevant galaxy classi�cations are drawn from the principal component

analysis published in Wilkinson et al. (2021). Environment measurements used were

undertaken by my collaborator and co-author, David Maltby.

2.1 Introduction

One way to investigate quenching is to study the evolution of the galaxy stellar mass

functions (SMFs) that de�ne the number density of galaxies of di�erent masses. SMFs

allow us to trace the assembly of stellar mass through cosmic time, and thus they provide

a useful tool for studying quenching by quantifying the transformation of star-forming

galaxies into quiescent systems (e.g. Bell et al., 2003; Baldry et al., 2008; Pozzetti et al.,

2010; Moustakas et al., 2013). Star formation in massive galaxies was at its peak from

I � 3 to I � 1, a period often referred to as "cosmic noon", and over this relatively

short period of time these systems formed roughly half their current stellar mass (see

Schreiber & Wuyts, 2020). Furthermore, there is strong evidence that most massive

quiescent galaxies were already in place byI � 1 (e.g. Ilbert et al., 2013; Muzzin et al.,

23
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2013; Wright et al., 2018; McLeod et al., 2021). Ilbert et al. (2013) found that the

number density of quiescent galaxies increases fromI � 3 to I � 1 over all stellar

masses, with no signi�cant evolution at the high mass end belowI � 1. Similarly,

McLeod et al. (2021) found that while passive galaxies contributedŸ 10 per cent to the

total stellar mass density of the Universe atI � 3, they dominate byI � 0•75.

Quenching mechanisms are often broadly grouped into `mass quenching' and `environ-

mental quenching' (e.g Peng et al., 2010; Muzzin et al., 2012; Papovich et al., 2018,

see Section 1.3.1.4). Peng et al. (2010) found that the e�ects of mass and environment

on quenching were completely separable out toI � 1. The authors state that the e�-

ciency of mass quenching is proportional to the star formation rate (SFR), and that the

e�ciency of environment quenching depends on the galaxy density �eld (see Figure

1.5, Section 1.3.1.4). In contrast, some studies of groups and clusters �nd that the same

formalism used by Peng et al. may not hold pastI � 0•7 (e.g., Balogh et al., 2016;

McNab et al., 2021). Studies at higher redshifts suggest either a declining in�uence, or

no additional quenching, from the environment (e.g., Nantais et al., 2016; Darvish et al.,

2016; Kawinwanichak¼ et al., 2017; González Delgado et al., 2022). Observationally,

however, the role played by environment in quenching galaxies remains unclear atI ¡ 1.

Studying galaxies in transitionary stages, such as post-starburst galaxies (PSBs, see Sec-

tion 1.4), may provide the key to understanding the processes responsible for terminating

star formation. PSBs are rare at all epochs: Wild et al. (2016) found that less than 1%

of local massive galaxies are PSBs, with this number rising to� 5% at I � 2. PSBs

could potentially evolve to produce up to� 50% of the massive red sequence, depending

on the assumptions made about their visibility timescales and star formation histories

(e.g Wild et al., 2016; Belli et al., 2019; Wild et al., 2020). To date there have been no

studies of the link between PSBs and environment at higher redshifts (I ¡ 1•5), where

massive (M� ¡ 1010 M � ) PSBs were much more common (Wild et al., 2016). Work of

this nature could provide insight into the mechanisms responsible for quenching massive

galaxies at this crucial epoch.

In this chapter, we investigate the in�uence of stellar mass and environment on the build

up of the quiescent population sinceI = 3. We study the evolution of PSBs and the

galaxy mass functions, but now (for the �rst time) separated by environment. We then

calculate both the growth rate of the quiescent population and the quenching rate in

separate redshift, mass and environment bins to analyse whether these factors are indeed
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separable out to high redshift. The deep imaging from the Ultra-Deep Survey (UDS,

Almaini et al., in prep) is ideal for this study, allowing us to probe typical galaxies (�

1010 M � ) to I � 3, with su�cient volume to enable samples to be split by stellar mass,

redshift and environment.

The structure of this chapter is as follows: In Section 2.2, we present our data, the galaxy

classi�cation method, and the environment measurements. In Section 2.3, we present

our results on the quenching rates in di�erent environments, before performing a series

of robustness tests in Section 2.4. In Section 2.5, we explore the contribution of PSBs

to the build-up of the passive galaxy population. We end with our conclusions and a

brief summary in Section 2.6.

2.2 Data and Method

2.2.1 The UDS

The UDS is the deepest NIR survey conducted over� 0.8 deg2, and the deepest com-

ponent of the United Kingdom Infrared Telescope (UKIRT) Infrared Deep Sky Survey

(UKIDSS; Lawrence et al., 2007). We use the UDS Data Release 11 (DR11) catalogue,

which reaches a 5f limiting depth ofJ = 25.6,H = 25.1, andK = 25.3 in 2-arcsec

diameter apertures. Further details can be found in Almaini et al. (2017) and Wilkinson

et al. (2021). Full details of the DR11 catalogue and photometric redshifts will be

presented in Almaini et al. (in prep).

The UKIDSS imaging is complemented by deep photometric data in 9 other bands:

B, V, R, i' and z'-band optical observations from the Subaru XMM-Newton Deep

Survey (SXDS, Furusawa et al., 2008),U' -band photometry from the CFHT Megacam,

mid-infrared photometry (3.6̀m and 4.5̀ m) from theSpitzerUDS Legacy Program

(SpUDS, PI:Dunlop) and deepY-band data from the VISTA VIDEO survey (Jarvis

et al., 2013). The area of the UDS covered by all 12 bands is 0.62 deg2.

In the UDS, photometric redshifts were computed using the method outlined in Simpson

et al. (2013), using the EAzY code (Brammer et al., 2008) to �t a linear combination

of template SEDs to the photometry at each redshift grid point. The set-up broadly
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follows the default EAzY con�guration for the 12 Flexible Stellar Population Synthesis

(FSPS) SED components (Conroy & Gunn, 2010), with the addition of three simple

stellar population (SSP) templates. This combination gave the best results in terms of

the scatter and outlier fraction when compared to the available spectroscopic redshifts.

The three SSP models have ages of 20, 50 and 150 Myr, using a Chabrier IMF and sub-

solar metallicity (0.2 solar), and represent recent bursts of star formation to complement

the complex and continuous star-formation histories of the FSPS templates. It was

found that varying the metallicities of these bursts was unimportant to the results. The

UDS contains� 8000 sources with secure spectroscopic redshifts, and comparison of

the photometric redshifts yields a mean absolute dispersion in (zphot - zspec)/(1 + z) of

f NMAD = 0.019 with an outlier fraction (|� z|/(1 + z) > 0.15) of� 3%. Further detail on

the determination of photometric redshifts can be found in Simpson et al. (2013) and

Hartley et al. (in prep.).

