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Abstract

Understanding the story of how galaxies formed and evolved over cosmic history is the shared
quest of extra-galactic astronomers. If one were to look out into the universe around us, it
would become evident that galaxies fall roughly into two groups: those that still actively form
stars (blue galaxies), and those that have long since become quiescent (red galaxies). These
populations arise as an natural consequence of the interplay between galaxies, the dark mat-
ter halos they live in, and the gas that surrounds these environments that is the key ingredient
of star formation. But what cannot be explained, is how only 1-2 billion years after the Big
Bang, quiescent galaxies began to appear, seemingly having assembled billions of solarmasses
in a fewhundredmillion years, and quenched their star formation in equally rapid timescales.
These are the first massive quiescent galaxies (MQGs). This issue has been the subject of
much examination over the past few decades, increasingly so since these galaxies were spec-
troscopicically confirmed only in the past decade. Despite these studies, several challenges
remain, ranging fromhowbest to select these galaxies in our data sets, to understanding their
physical origins. This thesis presents the exploration of these first quiescent galaxies and their
possible origins via the study of data taken with both ground and spaced based telescopes,
including JWST, using two new codes presented in this work.

The first part of this thesis presents a novel selectionmethod designed to find high redshift
quiescent galaxies in photometric catalogs, specifically tailored to their unique colours. This
method was designed to allow for a wide variety of colours, and therefore allows us to select
more recently quenched galaxies, as they are bluer than the typical quiescent galaxy. First tun-
ing themethodusing cosmological simulations, I found thatmymethodoutperforms a classi-
cal at colour selection at z > 3. I then applied the selectionmethod to the widest and deepest
optical/near-infrared photometric catalog of the COSMOS field, COSMOS2020. Therein
I explored the number densities to understand the rarity of these galaxies, and compared to
similar galaxies in simulations in order to understand their physical origins. I calculated the
number density of MQGs from z = 5 to z = 2, confirming this is period of tremendous
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growth in the early universe. I compared these number densities to those produced from cos-
mological simulations and found that no simulations can reproduce the number densities of
MQGs found observationally at z > 3, implying that new recipes are needed.

In the second part of the thesis, I applied this method to eleven public imaging fields
taken in the first three months of JWST observations, finding number densities for mas-
sive (log(M∗/M⊙)>10.6) quiescent galaxies at 3 < z < 4 on the order of 10−5 Mpc−1, with
field to field variations and cosmic variance playing a huge role in deriving these estimates,
highlighting the importance of searching for these galaxies over multiple fields. Tuning the
selection allowed for the discovery of lowermass quiescent galaxies, something whichwas ex-
pected, but highly difficult to study prior to the launch of JWST . Finally, a quiescent galaxy
candidate at z > 4 selected by the method was later confirmed to be one of the most distant
and old quiescent galaxies ever found to date, highlighting the method’s flexibility in finding
all types of galaxies. I also used this colour selection to identify quiescent galaxy candidates at
z > 2 in the CANUCS survey, and presented a preliminary sample of spectra of quiescent
galaxies at z ∼ 2 observed with JWST /NIRSpec, including two galaxies at z > 3. These
galaxies exhibit a range of spectra of different apparent ages, further demonstrating the colour
selection method as a way to explore galaxies in all stages of quenching.

Finally, in the third part of the thesis, I presented novel observations of an optically in-
visible, dusty star forming galaxy at z = 3.65 (dubbed “BB”) observed both with JWST /
NIRCam and NIRSpec. I developed a new software specifically to fit the spectrum of this
galaxy, and explored its stellar populations and inter-stellar medium (ISM) properties using
a combination of photometry and spectroscopy. I found that BB is a massive, star forming,
highly dust obscured galaxy, with a strongly ionized ISM. Line ratios based on standard di-
agnostics as well as significant residuals indicating a broadened HeIλ10830 line imply the
galaxy is either hosting an active black hole, is experiencing shocks, or has strong stellar winds
from evolved stars. This galaxy is already as small as z ∼ 3 quiescent galaxies, and combined
with its stellarmass and fast gas depletion timescale, I hypothesised that BBwill join the com-
pact quiescent galaxy population by z ∼ 2. Based on BB’s similarity to other optically dark
main sequence galaxies at z > 3, it is possible this population could also be progenitors of
the high redshift massive quiescent galaxy population.
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Abstract på dansk

Forståelsen af galaksernes dannelses- og udviklingshistorie gennem kosmiske tid, er den fælles
søgen for ekstragalaktiske astronomer. Ser man ud i universet omkring os, bliver det ty-
deligt, at galakser groft kan inddeles i to grupper: Dem, der stadig aktivt danner stjerner (blå
galakser), og dem, der for længst er døed, altså har stoppet stjernedannelse (røde galakser).
Disse populationer opstår som en naturlig konsekvens af samspillet mellem galakser, halo-
erne af mørkt stof de befinder sig i, og nøgleingrediensen i Stjernedannelse, gassen gassen
omkring dissemiljøer. Men det, der ikke kan forklares, er, hvordan kun 1-2milliarder år efter
Big Bang begyndte døde galakser at dukke op. Det er tilsyneladende sket efter at have samlet
billioner af solmasser på få hundrede millioner år, og slukket deres stjernedannelse på samme
tidsskala. Disse er de første massive døde galaxer (MQG’er). Dette problem har været gen-
stand formeget undersøgelse gennem de seneste årtier, og i stigende grad, siden disse galakser
blev spektroskopisk bekræftet i løbet af det forrige årti. På trods af disse studier forbliver flere
udfordringer, fra hvordanman bedst udvælger disse galakser i vores datasæt, til at forstå deres
fysiske oprindelse. Denne afhandling præsenterer udforskningen af disse første døde galakser
og deres mulige oprindelser gennem studiet af data taget med både jord- og rum-baserede
teleskoper, inklusive JWST, ved brug af to nye koder præsenteret i dette arbejde.

Den første del af afhandlingen præsenterer en ny udvælgelsesmetode designet til at finde
høj-rødforskydnings døde galakser i fotometriske kataloger, specifikt tilpasset deres unikke
farver. Metoden blev designet til at tillade et bredt udvalg af farver og gør det derfor muligt
for os at udvælge nyligt døde galakser, da de er blåere end den typiske døde galakse. Efter først
at have justeret metoden ved hjælp af kosmologiske simuleringer, fandt jeg, at min metode
overgår en klassisk farveudvælgelse ved z > 3. Derefter anvendte jeg udvælgelsesmetoden
på det bredeste og dybeste optiske/nær-infrarøde fotometriske katalog af COSMOS-feltet,
COSMOS2020. Her udforskede jeg antalstætheder for at forstå disse galaksers sjældenhed,
og sammenlignede med lignende galakser i simuleringer for at forstå deres fysiske oprindelse.
Jeg beregnede antalstætheden afMQG’er fra z = 5 til z = 2 og bekræftede, at dette er en peri-
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odemed enorm vækst. Jeg sammenlignede disse antalstætheder med dem produceret fra kos-
mologiske simuleringer og fandt, at ingen simuleringer kan reproducere de observerede an-
talstætheder afMQG’er ved z>3, hvilket tyder på, at nye simuleringsteknikker er nødvendige.

I afhandlingens anden del anvendte jeg dennemetode på elleve offentlige billedfelter taget i
de første tremåneder af JWST -observationerneog fandt antalstætheder formassive (log(M∗/M⊙)>
10.6) døde galakser ved 3 < z < 4 på størrelsesordenen 10−5 Mpc−1, med variationer fra
felt til felt og kosmisk varians, som spiller en stor rolle i disse estimater, hvilket fremhæver
vigtigheden af at undersøge disse galakser på tværs af flere felter. Justering af udvælgelsen
gjorde detmuligt at opdage døde galaksermed lavmasse, noget som var forventet, menmeget
vanskeligt at studere før JWST ’s opsendelse. Endelig blev en kandidat til en død galakse ved
z > 4 udvalgt af metoden, og senere bekræftet som en af de fjerneste og ældste døde galakser
nogensinde fundet, hvilket fremhæver metodens fleksibilitet i at finde alle typer galakser. Jeg
brugte også denne farveudvælgelse til at identificere kandidater til døde galakser ved z > 2 i
CANUCS-programmet og præsenterede et foreløbigt udvalg af spektre af døde galakser ved
z ∼ 2 observeret med JWST /NIRSpec, inklusivt to galakser ved z > 3. Disse galakser
udviser en række meget forskellige spektra, hvilket yderligere demonstrerer farveudvælgelses-
metoden som en måde at udforske galakser i alle stadier af afkøling.

Endelig i afhandlingens tredje del præsenterer jeg nyskabende observationer af en optisk
usynlig, støvet stjerneformende galakse ved z = 3.65 (kaldet “BB”) observeret både med
JWST/NIRCam og NIRSpec. Jeg udviklede en ny software specifikt til at forstå spektret
for denne galakse og udforskede dens stjernepopulationer og interstellart medium (ISM) ved
hjælp af en kombination af fotometri og spektroskopi. Jeg fandt, at BBer en massiv, stjerne-
formende, stærkt støvskjult galakse, med et kraftigt ioniseret ISM. Linjeratioer baseret på
standarddiagnostik samtbetydelige rester, der indikerer enudvidetHeIλ10830linje, tyder på,
at galaksen enten huser et aktivt sort hul, oplever chokbølger, eller har kraftige stjernevinde
fra udviklede stjerner. Denne galakse er allerede lige så lille som døde galakser ved z ∼ 3,
og kombineret med dens stjernemasse og hurtige gasudtømningstid, hypotetiserede jeg, at
BBvil tilslutte sig populationen af kompakte døde galakser ved z ∼ 2. Baseret på BB’s lighed
med andre optisk mørke hovedsekvensgalakser ved z > 3, er det muligt, at populationen af
høj-rødforskydnings massive døde galakser can være efterkommere af galaxer som BB.
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1INTRODUCTION

With magic, you can turn a frog into a
prince. With science, you can turn a frog
into a Ph.D and you still have the frog
you started with.

Terry Pratchett
The Science Of Discworld

1.0.1 From frogs to superclusters

The universe is unfathomably large to humans. In our daily lives, the size scales we experi-
ence are much, much smaller, despite spanning up to seven orders of magnitude. On Earth,
we experience these distance scales through amultitude of senses - from the things we touch,
to the objects we see, to the sounds we hear. Astronomy is unique from the other physi-
cal sciences, because unlike a chemist mixing solutions or a biologist listening to frogs, we
are limited to studying our subject almost exclusively via observation of the electromagnetic
spectrum. The light from stars and galaxies we observe has traveled countless human life-
times before it was even seen by us. Even before humans existed, light was emitted from the
first stars as a byproduct of nuclear fusion between elements, primarily Hydrogen. When a
star is born from a collapsing cloud ofHydrogen gas, the pressure at its center overcomes the
electrostatic repulsion between negatively charged Hydrogen atoms, forcing them to fuse to
create Helium, and energy packets called photons. This energy comes from a difference in
the binding energy before and after the fusion, and was first postulated as the power source
of stars by physicist Arthur Eddington in 1921 (Eddington, 1926). The extreme density of
stellar interiors prevents a quick escape, but after a few thousand to a few million years, the
photons from those stars reach the surface, and travel on through space and time, eventually
ending up as seemingly stationary pinpricks on the indigo canvas of our night sky, or galaxies
in our telescopes.

The galaxy we inhibit, which is fairly typical as galaxies go, is just one of hundreds of bil-
lions in the observable universe. The Milky Way (so called because of its dramatic white-ish
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appearance in our night sky) is home to∼ 100 billion stars including our own. Despite the
fact that we live inside it, astronomers have managed to discern the size, shape, and color of
our home Galaxy, as well as the masses and compositions of its constituent ingredients. Fur-
thermore, using careful analysis and smart statistical techniques, they have even managed to
map its history and potential origins. Each and every galaxy in the universe has its own story,
which can also be inferred indirectly from studying its light across the electromagnetic spec-
trum. It is through this study of millions of galaxies, both nearby and distant, that we are
able to construct a story of how the present day populations came to be.

If the evolution of galaxies took place in a day, then there are three major epochs: cos-
mic dawn, the birth of galaxies, cosmic noon, the peak of cosmic star formation, and cosmic
evening - the present day. At each of these snapshots, the properties of the galactic popu-
lation as a whole, and of the average galaxy, is different. We make use of something called
redshift to study this evolution. The fundamental speed limit of the universe is 299792458
ms−1, which is the speed of light in a vacuum. Thus, light emitted from very distant objects
takes some time to arrive, meaning that observing galaxies at greater and greater distances
is equivalent to looking back in time. This neat property of space-time allows astronomers
to study galaxies at different epochs of cosmological history. Due to the expansion of the
universe, light from distant objects is stretched as it travels to us, a phenomenon known as
cosmological redshift, which is defined as

z =
Δλ
λrest

=
λobs − λrest

λrest
(1.1)

Subsequently, light fromdistant galaxies is shifted further and further into the infra-red regime.
Redshift is a convenient replacement when referring to distance, because of its logarithmic
behaviour. Thus, we usually refer to distances or time epochs using redshift instead of dis-
tance units, whilst time is usuallymeasured inmillions or billions of years. To an astronomer,
100 million years is a short amount of time.

Figure 1.1 presents the evolution of galaxies as a function of time and redshift. Our cur-
rent understanding is that cosmic dawn began roughly 300 million years after the Big Bang,
at roughly z ∼ 14 (Bromm and Yoshida, 2011) when the first galaxies formed from pris-
tine hydrogen gas accumulating onto the most massive dark matter halos, creating clumpy,
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CHAPTER 1. INTRODUCTION

Figure 1.1: Representation of galaxy evolution; the x axis shows age of the universe in Gyr, whilst the y axis
shows the corresponding redshift. These quantities are related by the grey dashed line, which assumes a flat
ΛCDM cosmology. Various epochs and populations are shown: at the bottom left, cosmic dawn, where the
first galaxies form, cosmic noon in the middle at the peak of star formation, and the present day at top right
with the local galaxy zoo. At some point around z ∼ 4, the first quiescent galaxies appear.
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tiny, galaxies forming hundreds of stars per year. The first galaxies grew and evolved in a dy-
namicuniverse - newgalaxies continued to appear until the cosmic star formation rate density
peaked some3billion years later at z ∼ 2 (cosmic noon) (Madau andDickinson, 2014). Over
the following 10 billion years, the birth of new galaxies slowed, and the existing populations
matured and calmed their production of growth and new stars. By the time we arrive at the
present day (z ∼ 0), galaxies exist predominantly in two groups: those still actively form-
ing stars, and those who are done and now passively exist, their stellar populations quietly
maturing (Schawinski et al., 2014).

Connecting the dots between the first galaxies, the present day universe, and everything
that happens in between, is the shared quest of extra-galactic astronomers. Over the last cen-
tury, our understanding of the story of galaxy evolution has grown enormously thanks to
technological innovation in both engineering and computing. In the 1970s, a typical astro-
physics publication presented observations of a handful of nearby galaxies observed with a
singular ground-based telescope, the analysis of which was likely carried out using founda-
tional, but limited, languages such as FORTRAN, performed on a computer with at most
several kilo-bytes of RAM.

In 2024, things are a bit different. There are now multiple ground-based and space-based
observatories designed to observe wavelength regimes along the entire electromagnetic spec-
trum, fromX-rays to optical to radio. Many of these are equippedwithmultiple instruments,
making it possible to image at specific wavelengths, collect spectra of individual galaxies or en
mass via multi object spectroscopy, and design synergistic programs to address global ques-
tions (community surveys) or specific questions (proposals). Astronomers have then pushed
these instruments further, some discovering ingenious ways to hack the operations of some
telescopes in order to push them to their limit.

Advances in computing and internet technologies have revolutionized astrophysics research:
we now have searchable public data bases storing terabytes of of data that are easy to query,
communications platforms that facilitate collaborative research, and cloud based comput-
ing services that provide a wide variety of virtual computers and super-computers. Develop-
ments in programming have also contributed: themost popular language used by astrophysi-
cists in 2023 is python, for which there are endless open source packages one can use to aid
research. Some are generically useful - array manipulation, plotting, machine learning meth-
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CHAPTER 1. INTRODUCTION

ods, sampling tools - and some are specifically designed to aid astrophysics research, either
written for the community (for example, astropy (Astropy Collaboration et al., 2018)) or by
the community itself.