2.2.2 Galaxy Classi�cation

To separate star-forming galaxies, passive galaxies, and PSBs, we use the principal

component analysis (PCA) technique established by Wild et al. (2014, 2016) (with

further spectroscopic con�rmation by Maltby et al., 2016). In brief, the aim of the PCA

method is to describe the broad range of galaxy SEDs using the linear combination

of a small number of components. It is found that three components are needed to

su�ciently account for the variance in SEDs, with the amplitude of each component

being termed a `supercolour' (SC). The �rst two supercolours, SC1 and SC2, are the

most useful in determining whether a galaxy is a good PSB candidate. SC1 correlates

with sSFR and mean stellar age, and SC2 correlates with the fraction of a galaxy's

stellar mass formed within the last billion years. Galaxies can be classi�ed based on

their position in a SC1-SC2 diagram, where the population boundaries are determined

by comparison to model SEDs and spectroscopy. PSBs are identi�ed as galaxies with a

low value of SC1 (low sSFR) and a high value of SC2 (¡ 10% stellar mass built up in the

last Gyr). The �dusty� star-forming class identi�ed by Wild et al. (2014) are combined

with other star-forming galaxies for our analysis. For a more detailed explanation of the

supercolour analysis, see Wild et al. (2014).

This technique was originally established using the UDS DR8 catalogue, but here we
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use an updated SC analysis applied to the full DR11 catalogue, explained in more detail

in Wilkinson et al. (2021). The main modi�cation made for the DR11 catalogue is to

extend the redshift range (adding in analysis for2 Ÿ I Ÿ 3), which required a slight

modi�cation to the rest-frame wavelength range analysed. The DR11 catalogue is also

deeper, with more accurate photometric redshifts (see Section 2.2.1).

2.2.3 Galaxy properties

Stellar masses are calculated using a Bayesian analysis, following the method outlined

in Wild et al. (2016). Tens of thousands of Bruzual & Charlot (2003) population

synthesis models are constructed with a range of star-formation histories, and then

�tted to our supercolours (see Section 2.2.2). The resulting internal errors in the

stellar masses are typically� 0.1 dex at �xed redshift, allowing for the degeneracy

between �tted parameters (see Wild et al., 2016). Further discussion of systematic

stellar mass uncertainties can be found within Almaini et al. (2017). The 90% stellar

mass completeness limits are calculated using the method of Pozzetti et al. (2010) and

are given for the di�erent galaxy populations in Table 2.1. We note that these limits

are conservative, as they are evaluated at the upper end of each redshift interval, as this

allows the samples to be volume complete. Star formation rates (SFR) are generated by

comparison of the observed galaxy supercolours with those of the Bruzual & Charlot

models (Wild et al., 2016; Wilkinson et al., 2021).

Table 2.1: 90% stellar mass completeness limits in units log(M� /M � ) for the star-
forming, quiescent and PSB populations in each redshift bin. Mass completeness limits
are calculated following the method of Pozzetti et al. (2010).

0.5Ÿ z Ÿ 1 1 Ÿ z Ÿ 1.5 1.5Ÿ z Ÿ 2 2 Ÿ z Ÿ 3
Star-forming 8.85 9.22 9.53 9.95
Quiescent 9.2 9.74 10.17 10.72

PSB 9.06 9.48 9.81 10.22

2.2.4 Environment Measurements

We measure the galaxy environments in a statistical manner, following a similar method

to Lani et al. (2013), but applied to the newer DR11 catalogue and photometric redshifts.
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In brief, each galaxy has their local density (d250) measured by construction of a cylinder

centred on the galaxy of �xed radius 250 kpc and depth equivalent to� 0.5 Gyr along the

redshift direction. The number of galaxies within the cylinder is counted and normalised

to the expected number, given the density of galaxies in the wider �eld within the same

redshift range (allowing for holes and edges). The depth of� 0.5 Gyr is assigned as it

is signi�cantly larger than the 1f uncertainty ofXz = 0.0187(1+z) on the photometric

redshifts (Almaini et al., in preparation): for example, atI = 1, the 1f redshift error

corresponds to 0.151 Gyr, and hence a depth of 0.5 Gyrs corresponds to 3.3f . It should

be noted we cannot say with certainty if an individual galaxy is in a cluster or in the �eld;

however, due to the large sample size, we can group galaxies into high- and low-density

environments, to investigate density-dependent behaviour in a statistical manner. The

robustness of our environmental measurements is explored further in Section 2.4.

We split the catalogue into broad redshift intervals, and within each redshift interval

galaxies are sorted into three environmental bins: high, medium, and low density. The

three categories are obtained by sorting galaxies byd250 and splitting into equal thirds

(equal numbers of galaxies in each category) for galaxies with stellar mass M� ¡ 109•91

M � , as shown in Figure 2.1. This stellar mass represents the 90 per cent completeness

limit for galaxies at our upper redshift bound (I = 3), as described in Section 2.2.1.

We measure environments using only galaxies above this mass limit, to ensure that

environments are compared with reference to a similar galaxy population at all red-

shifts. Galaxies below this mass limit are also assigned environmental bins, but using

environments de�ned by the galaxies with M� ¡ 109•91 M � . In the later analysis, we are

implicitly assuming, for simplicity, that galaxies will remain within their broad density

thirds as they evolve, even if the galaxy itself is transformed or quenched. The impact

of these assumptions will be explored and tested further in Section 2.4.

2.3 Results

2.3.1 Global Mass Functions

In Figure 2.2, we show the global SMFs of star-forming, quiescent and PSB galaxies as a

function of redshift. The number density uncertainties are simply the Poisson counting

errors. We see the expected result (see e.g. Muzzin et al., 2013): the star-forming mass
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Figure 2.1: Histograms of environmental densityd250 in our four redshift intervals,
displayed separately for the star-forming (blue), quiescent (red) and post-starburst (yel-
low) galaxy populations. Ourd250 values are calculated as described in Section 2.2.4.
Solid black vertical lines in each panel represent thed250 values at which we split the
total (combined) population to provide three density bins containing equal numbers of
galaxies with M� ¡ 109•91 M � . The total number of galaxies in each population is
indicated.

function shape remains almost constant across cosmic time, while the quiescent mass

function shows a large build up in number density towards low redshift, especially at

the high-mass end. At redshifts belowI = 1, the quiescent galaxy SMF shows a more

signi�cant build up at the low mass end. We see a change in the PSB mass function

across redshift, con�rming the results of Wild et al. (2016); at high redshift (I ¡ 1•5), the

PSB mass function is similar to that of the quiescent population, but at lower redshifts

there is an upturn in the relative number of PSBs at lower stellar masses, more closely

resembling the shape of the star-forming galaxy mass function (see also Maltby et al.,

2018). Our extension toI = 3 con�rms that the PSB and quiescent mass functions

are essentially the same at the highest redshifts; performing a Kolmogorov�Smirnov

(KS) test on the shape of the PSB and quiescent SMFs in the redshift range2 Ÿ I Ÿ 3,

we cannot reject the null hypothesis that they are drawn from the same underlying

distribution (p = 0.27). This similarity suggests that quiescent galaxies in this redshift
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bin could be quenched by the same mechanisms that quenched PSBs. The upturn in

the PSB mass function at low redshifts suggests there may be two separate pathways to

form PSBs, with a mechanism that creates low-mass PSBs acting preferentially atI Ÿ 1

(see Wild et al., 2016; Maltby et al., 2018).

2.3.2 Mass Functions Split by Environment

Figure 2.3, row 1 shows the SMFs for the star-forming galaxy populations as a function of

redshift and environment. The SMFs are very similar overall in amplitude as expected,

however there is evidence for a relative de�cit of low mass star-forming galaxies in

high-density environments at low redshift (I Ÿ 1). Comparing star-forming galaxies in

high-density and low-density environments, at low stellar mass (M� Ÿ 1010 M � ) and

low redshift (I Ÿ 1) the di�erence is formally signi�cant to 16f .

Figure 2.3, row 2 shows the SMFs for the quiescent galaxies as a function of redshift

and environment. As expected, we see growth in the number density of quiescent

galaxies towards low redshift. In the redshift interval1•5 Ÿ I Ÿ 3 the mass functions

across all three environments are similar. We see that fromI = 2•0 to I = 0•5 there

is evidence for an increase in the relative abundance of quiescent galaxies in dense

environments versus sparse environments, suggesting that quenching is more e�ective

in dense environments towards lower redshift. This is especially signi�cant (� 7f ) for

low mass quiescent galaxies (M� Ÿ 1010 M � ) at I Ÿ 1•5. Similar results have been

found in earlier work (e.g. Mortlock et al., 2015; Annunziatella et al., 2016; van der

Burg et al., 2018; Socolovsky et al., 2018; van der Burg et al., 2020).

Figure 2.3, row 3 shows the SMFs for PSBs within the UDS, as a function of redshift

and environment. There is only marginal evidence for an excess of PSBs in the dense

environments at high stellar mass, but at low stellar mass (M� Ÿ 1010 M � ) we see an

up-turn in the relative abundance of PSBs in dense environments atI Ÿ 1•5, mirroring a

similar trend in the older quiescent galaxies. In the redshift bin0•5 Ÿ I Ÿ 1, for low-mass

galaxies (M� Ÿ 1010 M � ), the excess of PSBs in high versus low-density environments

is formally signi�cant to� 9f . The PSB SMFs are similar in all environments atI ¡ 2,

indicating that environment may only play a role in rapid quenching at lower redshifts.

These results are consistent with the work of Socolovsky et al. (2018), who also found

an excess of lower mass PSBs in dense environments atI Ÿ 1, in their case by splitting



Figure 2.2: Global stellar mass functions for the quiescent (red), star-forming (blue) and PSB (yellow) populations as a function of
redshift. The mass functions are cut o� at the 90% mass completeness limit for each population, evaluated at the upper end of each
redshift bin. Poisson error bars are shown.
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the UDS galaxies into `cluster' and `�eld' environments using a friends-of-friends

algorithm.

2.3.3 The Growth in the Number of Passive Galaxies and Depen-

dence on Environment

In this section, and Section 2.3.4, we investigate the rate of growth in the number

density of passive galaxies in order to estimate a quenching rate. Given the relatively

small numbers of PSBs, we combine PSBs and older quiescent galaxies into a single

`passive' galaxy population. Figure 2.4 shows the resulting evolution in number density

of the combined passive population fromI = 3 to I = 0•5. The three panels compare

the number density evolution split by environment (as de�ned in Section 2.2.4) in three

mass bins (increasing from left to right). We see that the number density of quenched

galaxies is higher in high-density environments at all redshifts, especially at the highest

masses. The slope of the number density evolution (quanti�ed in Figure 2.5) is also

steepest for the highest density environments, indicating star-forming galaxies are more

likely to be quenched over a given timescale.

Figure 2.5 shows the growth rate in the passive galaxy number density within the UDS.

We calculate this rate by approximating the derivative of the number density evolution:

3qred

3C
�

qred, low z � qred, high z

� C
– (2.1)

whereqred, low zandqred, high zare the passive galaxy number densities in the lower and

upper redshift bins respectively, and� Cis the di�erence in Gyrs between the midpoint

of each redshift bin. Errors are propagated from the Poisson counting errors. There

is evidence that high-density environments show the highest growth rate at all stellar

masses. This trend is most signi�cant in the highest mass bin: comparing low and

high-density environments, the di�erences are signi�cant at 3.3, 3.6 and 2.9f for I = 1,

I = 1•5 and I = 2 respectively. The growth rate in the number of high-mass passive

galaxies (M� ¡ 1010•7 M � ) in the densest environments shows only a small decrease

across cosmic time, which seems to imply that the mechanisms causing enhanced

quenching for this population are in place from at leastI = 3.



Figure 2.3: Global stellar mass functions for the star-forming (blue, row 1), quiescent (red, row 2) and PSB (yellow, row 3) populations, shown in four redshift intervals, each
split into three environmental bins. The three environmental bins are obtained using the combined galaxy population, sorted byd250 (see Section 2.2.4). Poisson error bars are
shown. The mass functions are cut o� at the 90% mass completeness limit for each population for the given redshift bin.



Figure 2.4: The evolution of passive galaxy number density as a function of redshift, split by mass and environment. Density bins
are given in the legend, with darker colours and larger markers representing denser environments. Points are plotted at the midpoint
of their respective redshift interval and are o�set slightly for clarity. Poisson error bars are shown.



Figure 2.5: The number density growth rate of passive galaxies as a function of redshift, split by mass and environment. Density bins
are given in the legend, with darker colours and larger markers representing denser environments. Points are plotted at the boundary
between the two redshift intervals used in their calculation and are o�set slightly for clarity. Errors are propagated from the Poisson
error.
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2.3.4 The Probability of Quenching and Dependence on Environ-

ment

In Section 2.3.3 we calculated the growth rate in the passive galaxy mass function, but in

order to physically interpret this rate as quenching probability we need to consider how

many star-forming galaxies are available to be quenched. Figure 2.6 shows the fraction

of star-forming galaxies in a given mass and environment bin that are quenched per Gyr,

given by:

_ =
3qred

3C
1

qSF, high z
=

qred, low z � qred, high z

qSF, high z� C
– (2.2)

Equation 2.2 is the growth rate (Equation 2.1) divided by the number density of star-

forming galaxies in the higher redshift bin � in other words, we calculate the fraction

of star-forming galaxies that were available to be quenched from the last timestep that

went on to be quenched by the next redshift interval. This simple methodology neglects

merging, and also ignores star-forming galaxies that are added to a given mass bin

and quenched between the intervening time intervals; the potential impact of these

assumptions is explored further in Section 2.4.

At all redshifts and stellar masses we �nd the quenching rate is higher in the densest

environments (see Table 2.2). There is also evidence that the quenched fraction increases

with stellar mass, as we see an upward trend at a given redshift from the left to right

panels in Figure 2.6.

Perhaps the most striking trend in Figure 2.6 is the enhanced quenching probability in

dense environments at a given redshift and stellar mass. The �nal row in Table 2.2 gives

the ratio of the quenching rate in high-density compared to low-density environments.

On average, the highest mass galaxies (M� ¡ 1010•7 M � ) are 1.7� 0.2 times more likely

to quench per Gyr in the densest third of environments than in the lowest density third.

This value is a weighted mean of the high- and low-density ratios in the three redshift

bins. If we use all mass bins we �nd that a galaxy is 1.5� 0.1 more likely to quench in

the densest third of environments compared to the low-density third.