It is through this technological and engineering revolution that our deep knowledge of dis-
tinct galaxy populations came to be, because it is only with advanced instrumentation and
modeling that we are able to study such curious things. In the 1990’s, astrophysicists began
finding fuzzy red blobs in their images, which were given many nicknames*, such as “Ex-
tremely Red Objects” (EROs; McCarthy, 2004) and “Distant Red Galaxies” (DRGs; Franx
et al., 2003). The nature of these galaxies was highly uncertain - calculating distances, stel-
lar masses and star formation rates from only a few data points was not trivial. Over the
following three decades, an enormous effort pushing near-infrared instrumentation to their
limits (and even inventing new technologies) combined with multiple imaging and spectro-
scopic surveys revealed that those fuzzy red blobs actually contained an entire galaxy zoo, and
nowwe have a lot more nicknames for these galaxies, some of which are still equally as vague.
Confusingly, the existence of some populations were impossible to explain under the present
cosmological framework. Whilst it was easy to ignore such things when these galaxies were
unresolved blobs with very uncertain properties, the issue has to be faced when spectroscopy
confirms they are actually real (Glazebrook et al., 2017).

As such, there is now undeniable evidence that unusually evolved galaxies characterised by
extreme stellarmasses and little to no active star formation suddenly appearedwithin the first
1-2 billion years after the Big Bang. These are the first massive quiescent galaxies (MQGs).
How they accumulated such mass, and how they stopped forming stars, is still unknown.
This is important, because we can understand galaxy evolution through the lens of study-
ing the first quenched galaxies. They provide clues not only into the subsequent growth of
the quiescent galaxy population, but crucially, studying their origins directly leads to under-
standing the initial conditions of the universe that seeded the first galaxies and ultimately led
to the cosmos we see today.

This has been a topic of debate in the past months since the launch of JWST, with claims
of galaxies “toomassive” leading the community to question the cosmological foundation of
Lambda-CDMuponwhichwebase our entire theoryof galaxy evolution (Labbé et al., 2023).

*My favourite is “Faint Red Outlier Galaxies”, or FROGS (Moustakas et al., 1997).
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1.1. A BRIEF HISTORYOFDISTANTREDGALAXIES

Concurrently, many studies have pointed out that the analysis techniques and assumptions
made in performing these calculations can lead to incorrect results (Giménez-Arteaga et al.,
2024; Desprez et al., 2023), thereby leading the community to infer that impossible galaxies
exist (such as “Schrodinger’s galaxy”; (Arrabal Haro et al., 2023; Donnan et al., 2023; Naidu
et al., 2022)).

Prior to the launch of the James Webb Space Telescope (JWST), even obtaining robust
measurements of the properties required to investigate the nature and origin of the first qui-
escent galaxies (and similarly distant red fuzzies) was inherently limited by the lack of instru-
ments probing the near-infrared wavelength regime, the inability to resolve blended sources
in large extra-galactic imaging surveys, and the expensive integration times required to even
confirm the distant of such galaxies using ground-based spectroscopy, which suffers enor-
mously from telluric interference in the NIR. Fortunately, we now have a shiny new space
telescope, and JWST’s instrument suite has proven its ability to spectroscopically confirm
hundreds ofMyr years oldMQGcandidates in trivial exposure times, easily resolve quiescent
and dust obscured galaxies in imaging, and resolve multi-component emission lines. These
are exactly the data we require to press forward successfully in our exploration of this excit-
ing cosmic epoch. This thesis presents my endeavors to understand the distant red universe
through the development of two novel analysis techniques and their application to two fab-
ulous data sets. We begin with this chapter, the introduction, which provides the necessary
background needed to understand the thesis work in context of the literature.

1.1 A brief history of distant red galaxies

1.1.1 It all beganwithHubble

The launch of NASA’s Great Observatories was a pivotal moment for the study of galaxy
evolution. Conceived in 1975, the concept was simple: to discover and explore areas of astro-
physics that were currently out of reach, due to the difficulty of studying certain regions of
the electromagnetic spectrum from the ground. Four observatories would see the universe
in all colours from the infrared to the optical to the UV to X-rays and to gamma rays, shed-
ding new light on fundamental questions that could only be answered with space telescopes.
Amongst these were the key pillars of the field of extra-galactic astrophysics: when did the
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universe begin? how do stars - and therefore also galaxies - form? what are the laws that guide
the evolution of the cosmos and its matter? It was these observatories, combined with lead-
ing ground-based instruments, that saw through a new area in the study of galaxies and their
evolution in the past three decades (Armus et al., 2021).

The Hubble Space Telescope (HST ) (1990-present) was the first optical space observa-
tory designed to study stars and galaxies. HST happened in great part thanks to the work
of Lyman Spitzer, who spent years campaigning for an observatory in space, and supported
efforts paramount to this goal such as the first space balloon and the first UV space telescope,
Copernicus, launched in 1972. In 1965, Spitzer was appointed to lead a committee to design
the objectives of a proposed large space telescope (Lyman Spitzer, 1990), but it wasn’t until
a decade later in 1975 that HST was realised. The launch followed in 1990, and after a few
years and astronaut trips to fix its blurry vision, the telescope finally revealed a new view of
the universe. Within its first few years after the primary mirror was corrected, observations
already revealed a wealth of new findings (Ferguson et al., 2000; Williams et al., 1996).
The success of the first few GO and GTO programs in Cycles 1-5 encouraged Robert

Williams, then Director of the Space Science Telescope Institute, to push the boat (or tele-
scope) out, and use ten days of Director’s Discretionary Time (DDT) to observe a blank
patch of sky continuously for ten days (Williams et al., 1996). The result of this endeavour,
theHubble Deep Field (see Figure 1.2), is arguably themost trans-formative result to change
the field of extra-galactic astronomy since its inception in the early twentieth century - par-
ticularly because it was not expected by all of the community. Predictions for what Hubble
wouldfind canbe summedupby this quote fromBahcall et al. (1990): ”Wedonot expectHST
to reveal a new population of galaxies ... the major contribution of HST for galaxy research will
be in revealing the shapes, sizes and content of previously unresolved galaxies”. Instead, the
Hubble Deep Field revealed thousands of galaxies out to unseen distances, in sizes, shapes
and colours that were not only resolved, but also unexpected (e.g Fernández-Soto et al., 1999;
Abraham et al., 1996). .

It was then possible to investigate the existence and infer the evolution of quiescent galax-
ies at distances further than before (see Ferguson et al., 2000 for an excellent overview). At
the time, it was well established that the z ∼ 0 quiescent galaxy population must have mani-
fested over a significant fraction of the universe’s history in order to build up to present day
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Figure 1.2: False colour image of the Hubble Deep Field, the result of pointing the Hubble Space Telescope
(HST) at an area of sky less than 1% of the moon, for over 100 hours. The image contains over 3000 galaxies
and was the first deep extra galactic field of many observed with HST. Credit: Williams et al. (1996) and the
HDF team.
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Milk-way stellar masses and solar or super-solar metallicities. The pertinent question was
whether they formed frommonolithic collapse in the early universe and passively evolved to
z∼ 0 (Eggen et al., 1962), or rather grew their mass via mergers in a hierarchical scenario
(van Dokkum et al., 1999; Kauffmann et al., 1993). Whilst the former would manifest as
a constant number density of ellipticals as function of look-back time, the latter would see
the elliptical luminosity function increase with time, for which the evidence was conflict-
ing. Studies using different selection methods and analyses would find completely opposite
results - evolution (Kauffmann et al., 1996) vs no evolution (Lilly et al., 1996; Totani and
Yoshii, 1998). Ferguson et al. (2000) commented on this;

”This debate highlights the difficulties inherent to defining samples based on a
color cut in the margins of a distribution, where small changes in the boundary,
as well as systematic and even random photometric errors in the data, can have
substantial consequences for the conclusions.” −− Section 5.3, TheHubbleDeep
Fields (Ferguson et al., 2000)

And in fact, this is a problem that persisted for the next two decades. Despite this, multiple
works presented massive quiescent galaxy candidates at z∼ 1 photometrically selected from
HST imaging, indicating the local field elliptical population began its assembly at least as early
as z ∼ 1− 3 in order to establish the population at z∼ 1. Thus, it was HST that introduced
a real possibility of higher redshift quiescent galaxies.

1.1.2 Seeing the universe in (fra) red with Spitzer

The Spitzer Space Telescope (AKA Spitzer), launched in 2003 (Werner et al., 2004), yet again
revealed new galaxy populations, but this time, some of them were invisible even to Hub-
ble. Franx et al. (2003) and Yan et al. (2004) found a sample of galaxies detected in Spitzer’s
Infrared Array Camera (IRAC) instrument at 3.6 μm but undetected in HST, which were
implied as galaxies with evolved stellar populations around cosmic noon. The powerful com-
bination of ground-based instruments and space-based observatories also made it possible to
conduct multi-wavelength studies of distant red galaxies, and therefore measure the stellar
populations, dust obscuration and stellar assembly of these populations.

15
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Papovich (2006) used bothHST, ground-based and Spitzer observations to study massive
(log(M∗/M⊙) > 11.5) distant red galaxies at 1.5 < z < 3, finding a mix of galaxies in-
cluding those with evolved stellar populations, dust obscured star formation, and 10% hav-
ing evidence for suppressed star formation, as well as 25% of their sample having evidence
for hosting an AGN. Reddy et al. (2005) studied the MIPS 24μm emission of red galaxies
selected using the novel BzK colour selection method (Daddi et al., 2004b) as well as those
with red J−Ks > 2.3 colours. They found both optically andNIR selected z ∼ 2 galaxies to
be massive, with some having bolometric luminosity’s comparable to local Ultra Luminous
IRGalaxies (ULIRGS) (< LIR >∼ 2× 1012L⊙) - but again, finding a small number seem-
ingly passive. Labbé et al. (2005) studied the 3.6−8μmemission ofHST selectedDRGswith
IRAC, and demonstrated an observed colour selection (I−KS andKS−4.5 μm ) that could
be to separate passive galaxy candidates from dusty star forming. From this, they calculated
that 30% of their sample as passive galaxies at z ∼ 2.5 with stellar masses of<log(M∗/M⊙)
>= 10.5. Notably, Labbé et al. (2005) commented that the existence of such systems would
require extreme quenching scenarios such as AGN feedback or galactic outflows, in order to
produce massive quiescent galaxies by z = 2 − 3 based on the inferred quenching epoch of
z = 5 or earlier. In the years following, studies continued to present handfuls of photomet-
rically selected massive quiescent galaxies at z ∼ 2 − 3 (Brammer and van Dokkum, 2007;
Toft et al., 2007) and even up to z ∼ 9 (Rodighiero et al., 2007;Wiklind et al., 2007), as well
as spectroscopic confirmation of z ∼ 2 quiescent galaxies (Kriek et al., 2006, 2007). Besides a
tenuous candidate z ∼ 6.5 post-starburst galaxy (Mobasher et al., 2005), there was no strong
evidence for a substantial population of massive quiescent galaxies at z ≥ 3.

1.2 The first quiescent galaxies

The search for the elusive quiescent galaxies held the promise of understanding the entire
tale of early galaxy formation and evolution, but it was clearly hampered by something. The
reason why it was so difficult to find high redshift quiescent galaxies at that time was be-
cause of technology - or rather, lack of it. Precisely, the poor efficiency and small field of
view of contemporaryNIR imaging detectors made conducting deep, wide area surveys very
difficult (Williams et al., 2009). This all changed with a new generation of NIR instrumen-
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Figure 1.3: U− V vsV− J rest frame colours in bins of redshift from z ∼ 0 to z ∼ 2.5 ofK selected galaxies
from theUDS survey. Quiescent and star forming galaxies each occupy distinct loci, where each population can
be separated by the colour criteriaU−V > 1.3,V− J < 1.6 andU−V > 0.88×(V− J)+(0.69, 0.59, 0.49)
at (0 < z < 0.5, 0.5 < z < 1.0, 1.0 < z < 2.0) (Williams et al., 2009).

tation, paving the way for large scale imaging surveys such as UKIDSS (Williams et al., 2009;
Lawrence et al., 2007), WIRDS Bielby et al. (2012) and ULTRA-VISTA (McCracken et al.,
2012; Dalton et al., 2006; Emerson et al., 2006), which published its fifth data release ear-
lier this year, and was a foundational component in the Cosmic Evolution Survey catalogs
(Weaver et al., 2021; Laigle et al., 2016; Muzzin et al., 2013; Ilbert et al., 2013).

1.2.1 The birth of theUVJ selection method

Data-sets and methods developed during this time were foundational for the next decade
of high redshift red galaxy research. For example, instead of following the norm of selecting
DRGswith observed colour cuts,Williams et al. (2009) binned galaxies by their photometric
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redshift and subsequently allocated them as star forming or quiescent based on theirUVJ rest
frame colours. The choice of UVJ was motivated by their proximity to the observed filters
J,K, and IRAC 4.5 μm at z ∼ 2.5, meaning it was possible to accurately measure the rest
frame colours up to this redshift, and observe any trends. A clear trend appeared: in the
UVJ colour diagram, quiescent galaxies occupied a locus separate to star forming galaxies,
one which persisted out to at least z ∼ 2, but migrating towards bluer colours, reflecting
younger stellar populations (Figure 1.3). Their quiescent nature was confirmed through lack
of emission in theMIPS 24μmfilter, which at z ∼ 1−2.5would pick up emission frompoly-
aromatic hydrocarbons (PAHs), which would only be observable if heated by young stellar
populations, indicating dust obscured star formation, or AGN.† This was corroborated by
Brammer et al. (2011). Further exploration foundUVJ colours not only correlatedwith dust,
but also with morphology Papovich et al. (2012) and age (Belli et al., 2019; Whitaker et al.,
2010).

The establishment of a fast, easy and reliable method to select high redshift quiescent
galaxy populations from imaging thenmade it possible for the community to select and study
these populations with relative ease.(Forrest et al., 2020b; Schreiber et al., 2018; Pacifici et al.,
2016; Straatman et al., 2015; Ma et al., 2015; Tomczak et al., 2014; Straatman et al., 2014;
Spitler et al., 2014; Fumagalli et al., 2014;Whitaker et al., 2014;Muzzin et al., 2013;Whitaker
et al., 2012, 2011; Brammer et al., 2011;Whitaker et al., 2010). Although, it should be stated
that UVJ was just a different implementation of the basic idea of a colour cut (Daddi et al.,
2004b)

1.2.2 The medium band era

At the same time, the use of NIR medium band filters was introduced to bridge the gap
between spectroscopy of quiescent galaxy candidates, which was too expensive for large sam-
ples, andphotometry carried outwithbroad-bandfilters, which resulted in large photometric
redshift uncertainties for red galaxies, and lacked the depth required to detect the exact lo-
cation of the Balmer break at z ≥ 1.5. The NEWFIRM Medium Band Survey (NMBS;
Whitaker et al. (2011); van Dokkum et al. (2009b)) introduced five medium band filters

†However, these omissions would also exclude galaxies with dust warmed by old stellar populations (e.g
Belli et al., 2021).
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J1, J2, J3,H1,H2 in place of J,H, resulting in a twofold photometric redshift accuracy and,
for the first time, strong evidence for the quiescent galaxy population existing out to at least
z ∼ 3Whitaker et al. (2011). NMBS was also used to measure the dust attenuation proper-
ties of galaxies at 0 < z < 2.5: Kriek and Conroy (2013) found that different galaxy types
prefer different dust attenuation curves, leading to the important conclusion that assuming
a global dust law for all galaxies is probably not a good idea.

The FourStar galaxy Evolution Survey (ZFOURGE; Straatman et al. (2016)) took this
idea further (or rather, deeper), with a NIR medium band survey integrated to depths that
were unattainablewith ground-based spectroscopy (AB∼ 25−26, 25, 25 in J,H,Kmedium
bands) (Figure 1.4). ZFOURGE demonstrated the awesome power of medium band ob-
servations for multiple science cases: the evolution of low mass star forming and quiescent
galaxies since z ∼ 2Tomczak et al. (2014), tracing the history ofMilky-Way like galaxies back
to z ∼ 3 Papovich et al. (2015), the possibility of dusty star forming galaxies with low spe-
cific star formation rates at z ∼ 3 Spitler et al. (2014) and most surprisingly, the undeniable
existence of quiescent galaxies at z ∼ 4 Straatman et al. (2014).