Figure 2.6: The fraction of star-forming galaxies quenched per Gyr as a function of redshift, shown for three density bins and over
three ranges in stellar mass. Points are plotted at the boundary between the two redshift intervals used in their calculation and are
o�set slightly for clarity. Errors are propagated from the Poisson error.



Table 2.2: Fraction of star-forming galaxies quenched per Gyr for each mass and density bin, at each redshift (plotted in Figure 2.6).
The �nal row shows the ratio of high-density to low-density points for each bin.

9.7Ÿ log(M� /M � ) Ÿ 10.2 10.2Ÿ log(M� /M � ) Ÿ 10.7 10.7Ÿ log(M� /M � ) Ÿ 11.5
z = 1 z = 1 z = 1.5 z = 1 z = 1.5 z = 2.25

Low-density 0.057� 0.008 0.116� 0.012 0.121� 0.013 0.023� 0.003 0.220� 0.028 1.244� 0.227
Medium-density 0.066� 0.009 0.176� 0.016 0.113� 0.012 0.097� 0.011 0.303� 0.037 0.919� 0.148
High-density 0.092� 0.010 0.228� 0.020 0.145� 0.014 0.213� 0.021 0.432� 0.045 1.488� 0.217
High-density / Low-density 1.620� 0.285 1.972� 0.249 1.198� 0.171 9.279� 1.522 1.957� 0.322 1.196� 0.279
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2.3.5 Comparison to Low Redshift Empirical Trends

One area of great interest in the literature is whether the e�ects of galaxy environment

and stellar mass on quenching are separable, as this may shed light on the likely physical

mechanisms resposible. Peng et al. (2010) looked at this in detail, and concluded that

mass quenching and environment quenching are indeed distinct out toI � 1. Peng et al.

identify a mass quenching rate_< (their equation 21) which they �nd depends only on

the SFR as follows

_< =
�

SFR
40" � yr� 1

�
Gyr� 1• (2.3)

To compare our observed overall quenching rate_ with the predicted_< from Equation

2.3, we use the median SFR (see Section 2.2) for star-forming galaxies in low-density

environments in each of the mass and redshift bins, divided by 40 M� yr � 1 as derived

empirically by Peng et al. (2010), to produce a prediction the mass quenching rate. We

use galaxies in the low-density environments only, to minimise the potential in�uence

of environment. This simple comparison is plotted in Figure 2.7, where the observed

and predicted quenching rates are shown in red and blue respectively. In general

terms we �nd that our observed quenching rates broadly follow the mass-quenching

predictions from Peng et al. (2010), steadily increasing with both stellar mass and

redshift. Formally, the predictions slightly over-predict the observed quenching rates at

low densities, particularly at low stellar mass. As noted in Section 2.1, other studies have

found evidence for a more complex relationship between quenching and environment

at I ¡ 1 (e.g Balogh et al., 2016; Kawinwanichak¼ et al., 2017; Mao et al., 2022), but

a detailed comparison is beyond the scope of this work. In broad terms, however, we

�nd that the evolution of the quenching rates do broadly follow the trends expected if

quenching is driven by two independent mechanisms: one related to SFR, and the other

related to environment.

2.4 Robustness Tests

In this section we explore some of the simplifying assumptions that we have made to

this point, and discuss some of the resulting caveats.



Figure 2.7: A simple comparison of the quenched fraction of star-forming galaxies (red points) to_< predictions using Equation
2.3 (blue points). Points are plotted at the midpoint of their respective redshift interval and are o�set slightly for clarity. Errors are
propagated from the Poisson error.
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2.4.1 Growth Through Mergers

One issue that we have not considered thus far is that galaxies no longer forming stars

may still increase in stellar mass via mergers, and consequently move to higher mass

bins, contributing to a change in the mass functions. To estimate the magnitude of the

e�ect mergers may have on the derived quenching rates, we use the fractional (major)

merger rate found for the UDS by Mundy et al. (2017), which at these redshifts is

approximatelyR¹I º � 5 � 10� 2 Gyr� 1. Applying this rate to the quiescent galaxies,

we �nd that correcting for major mergers has only a small impact on the quenched

fraction, increasing the number by� 10 %. It is worth noting, however, that while the

overall impact is expected to be small, the impact of mergers may not be the same in all

environments.

Minor mergers may also occur, and growth due to minor mergers is thought to be similar

to that of major mergers (e.g. Ownsworth et al., 2014). However, since the mass bins we

use to estimate quenching rates are relatively wide, and minor mergers involve galaxies

with mass ratios of 1:10 or higher, they should not cause a signi�cant impact on the

results. Galaxies may move to slightly higher masses, but in general this will not have a

major e�ect on the overall number densities of the quiescent populations.

2.4.2 Replenishment of Star-forming Galaxies

Another factor to consider is that the pool of star-forming galaxies may not be entirely

complete for the redshift intervals studied. While some star-forming galaxies are being

quenched and becoming quiescent, others are being formed, or moved to higher stellar

mass through star formation, and thus potentially becoming available for quenching in

the higher mass bin. We can estimate the upper limit for the number of additional star-

forming galaxies that are available to be quenched, using the fact that the star-forming

stellar mass function is approximately constant over the redshift range of interest (see

Figure 2.3). Therefore, to �rst order, any galaxies quenched are replaced with galaxies

of the same stellar mass. To quantify this e�ect, we can modify Equation 2.2 by adding

the number of quenched galaxies back into the star-forming sample:
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_test =
qred, low z � qred, high z

»qSF, high z ¸ ¹ qred, low z � qred, high zº¼� C
• (2.4)

This reduces our quenched fraction values by� 15 percent. However, this correction

should represent the maximum amplitude of the e�ect, since the timescale available for

quenching these newly added star-forming galaxies will be shorter than the time interval

� t.

2.4.3 Photometric Redshift Errors

A potential concern with our environmental measures is that photometric redshift errors

become larger at high redshift, and may dilute measures of environment relative to those

at lower redshift. This could arti�cially enhance the growth in the passive population

at the highest densities when two adjacent redshift bins are compared, since the lower

redshift measurements are more precise. To investigate this e�ect, we broaden the

photometric redshifts in a given redshift bin to match the uncertainties at the next

highest epoch, e.g. redshifts in the range0•5 Ÿ I Ÿ 1 are decreased in quality (adding

additional Gaussian spread) to match the dispersion atI = 1•25. We then rede�ne our

high-, mid- and low-density bins using thed250 values produced from these new redshift

measurements. Running the growth analysis again, we �nd that redshift errors between

epochs produce only a� 5 percent increase in our quenched fraction results (Figure

2.6). The trends we see with redshift, mass and density in the original data remain

essentially unchanged. The fraction of star-forming galaxies quenched per Gyr remains

signi�cantly higher in the densest environments.