1.2.3 Everythingwe know (pre-JWST)

Finally, spectroscopic confirmation cast all doubt of quiescent galaxies at z > 3 aside, when
Glazebrook et al. (2017) presented the spectrum of a massive (log(M∗/M⊙)= 11.2) galaxy
at zspec = 3.717 with no current star formation (SFR< 0.2M⊙yr−1) (Figure 1.5). The pres-
ence of deep Balmer absorption lines were indicative of a predominantly A star type stellar
population, something that had been observed in z ∼ 0 post-starburst galaxies, a population
that had negligible star formation but had signs of a recent vigorous star formation episode
(e.g.Wild et al. (2009)). This is due to the relatively short lifetime of the A stars, at 20-1000
Myr. Glazebrook et al. (2017) found that the existence of such a massive, dormant system
only 1.5 billion years after the Big Bang could only be explained by a rapid formation (< 250

Myr) and quenching (< 500Myr), with a peak star formation rate of at least> 350M⊙yr−1

(95% CI). Over the following years, more studies presented spectroscopic confirmation of
quiescent galaxies at 3 < z < 4 from optical/NIR spectra, albeit in small numbers. This was
complimented by a plethora of statistical studies based on multi-wavelength imaging data
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Figure 1.4: Demonstration of the utility of NIR medium bands from Straatman et al. (2016): each panel
shows broadband photometry (white) and medium band photometry (red points) with best fit models (black)
of quiescent galaxies at progressively higher redshifts from top to bottom. Themediumband filter transmission
curves are shown behind each SED, demonstrating the ability of the filter set to be used to probe quiescent
galaxies out to z ∼ 4 via measurement of the Balmer/4000 break.
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Figure 1.5: Top panel: original 2D MOSFIRE spectrum (a) with smoothing applied (b). Bottom panel: 1D
spectrum (black) and best fitmodel (red) of amassive quiescent galaxy at zspec = 3.717. The prominent Balmer
absorption line features are marked in green (Hδ,Hγ,Hβ). Figure taken from Glazebrook et al. (2017).

from the UV to the radio, as well as simulations. In this section, I will provide an overview
of our knowledge of first quiescent galaxies (and how properties are measured) from studies
in the literature conducted prior to this thesis.

1.2.3.1 Number densities

Counting the number of galaxies as a function of cosmic time provides information on their
evolution. This exercise has been carried out often over the past decades via the calculation
of luminosity functions, mass functions and number densities, often splitting populations
by their morphology, colour or star forming status (e.g Muzzin et al., 2013). This allows the
charting of populations over cosmic time, in order to understand both individual popula-
tions, and also relationships between different types of galaxies. Furthermore, comparing
the number densities of galaxies at fixed mass, or better, fixed velocity dispersion to avoid
progenitor bias (Stockmann et al., 2019), can be used to infer the evolution from compact
quiescent galaxies at z ∼ 2 to the present day elliptical population. Comparing these num-
bers to simulations allows one to checkwhether the ingredients in simulations can reproduce
galaxy populations observed with telescopes.

Below z ∼ 3, the number densities of quiescent galaxies can generally be reproduced by
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Figure 1.6: Number densities of massive quiescent galaxies in both observations and simulations from z ∼ 5
to z ∼ 0. Above z > 3, simulations struggle to reproduce the number densities of MQGs; only the EAGLE
simulationmanages this, but falls short at predicting numbers at z < 3. Figure taken fromMerlin et al. (2019).
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simulations. Above this redshift, multiple studies found an excess of these galaxies compared
to simulations, implying that either the number densities of MQGs are overestimated, or
that alternate quenching recipes are required in simulations to reproduce the observations
(e.g. Merlin et al., 2019; Figure 1.6). The combined results of many studies over the past
decade found that between z ∼ 5 and z ∼ 2, the number density of these galaxies increases
100-fold, pointing towards a period of tremendous growth acceleration (Ilbert et al., 2013;
Straatman et al., 2014; Davidzon et al., 2017; Schreiber et al., 2018;Merlin et al., 2018, 2019;
Girelli et al., 2019; Shahidi et al., 2020;Carnall et al., 2020; Santini et al., 2020;Valentino et al.,
2020). This then raises questions - why this particular epoch? how are galaxies growing so
fast, andwhy are these ones then ceasing their star formation so quickly? Having assessed the
situation from a statistical perspective, wemay now turn to studying their physical properties
for clues.

1.2.3.2 Stellar populations

We turn first to the baryonic content of massive quiescent galaxies. Quiescent galaxies at
all epochs can be characterised by a break in their spectral energy distribution at 4000Å.
The break is a defining feature of quiescent galaxies at all cosmic epochs, and its strength is
directly related to the age of the stellar populations. Like their low redshift counterparts (e.g
Wild et al., 2009), the z > 3 QG’s exhibit Balmer / 4000 Å breaks due to a combination
of two main factors. Firstly, the stellar populations: a lack of radiation from young, hot
stars of the O/B spectral class leads to a drop in the spectrum blue-wards of∼ 4000Å, and
the Balmer absorption line series caused by older, A type stars spans this wavelength regime.
Secondly, the presence of elements heavier than Helium (referred to as metals) produces a
cooling effect, as they absorb high energy photons, leading to a series of absorption lines at
rest frame∼ 3000− 6000Å (see top panel of Figure 1.7). The strength of the break is used
as a direct measurement of the light-weighted age, and can be measured using the D4000
index, which is calculated by taking the ratio above and below the break (Balogh et al., 1999;
Hamilton, 1985) (see Equation 1.2). Emission above the break is predominantly from older,
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Figure 1.7: Upper panel: Rest frame optical stacked spectrum (black; residuals to best fit model (red) shown in
sub panel below) of a sample of eight massive quiescent galaxies at z > 3 exhibiting the Balmer absorption line
series (marked in orange) as well as metal absorption lines (green) and Oxygen emission lines (blue). (Schreiber
et al., 2018).
Lower panel: Amodel spectrum of a type AV5 star, withmain features of the Balmer break at 4000 andHydro-
gen Balmer absorption line series μm (Pickles, 1998), and an example rest frame model spectrum of a z ∼ 3.8
massive quiescent galaxy produced using eazy-py (Brammer, 2021; Brammer et al., 2008), which exhibits the
same main features.
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lowmass stars which make up the bulk of the stellar population.

D4000 =

∫ 4100

4000
fλdλ∫ 3950

3850
fλdλ

(1.2)

Galaxies which have undergone recent quenching, either coeval or a recent burst, exhibit
stronger Hydrogen Balmer absorption lines from as well as continuum emission blue-wards
of the break. This is caused by A type stars of around 1 − 1.2M⊙ whose ages span a few
hundredmillion years, indicating recent (< 800Myr) star formation. Combined with a lack
of ongoing star formation, thismeans the galaxy is classed as either post-star burst, or recently
quenched (e.g French, 2021). This, as well as moderate Balmer breaks, is a defining feature
of QGs at z > 3, which seem to exhibit these features both in spectroscopic data, as well
as photometry, where best fit models are often those with spectra resembling an A star (see
Figure 1.7). Forrest et al. (2022)measured the break strength of a sample of spectroscopically
confirmed MQGs at 3 < z < 4 and found them to have breaks much weaker than present
day QGs (Figure 1.8). Furthermore, they found that these galaxies have much stronger Hδ
absorption lines, further cementing them as having undergone recent star formation, and
therefore, recent quenching.

1.2.3.3 Chemical enrichment

The chemical composition of galaxies is an important property because of its relationship to
processes internal (star formation, metal production, gas recycling and feedback processes)
and external (galaxy interactions and mergers, IGM, cluster physics). The metallicity of a
galaxy is defined as the abundance of elements heavier than Helium, usually measured using
indices calculated using certain emission or absorption lines. Commonly it is presented as
an abundance ratio relative to solar, e.g. the logarithmic ratio of Iron to Hydrogen. This is
easy for star forming galaxies at a range of redshifts due to their bright emission lines which
are detectable in the UV/optical regime, but presents as a challenge for quiescent galaxies at
intermediate redshifts (z∼ 0.5−1), due to their weak absorption lines, which are shifted into
the near-infrared (Kriek et al., 2023). At z > 2, this becomes harder because the integration
times required to measure required features amounts to many nights of telescope time for
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Figure 1.8: Equivalent width (EW) of theHδ absorption line vs Dn4000, the strength of the 4000Åbreak for
several samples of quiescent galaxies at 11 < log(M∗/M⊙)< 11.5 (upper left) in context of the lower redshift
galaxy population (blue and grey contours). The green tracks show the evolution expected for these galaxies as
they age, in which they pass rapidly through the post-starburst phase with strong EW Hδ and weaker breaks
(i.e. lowerDn4000) before slowly evolving to the lower righ overmany billions of years, bywhich time the lower
redshift MQG population exhibits weak or no EWHδ and strong (Dn4000 ≥ 2) Balmer breaks (Forrest et al.,
2022).
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single galaxies (e.g. 29 hours for a quiescent galaxy spectrum at z=2.186 (Kriek et al., 2009;
van Dokkum et al., 2009a).

The state of the art in this area using pre JWST instrumentation is the KECKHeavyMet-
als Survey, which aimed to chart the chemical properties of quiescent galaxies at z ∼ 1.4

and z ∼ 2.1, requiring 4-16 hours integration with KECK/MOSFIRE per band, for a total
of 26 allocated nights of observing time for 21 galaxies (Kriek et al., 2023; Beverage et al.,
2023). They found that quiescent galaxies at 1.4 < z < 2.1 have sub-solar Fe abundances,
whilst those at z∼ 2.2 have increasedMg abundances compared to those at z ∼ 1.4. For the
z ∼ 2.2 population, the results imply rapid formation between z∼ 2 − 8. Overall, their re-
sults suggest that at progressively higher redshifts, massive quiescent galaxies are more metal
poor than present day quiescent galaxies, form rapidly, and experience short star formation
periods.

Given the instrumental challenges, it is not surprising that little is known about the chemi-
cal properties ofmassive quiescent galaxies at z > 3, andwhat is known is uncertain. Saracco
et al., 2020 presented a 17 hour optical/NIR spectrum of a massive quiescent galaxy at z =
3.352 hosting an AGN, which was first shown in Marchesini et al., 2010 and was spectro-
scopically confirmedbyMarsan et al., 2015. Although someweakmetal absorption lineswere
present (MGb λ5175, Fe λ5270), investigations usingmodels showed that features at shorter
wavelengths such as the Balmer absorption lines, break strength and continuum shape were
better indicators of metallicity for a young stellar population.

By comparing line indices to models at a range of metallicities and ages, they measured a
super-solar light-weightedmetallicity ([Z/H]= 0.27+0.03

−0.20) andyoung light-weighted (0.24
+0.11
−0.05

Gyr), indicating rapid formation. This agreedwith themass-weighted and light-weighted val-
ues calculated using the full spectrum. This result was also supported by models with alpha
enhancement, which results from alpha process that occurs in the final life stage of massive
stars whereby a ladder of elements (C,O,Ne,Mg,Si,S and so on) are produced in successive
Helium burning shells outward from the central Hydrogen to Helium burning shell. Holis-
tically, the results suggest for at least this galaxy that it rapidly formed its stellar population
from lowmetallicity pristine gas, the most massive of which then became core-collapse alpha
process supernovae after living extremely short lives (10-50 Myr) (Nanayakkara et al., 2021;
Kriek et al., 2016; Nomoto et al., 2006).
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Looking forward, JWSTwillmake it significantly easier to assess the chemical properties of
the z > 3MQGpopulation. With high SNR (∼ 100)medium resolutionNIRSpec spectra,
it will be possible to accurately measure ages, metallicities and alpha element abundances
using a range of features such as the Balmer absorption lines, Fe andMgb lines (Nanayakkara
et al., 2021; see Figure 4 for details).

1.2.3.4 Dust content

Most QGs that have been studied at z > 3 exhibit little to no signs of dust (Straatman et al.,
2014; Schreiber et al., 2018;Merlin et al., 2018, 2019; Girelli et al., 2019; Shahidi et al., 2020;
Carnall et al., 2020; Santini et al., 2020; Valentino et al., 2020; Marsan et al., 2020; Forrest
et al., 2020b). There are two explanations for this - first, that the dissipative processes that
cause extreme compaction and quenching also lead to dust destruction, and hence the pop-
ulation is dust free (Akins et al., 2021). Or, that there exists a population of quenched galax-
ies with high dust obscuration that are not currently observable, and may be revealed with
JWST. In fact, the fewQGs in this epoch that have been studied spectroscopically are usually
the brightest, andworks such as (D’Eugenio et al., 2020b) suggest wemay be biasing the con-
clusions of how the entire population is by studying these bright, dust-free post-starbursts.

1.2.3.5 Star formation histories

Both the sheer existence of MQGs at z > 3, and their tension with simulations, motivates
the understanding of how they came to be. This can be explored by measuring their star
formation histories (SFHs), which can be inferred frommodelling spectra and their age sen-
sitive features (the Balmer break and the Balmer absorption lines, for example). Attempts
have also been made to infer ages, formation times and quenching times from photometric
observations only. As a whole, the literature agrees that the z > 3MQG population formed
in rapid bursts and quenched equally as fast, with formation redshifts around 6 < z < 10

and quenching redshifts around 3 < z < 6 (Valentino et al., 2020; Forrest et al., 2020b;
Schreiber et al., 2018;Merlin et al., 2019; Glazebrook et al., 2017). However, prior to JWST,
the number of studies inferring SFHs from spectra are few, and results derived fromphotom-
etry alone result in large uncertainties on formation times (∼ 0.5Gyr, Carnall et al. 2020).
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Previous SFH studies at z ∼ 1 have shown the importance of spectra for constraining SFH
quantities such as burst mass and burst mass fraction; for just photometry, the prior is likely
to be returned (Wild et al., 2020). Moreover, whilst it has been popular to assume parametric
SFH shapes for quiescent galaxies (e.g. delayed tau models), the use of parametric SFHs has
been shown tounder-estimate earlymass formation (Lower et al., 2020). The recent popular-
ity of fully Bayesian non parametric star formation history fitting codes, such as Dense Basis
(Iyer and Gawiser, 2017, Iyer et al., 2019) or Prospector (Leja et al., 2017), provides a viable
solution to these problems: non parametric SFHs do not suffer from the same biases (Leja
et al., 2019a) (alternatively, Alarcon et al., 2022 provide a more physically justified paramet-
ric star formation history fitting code). Furthermore, Suess et al. (2022b) show that SFHs
of galaxies which have recently quenched their star formation cannot adequately be recov-
ered by parametric methods, which can under-estimate post-starburst age by up to 200Myr,
but instead benefit from more flexible models. JWSTwill make it easier to study the assem-
bly of MQGs at z > 3 with the possibility of probing the entire rest frame optical spectral
range (0.6 − 5.3μm) with NIRSpec. Although, given the precision required to accurately
measure ages even from spectra (Zibetti et al., 2024), it is likely that medium resolution spec-
tra or higher, in tandem with non-parametric models, will be required to infer accurate star
formation histories.

1.2.3.6 Sizes and morphology

z > 3QG’s are highly compact, with rest frame optical sizes ofRe ∼ 0.5− 1.5 kpc (Forrest
et al., 2020a; Esdaile et al., 2020; Saracco et al., 2020; Kubo et al., 2021). Straatman et al.
(2015) found that the rest frameUV sizes of z ∼ 4QGs are 3× smaller than similarlymassive
star forming galaxies at z ∼ 4, and 6× smaller than quiescent galaxies at z ∼ 0. Similar
conclusions were drawn from studying the rest frame optical sizes of 8 massive quiescent
galaxies at 3 < z < 4 (Forrest et al., 2020a) and 5 massive QGs at z ∼ 4 (Kubo et al.,
2021). This implies that the z ∼ 4 massive QG population are the progenitors of present
day elliptical galaxies, growing their size through dry minor mergers. Of course, this is not
entirely certain, given that the population of quiescent galaxies in the universe has also grown
(AKA “progenitor bias” (Stockmann et al., 2019; van Dokkum et al., 1999)).
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Figure 1.9: Formation andquenching times ofmassive quiescent galaxies at2 < z < 5, showing that quiescent
galaxies in the early universe both formed and quenched rapidly. Figure taken from Carnall et al. (2020).

Kubo et al. (2021) commented that such high stellar masses and compact sizes implies a
density comparable toMWGlobularClusters, which contain the galaxy’s oldest stars and are
theorized to have formed quite early on from dense environments. It could then be postu-
lated that dense pockets of gas could lead to the formation of z ∼ 4QGs. This would result
in a top-heavy IMF whereby the first stellar populations are predominantly massive stars.
Esdaile et al. (2020) attempted to test this using measurements of the dynamical mass, but
found it was not possible to distinguish between different IMFs using kinematics measured
from spectra taken using ground-based instruments (see also Forrest et al. (2022)).

1.2.3.7 Environment

The environment of quiescent galaxies at low redshift is important because interactions be-
tween galaxies in groups and clusters may contribute to the star formation rate. X-ray studies
have charted a large number of massive lensing clusters (Planck Collaboration et al., 2016)
where the brightest cluster galaxies are the most massive and also quiescent. Many studies
both observational and simulations have shown gas can be removed via mergers (fast path),
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or slower paths such as gas removal (see Section 1.2.3.8). Naturally, searches have extended
to higher redshift, both statistically and of unique galaxies, in order to study the contribu-
tion of environment to the build up of quiescence. Searches have also been conducted for
proto-clusters which contain only quiescent galaxies. If proto-clusters contain a statistically
significant fraction of quiescent galaxies compared to the field, this indicates environmental
quenching. Prior to JWST, these searches have been limited to searches for proto-clusters
(the progenitors ofmodern daymassive clusters) at or before cosmic noon, with a handful of
studies pushing the frontier at z= 2.5 ∼ 3.5. Such endeavours have been hampered by both
the costliness of spectroscopic confirmation, as well as a dearth of well sampled photometry
to statistically confirm quiescent status.

Despite this, investigations of the quiescent fraction in proto-clusters at z ≥ 3 using pho-
tometry have found that there are significant densities of massive (log(M∗/M⊙)≳ 11) qui-
escent galaxies in proto-clusters (> 50%) compared to the field (∼ 10 − 20%) (e.g. Shi
et al., 2021; Ando et al., 2020; Kubo et al., 2013). Spectroscopy has also been used to con-
firm quiescent members in proto-clusters. Recently, McConachie et al. (2021) searched for
over densities in photometric catalogs around spectroscopically confirmed massive galaxies
at z ∼ 3.3, finding two new proto-clusters with over 20 members each, both of which had
quiescent members. They measured quiescent fractions of ∼ 70% in these proto-clusters
at log(M∗/M⊙)> 10.85 compared to ∼ 10 − 20% in the field. Meanwhile, Kubo et al.
(2021) confirmed the existence of a massive quiescent galaxy in the proto-cluster presented
in their previous works with evidence for sudden recent quenching ( ∼ 0.6 Gyr) and pos-
sible interaction with neighbours, indicating the quiescent galaxy underwent a merger. The
combined imaging and spectroscopic capabilities of JWSTwill allow us to delve further into
the environment of quiescent galaxies at z ⪆ 3 and chart the contribution of environment
to quenching.

1.2.3.8 Gas fractions and AGN

Not only is a continual supply of gas required to fuel ongoing star formation, but also en-
vironmental conditions that promote accretion and cooling of gas so it can collapse to form
stars. Following Figure 1.10 (adapted from Man and Belli (2018)), there are five situations
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Figure 1.10: Infographic showing the five main reasons why a galaxy is not actively forming stars. From top
middle, clockwise: Gas is present in the halo but does not accrete, gas is present in the galaxy but does not cool,
gas is removed, gas has been consumed to form stars, or cold gas is present and cannot collapse to form stars. I
created this infographic as an artistic adaption of Figure 1 in (Man and Belli, 2018).
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where gas may be present in, or nearby a galaxy, but only one of them leads to star forma-
tion. If the halo has a gas reservoir, the flow of gas into the galaxy can be reduced or stopped
completely - so no supply of new fuel (Daddi et al., 2022; Feldmann et al., 2016). Perhaps the
accretion of gas from the halo to the galaxy is successful, but the conditions prevent cooling,
because the gas is supported thermally (AGN heating (e.g Di Matteo et al., 2005)), or virial
shockheating (Rees andOstriker, 1977) or kinetically (stellar andAGNwinds (Ostriker et al.,
2010; Pellegrini andRenzini, 1991)). Even if the gasmeets the requirements for collapse - i.e.,
meets the Jeans mass criterion and is sufficiently cold that collapse could occur, there may be
some non thermal support preventing this collapse, such as support from magnetic fields,
bars, or AGN (D’Eugenio et al., 2023; Khoperskov et al., 2018; Tabatabaei et al., 2018; Alat-
alo et al., 2014; Martig et al., 2009). Observations also show that gas can be removed from
the galaxy through secular processes (AGN jets, winds, (e.g Di Matteo et al., 2005)), as well
as environmental processes (gas donation or sharing with group or cluster members; seeMao
et al. 2022 for a recent overview). Even if gas is rapidly consumed to form stars, possibly trig-
gered bymergers, disc instabilities or AGN (Zolotov et al., 2015; Ishibashi and Fabian, 2012;
Mihos andHernquist, 1996), there still needs to be somemaintenance mode for quenching,
such that the galaxy remains quiescent over time.

Two observables that can therefore be used to help understand quenching in high red-
shift galaxies are the gas fractions, and AGN prevalence. The molecular gas fraction (fgas =
Mgas/(M∗ +Mgas) ) combined with the gas depletion timescale (tdep = Mgas/SFR) are use-
ful quantities tomeasure, because they can be used to infer cause of quenching (Suzuki et al.,
2022). The gas mass can be measured directly via observations of molecular carbon via CO
lines (e.g Belli et al., 2021; Spilker et al., 2018), and then converting to molecular hydrogen,
or indirectly via measuring the dust continuum emission and converting to a gas mass by
assuming a dust to gas mass ratio (e.g Whitaker et al., 2021; Magdis et al., 2021). Both of
these methods have been used to investigate gas fractions at z < 3, but only a few studies
have pushed to higher redshift. At z < 3, massive quiescent galaxies appear to have little cold
gas (fgas < 0.1), which depletes in less than a Gyr, implying strong feedback mechanisms, or
rapid gas consumption (e.g Whitaker et al., 2021).
There are only a few studies that have measured the gas fractions of z > 3 QGs. Suzuki

et al. (2022) constrained upper limits on fgas = 10 − 20% for a sample of four gravitation-
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ally lensed galaxies using CI (3P1–3P0, νrest = 492.16 GHz), supporting the scenario of gas
expulsion or consumption rather than high star formation rate efficiency. Using the CII
158μm emission line, which for fixed integration time is able to go deeper than both CO
and continuum dust emission, D’Eugenio et al. (2023) measured a range of gas fractions
(fgas < 3.2%, < 21%, < 72%) for three z > 3 quiescent galaxies. The deep upper limit of
fgas < 3.2% for one galaxy, as well as suppressed star formation in its neighbour (Schreiber
et al., 2020), implies the presence of an AGN to heat gas to such temperatures, possibly via
kinetic feedback (e.g Ostriker et al., 2010) that the galaxy remains quenched despite inhab-
iting a massive dark matter halo (Shuntov et al., 2022) where cold gas accretion could occur
(Daddi et al., 2022).
This therefore explains the interest in finding AGN in MQGs at z > 3, because AGN

could be responsible for quenching, or maintenance of quiescence. Indeed, AGN have been
noted in the z > 3 quiescent population, using both photometry and spectroscopy. Sin-
gle galaxy studies have revealed post-starburst galaxies “caught in the act” of quenching, that
also happen to harbour AGN (Schreiber et al., 2020; Saracco et al., 2020;Marsan et al., 2017,
2015), detected using the presence of emission line ratios indicating strong ionization (Díaz-
Santos et al., 2017; Baldwin et al., 1981). Furthermore, stacking (as well as single galaxy)
analyses have been used to study the prevalence ofAGN in quiescent galaxies usingX-ray and
radio data (Ito et al., 2022; Marsan et al., 2020, 2017, 2015). However, studying AGN and
its correlation with quenching in high redshift quiescent galaxies is limited by the availability
and cost of obtaining rest-frame optical spectra. The rest-frame optical and NIR emission
lines can be used to trace the ionization conditions in the galaxy (see Kewley et al. (2019) for
a review), which prior to JWST, was only possible for the brightest galaxies. With the launch
of JWST, it is finally possible to begin measuring quantities to deduce AGN presence in a
systematic and statistical way, for larger samples of galaxies.

1.3 The progenitors of the first quiescent galaxies

1.3.1 The cosmic star formation rate density

Referring again to Figure 1.10, it is only in the rare case that the stars align and none of these
impediments are present to gas collapse, that virial instability may lead to cloud collapse and
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Figure 1.11: Top panel: Relative contribution of galaxies at different infrared luminosities to the total star
formation rate density since z ∼ 7. Middle panel: Fractional contribution to the cSFRD from obscured
(ochre) vs unobscured (blue) star formation. Lower panel: Obscured vs unobscured contribution to cosmic
star formation rate density since z ∼ 7 from independent IR/sub-mm (orange points) and UV (blue points)
surveys. Figure taken from Zavala et al. (2021).
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star formation (Stahler and Palla, 2004). How rare, exactly, is a function of the availability of
hydrogen gas, and the conditions of the galactic environment. Consequently, the cosmic star
formation rate density (cSFRD)of theuniverse has evolvedover time (Madau andDickinson,
2014). Prior to the launch of JWST, measurements of the cSFRD show that star formation
began some 600 million years after the Big Bang, accelerating until peaking at z∼ 2, which
is nicknamed “cosmic noon”, for this reason. In the 11 billion years since, the star forma-
tion rate density has fallen, with the average SFR of Milky-Way mass galaxies at present day
forming∼1 solar mass per year compared to galaxies at z∼ 2 with SFRs of∼ 100M⊙yr−1.
Somewhere along the way, the progenitors of the massive quiescent galaxy population were
born, lived mysteriously fast and short lives, and became the quenched populations that first
began to pop up around z ∼ 4.

Whilst the contribution of unobscured star formation to this evolution has been probed
well into to the first billion years with UV/optical telescopes, it has only been possible to
study the contribution of obscured SF out to z ∼ 6. As shown in Figure 1.11, Zavala et al.
(2021) and Casey et al. (2021) showed that there is a significant contribution to the cosmic
star formation rate density by highly dust obscured star forming galaxies, and confirmed ear-
lier findings that50%of all stellar light in the universe is obscured by dust (Driver et al., 2008).
This is important because the progenitors of quiescent galaxies may well be dust obscured.

1.3.2 The possible progenitors explored thus far

It is still unknownwhat themysterious progenitor population is, but studying different pop-
ulations of galaxies at z > 4 holds the key to answering this question. In particular, there are
several requirements that this population must meet: firstly, the number densities must be
enough to sufficiently match the number densities of massive quiescent galaxies that begin
to appear at z ∼ 4, via either observed number densities, or by inferring them assuming a
particular duty cycle (e.g Valentino et al., 2020). Secondly, they must have have either al-
ready accumulated a sufficient body of stellar mass, or if not, they need to have high enough
gas reservoirs and star formation rates such that they would become sufficiently massive in
good time. Finally, they need to match their progenitors morphological properties, on aver-
age. Themajority of quiescent galaxies at and beyond cosmic noon are compact (Kubo et al.,
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2021; Marsan et al., 2020; Stockmann et al., 2019), and given that galaxies do not shrink in
size, the progenitors must already be small (Williams et al., 2017). This may be due to com-
paction via gas funelling to the center, forming a massive core (Zolotov et al., 2015; Cimatti
et al., 2008).

There is now mounting evidence that the progenitors of the z ∼ 3 MQG population
are dust obscured star forming galaxies at z > 4; I will briefly discuss the possible candidates
here. Given the apparent burstiness of star formation histories ofMQGs (e.g. Schreiber et al.,
2018), it has been suggested that highly star forming galaxies known as starbursts, which
shine at sub-mm and longer wavelengths (see Casey et al., 2014 for a review), could be pos-
sible progenitors (Spilker et al., 2018; Toft et al., 2014; Cimatti et al., 2008). These galaxies
have extreme SFRs of up to thousands of solar masses per year required to match the star
formation histories of some MQGs. However, sub-mm galaxies lack the number densities
(Jin et al., 2018;Michałowski et al., 2017; Ivison et al., 2016) and gas reservoirs (Spilker et al.,
2018; Aravena et al., 2016) to become the quiescent population by z ∼ 3 (Williams et al.,
2019). Furthermore, Valentino et al. (2020) selected both quiescent galaxies and sub-mm
galaxies in a suite of simulations and found that whilst the majority of sub-mm galaxies at
z = 4− 5 that can be detected in shallow surveys quench by z ∼ 3, not all z ∼ 3 quiescent
galaxies evolve from sub-mm galaxies. Furthermore, some of these quiescent galaxies instead
originated from more normal star forming galaxies that emit sub-mm light only detectable
by the deepest surveys at the time.

A promising new population of galaxies has emerged in the past few years. Bright in the
near-infrared and beyond, but faint or invisible in the optical wavelengths, these galaxies have
been dubbed “HST-dark” amongst other names, to signify their invisibility in the optical
(Sun et al., 2021; Talia et al., 2021;Wang et al., 2019;Williams et al., 2019;Wang et al., 2016;
Caputi et al., 2015). Evidence for the connection to z > 3 MQGs is already promising,
given that the large scale clustering properties (in particular, the correlation function) of the
sample presented inWang et al. (2019) matches the quiescent sample presented in Schreiber
et al. (2018) (see Fig. 4. in Wang et al. (2019)). Other attempts to connect the populations
have been encouraging. Long et al. (2022) constructed a numerical model to calculate the
number densities of dusty star forming galaxies out to z ∼ 5, and forward modelled these
galaxies to evolve into the quiescent population at z ∼ 3. They successfully produced a
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Figure 1.12: Dusty star forming galaxies on the Schreiber et al. (2015) star forming main sequence at 3 < z <
5. Optically invisible galaxies fromManning et al. (2022) are shown as blue, teal andmaroon points, 3MM−1
from Williams et al. (2019) is shown as the black circle, the sample from Wang et al. (2019) is shown as open
black circles. Figure taken fromManning et al. (2022).
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model whereby high redshift DSFGs are the ancestors of the z ∼ 3 population, some of
which could be the mysterious optically invisible population. Single galaxy studies have also
revealed encouraging links: Williams et al. (2019) reported the discovery of a massive dusty
star forming galaxy at z = 5.5 that met the requirements to become quiescent by z ∼ 3,
including an inferred space density of these types of galaxies to reproduce the population as
a whole. Manning et al. (2022) reported similar findings and conclusions for two galaxies
at z ∼ 5 (see Figure 1.12). Both of these studies relied on the detection of these galaxies at
sub-mmwavelengths using ALMA, but lacked coverage in the rest-frame optical to confirm
their stellar masses with precision (stellar mass estimates vary by 0.2-0.4 dex). In order to
make a robust connection between these dusty main sequence galaxies at z ∼ 4− 5 and the
MQG population at z > 3, observations using both JWST /NIRCam in conjunction with
sub-mm facilities will be crucial.