2.4.4 The E�ect of Including PSBs in the Passive Sample

Since PSBs are recently quenched galaxies, we have included them in our quiescent

galaxy sample for the analysis of quenching rates. To quantify the impact of leaving

PSBs out of our passive sample, and using purely galaxies classi�ed as older quiescent

galaxies by the SC method (see Section 2.2.2), we repeat our analysis while excluding

PSBs. As expected, removing PSBs reduces the measured fraction of quenched galaxies,

particularly at high stellar mass and high redshift (I ¡ 2), but the in�uence on the
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growth rate in the passive population (Figure 2.5) is relatively minor. Consequently, the

estimated quenching rate for SF galaxies (Figure 2.6) is also largely unchanged, as is the

relative impact of environment. Repeating the analysis outlined in Section 3.4, the ratio

of quenching rates in high- to low-density environments changes from 1.7� 0.2 to 1.9

� 0.2 for high- mass galaxies (M� ¡ 1010•7 M � ) on average, and from 1.5� 0.1 to 1.6

� 0.1 when galaxies of all masses are considered.

2.4.5 The In�uence of Merging Halos and Cosmic Variance

Overall, our results indicate that the rate of galaxy quenching is signi�cantly higher

for galaxies in denser environments. We note, however, that our analysis implicitly

assumes that galaxies largely remain within their broad density bins as the Universe

evolves, e.g. galaxies in the top third of the density �eld remain in the top third in the

next redshift interval. This simpli�cation ought to be largely robust to the expected

impact of galaxy-galaxy mergers (see Section 2.4.1), but may be expected to break

down on larger scales, e.g. due to the evolution of large scale structure over cosmic

time. Thus one might expect some galaxies in low-density environments to switch to

higher density environments at later epochs. Furthermore, our study implicitly assumes

that we have surveyed a representative volume of the Universe within each redshift

slice, but even within a� 1 deg2 �eld, we can expect some variance due to large-scale

structure, particularly for rare massive galaxies (e.g. see Moster et al., 2011). Exploring

the detailed impact of such e�ects is beyond the scope of our current analysis.

2.5 The Post-starburst Contribution to the Growth Rate

of Quiescent Galaxies

Since PSBs have been very recently and rapidly quenched, they prove to be a useful tool

for examining the modes of growth for the quiescent population. Following Wild et al.

(2016), we can compare the growth rate of just quiescent galaxies (Section 2.3.3) to the

rate PSBs pass through a given redshift bin to estimate the fraction of quiescent galaxies

that pass through a PSB phase. We adopt a typical PSB visibility timescale of� 250

� 500 Myr found by Wild et al. (2020) when examining the star formation histories of



Figure 2.8: The number density growth rate of quiescent galaxies as a function of redshift (red points), in three bins of mass and
environment, compared to the predicted PSB contribution assuming a 250 - 500 Myr lifetime. The yellow band shows the PSB
contribution assuming a 250 Myr lifetime, with the width showing the 1f uncertainty, while the green band show the corresponding
contribution assuming a 500 Myr lifetime. Mass and density bins are shown in columns and rows respectively. Errors are propagated
from the Poisson error.



2.5. The Post-starburst Contribution to the Growth Rate of Quiescent Galaxies45

PSBs, based on �ts to spectra and multi-wavelength SEDs. We stress that the visibility

timescale is the length of time a galaxy is observed in a PSB phase using the supercolour

method, and this timescale may vary in di�erent environments and for di�erent stellar

masses depending on burst mass fractions and quenching timescales.

Figure 2.8 shows the predicted contribution of PSBs to the quiescent galaxy growth rate

assuming a 250 - 500 Myr visibility timescale. At high stellar mass (M� ¡ 1010•7 M � )

we �nd that PSBs reproduce roughly half the number density growth rate of quiescent

galaxies if the visibility timescale is� 500 Myr, or potentially most of the growth

with a shorter visibility time. These results are in good agreement with Wild et al.

(2016), which was based on an earlier version of our UDS catalogue, and broadly in

agreement with Belli et al. (2019), who found that high-mass PSBs contribute roughly

50% atI � 2, falling to roughly 20% atI � 1•4. At intermediate masses we �nd that

PSBs can explain all quiescent galaxy growth, rising to potentially overproducing the

red sequence at the lowest stellar masses (M� Ÿ 1010•7 M � ) if the visibility timescales

are short. The potential overproduction at low stellar mass may in part be explained if

some of the PSBs arise from rejuvenated systems that were previously quenched (e.g

Rowlands et al., 2018).

Interestingly, while the quenching rates are higher in dense environments (see also

Figure 2.6), this appears to be matched by the increased contribution from PSBs, at least

for the range of stellar masses probed in this analysis (M� ¡ 109•7 M � ). Therefore, while

quenching is more prevalent in dense environments, the fraction of those galaxies that

wererapidly quenched (according to this simple analysis) does not appear to depend

strongly on the density �eld. At face value this �nding appears di�cult to reconcile with

di�erent quenching mechanisms operating in di�erent environments, unless essentially

all quenching mechanisms lead to a PSB phase at these redshifts and stellar masses.

It may be that larger samples are required to identify environmental di�erences in the

relative importance of �slow� versus �fast� quenching routes, or perhaps they only

become apparent at lower stellar mass. It is notable that the excess of passive galaxies

and PSBs in dense environments becomes particularly strong at low stellar mass (Figure

2.3), largely below the limit for our evolutionary analysis (M� = 109•7 M � ). Future

studies with larger and deeper samples may allow a more detailed investigation of the

relative importance of di�erent quenching routes in di�erent environments.
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2.6 Conclusions

In this chapter, we present an analysis of the build up of the quenched galaxy population

in the UKIDSS UDS fromI = 3 to I = 0•5. We use a PCA analysis, �rst established by

Wild et al. (2014), to identify star-forming, quiescent and post-starburst galaxies in the

sample. To investigate the in�uence of environments we use projected galaxy densities

to split the catalogue into three environmental bins within broad redshift intervals. The

density �eld and boundaries are de�ned using galaxies above the same stellar mass at

all redshifts, split by projected galaxy density into equal thirds. The key �ndings are as

follows:

i A higher fraction of passive galaxies are found in dense environments at all stellar

masses (109•7 < M� Ÿ 1011•5 M � ) in the redshift range0•5 Ÿ I Ÿ 2•0, as seen from

a comparison of stellar mass functions. We also see a sharp up-turn in the relative

abundance of low-mass (109•7 < M� Ÿ 1010 M � ) passive galaxies and PSBs in dense

environments atI Ÿ 1•5, which we attribute to the environmental quenching of

satellite galaxies entering high-mass halos.

ii The growth rate in the number density of passive galaxies is steepest in the highest

density environments at all masses and redshifts (see Figure 2.5). This di�erence

indicates that star-forming galaxies are quenched more e�ciently in these environ-

ments.

iii The growth in the passive population can be used to estimate the fraction of star-

forming galaxies quenched per Gyr at di�erent stellar masses, redshifts and envi-

ronments (see Figure 2.6). We �nd that the quenching probability increases with

both stellar mass and environment. For the most massive galaxies (M� ¡ 1010•7

M � ) the quenching probability also increases with redshift, broadly consistent with

the quenching probability being proportional to star formation rate.

iv Averaging over all redshifts and stellar masses, we �nd that star-forming galaxies are

1.5� 0.1 times more likely to quench in the densest third of environments compared

to the lowest density third. For the most massive galaxies (M� ¡ 1010•7 M � ) the

enhancement factor is 1.7� 0.2. Given the dilution e�ects of projection in our

ability to determine environments, these factors are almost certainly lower limits.
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v At high stellar mass PSBs can account for roughly half of the build-up in the

quiescent mass function, assuming a visibility time of 500 Myr, in agreement with

previous studies (Wild et al., 2016; Belli et al., 2019). At low stellar masses the

PSB route appears to account for a larger fraction of quiescent galaxies, potentially

overproducing the growth rate if the visibility time is signi�cantly shorter than 500

Myr (Figure 2.8).