1.4 The aims of this thesis

The aforementioned studies expanded the knowledge of the z > 3 red galaxy population
considerably, but also opened Pandora’s box. The existence ofmultiple massive galaxy popu-
lations in the early universe provokes questions not only about their formation and evolution,
but also about howwe can best study these galaxies, starting with their selection. The discov-
ery of quiescent galaxieswith bluer coloursmotivates us to return to the drawing board about
how we can best design a quiescent galaxy selection criterion. This is especially pertinent in
the age of JWST, with an ever-growing body of space based imaging of unprecedented qual-
ity (Rigby et al., 2022) ready to be searched for raremassive galaxies. Another issue to address
is our physical understanding of this galaxy population: advancements in simulations have
been fast in the past few years, but do they now have the recipes and ingredients needed to re-
produce the observed number densities ofMQGs at z > 3? Finally, the existence of optically
dark galaxies detected at NIR and longer wavelengths can finally be explored with JWST,
allowing connections to be drawn between massive dusty galaxies and quiescent galaxies at
z > 3. In particular, are these galaxies the possible progenitors of the high redshift MQG
population?
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Questions addressed in this thesis

1. Is there a better way to select massive quiescent galaxies at z > 3 from imaging
than the current methods?

2. What are the number densities of massive quiescent galaxies at z > 3?

3. Can simulations reproduce the observed number densities of these galaxies?

4. Can we find old and lowmass quiescent galaxies at z > 3with JWST ?

5. What are the properties of the “NIR-dark” population?

6. Could these optically invisible galaxies be the progenitors of z > 3 quiescent
galaxies?

This thesis sets out to address these questions in the following way. In Chapter 2, I present a
new colour selectionmethod specifically tailored for finding quiescent and quenching galax-
ies at z > 3, tested on the latest COSMOS2020 catalog (Weaver et al., 2021), and com-
pare number densities with those produced from contemporary simulations. In Chapter 3, I
demonstrate the selection method in action on a compilation of JWST imaging from public
fields taken in the first three months, highlighting the ability of the method not only to find
z > 4MQG candidates, but also low mass MQG candidates too. I further apply the selec-
tionmethod to theCANUCS JWSTGTO survey (Willott et al., 2022), where I selectMQG
candidates for spectroscopic follow-up across five lensing clusters and present a preliminary
sample of spectroscopy ofMQGs at cosmic noon. Looking to the ancestors of z > 3MQGs,
I present the joint spectro-photometric analysis of an optically dark, compact main sequence
star forming galaxy at z = 3.65 in Chapter 4, and discuss this galaxy’s future as a compact
quiescent galaxy by z > 2. Finally, in Chapter 5 I conclude the work that this thesis has
contributed to the (rapidly growing) body of literature, and briefly discuss some avenues for
future work.
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2ANEWDEFINITION OF QUIESCENT

″‘When I use a word,’ Humpty Dumpty
said, in rather a scornful tone, ‘it means
just what I choose it to mean – neither
more nor less.’
‘The question is,’ said Alice, ‘whether
you can make words mean so many
different things.‘”

Lewis Carroll
Alice Through the Looking

Glass

This chapter contains the following article:

“COSMOS2020: Exploring the dawn of quenching for massive galaxies at 3 < z < 5
with a new colour selection method”

Published in the Astronomical Journal (AJ): Volume 165, Number 6, Article 248, 18 pp. (June
2023)

Authors: KatrionaM.L.Gould,GabrielBrammer, FrancescoValentino,KatherineE.Whitaker,
John. R. Weaver, Claudia del P. Lagos, Francesca Rizzo, Maximilien Franco, Bau-Ching
Hsieh, Olivier Ilbert, Shuowen Jin, GeorgiosMagdis, Henry J.McCracken, BahramMobasher,
Marko Shuntov, Charles L. Steinhardt, Victoria Strait,& Sune Toft.
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Abstract

We select and characterise a sample of massive (log(M∗/M⊙) > 10.6) quiescent galaxies
(QGs) at 3 < z < 5 in the latest COSMOS2020 catalogue. QGs are selected using a
new rest-frame colour selection method, based on their probability of belonging to the qui-
escent group defined by a Gaussian Mixture Model (GMM) trained on rest-frame colours
(NUV − U,U − V,V − J) of similarly massive galaxies at 2 < z < 3. We calculate the
quiescent probability threshold above which a galaxy is classified as quiescent using simu-
lated galaxies from the shark semi-analytical model. We find that at z ≥ 3 in shark, the
GMM/NUVU − VJmethod out-performs classical rest-frame UVJ selection and is a viable
alternative. We select galaxies as quiescent based on their probability in COSMOS2020 at
3 < z < 5, and compare the selected sample to both UVJ andNUVrJ selected samples. We
find that although the new selection matches UVJ and NUVrJ in number, the overlap be-
tween colour selections is only∼ 50−80%, implying that rest-frame colour commonly used
at lower redshifts selections cannot be equivalently used at z > 3. We compute median rest-
frame SEDs for our sample and find the median quiescent galaxy at 3 < z < 5 has a strong
Balmer/4000Åbreak, and residualNUVflux indicating recent quenching. Wefind thenum-
ber densities of the entire quiescent population (including post-starbursts) more than dou-
bles from 3.5± 2.2× 10−6 Mpc−3 at 4 < z < 5 to 1.4± 0.4× 10−5 Mpc−3 at 3 < z < 4,
confirming that the onset of massive galaxy quenching occurs as early as 3 < z < 5.

2.1 Introduction

In the past few years it has become evident that there exists an extraordinary population of
massive galaxies which have already ceased their star formation and become quiescent when
the universe was just 2 billion years old (z ≥ 3). The first hints of this population were
candidates selected from optical/near-infrared (NIR) surveys such as in the GOODS-South
field (Fontana et al., 2009), and later the NewfirmMedium-Band Survey (NMBS, Whitaker
et al., 2011;Marchesini et al., 2010) and the FourStar Galaxy Evolution Survey (ZFOURGE,
Straatman et al., 2014; Spitler et al., 2014). Targets were selected using various indicators, ei-
ther on the basis of their specific star formation rate (sSFR) or rest-frame colours. Although
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these candidates were tentative then, the recent influx of spectroscopically confirmed mas-
sive galaxies at z > 3 puts aside any doubt that these galaxies were already passive, and rapid
evolution in the first few billion years caused the onset of the dawn of quenching. There are
several examples of single galaxies (e.g., Marsan et al., 2015; Forrest et al., 2020a; Valentino
et al., 2020; Saracco et al., 2020; Carnall et al., 2023), as well as full samples (Marsan et al.,
2017; Schreiber et al., 2018; Forrest et al., 2020b;D’Eugenio et al., 2020a;McConachie et al.,
2021; Nanayakkara et al., 2022), that have been spectroscopically confirmed as both massive
(usually log(M∗/M⊙) ≳ 10) and quiescent (log(sSFR) yr−1 ≲ −9.5), as well as a number
of studies which selected and analysed massive quenched galaxies in large photometric data
sets (Merlin et al., 2018; Girelli et al., 2019;Merlin et al., 2019; Guarnieri et al., 2019; Cecchi
et al., 2019; Carnall et al., 2020; Shahidi et al., 2020; Santini et al., 2020; Stevans et al., 2021;
Ito et al., 2022).

Thanks to the named studies, we now know about the properties of massive quiescent galax-
ies (QGs) at z > 3. These galaxies exhibit significant Balmer/4000 Å breaks indicative of
ages between 100Myr and∼ 1Gyr, although the ages can be quite uncertain (e.g. Schreiber
et al., 2018; Carnall et al., 2020; Forrest et al., 2020a; D’Eugenio et al., 2020a; Nanayakkara
et al., 2022; Carnall et al., 2023). A few spectroscopically confirmed galaxies exhibit weak
flux blue-wards of the break (a “blue bump”), indicating a stellar population comprising pre-
dominantly A-type stars, and therefore likely recent quenching (< 1Gyr). This is distinct
from the UV-upturn observed in local quenched galaxies, which seems to be due to emis-
sion from post main sequence stars such as Horizontal Branch (HB) or Asymptotic Giant
Branch (ABG) stars (Greggio and Renzini, 1990; Yi et al., 1997; see Dantas et al., 2020 for
a more recent overview). The age and mass of such early QGs implies a rapid formation pe-
riod and recent quenching, much like post-starburst, or E/K+A galaxies observed at z < 3

(e.g. Dressler andGunn, 1983; Goto, 2005;Wild et al., 2009; Ichikawa andMatsuoka, 2017;
Wu et al., 2018; Chen et al., 2019; Wild et al., 2020; Wu et al., 2020; Wilkinson et al., 2021;
see French, 2021 for a review of post-starburst galaxies). An onset of rapid quenching at
z ∼ 4 − 6 as suggested by the previous works would result in a fairly young massive quies-
cent population at z ∼ 3which had recently undergone an intense period of star formation.

Recently quenched QGs at z > 3 also seem to be fairly dust-free (Schreiber et al., 2018;
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Kubo et al., 2021). This could be because dust is being destroyed in the post-starburst phase
(e.g., Akins et al., 2021) and our selections for QGs at z > 3 are dominated by PSBs and
relatively dust-free QGs, or because our selections and surveys are blind to dusty QGs at
z > 3 (D’Eugenio et al., 2020a). The upcoming investigations into galaxies appearing in
NIR observations with no optical flux (HST -dark galaxies) with the JamesWebb Space Tele-
scope (JWST)will hopefully address this pertinent debate (Wang et al., 2019;Long et al., 2022;
Barrufet et al., 2021, 2023).

Quiescent populations are commonly selected using rest-frame colour-colour diagrams, with
an increasing number of studies further analyzing the correlations of physical properties rel-
ative to the sample location within these diagrams (e.g. Whitaker et al., 2012, Belli et al.,
2019). The four most popular in use are the UVJ selection criteria (Wuyts et al., 2008,
Williams et al., 2009), or variations thereof (e.g. Whitaker et al., 2012), BzK (Daddi et al.,
2004a), and NUVrK or NUVrJ (Arnouts et al., 2013, Ilbert et al., 2013, Davidzon et al.,
2017, Noirot et al., 2022). Rest-frame colour-colour diagrams have been favoured for their
quick and easy use with large photometric data sets; galaxies tend to occupy distinct param-
eter spaces within these diagrams, making selection for quiescent populations moderately
straightforward. Critically, the use of two colours allows for the separation of quiescent from
star forming galaxies, with the U − V or NUV − r colour separating star forming galaxies
from quiescent, and the r − J or V − J colour separating red dusty galaxies from those that
are quiescent.

These selections were originally designed to separate galaxy populations at low redshift,
but as newer data has emerged demonstrating that the bi-modality in populations clearly
extends to higher redshift (e.g. Whitaker et al., 2011; Muzzin et al., 2013; Ilbert et al., 2013;
Straatman et al., 2014), the selections and variations thereof are now often adopted at z > 2

(e.g., Whitaker et al., 2012; Straatman et al., 2014; Hwang et al., 2021; Suzuki et al., 2022; Ji
andGiavalisco, 2022). In sum, rest-frame colour colour diagrams are ideal to select quiescent
populations as they are computationally cheap, straight-forward. They can also be model
dependent, but this depends on the way in which the rest-frame colours are calculated.

However, the application of rest-frame colour diagram selection boxes to higher redshift
samples (in particular, z > 3) should be cautioned. Several studies (?Belli et al., 2019;

44



CHAPTER 2. ANEWDEFINITIONOFQUIESCENT

D’Eugenio et al., 2020a) find that 10−30% ofUVJ selectedQGs at higher redshift are either
low redshift interlopers or dusty star-forming galaxies. Lustig et al. (2022) show that this con-
tamination occurs more frequently in theUVJ area populated by older QGs, at the top right
corner of the quiescent selection box. Moreover, despite sSFR decreasing with redderU−V
and bluer V − J colours, Leja et al. (2019c) demonstrate that a UVJ selection cannot differ-
entiate betweenmoderate and low specific star formation rates. Such a distinction in specific
star formation rate is critical at high redshift where recently quenched galaxies, or those in
the process of quenching, are more prevalent. Furthermore, Antwi-Danso et al., 2022 show
that the extrapolation of rest frame J (which can be common at z > 3) leads to galaxies being
wrongly classified.

Whilst rest-frame colour diagram selections remainuseful, particularly for large groundbased
surveys, the current methods explored above are less reliable at z > 3 for several reasons.
Firstly, many studies clearly show that 3 < z < 5 is the epoch where QGs first appear (e.g.
Marsan et al., 2020,Valentino et al., 2020), and so the galaxy population is not yet bimodal.
Instead, as Marsan et al., 2020 find, massive galaxies in this epoch exhibit a wide spectrum
of properties, with varying amounts of dust and star formation, as well as some harbouring
an Active Galactic Nucleus (AGN) (see also Marsan et al., 2015, Marsan et al., 2017 and Ito
et al., 2022). It therefore does not make sense anymore to apply a colour colour cut that was
designed to separate galaxies in a bimodal universe when that bi-modality does not yet exist.
Secondly, it takes on the order of∼Gyrs for galaxies to evolve and become truly red (without
dust), which implies that we would not expect to find the upper edge of the UVJ quiescent
box highly populated at z > 3. Instead, it is more likely that galaxies found in this parameter
space are instead dusty star forming galaxies that have scattered in over theV− J < 1.5 line.
This is seen clearly in Lustig et al., 2022, who compare observations of QGs at z ∼ 3 with
several simulations. They find that the contamination of the UVJ quiescent box at z ∼ 2.7

is most significant at reddest edge of the box, near theV− J < 1.5 line. To remedy this, they
suggest changing theV− J constraint fromV− J < 1.5 toV− J < 1, which effectively cuts
the selection area in half.

The third reason is that galaxies in the high redshift universe are faint, and thus even state-
of-the-art ground-based surveys will have fairly large photometric errors for most galaxies
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whichpropagate touncertainties a factor of two larger in colours (seeAppendixC inWhitaker
et al., 2010). This is further antagonised by the fact that surveys such as COSMOS are lim-
ited to the resolution of the now decommissioned Infra Red Array Camera (IRAC) on the
Spitzer Space Telescope, which, besides having a large point spread function (PSF), also barely
probes the Balmer break at z > 4 for QGs. The use of rest-frameV− J colour as a separator
between dusty star forming galaxies and red QGs becomes highly uncertain at z > 5, where
rest-frame Jmoves beyond∼ 9μm (IRAC/Channel 4) and must therefore be extrapolated.
For surveys limited to∼ 5μm (Channel 2), this becomes z > 3. All of these reasons together
imply that simply drawing a dividing line over a non bimodal, noisy population will result in
both incomplete and quite significantly contaminated samples.

Given the arguments against them, onemight reconsider theusefulness of rest-frame colour-
colour selections when there are multiple options for spectral energy distribution (SED) fit-
ting tools to calculate sSFRs which can be used to select for QGs. Whilst this alternative is
often used (e.g. Carnall et al., 2020; Ito et al., 2022;Carnall et al., 2022), more complexmeth-
ods may require careful tuning, time, and sometimes vast computing resources. Finally, this
still does not solve the problem because these approaches require a sSFR cut or otherwise to
select QGs in a population where the lines between star forming and quiescent are blurred.
Whilst these methods offer opportunities to study the statistical properties and their stellar
assembly, the selection of QGs should still be possible with simpler methods. It is there-
fore important that we take care in optimizing the rest-frame colour-colour selections as they
are fast and can be easily applied to different surveys irrespective of the filters used, therefore
serving as crucial tools for the selection of candidates for spectroscopic follow upwith instru-
ments such as JWST. This is something that the community has already begun to explore,
e.g. Leja et al., 2019c (efficient selection of QGs at z < 1) and Antwi-Danso et al., 2022
(efficient selection of QGs at z > 3 using synthetic ugis filters).

In this paper, we present a new rest-frame colour colour diagramand selectionmethod specif-
ically designed to find and select high confidence massive QGs at z ∼ 3 and beyond. Using
the latest COSMOS catalogue, COSMOS2020, we explore the utility of this new selection
technique. In Sections 2.2 and 2.3, we describe the data and a modified COSMOS2020 cat-
alogue made specific to this study. In Section 2.4 we describe the selection of a robust sam-
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ple of massive galaxies at 3 < z < 5. In Section 2.4, we introduce the new colour selec-
tion method. In Section 4.4, we present this new selection applied to COSMOS2020 and
the main results. Finally, we summarise our conclusions and outlook in Section 2.9. For all
calculations we use the WMAP9 flat LambdaCDM cosmology (Hinshaw et al., 2013) with
H0 = 69.3 km s−1Mpc−1, Ωm = 0.307. All magnitudes are in the AB system defined by
Oke and Gunn, 1983 asmAB = −2.5log10

( fν
3631Jy

)
.

2.2 Data

2.2.1 COSMOS2020

The Cosmological Evolution Survey (COSMOS) is currently the deepest NIR wide-field
multi-wavelength survey that provides data over 2 square degrees of the sky (Scoville et al.,
2007, Koekemoer et al., 2007). The latest version of the COSMOS photometric catalogue,
COSMOS2020 (Weaver et al., 2021), improves on previous version (Laigle et al., 2016) in
many ways. Firstly, with the improved depth (∼ 1mag) and uniformity in the u-band data,
taken from the CFHT Large Area U band Deep Survey2 (CLAUDS) (Sawicki et al., 2019);
secondly,with the additionofultra-deepoptical data fromHyper-SuprimeCam (HSC;Miyazaki
et al., 2018; Aihara et al., 2018); thirdly, the fourth data release ofUltra-VISTA (DR4) (Mc-
Cracken et al., 2012; Moneti et al., 2019), effectively 1mag deeper inKs over the entire field;
and finally, the inclusion of all Spitzer/IRAC data ever taken in the COSMOS field (Weaver
et al., 2021; Moneti et al., 2022). COSMOS2020 contains four catalogues, combining two
source extractionmethods and two photometric redshift codes. TheClassic catalogue is pro-
ducedusing classical aperture basedphotometrymethodusing SourceExtractor (Bertin
and Arnouts, 1996), whilst The Farmer catalogue is produced using a profile fitting pho-
tometry method (Weaver et al., 2023), which is a wrapper written for the source profile fit-
ting code The Tractor (Lang et al., 2016). The Farmer has a distinct advantage over
classical photometry methods due to its ability to correctly model and de-blend overlapping
sources. This is particularly beneficial in deep fields where source crowding and overlapping
is common. Both photometry catalogs are fit with two different photometric redshift codes
(Le Phare, Arnouts and Ilbert 2011, and eazy-py (Brammer et al., 2008; Brammer, 2021).
Weaver et al., 2021 show that The Farmer performs equivalently to Source Extractor
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and excels at i < 24, independent of the redshift code used. For this analysis we use The
Farmer photometric catalogue combined with redshift and physical parameter estimation
using eazy-py.