This study is a �rst attempt to separate out the in�uence of environment on the build-up

of the passive and PSB stellar mass functions at high redshift (I ¡ 1). We �nd strong

evidence that galaxies quench more rapidly in dense environments at a given stellar

mass and redshift. Our work is based on photometric redshifts, however, and therefore

quantifying the precise dependence on environment is challenging. The next generation

of multi-object NIR spectrographs (e.g VLT MOONS, Subaru PFS) should produce the

next breakthrough in this �eld, for the �rst time providing rest-frame optical spectra

for thousands of quenched galaxies at high redshifts. Surveys with these instruments

should allow a more precise characterisation of the density �eld, while also allowing a

comparison of the detailed astrophysical properties of galaxies in di�erent environments.

By comparing star-formation histories, quenching timescales, metallicities, and AGN

contributions, it may be possible to separate the detailed in�uence of environment and

distinguish between quenching mechanisms.



Chapter 3

High-velocity Out�ows Seen in Old I >

1 Recently Quenched Galaxies With No

AGN Signatures

The work presented in this chapter is to be published in Taylor et al. (submitted). In

this chapter, all statistical analyses are my own work, however measurements of stellar

mass, burst ages and any relevant galaxy classi�cations are drawn from the principal

component analysis published in Wilkinson et al. (2021). Data reduction of the spectra

was undertaken by the survey teams, as well as any spectroscopic redshifts used (McLure

et al., 2013; Bradshaw et al., 2013; Maltby et al., 2016; McLure et al., 2018).

3.1 Introduction

An important mechanism used in models and simulations of quenching is feedback,

both from stellar activity and active galactic nuclei (AGN; see Heckman & Best, 2014;

Veilleux et al., 2020, and references therein, and Section 1.3.1.1). Feedback can generate

out�owing galactic-scale winds detectable out to the virial radii of a galaxy (e.g. Murray

et al., 2011; Borthakur et al., 2013). High-velocity out�ows are ubiquitous in star-

forming galaxies at cosmic noon, both with and without AGN (e.g. Hainline et al., 2011;

Bradshaw et al., 2013; Cimatti et al., 2013; Bordoloi et al., 2014; Talia et al., 2017), but

48
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are uncommon in old quiescent galaxies at the same epoch (e.g. Maltby et al., 2019).

Feedback from both AGN and star formation has been inferred in many post-starburst

galaxies through the presence of out�ows (see Section 1.4.1). Out�ows have been

detected inI � 0.1 PSBs hosting AGN by Baron et al. (2017, 2018, 2020), and atI � 0.6,

with � 1000 kms� 1 out�ows observed (Coil et al., 2011; Diamond-Stanic et al., 2012;

Sell et al., 2014; Perrotta et al., 2021). At high redshift, studies have found high-velocity

(� 1500 kms� 1) out�ows in samples of PSBs with signs of AGN (Man et al., 2021;

Davies et al., 2024), and without (Maltby et al., 2019). Recently, some work has been

done to investigate how out�ows evolve alongside host galaxy properties, such as SFR, in

the local Universe (Sun et al., 2024). The authors found evidence that out�ow velocities

diminish with time since quenching. Until now, no such study has been undertaken at

high redshift.

In this chapter, we investigate high redshift (I � 1) PSBs and recently quenched galaxies

within the Ultra Deep Survey (UDS; PI: Almaini) �eld, along with highly star-forming

and passive galaxies. We stack optical spectra of recently quenched galaxies to explore

whether out�ow properties vary with time since a starburst. We expand on the work of

Maltby et al. (2019), exploring galactic scale winds as a function of evolutionary stage.

The structure of this chapter is as follows: In Section 3.2 we present our data, sample

selection and the stacking procedure. In Section 3.3 we outline our methods and results,

and discuss these further in Section 3.4. We end with our conclusions and a brief

summary in Section 3.5.

3.2 Data

The UDS photometric imaging used in this chapter is as described in Section 2.2.1.

3.2.1 Galaxy Properties and Classi�cation

To separate star-forming galaxies, passive galaxies, and PSBs, we use the principal com-

ponent analysis (PCA) technique established by Wild et al. (2014, 2016), as described

in Section 2.2.2. In this work, we use the photometric SC galaxy classi�cations to split
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our sample. For post-starburst galaxies, photometric classi�cation is arguably more

reliable than spectroscopy alone (see Wild et al., 2020), since it samples a much wider

portion of the SED. Galaxy properties used in this work (e.g. stellar mass, burst mass

fraction, time since burst) are derived from the �tting of several 10,000's of Bruzual &

Charlot (2003) stellar population models to the �rst three supercolours, with the precise

number of models depending on the redshift of the galaxy. These �stochastic burst�

models are the same as those used in Kau�mann et al. (2003), and are formed from

exponentially declining SFRs with randomX-function bursts with varying strengths and

ages superposed. They have a range of formation times, exponential decay times, metal-

licity and dust contents. Galaxy properties are then estimated from the median of the

posterior probability distribution in the usual way. For full details of the method, see

Kau�mann et al. (2003). Of particular importance in this work are the burst mass frac-

tion (fburst) and time since burst (tburst) properties. Burst mass fractions are calculated

as the fraction of stellar mass formed in bursts in the past Gyr compared to the total

stellar mass. The tburst values provide the lookback time to the last burst in the galaxy

star-formation history. The supercolour technique was originally established using the

UDS DR8 catalogue (Wild et al., 2014), and in this work we use the analysis applied to

the full DR11 catalogue (see Wilkinson et al., 2021).

3.2.2 Spectroscopy

The UDS contains� 8000 sources with deep optical spectroscopy � assembled from

several programmes which target a large range of galaxy types � from star-forming to

passive. The UDSz is the spectroscopic component of the UDS, where spectra were

obtained for over 3000 K-band selected galaxies using both the VIMOS and FORS2

instruments on the ESO VLT, as part of the UDSz ESO Large Programme (180.A-0776,

PI: Almaini)1. UDSz-FORS2 (McLure et al., 2013) and UDSz-VIMOS (Bradshaw et al.,

2013) have spectral resolutions of R� 660 and 200, and exposure times of 5.5 and 2.6

- 4.5 hours, respectively. The VIMOS instrument was used by Maltby et al. (2016) for

spectroscopic follow-up of an additional� 100 photometrically selected post-starburst

galaxies identi�ed in Wild et al. (2014) (UDSz-VIMOS+, 094.A.0410, PI: Almaini),

to con�rm the validity of their principal component analysis. For the ancillary UDSz-

VIMOS+, the observations have R� 580 and an exposure time of 4 hours. The UDS

1https://pleiades.nottingham.ac.uk/ppadm1/UDSz



Figure 3.1: SC1-SC2 diagram showing the locations of the di�erent groups within our sample. The four groups (Progenitors, Quenchedyoung, Quenchedmid, and Quenchedold)
represent a time sequence since the last starburst. SC1 and SC2 correlate with mean stellar age and stellar mass build-up within the last Gyr, respectively.