Although the Farmer photometry and its associated uncertainties are suitable for gen-
eral use SED fitting, Weaver et al. (2021) noted that it is likely the photometric uncertainties
are underestimated. To test this, we ran the custom code Golfir (Kokorev et al., 2022)
on a small subset of the COSMOS2020 IRAC images. Golfir uses a prior based on the
highest available resolution imaging to model the flux in the IRAC photometry. Overall, the
agreement of both photometric catalogs is high, however the IRAC errors derived with The
Farmer are smaller by a factor of ∼ 5. This is similar to the approach and conclusions in
Valentino et al. (2022). At z > 3, the IRAC photometry plays a crucial role in the identifi-
cation of massive galaxies. This is due to the fact that the light emitted from the bulk of the
stellar mass is measured at observed frame λobs > 2.5μm, which is measured predominantly
by the IRAC bands. Although the depths probed by the first two IRAC bands Channels 1
and 2 are comparable to those inUltra-VISTAbands JHKs (∼ 25.5mag, 3σ), IRAC channels
3 and 4 are shallower by∼ 3mags. For massive QGs at z > 3, this may result in the IRAC
bands approaching the detection limit of the survey. For this reason and the investigations
explained above, for this work we conservatively boost the IRAC photometric errors by a
factor of 5 and refit theCOSMOS2020 Farmer photometry with eazy-py (see Section 2.3).
As with Weaver et al. (2021), we do not include the Subaru Suprime-Cam broad band pho-
tometry or the GALEX FUV and NUV photometry, due to their shallow depth and broad
PSF, respectively. In total, we use 27 photometric bands for SED fitting, probing observed
frame∼ 0.3− 8μm.

2.2.2 3D-HST

In Section 2.3, we will introduce the latest python implementation of eazy, eazy-py and its
newer features. Todemonstrate their validity, in particular the computation of physical prop-
erties such as stellarmass and star formation rate, we use an observational catalogwith similar
properties asCOSMOS2020 to benchmark the performance. We consider the Prospector
version of the 3D-HST catalog from (Leja et al., 2019b). The 3D-HST survey (Skelton et al.,
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2014) is a 248−orbit Hubble Treasury program completed in 2015, providingWFC3 and
ACS spectroscopy for galaxies in 5 extra-galactic deep fields, including COSMOS, covering
900 square arc-minutes (199 square arc-minutes in COSMOS). The catalog includes pho-
tometry in up to 44 bands in COSMOS covering 0.3-8μm in the observed frame, with the
inclusion of Spitzer MIPS 24μm photometry fromWhitaker et al. (2014). The version that
we considered contains a representative sub sample of 58, 461 galaxies from the 3D-HST sur-
vey (roughly 33%) which span the observed star formation rate density and mass density at
0.5 < z < 2.5. These galaxies are fit with the Bayesian SED fitting code Prospector
(Leja et al., 2017; Johnson et al., 2020). Prospector uses galaxy models generated using
python-FSPS (Conroy et al., 2009; Conroy and Gunn, 2010), non parametric star forma-
tion histories, variable stellarmetallicities and a two-component dust attenuationmodel, un-
der the assumption of energy balance. For this paper, we cross match our catalog and the
3D-HST Prospector catalog using a 0.′′6 matching radius, resulting in 8964 galaxies in
common.

2.2.3 Simulated data

To test the robustness of our quiescent galaxy selection method, we use simulated galaxies
from the Shark semi-analytical model (SAM, Lagos et al., 2018). Sharkmodels the forma-
tion and evolution of galaxies following many physical processes, including star formation,
chemical enrichment, gas cooling, feedback from stars and active galactic nuclei, among oth-
ers. Critically for this work, Shark includes a two-phase dust model for light attenuation
that is based on radiative transfer results from hydrodynamical simulations (Trayford et al.,
2020). This model was combined with the stellar population synthesis model of Bruzual
and Charlot (2003), adopting a Chabrier (2003) initial mass function, and a model for re-
emission in the IR in Lagos et al. (2019). Shark does this using the generative SED mode
of the ProSpect SED code of Robotham et al. (2020). The predicted SED of each galaxy
is then convolved with a series of filters to get their broad-band photometry. Lagos et al.
(2019) showed that Shark is very successful in reproducing the FUV-to-FIR emission of
galaxies in observations at a wide redshift range, including luminosity functions, number
counts and cosmic SED emission. Lagos et al. (2020) used this model to show that the con-
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tamination fraction of dusty, star-forming galaxies (those with 870 μm flux > 0.1 mJy) in
the UVJ diagram increases with increasing redshift, reaching≈ 47% at z = 3, showing that
the commonly adopted UVJ colour selection could be improved to reduce contamination.
Here, we use a lightcone presented in Lagos et al. (2019) (see their Section 5) that has an area
of≈ 107 deg2, and includes all galaxies in the redshift range 0 ≤ z ≤ 8 that have a dummy
magnitude, computed assuming a stellar mass-to-light ratio of 1,< 32. The method used to
construct lightcones is described in Chauhan et al. (2019).

2.3 SED fittingwith eazy-py

2.3.1 Eazy-Py

In this study, we use photometric redshifts, stellar masses, star formation rates and rest-frame
colours derived with eazy-py* (Brammer, 2021). Here we detail this process, including an
updated description and presentation of the eazy-py code. eazy-py is a pythonic photomet-
ric redshift code adapted from the original eazy code written in C+ (Brammer et al., 2008).
eazy-py estimates redshifts by fitting non-negative linear combinations of galaxy templates
to broad-band photometry to produce a best fit model. The flexibility of the code means
that in theory, any kind of template can be used, e.g., quasar or AGN templates. The tem-
plates used in this paper are comprised of 13 stellar population synthesis templates fromFSPS
(Conroy et al., 2009; Conroy and Gunn, 2010) spanning a wide range in age, dust attenua-
tion and log-normal star formation histories. This template set is designed to encompass the
expected distribution of galaxies inUVJ color space at 0 < z < 3, and in theory beyond. We
use a Chabrier IMF (Chabrier, 2003) and the Kriek and Conroy, 2013 two component dust
attenuation law, which allows for a variable UV slope (dust index δ = −0.1, RV= 4.05).

The latest version of eazy-py (version 0.5.2) has been adapted to be a general use SED fit-
ting code, providing estimates of physical parameters such as stellar mass, star formation rate,
and dust attenuation. These physical properties are assigned to each template and “propagate
through” the fitting process with the same non-negative linear combination coefficients that
return the best-fit SED model. This results in star formation histories that are non-negative

*https://github.com/gbrammer/eazy-py
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linear combinations of a number of basis star formation histories, and therefore the star for-
mation history of a galaxy best-fit model will mimic non-parametric methods such as those
used in Pacifici et al., 2016; Iyer et al., 2019; Leja et al., 2019a and other works. This means
that eazy-py ismore similar to codes that implement non-parametric star formation histories
than it is to traditional SED fitting codes, and can account for the mass that is often missed
as a result of using parametric star formation histories (Lower et al., 2020). We demonstrate
this in Section 2.3.1.2. Errors on physical parameters are calculated by drawing 100 fits from
the best fit template error function and using the 16th and 84th percentiles as the extremes
of the 1σ errors. It should be noted that the physical parameter errors are not marginalised
over the redshift error, therefore it is likely that the errors from eazy-py are underestimated.
Figure 2.1 shows a comparison of photometric and spectroscopic redshifts for all galaxies at
0 < z < 6 in our catalog. We find similar outlier fractions and bias for both star forming
and QGs compared to the official COSMOS2020 release (Weaver et al., 2021).

2.3.1.1 Rest-frame flux densities

The rest-frame fluxes are calculated based on the approach of Brammer et al. (2011), which
uses the best fitmodel as a guide to interpolate between the observed photometry. This inter-
polation itself is weighted by the photometric errors, and therefore the rest-frame flux errors
reflect those of the photometry. This means that the rest-frame fluxes are almost entirely de-
rived from the photometry with only partial guidance from the best fit template. The results
also account for the filter shapes and relative depths, which is advantageous particularly for
multi-instrument photometric catalogs. This essentially ensures a “model-free” approach,
which is crucial for our method, as rest frame colours are used in the selection process, and
should ideally reflect the observeduniverse andnot ourmodels. For a full description of calcu-
lation of the rest-frame fluxeswe refer the reader toAppendixA.1. The rest-frame filters used
in this paper are theGALEXNUV band (λ = 2800Å) (Martin et al., 2005), the re-calibrated
U andV filters byMaíz Apellániz (2006), and 2MASS J band (Skrutskie et al., 2006).
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Figure 2.1: Photometric redshift vs spectroscopic redshift for all galaxies at 0 < z < 5 in the combined
UVISTA and HSC area with Ks SNR> 5. Red points are spectroscopically confirmed QGs at z > 2 from
Stockmann et al., 2019, D’Eugenio et al., 2020a, Schreiber et al., 2018, Forrest et al., 2020b, Valentino et al.,
2020.
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Figure 2.2: Upper: Δlog(SFR) (Eazy−Prospector) as a function of Prospector SFR for 8134 galax-
ies at 0.5 < z < 3.0 matched to our catalogue with that of the 3D-HST survey in COSMOS. The me-
dian Δlog(SFR) is 0.07 dex (shown as red dashed line) and the scatter is 0.55 dex. The binned median off-
set and the associated 16th and 84th percentiles are shown as red points with error bars. Lower: Δlog(M∗)
(Eazy−Prospector) as a function of Prospector stellar mass for the same sample. Themedian Δlog(M∗)
is 0.04 dex and the scatter is 0.21 dex. The binned mean offset and the associated 16th and 84th percentiles are
shown as red points with error bars.

53



2.3. SED FITTINGWITH EAZY-PY

2.3.1.2 Stellar masses and Star formation rates

In this section we explore the stellar masses (M⋆) and star formation rates (SFRs) derived
with eazy-py. We note that it has been shown that star formation rates derived from broad-
band photometric SED fitting assuming parametric star formation histories can underesti-
mate the SFR of a galaxy by several orders of magnitude (Lower et al., 2020). Sherman et al.
(2020), who used eazy-py with default FSPS templates using a variety of realistic SFHs (ris-
ing, bursty), find thatM⋆ are overestimated on average by 0.085 dex, and SFRs are under-
estimated on average by ∼ 0.46 dex. As we fit with a different, newer set of templates us-
ing log-normal star formation histories, we cannot assume the derived masses and SFRs have
from the same offsets.

To benchmark the eazy-py M⋆ and SFRs in this study, we use the 3D-HST catalog de-
scribed in Section 2.2.2. From the prospector 3D−HST catalog we use redshift (which
are a compilation of spectroscopic redshifts, grism redshifts and redshifts derived using eazy),
stellar masses and star formation rates, which are averaged over the past 100 million years.
Here, we use the masses and star formation rates derived with Prospector as the “ground
truth”. We select all galaxies with a photometric redshift agreeing within 15% of Δz/(1 + z)
to the Prospector redshift, which results in 8134 galaxies spanning 0.5 < z < 3.0. We
then compute the difference (in dex) between our parameters (SFR,M⋆) and the Prospec-
tor parameters. Due to differences in method, theKs band magnitudes for COSMOS2020
are marginally brighter (∼ 0.09 dex) than those in the Skelton et al., 2014 catalog that was
used in Leja et al., 2019a. To facilitate a fairer comparison, we scale the Prospector masses
and star formation rates accordingly. In practice, this results in a very small difference. We
showboth the SFR andmass comparisons in Figure 2.2 as a function of the estimates derived
with Prospector. We calculate the median offset and scatter, and find that there is excel-
lent agreement between the two catalogs, with only a minor overestimation of 0.04 dex for
masses and 0.07 dex for SFRs by eazy-py with a scatter of 0.21 dex formass and 0.55 dex for
SFRs. The difference between the results of this investigation compared to Sherman et al.,
2020 is notably that of the SFRs - whilst they find an underestimation of∼0.5 dex, we report
a slight over-estimation. This is likely due to the different template sets used. In conclusion,
given the agreement and no catastrophic bias in stellar masses or SFRs derived with eazy-py
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we deem them acceptable for use.

2.4 Selecting a robust sample of massive galaxies

We begin by selecting all objects within the area covered by bothHSC andUltra-VISTA (i.e.,
Flag Combined= 0, area≈ 1.27◦2), classified as galaxies according to the star galaxy sep-
aration criteria (see Appendix A.2), and with Ks < 25.6mag, which is the 3σ limiting mag-
nitude. From these, we select all galaxies with photometric redshifts 3.0 < zphot < 5.0, with
a constraint that the lower 16% of the photometric redshift probability distribution, p(z),
should be contained above z = 3, and the upper 84%below z = 5. If a spectroscopic redshift
is available in the catalogue we require 3 < zspec < 5. At 4.5 < z < 5, the rest-frame J band
is covered by IRAC channels 3 and 4, which means that it is still observationally constrained
and not extrapolated (see Appendix A.3). This is vital to ensure the robustness of the sample
(Antwi-Danso et al., 2022). For this reason, we do not extend beyond z = 5.0 in our sample
selection. We next make a cut on stellar masses, 10.6 < log(M∗/M⊙) < 12, which is the
knee of the mass function at this redshift range and well above the stellar mass completeness
(Weaver et al., 2021). However, it is important to note that at 4.5 < z < 5, the Balmer/4000
break moves through theKs band, which is the reddest band in the chi-mean izYJHKs detec-
tion image used in the photometric modelling. Therefore, our selection is likely not sensitive
to older quiescent galaxies at this redshift range, if they exist. To our sample, we then add the
following requirements to ensure the confidence in our massive galaxy sample is high. We
choose to conservatively exclude anything with a reduced χ2 equal to χ2/(Nfilt) greater than
10. We also require Ks SNR> 5. In summary, we require:

• Inside combined HSC/UVISTA area

• Classified as galaxy

• Ks MAG< 25.6

• 3.0 < zphot < 5.0 (or 3.0 < zspec < 5.0 if available)

• zphot,16% > 3.0 and zphot,84% < 5.0
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Figure 2.3: Left: NUV − U, V − J colours of our massive (10.6 < log(M∗/M⊙) < 12) galaxy sample at
3 < z < 5 (grey) and evolution tracks for an SSP with AV = 0 (blue line on the left of the figure) and AV = 1
(dark blue line) andChabrier IMF aged to 1Gyr. The dust vector representing themovement of a galaxy in this
space by attenuation of AV = 1 is shown by the arrow at the bottom right. Right: Same but forUVJ with the
quiescent box defined byWhitaker et al. (2012) (defined asU− V > 0.8× (V− J) + 0.7,U− V > 1.3 and
V− J < 1.5).

• 10.6< log(M∗/M⊙) < 12

• Reduced χ2 < 10

• Ks SNR> 5

In total, this selection results in 1568 galaxies with a median redshift of zphot = 3.55 and
median stellar mass of log(M∗/M⊙) = 10.94. In addition to this, we select a sample at
2 < z < 3 in a similar manner with a lower mass cut of 10< log(M∗/M⊙) < 12, in order
to fit the Gaussian Mixture Model described in the following section. This gives a fitting
sample of 12985 galaxies at 2 < z < 3 with a median photometric redshift of zphot = 2.46

and median stellar mass of log(M∗/M⊙) = 10.52.
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2.4.1 Introducing the GMM

We present here a new colour selection designed to make finding QGs at z > 3 easier. Our
new colour selection method combines theNUV− U,U− V and V− J colours, using the
filters defined in Section 2.3.1.1. This colour selection method is similar to both UVJ and
NUVrJ, with two major differences. The first is that four bands (three colours) are used in-
stead of three, and the second is that the separation itself is not defined by a traditional “box”
but rather using simple machine learning methods. Both are introduced to make the separa-
tion of QGs from (dusty) star forming more pronounced, and furthermore allow an easier
separation between recently quenched and older QGs. TheU− V andV− J colours are in-
cluded to separate quiescent galaxies from star forming, as originally designed. TheNUV−U
colour is added tomeasure the light emitted from recent star formation in the form ofA-type
stars and is similar toNUV − r, except that it probes a shorter baseline, specifically the flux
directly blue-wards of the 4000 Å/Balmer break. Previous works have suggestedNUV − U
is a viable indicator for time since quenching, for example Schawinski et al. (2014). Simi-
larly, Phillipps et al. (2020) use NUV − u as a means to remove passive galaxies with some
residual star formation from a sample of truly passive galaxies. The reason for the use of four
bands / three colours is twofold: firstly, the increase in dimensions allows us to extract more
information whilst still only requiring 4 data points. Whilst this is similar to dimensionality
reduction, it has the advantage of using information that is likely already available or easy to
compute, and does not require imposing a high signal to noise cut to the data. Secondly,
NUV− U does not have a co-dependent variable withV− J, which allows for the spread of
colours inNUV − U/V − J to become more obvious, making it easier to both separate the
quenched population from star forming, as well as explore the properties of galaxies within
the quenched population with different amounts of recent star formation. This is partic-
ularly relevant at z > 3, where the fraction of PSB galaxies is high (e.g. D’Eugenio et al.,
2020b and Lustig et al., 2020 report a PSB fraction of 60-70% for photometrically selected
QGs at log(M∗/M⊙) > 11). If we consider the 2D projection (NUV−U,V− J), it is clear
that the star forming and quiescent populations separate more clearly due to the divergent
alignment of the dust vector relative to the evolution tracks (see Figure 2.3). As an example,
we plot the massive 3 < z < 5 sample in this colour space with tracks showing the colour

57



2.4. SELECTINGAROBUST SAMPLEOFMASSIVE GALAXIES

Figure 2.4: Left: NUV − VJ diagram with the 2 < z < 3 fitting sample coloured by p(q)50%, which is the
median of the boot-strapped quiescent probability distribution based on the Gaussian Mixture Model. Right:
Same but for the 3 < z < 5 sample.

evolution of a single stellar population aged to 1 Gyr at both AV = 0 and AV = 1 gener-
ated using the Python-FSPS package. Both tracks move directly up through the quiescent
area as they evolve over time. The lower portion of this area preferentially selects quenching
or post-starburst galaxies, whilst the upper half encompasses older QGs. This age trend has
been observed in the UVJ diagram (e.g. Whitaker et al., 2012, Whitaker et al., 2013, Belli
et al., 2019, Carnall et al., 2019), thus it is not entirely surprising that it appears in this colour
diagram too – and in fact more pronounced due to the addition of the NUV − U colour.
We note that the direction of the age tracks diverge from the direction of the dust vector for
(NUV − U, V − J), resulting in red dusty star forming galaxies pushed downwards and to
the left relative to old, red QGs, whereas forUVJ they follow the same direction, resulting in
old, red QGs populating the same space as red dusty star forming galaxies.

2.4.2 Defining the separator

Most selections in rest-frame colour diagrams have been made by drawing a box empirically.
We choose to separate QGs from star forming by using a Gaussian Mixture Model (GMM).
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This is a probabilistic model that operates under the assumption that the data can be fit by
a finite number of Gaussian curves, for which the parameters are not known. GMMs have
already been employed successfully in multiple research areas in astrophysics, including to
select and explore various galaxy populations such as quiescent and PSB galaxies (e.g. Black
and Evrard, 2022; Ardila et al., 2018). Probabilistic selection of QGs at z > 3 has also been
carried out with great success by Shahidi et al. (2020) and Santini et al. (2020). We use the
Gaussian Mixture Model package supplied by Scikit-learn (Pedregosa et al., 2011). Briefly,
the GMMalgorithm uses expectation-maximisation (EM), which is an iterative process used
for classification when there are no “correct” labels (as is our case). EM works by choosing
random components and iterating towards the best fit by computing the likelihood of each
data point being drawn from the current model, and then adjusting the parameters to max-
imise that likelihood. In this approach, we choose to use all three colours: NUV−U,U−V
andV− J. We fit the model using the 2 < z < 3 sample, which is first cleaned by requiring
all colours have 0 < colour < 4. To ascertain the optimal number of components, we fit
multiple times using 1 − 10 Gaussian components and calculate the Bayesian Information
Criterion (BIC) for each number of components, which is defined as

BIC = kln(n)− 2ln(Lmax) (2.1)

where n is the number of model parameters, k is the number of data points fit and Lmax is
the maximum likelihood of the fit. The BIC discriminates between models by penalising
the number of parameters, which avoids over-fitting. We randomly select 60% of the sam-
ple, fit and compute the BIC for 1− 10 components, and repeat 1000 times. We find that a
6−component model is best fit in∼ 75% of the repeated fits and adopt this as our baseline
model. TheGMMreturns for each galaxy a likelihood of belonging to each group, whichwe
convert to a probability. We could simply use this value to decide what to classify as quies-
cent, however, this does not account for the errors in a galaxy’s colours. To assign each galaxy
a probability of belonging to the quiescent group, which is identified by eye as the compo-
nent in the quiescent area ofUVJ space, we instead take the following approach, inspired by
Hwang et al. (2021). Each galaxy has rest frame fluxes in the NUV, U, V and J bands, and
associated errors. Assuming these are Gaussian distributed, we boot-strap the fluxes 1000
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times and compute theNUV−U,V− J andU−V colours for each set of rest frame fluxes.
Each set of 1000 colours is then fit with the GMM and the percentiles (5, 16, 50, 84, 95) of
the probabilities are calculated. This results in a quiescent probability distribution p(Q) for
each galaxy, which is marginalised over its rest frame flux errors. Therefore, the final distri-
bution of p(Q) for each galaxy accounts for flux errors. We refer mainly to p(q)50 (abbrev.
p(q)) throughout the text, which is the median quiescent probability calculated in this way.
Here, we use the GMM purely as a tool to classify QGs and do not explore the other five
groups defined by the model. In Figure 2.4 we show the 2 < z < 3 fitting sample and the
3 < z < 5 sample in theNUVU−VJ plane, coloured by their quiescent probability p(q). It
is evident that the model correctly finds the boundary between quiescent and star forming,
but a boundary that is a smooth gradient rather than a binary separation.

2.4.2.1 The p(q) threshold for quiescence

To calculate the p(q) threshold above which a galaxy is classed as quiescent and assess the per-
formance of themethod, we use galaxies in the Shark simulation (Section 2.2.3). At redshift
snapshots of z = 2, z = 3, and z = 4 we select a massive galaxy sample (log(M∗/M⊙) >

10). We then define QGs in the sample as those with specific star formation rates log(sSFR
tHyr−1) < 0.2, where tH is the age of the universe at that redshift snapshot and the sSFR
is averaged over the last ∼ 50Myr. We fit the GMM to the NUV − U, V − J and U − V
colours at each redshift snapshot. We then calculate the Receiver Operator Characteristic
(ROC) curve, which is simply the False Positive Rate (FPR) as a function of True Positive
Rate (TPR). The Area-Under-Curve (AUC) can be used as a measure of effectiveness of the
classification method: an AUC very close to unity shows that the method correctly classifies
objects with a high TPR and low FPR.We also compute the same numbers for theWhitaker
et al., 2012UVJ selection method (defined asU− V > 0.8× (V− J) + 0.7,U− V > 1.3

and V − J < 1.5). Figure 2.5 shows both the NUVU-VJ and UVJ diagrams and the ROC
curves for each redshift snapshot. The AUC increases from z = 2 to z = 4 , meaning
that the GMM has increasing chance of correctly identifying QGs (88%, 93% and 97% at
z= 2, 3, 4 respectively). It is not possible to calculate the AUC forUVJ because there is only
one selection “threshold”, which iswhether or not a galaxy falls inside theUVJquiescent area.
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Figure 2.5: Left column: SHARK simulated galaxies in different colour planes. GMM/NUV−VJ (this work,
top) and UVJ (middle) colour diagrams for massive (log(M∗/M⊙ > 10) galaxies in the Shark simulation
(grey), with QGs found by each selection method as red (blue) hexagons and galaxies missed by both selection
methods as red (blue) crosses. The bottom panel shows the Receiver Operator Characteristic (ROC) curve for
the trained GaussianMixture Model as a function of quiescent probability (p(Q)) threshold. The Area Under
the Curve (AUC), which represents the percentage probability of correctly classifying QGs, is reported, as well
as the p(Q) threshold, which is calculated as the geometric mean (shown on the figure as the coloured red circle
on the red curve). The False Positive Rate and True Positive Rate is also presented for theWhitaker et al., 2012
UVJ selection (blue star). Middle column: Same as left columnbut at z = 3. Right column: Same as left column
but at z = 4.
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Table 2.1: Quiescent probability (p(q)50) thresholds for redshift ranges, defined by the maximum of the geo-
metric mean of the ROC curve trained on Shark simulated data.

Redshift p(q)50 >

2.0 < z < 3.0 0.56
3.0 < z < 4.0 0.18
4.0 < z < 5.0 0.01

We can instead calculate the TPR and FPR for UVJ. The optimal p(q) threshold is defined
as the maximum of the geometric mean, which finds the threshold at which the TPR and
FPR are perfectly balanced (or the top left most point on the ROC curve), and is defined as
max(

√
TPR ∗ (1− FPR). The resulting p(q) thresholds at z = 2, z = 3, and z = 4 are

calculated using the geometric mean and are shown in Table 2.1.

2.4.2.2 UVJ versus GMM in SHARK

At z = 2,UVJ performs similarly toNUV−VJ at p(q) ⪆ 0.1, withUVJ having FPR=30%,
TPR=90% and NUV − VJ with FPR=33%, TPR=89%. However, the optimal threshold
forNUV− VJ performs substantially better at this redshift, with a TPR only a few % lower
(81%), whilst the FPR ismore than halved, reducing from 33% to 15%. If we consider instead
the contamination, which is defined as the number of galaxies defined as quiescent compared
to the total number of UVJ quiescent galaxies, the conclusion changes. The contamination
fraction of UVJ in SHARK at z = 2, 3, 4 is 80, 86, 91%, further highlighting the issues
with UVJ. Looking to higher redshift, it is evident thatNUV−VJ/ GMM classification not
only out-performs UVJ classification, but also substantially increases in effectiveness with
increasing redshift, highlighting the usefulness of the method especially at z > 3.

2.5 Application to COSMOS2020

We apply the GMM to themassive galaxy sample in COSMOS2020 at 2 < z < 5 selected in
Section 2.4. Whilst SHARK produces galaxies at redshift snapshots of z = 2, 3, 4, observed
galaxies are continuously distributed in redshift. We therefore choose not to assume that the
p(q) threshold is a step function, but rather a smoothly varying function of redshift. We
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fit a second order polynomial to the three points (zphot, p(q)) = (2, 0.56; 3, 0.18; 4, 0.01)

and use this function to determine if a galaxy is chosen as quiescent or not. This naturally
incorporates the assumption that as we move to higher redshift, in order to be defined as
quiescent, galaxies may look less like quiescent galaxies at z = 2, andmore like post-starburst
galaxies. We require that at z = 2 − 4, the median of the p(q) distribution is above the
threshold. At z ≥ 4, we instead require that 95% of the p(q) distribution is above p(q) =

0.01, in order to only select the highest confidence candidates. The application of redshift
dependent p(q) thresholds selects 1455 QGs at 2 < z < 3 and 230 QGs at 3 < z < 5. We
visually inspect cut-outs of the 3 < z < 5 sample in the optical andNIR bands, and remove
nine QG candidates which are spurious, reducing the total 3 < z < 5 sample to 221 in
number. In the following sections, we present the properties of our sample of QGs, compare
its statistics with those of galaxies selected using traditional colour diagrams, and discuss the
differences between methods.

2.5.1 Comparing GMM/NUV− VJ toUVJ andNUVrJ colour selections

We apply both the Whitaker et al. (2012) UVJ selection as well as the Ilbert et al. (2013)
NUVrJ selection for quiescence to our massive galaxy samples at 2 < z < 3 and 3 < z < 5,
and compare these traditional colour selections to the GMM colour selection method. For
each panel of Figure 2.6, we calculate the overlap between selections, which is defined as the
sample size divided by the sample size of the “main” selection for that row, which is high-
lighted by the coloured panel. At 2 < z < 3, the overlap between all three selectionmethods
is high: UVJ andNUVrJ selections have an∼ 85% overlap, whilst the GMM selected sample
also agrees well, sharing ∼ 80 − 90% with UVJ and NUVrJ selected QGs. This would be
expected if the rest frame fluxes were measured directly from the template, but in this case
they are weighted by the observed fluxes and so the conclusion is that the different selections
are generally measuring the same observed SED shape. Hwang et al. (2021), who compared
NUVrJ and UVJ selected samples at 0 < z < 3 in COSMOS2015, found a similar overlap
(∼ 85%). This suggests that the choice of rest-frame colour diagram selection at z < 3 is not
crucial, although modifications to both UVJ andNUVrJ colour selections may be in order.
At 3 < z < 5 the agreement between colour selections is less clear: UVJ andNUVrJ share
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Figure 2.6: Top row: NUV− VJ selected QGs at 2 < z < 3 (dark red, left figure) shown inNUV− VJ space,
UVJ space andNUVrJ space. Middle row: NUVrJ selectedQGs (middle figure, light blue) shown inNUV−VJ
and UVJ colour diagrams. Bottom row: UVJ selected QGs (right figure, dark blue) shown in NUV − VJ and
NUVrJ colour diagrams. For each panel, the overlap is given, defined as the number of galaxies selected by that
selection method divided by the number of galaxies selected by the main selection method for that row. In the
first rowwe show theGMMselected sample (dark red) at 2 < z < 3 in theNUV−VJ diagram,NUVrJ diagram
andUVJ diagram. The second row shows the NUVrJ selected sample in NUVrJ (light blue) as well as the other
two colour colour diagrams and the third row shows theUVJ selected sample inUVJ as well as in the other two
colour colour diagrams (dark blue).
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Figure 2.7: Same as figure 2.6 but for 3 < z < 5.
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58 − 77% of the same sample, whilst GMM shares 52 − 79% with NUVrJ and 66 − 75%
with UVJ. This difference is highlighted clearly in Figure 2.7. This is likely due to two rea-
sons: firstly, that neitherUVJ norNUVrJ selections include the region where post-starburst
galaxies are most often found, which is at the lower edge beyond the U − V < 1.3 bound-
ary. Secondly, the contamination fraction ofUVJ andNUVrJ is likely much higher than the
GMM selection method. Whilst it is easy to remedy the first issue in both cases by simply
lowering or removing the dividing line in U − V/NUV − r as discussed above, this may
also increase the contamination of the sample by introducing U − V/NUV − r blue star
forming galaxies. This is something that Schreiber et al. (2018) confirmed in their analysis.
For completeness, we report the performance of an extended UVJ selection bench-marked
against SHARK in Appendix A.4. The issue of contamination is more difficult to solve due
to the nature of these colour selections, however our method aims to alleviate this problem
by both the introduction of the thirdNUV−U colour, and the option of choosing galaxies
based on a probability distribution ideally makes it easier to sharpen the boundaries between
different populations.

2.5.2 Full spectral energy distribution

To offer a more complete view of the full SEDs of our selected QGs, in Figure 2.8 we show
both the cutouts from optical/NIR bands and best-fit SEDs for three candidates at zphot =
3.12, 3.92, and 4.68. We also compute the median rest-frame photometry and best-fit mod-
els for the whole GMM-selected sample normalized to V = 1 (Figure 2.9). The median
values of Ks observed magnitudes,M⋆, SFRs, and sSFRs are also reported in the figure.The
galaxies in our sample show a strong Balmer/4000 Å break indicating a dominant aged stel-
lar population on average, as expected. However, they still have residual flux blue-ward of
the break, indicative of a younger populations and recent quenching. The median mass
(log(M∗/M⊙) = 10.92) of this sample is∼ 0.3 dex higher than the mass cut for the origi-
nal sample selection, confirming that only themost massive galaxies have quenched their star
formation at z > 3. The median log(sSFR/yr−1)= −10.8 indicates that these galaxies are
best fit mainly by templates that include little or no ongoing star formation.
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Figure 2.8: 10×10′′ Postage stamp cutouts from selected bands in the optical toNIR scaled by±3RMS (left)
and corresponding best fit SEDs (right) for three quiescent galaxy candidates selected using the NUV − VJ
method, taken from the main sample. The observed photometric points are shown as black circles (any with
SNR< 2 in grey) and the best fit model is shown in blue. The rest frameNUV,U,V, J photometry is shown
by the orange circles. The p(z) is shown to the right of each SED in yellow, along with its best-fit photometric
redshift, stellar mass, and quiescent probability median value (P(q)50).
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Figure 2.9: Top: Median smoothed rest frame SED for theGMM/NUV−VJ selected quiescent sample at 3 <
z < 5. Rest frame photometry for all galaxies is shown in grey, whilst the median per band and the associated
16th and 84th percentiles (error bars) are shown in dark grey. The median best fit (smoothed) model is shown
in red. The median model photometry per band is shown by the open face circles. The location of the sample
inNUV−VJ space is shown in the top right inset, whilst at the top left the samplemedian properties (number,
medianKs bandmagnitude, median log(stellar mass), median log(SFR), median log(sSSFR)) are shown, as well
as the standard deviation.
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Redshift NMpc−3

2.0 < z < 3.0 5.62± 1.2x10−5

3.0 < z < 4.0 1.38± 0.4x10−5

4.0 < z < 5.0 3.45± 2.16x10−6

Table 2.2: Number densities for galaxies in our sample at 2 < z < 3 log(M∗/M⊙) > 10, 3 < z < 4
log(M∗/M⊙) > 10.6 and4 < z < 5 log(M∗/M⊙) > 10.6. Errors are calculated by combining in quadrature
the Poisson uncertainty and the fractional error due to cosmic variance.