Table 3.1: Final sample numbers and properties of our galaxy groups. The four groups represent a time sequence since the last
starburst. For our quenched (QuenchedG) groups, the numbers shown in brackets are those for passive galaxies and PSBs respectively.
The last section of the table shows median values for each property.

Progenitors Quenchedyoung Quenchedmid Quenchedold

Time since burst (Gyr) � � 0.6 0.6 - 1 � 1
Classi�cation SFGs PAS/PSB PAS/PSB PAS/PSB
Other criteria Location in SC space fburst � 0.1 �
Nspectra 23 23 (6, 17) 22 (16, 6) 60 (58, 2)
- UDSz-FORS2 11 4 (0, 4) 6 (3, 3) 20 (21, 1)
- UDSz-VIMOS 4 2 (0, 2) 1 (1, 0) 1 (1, 0)
- UDSz-VIMOS+ 2 5 (1, 4) 1 (1, 0) 5 (4, 1)
- VANDELS 6 12 (5, 7) 14 (11, 3) 34 (36, 0)

Median values
log10(M � /M � ) 10.20 10.77 10.82 11.02
I spec 1.41 1.27 1.30 1.26
tburst (Gyr) � 0.58 0.75 1.19
KAB 21.98 20.69 20.94 20.47
r4 (kpc; Kband) 1.76 1.01 1.21 2.45
n (Kband) 1.84 3.13 2.98 3.26
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�eld is also targeted by the VANDELS spectroscopic survey (ESO programme 194.A-

2003, McLure et al., 2018; Garilli et al., 2021), which provides spectra with exposure

times of 20 or 40 hours, and a resolution of R� 580. Spectroscopic redshifts (I spec) are

determined from these data sets using a cross-correlation of spectral templates via the

EZpackage (Garilli et al., 2010). In this work, we use spectra with secure redshifts for

I spec� 1, which results in a parent sample of 1522 objects (769 star-forming [SFG], 206

quiescent [PAS] and 45 post-starburst [PSB]).

3.2.3 Sample Selection

In this work, we analyse the structure of the MgII (�� 2796, 2803Å) absorption pro�le,

which is a sensitive tracer of the low ionisation interstellar medium (ISM). Blue-shifted

components in this pro�le are indicative of ISM out�ows. To investigate the evolution

of the MgII absorption feature we select galaxies from our parent sample using the

following criteria:

1. Full wavelength coverage of the MgII and [OII ] features (2700� � � 3800Å) for

SFGs, plus additional coverage of the CaII H & K lines for PAS and PSB (2700

� � � 4000Å). This is to ensure thatI spec for the input galaxies is determined

using a spectral featureotherthan MgII .

2. A signal-to-noise per resolution element over the MgII feature (2700-2900Å) of

S/NMg II > 1. This removes the in�uence of poor quality spectra on our stacks.

After checking to ensure redshifts were determined from stellar absorption features

and/or bright emission lines via visual inspection, we �nd 400 objects matching these

criteria (269 SFG, 106 PAS and 25 PSB). We then further split our sample into four

groups, to represent a likely evolutionary sequence for rapidly quenched galaxies. For

our �rst group, we select star-forming galaxies we consider `progenitors', using the

boundaries SC2 > 4 and SC2� 0.25� SC1. We choose these boundaries based on the

evolutionary tracks from Wild et al. (2016); we expect most galaxies in this region are

likely progenitors for galaxies that will soon quench after forming a large fraction of their

mass recently. This is further con�rmed using statistical modelling based on simulated

galaxy properties obtained using semi-analytical models (Harrold et al., in prep). Our
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�nal three groups contain passive galaxies and PSBs split by time since their most recent

starburst, tburst � hereafter Quenchedyoung (tburst < 0.6 Gyr), Quenchedmid (0.6 < tburst <

1 Gyr) and Quenchedold (tburst > 1 Gyr). The tburst values are based on stochastic burst

models, as described in Section 3.2.1, although we note that timescales determined

from alternative methods do not appear to a�ect our conclusions (see Section 3.4.2 for

further discussion). For our Quenchedyoung and Quenchedmid samples, we also apply

a minimum burst mass fraction (fburst) of 10%. The locations of the members of each

group within the SC1-SC2 diagram are shown in Figure 3.1. Final sample numbers and

median values for the properties of each group are shown in Table 3.1.

3.2.4 Stacking Procedure

To e�ectively identify any out�ow signatures, we undertake a stacking analysis to in-

crease the e�ective S/N across the MgII absorption feature. We note that our progenitor

sample of star-forming galaxies contains 4 low-resolution (R� 200) VIMOS spectra,�

17% of the total sample. We therefore arti�cially broaden the higher-resolution spec-

tra in the sample to match the lower-resolution sample2. We shift all individual input

spectra to their rest-frame wavelengths using their spectroscopic redshifts. The spectra

are resampled onto the same wavelength axis (�� = 0.25Å), preserving the integrated

�ux, and the entire spectrum is normalised for the total �ux over 2700� � � 2900Å

with the MgII pro�le masked out. The spectra are combined to create a median stack,

after which we perform a 3f clip to minimise the e�ect of noise: we remove any input

spectra where more than 10% of �ux points over 2700� � � 2900Å, without masking

the MgII lines, lie 3f or more away from the median stack. All remaining spectra are

then combined to generate a single, �nal median stack. The e�ective spectral resolutions

of the stacks are�� FWHM � 5.4 and� 5.6Å for our progenitors and Quenchedx samples

respectively. Uncertainties in the stack are the mean of the standard error from 100

bootstrapped simulated stacks. The resulting composite spectra are shown in Figure

3.2. The stacks have been smoothed using a Gaussian �lter withf = 1.5Å for display

purposes only � thisf value was chosen as it is below the e�ective resolution of our

stacks (f stack � 2.4Å). Equivalent width measurements for the MgII , [O II ] and HX

features, and the D4000 index for each group are shown in Table 3.2; the median values

for each sample and the values as measured from the stacks are included, and show the

2We note that we obtain entirely consistent results if we do not broaden the high resolution spectra.



Table 3.2: Equivalent width measurements of key spectral features for each group, calculated using integration. Columns (2-4)
show the wavelength ranges used to calculate the equivalent widths. The `median' column for each group is the median value of
measurements from the individual input spectra. The `stack' column for each group is the value as measured from the stack (shown
in Figure 3.2).

Blue continuum (Å) Line (Å) Red continuum (Å)

WMg II (Å) 2762 - 2782 2784 - 2814 2818 - 2838
W[O II ] (Å) 3653 � 3713 3713 - 3741 3741 � 3801
D4000 3750 - 3950 � 4050 - 4250
WHX (Å) 4030 � 4082 4082 - 4122 4122 - 4170

Progenitors Quenchedyoung Quenchedmid Quenchedold
Median Stack Median Stack Median Stack Median Stack

WMg II (Å) 7.4 7.6� 1.2 11.9 12.3� 0.8 14.3 13.5� 1.3 12.3 13.2� 0.7
W[O II ] (Å) -26.8 -21.0� 3.3 -2.5 -2.6� 1.1 -0.9 -1.4� 0.7 -3.5 - 4.4� 1.0
D4000 1.49 1.5� 0.08 1.54 1.6� 0.08 1.72 1.7� 0.06 1.77 1.8� 0.05
WHX (Å) 3.6 4.9� 2.9 5.3 5.8� 1.2 4.2 4.3� 0.9 1.7 2.1� 0.5
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expected behaviour with time since burst. The equivalent width values are measured

using integration, using the wavelength ranges in Table 3.2.

3.3 Analysis

A visual inspection of our four MgII pro�les shows clear asymmetry in all but the

Quenchedold sample (tburst> 1 Gyr). The ratio of the sum of the �uxes either side of the

Mg II centroid reveals a signi�cant excess of blue shifted absorption (� 14%) in our �rst

three groups, implying these galaxies harbour galactic-scale out�ows. In Quenchedold,

this excess is only� 5%.

In this section, we outline two methods of measuring the out�ow velocity, vout, in each

sample. We start with a simple double Gaussian model (Section 3.3.1), decompos-

ing the MgII absorption feature into separate systemic and out�owing ISM absorption

components. In the second method, we also include an inital subtraction of the stellar

continuum via spectral �tting (Section 3.3.2). The signi�cance of the out�owing com-

ponent for each method is evaluated using an F-test, which produces a?-value � the

necessity of an out�owing component is rejected if? > 0.05. The p-values and velocity

values for each method are presented in Table 3.3. The uncertainties for all methods

are determined by repeating the relevant procedure on 100 simulated spectra generated

via a bootstrap analysis. The resulting �ts to our absorption pro�les presented here

are smoothed as described in Section 3.2.4, for display purposes only. All analysis is

performed on the non-smoothed stacks. We compare the bene�ts and drawbacks of each

model in Section 3.4.1.

3.3.1 Double Gaussian Model

In order to determine the signi�cance of the asymmetry of our MgII pro�les, and

to isolate any out�owing gas, we �rst use a double Gaussian decomposition model.

Following the approach of Maltby et al. (2019), the model is �t using the following

procedure:

1. The continuum �ux either side of the MgII pro�le (2750 � � � 2850Å) is



Figure 3.2: Median stacks for each group in our sample. Key spectral features are labeled. The stacks have been smoothed using
a Gaussian �lter with widthf = 1.5Å for display purposes only. The dotted portion of each stack represents the wavelengths at
which less than 50% of input spectra have coverage. The MgII absorption feature is shown in more detail in the sub-panel, and has
been continuum normalised to allow for comparison between stacks. The dashed vertical lines in the inset denote the MgII �� 2796,
2803Å lines. The solid vertical line denotes the MgII centroid at 2799.1Å.
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normalised, using a smoothing spline �t.

2. Due to the lower resolution of our input spectra, the MgII doublet (�� 2796,

2803Å) is unresolved in our stacks, so we �rst need to estimate the spectral

broadening of the absorption feature. To do this, a single Gaussian doublet (Ginitial)

is �t to the Mg II pro�le, with the centroids �xed at the rest-frame wavelengths

for systemic absorption. The doublet intensity ratio is set as 1.2:1, as seen for

high-I galaxies in Weiner et al. (2009). To avoid any potential contamination of

the broadening estimate by out�owing gas, we �t Ginitial to the red side of the

absorption feature only (� � 2803Å).

3. We then �t the MgII pro�le with a two component model, using two Gaussian

doublets. The �rst component (Gsys) models the systemic absorption (stellar +

ISM) and the second component (Gout) models the out�ow. The centroid of Gsys

is �xed at the rest-frame wavelength, while the amplitude is allowed to vary.

The centroid and amplitude of Gout are left free. The width of both doublets is

�xed at the value determined by Ginitial. Comparison of the centroids of the two

components provides a wavelength o�set,�� , which can be used to estimate the

velocity o�set of the out�owing gas,� v.

For each group, 100 simulated median stacks are generated via a bootstrap analysis, and

the �tting routine is repeated on each stack. The uncertainty in�� is the 1f error of the

resulting 100 velocity measurements.

We then perform a calibration of our velocity o�sets (� v) to estimate the typical out�ow

velocity, vout of each of our samples. To do this, we follow the procedure presented in

Maltby et al. (2019)3. We simulate 2000 MgII pro�les exhibiting a range of out�ow

velocities, with random noise generated to match the typical S/N of our real galaxy

spectra. We then generate a median stack of these pro�les, and �t the double Gaussian

model as described above. We �nd our model �ts recover velocity o�sets,� v, that

are systematically� 340 kms� 1 higher than the known median out�ow velocity from

the simulations, and apply this correction to our� v values. This is consistent with the

�ndings of Maltby et al. (2019).

The best-�tting Gaussians for each of our groups are shown in Figure 3.3: the top panels

show the �t to the full MgII pro�le, while the bottom panels show the out�ow component

3We direct the reader to Appendix A of Maltby et al. (2019) for more detail.
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and residual �ux after removal of the systemic �t. We �nd clear evidence for a strongly

blue-shifted component within the MgII feature for our �rst three samples � progenitors,

Quenchedyoung and Quenchedmid. The signi�cance of the out�ow components for all

three groups is� 3f , as determined from an F-test (p � 0.05). We �nd no evidence

for any signi�cant asymmetry within the absorption pro�le of our Quenchedold galaxies

with tburst ¡ 1 Gyr, and the pro�le is best �t with a single Gaussian doublet, �xed at the

rest-frame wavelength (p > 0.05). The velocity o�sets and corresponding vout values

are presented in Table 3.3.

Interestingly, we �nd that galaxies with a burst over 600 Myr ago (Quenchedmid, vout �

1500 kms� 1) have similarly high-velocity out�ows to those with more recent bursts

(Quenchedyoung, vout � 1300 kms� 1), in contrast to the �ndings for local galaxies (e.g.

Sun et al., 2024). If these out�ows originate from star-formation, we would not expect

them to persist at high-velocities so long after the burst, and we discuss this further in

Section 3.4.4.

Out�ow velocities from the above method relies on the correct modelling of the systemic

component. To explore a model independent velocity measurement, we use a boxcar

method (e.g. Rubin et al., 2010; Bordoloi et al., 2014; Maltby et al., 2019), which is

useful in the case of low S/N stacks. An estimate of the mean out�ow velocity,hEouti ,

can be found using

hEouti =
, tot

, out
hEtoti – (3.1)

where the equivalent width of the out�ow component, Wout, is

, out = 2¹, blue � , redº• (3.2)

Here, Wredand Wblueare the equivalent widths of the blue side (2775� � � 2796Å) and

red side (2803� � � 2820Å) of the MgII feature, Wtot is the equivalent width of the full

pro�le, and hEtoti is the mean absorption weighted velocity of the observed absorption

line (see Rubin et al., 2010; Bordoloi et al., 2014, for full details). We determinehEouti

values of 771� 132, 676� 62 and 770� 62 kms� 1 for our progenitors, Quenchedyoung

and Quenchedmid samples, respectively (see Table 3.3). OurhEouti estimates are lower

than those determined from the double Gaussian method, but they nevertheless show
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