2.5.3 Spectroscopically confirmed QGs

As a confidence check, we cross-matched our sample of candidateQGswith a literature com-
pilation of 7 spectroscopically confirmed z ≳ 3QGs inCOSMOS from Forrest et al., 2020b
(4), Forrest et al., 2020b/Marsan et al., 2015/Saracco et al., 2020 (1), Valentino et al., 2020
(1) andD’Eugenio et al., 2020a (1). For 6/7 sources we retrieve p(q) ≳ 10%, consistent with
beingQG according to our selection. To the remaining galaxy at zspec = 3.352 (Marsan et al.,
2015; Forrest et al., 2020b; Saracco et al., 2020), we assign p(q) = 0.6%. This source would
thus not be selected using our fiducial threshold at 3 < z < 4. We note that this galaxy has
experienced rapid quenching, possibly due to an AGN. The presence of the latter is inferred
from the large [OIII]/Hβ emission line ratio, with the oxygen line possibly contaminating
theKs photometry (see the discussion in Forrest et al. 2020a).

2.6 Number densities

The number densities of massive QGs at z > 3 is an important constraint on galaxy evolu-
tion and theory. The assembly of galaxies with such high stellar masses in an evolved state
within only 1.5-2 billion years not only places important constraints on the formation of the
first galaxies (e.g. Steinhardt et al., 2016 and references within), but also on the cosmic star
formation rate density (cSFRD) (Merlin et al., 2019). As such, the number density of these
galaxies provides important context to early galaxy evolution. However, the number densities
of massive QGs at z > 3 has been an intense topic of debate, due to both the disagreement
between observations and theory, and between the observational studies themselves.

69



2.6. NUMBERDENSITIES

2 3 4 5 6
z

10 4

10 5

10 6

N
um

be
r 

de
ns

ity
 [M

pc
3 ]

SHARK (log(M*/M )>10.6,log10(sSFR/Gyr 1)<[-1])
SHARK (log(M*/M )>10,log10(sSFR/Gyr 1)<[-1])
SHARK (log(M*/M )>10.6,log10(sSFR/Gyr 1)<[-2])
SHARK (log(M*/M )>10,log10(sSFR/Gyr 1)<[-1])
This work
Girelli+19
Weaver+22
Shahidi+20
Merlin+19
Straatman+14
Schreiber+18
Carnall+20
Carnall+22
EAGLE (log10(sSFR/Gyr 1)<[-1,2])
FLARES (log10(sSFR/Gyr 1)<-2)
FLARES (log10(sSFR/Gyr 1)<-1)

Figure 2.10: Number densities of massive QGs as a function of redshift at 2 < z < 5. We report the number
densities calculated for our sample (dark red stars) in redshifts bins of 2 < z < 3 (log(M∗/M⊙) > 10) , 3 <
z < 4 (log(M∗/M⊙) > 10.6) and 4 < z < 5 (log(M∗/M⊙) > 10.6). The errors on the number densities
include both Poisson noise and cosmic variance added in quadrature. We plot number densities from Weaver
et al., 2022, Shahidi et al., 2020, Straatman et al., 2014, Schreiber et al., 2018, Carnall et al., 2020,Merlin et al.,
2019, the extended sample fromGirelli et al., 2019 andCarnall et al., 2022. Also shown are number densities for
the FLARES and EAGLE simulations for massive galaxies (log(M∗/M⊙) > 10.6) at two quiescent selection
thresholds (log10(sSFR/Gyr−1) <[-1,-2]) (Lovell et al., 2023), as well as quiescent galaxies from the SHARK
simulation at twomass (log(M∗/M⊙) > [10., 10.6]) and sSFR selection thresholds (log10(sSFR/Gyr−1) <[-
1,-2])
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Numberdensities derived fromphotometric and spectroscopic observations span∼ 2dex,
but they generally remain higher than those extracted from simulations (Ilbert et al., 2013;
Straatman et al., 2014; Davidzon et al., 2017; Schreiber et al., 2018;Merlin et al., 2018, 2019;
Girelli et al., 2019; Shahidi et al., 2020; Carnall et al., 2020; Santini et al., 2020; Valentino
et al., 2020; Carnall et al., 2022; Valentino et al., 2023). The disagreement among observa-
tional works andwith theoretical predictions is likely due to amix of several factors, primarily
different sample selections and quiescent criteria used togetherwith analyses done usingmul-
tiple diverse data sets. Of particular note is the size of such fields, as statistics can be affected
by both the rarity of these galaxies and by cosmic variance.The latter is strongly mitigated by
the large contiguous area of the COSMOS field. Here we compute and present the number
densities for our sample of QGs in three bins at 2 < z < 3, 3 < z < 4 and 4 < z < 5 (Table
2.2). Number densities are calculated using the survey area of the combinedHSC/UVISTA
coverage, which corresponds to 1.27 square degrees. We calculate the fractional error due
to cosmic variance using the method of Steinhardt et al. (2021) who extend the method of
Moster et al. (2011) for use in the early universe (for details, see Steinhardt et al., 2021 and
Weaver et al., 2022). This is combined in quadrature with the Poisson error to get the total
error budget.

In Figure 2.10, we show our number densities along with a compilation of number densities
from other observational studies (e.g., Valentino et al. (2023) and references therein). Addi-
tionally,we showQGnumberdensities fromtheSHARKsimulation at twomass (log(M∗/M⊙) >

[10., 10.6]) and sSFR selection thresholds (log10(sSFR/Gyr−1) <[-1,-2]), as well as both the
flares (z ≥ 5) and eagle (z ≤ 5) simulations for QGs at (log(M∗/M⊙) > 10.6) at two
different selections (log10(sSFR/Gyr−1) <[-1,-2]) (Lovell et al., 2022). It is important to
note that the literature compilation of QGs at z > 3 comprise selections at different mass
limits ranging from(log(M∗/M⊙) > 10, (Carnall et al., 2020)upwards,whilst ourmass limit
is much higher (log(M∗/M⊙) > 10.6). In general, our number densities at 3 < z < 4 agree
with the observational studies within 1σ errors. It is interesting to note that the number den-
sities derived byGirelli et al. (2019) aremuch lower than those derived fromCOSMOS2020,
which likely arises from the COSMOS2020 catalog including all UVISTA stripes, some of
which have known over-densities (e.g. McConachie et al., 2021). Looking to higher redshift
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at z > 4, our estimates agree with those of Weaver et al. (2022) and Shahidi et al. (2020).
Generally, it appears that number densities for massive QGs derived from a variety of differ-
ent fields, selected with a variety of methods, are finally converging on agreement.

Previously, simulationswere not able to reproduce the number densities ofmassiveQGs at
z > 3observed in the real universe by a factor of 1-2 dex; this tension remains slightlywith ea-
gle, which predicts only upper limits for QGs at log(M∗/M⊙) > 10.6 that are several times
lower than most observations. At z = 5, the results from flares are ∼ 50× smaller than
our current limits at fixedM⋆ threshold, resulting in a direct tension. At z > 5, this simula-
tion predicts similarly low number densities, but the lack of data from observations at z ⪆ 5

means that for the first time at high redshift, simulations have QGs where observations have
found none. SHARK performs the best at producing similar number densities of massive
QGs to observations up to at least z ∼ 3, but has a dearth of massive (log(M∗/M⊙) > 10.6)
QGs at z ≳ 4. The only QGs at z > 4 in SHARK are∼ 4 times less massive than those in
observations, and in fewer numbers too, implying that those galaxies which have been able
to quench are still to accumulate mass. Finding QGs at z ⪆ 5 will require both the com-
bination of wide optical/NIR surveys to find such rare galaxies, and also deep NIR/MIR
spectroscopy to confirm them.

2.7 What fraction of QGs at 3 < z < 5 are post-starburst?

In the epoch of the universe where quenching begins, it may make more sense to instead
differentiate between quenching, recently quenched, and older (or “true”) QGs. This issue
confronts a more philosophical question in extra-galactic astrophysics: what is the definition
of a quiescent galaxy? There appear to be two ways to deal with this population exhibit-
ing a wide variety of quenching states: firstly, one can split the entire sample into young
quiescent/PSB/recently quenched, and old quiescent (e.g. Ichikawa and Matsuoka, 2017;
Schreiber et al., 2018; Park et al., 2022). Alternatively, the entire sample can be treated as ho-
mogeneous, which is what we have done with this analysis. The prevalence of QGs with
recent star formation at z > 3 - the so-called PSB population - has been measured by a
plethora of works, both from photometric and spectroscopic data. Whilst at low redshift,
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the definitions of post-starburst, albeit broad, are based on measurements involving spectral
indices or spectra-based PCA that encode information about strong Balmer absorption lines
as well as weak or no emission lines (e.g. Wild et al., 2014, Chen et al., 2019,Wild et al., 2020,
Wilkinson et al., 2021), this type of definition is not possible to apply to large photometri-
cally selected samples. We instead consider how onemight define a PSB galaxy in a sample of
photometrically selected QGs based just on colours.

Marsan et al. (2020) proposed a definition of PSB based on a visual SED inspection and
the presence of a UV peak brighter than the emission red-ward of the Balmer/4000Åbreak.
This study estimates that PSB galaxies comprise 28% of the massive (log(M∗/M⊙) > 11)
population at 3 < z < 4 and 17% at 4 < z < 6. Approximately twice higher fractions of
PSB at log(M∗/M⊙) > 11 are reported by D’Eugenio et al. (2020a) based on their sample
of spectroscopically confirmed objects at z > 3 with measuredDn4000,DB and HδA indices.
Thirty percent of the spectroscopic sample in Forrest et al. (2020b) ceased star formation less
than 300 Myr prior the epoch of the observed redshift at 3 < z <. At the same epoch,
Schreiber et al. (2018) report that “young quiescent” galaxies, defined as UVJ-star forming
galaxies with V − J < 2.6 but below some sSFR threshold, are just as numerous as classical
QGs.

Here we base a definition of PSB on the strength of the “blue bump” in the SEDs traced
by theNUV− U colour. The distribution ofNUV− U colours for our QG sample of 221
galaxies peaks at NUV − U = 1.75. Only 28% of galaxies have NUV − U > 2 and only
one galaxy hasNUV − U > 3. Based on our single stellar population model from Section
2.4.1, a stellar population will not reach NUV − U > 2 until 0.5 − 1 Gyr has passed and
NUV − U > 3 until well after 1 Gyr, assuming no dust attenuation. Based on this, we can
define PSBs as those galaxies in our sample with NUV − U < 2, comprising 70% of QGs
at 3 < z < 4 and 87% at 4 < z < 5. This is marginally higher than what previously re-
ported (Schreiber et al., 2018). If we restrict our selection to only the most massive galaxies,
i.e., those with log(M∗/M⊙) > 11, then these numbers change to 60% at 3 < z < 4 and
86% at 4 < z < 5. This agrees with the 60 − 70% value given by D’Eugenio et al. (2020a)
for galaxies at z ∼ 3. As a fraction of the entire ultra-massive galaxy population, PSBs only
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comprise 7% at 3 < z < 4, and 12% at 4 < z < 5. Together with the results of the previous
section, it is clear that 3 < z < 5 is an active era in the history of the universe, one in which
the transition to quiescence is fairly common.

2.8 Will we find old quiescent galaxies at z > 4with JWST?

Qgs have already been spectroscopically confirmed with JWST (Nanayakkara et al., 2022;
Carnall et al., 2023), however no old quiescent galaxies have been found at z > 4 yet. In
general, the blue colours of our 3 < z < 5 QG candidates indicates a lack of very red,
evolved galaxies such as the one presented in Glazebrook et al., 2017. This could be because
as an ensemble, the QG population at z > 3 has only recently quenched, and older QGs are
much rarer. However, at z > 4.5, the reduced sensitivity to older/redder quiescent galaxies
due to the lack of data directly covering the 4000 break could be biasing us to the bluest (and
youngest) quiescent galaxies. Although this is easily side-steppedwith JWST/NIRSPEC, it is
difficult to solve even with JWST broad-bandNIRCAM imaging; at 4.5 < z < 5, the 4000
break falls at 2.2−2.4μm and is straddled by F200W on the blue side and F277W (or redder
bands such as F350W) on the red side (depending on the program), with no observations of
quiescent galaxies at z > 4.5 currently spanning themidpoint or upper edge of the break (see
e.g. Valentino et al. (2023) and Carnall et al. (2022)). This could easily be alleviated with the
inclusion ofNIRCAM narrow-bands covering 2.2-2.4μm, such as F210M or F250M. Cur-
rently, the only Cycle 1 program that has the combination of F200W, F277W/F350W and
at least onemediumband filter in between is theCanadianNIRISSUnbiasedCluster Survey
(CANUCS; PIWillot (Willott et al., 2017)), which has both F210M and F250M. However,
the combined area covered by these filters is∼ 50 arc-minutes squared, which would net less
than onemassive quiescent galaxy based on our number densities (see Section 2.6), assuming
the same space distribution on the sky. In short, one would have to be incredibly lucky to
find an evolved quiescent galaxy at z > 4.5 without both area and either spectroscopy or
medium-band photometry.

74



CHAPTER 2. ANEWDEFINITIONOFQUIESCENT

2.9 Summary and conclusions

In this work, we explore the massive quiescent galaxy population at 3 < z < 5 in COSMOS
using the latest photometric catalogue, COSMOS2020. We create a new catalogue using
the COSMOS2020 photometry, with Spitzer/IRAC errors boosted and derive redshifts and
physical parameters with eazy-py. We motivate the need for a new rest-frame color diagram
to select for QGs at z > 3 and present the Gaussian Mixture Model (GMM)/NUVU − VJ
method as a viable alternative. We use a GMM to fit theNUV−U,U−V,V− J colours of
massive galaxies at 2 < z < 3 and galaxies are assigned a probability of being quiescent based
on their bootstrapped rest frame colours. This GMMmodel is then applied to the colours
of massive galaxies at 3 < z < 5. Both the GMM model and code to calculate quiescent
probabilities from rest frame flux densities are made available online †. Our key findings can
be summarised below:

• We calculate the quiescent probability for simulated galaxies from the shark semi-
analyticalmodel at redshift snapshots of z = 2, 3, and 4 and find thatGMMperforms
just aswell as classicalUVJ selection at z = 2, withbothmethods returning similar true
positive and false positive rates (TPR∼ 90%, FPR∼ 30%). However, at z > 3, the
GMM method outperforms classical UVJ selection and particularly excels at z ≥ 4,
where the TPR is almost 100% compared to UVJ that has less than 40% TPR. This
highlights our proposed method as a viable alternative to traditional colour selection
methods at z > 3.

• We compare our GMM-selected quiescent galaxies (QGs) in COSMOS2020 to tra-
ditional rest-frame colour selected quiescent galaxies (UVJ,NUVrJ) and calculate the
overlap between selection methods. We find that all three colour selections have high
agreement at 2 < z < 3, withmethods selecting∼ 85%of the same galaxies, implying
that the exact choice of rest-frame colour selectionmethod at 2 < z < 3 is not crucial.
However, overlap between colour selections at z > 3 reduces to∼ 65%, implying that
one should be careful about usingUVJ andNUVrJ colour selections interchangeably.

†https://github.com/kmlgould/GMM-quiescent
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Generally, the bluer colours of GMM selected QGs at 3 < z < 5 implies a dearth of
any highly evolved QGs in this epoch.

• We compute the number densities of QGs at 2 < z < 5 and confirm the overall
abundance of QGs presented in many different works, which our values agree with
within the uncertainties. Given the conservative nature of this work (the boosting
of IRAC errors, the high mass limit and the probabilistic approach), we interpret the
number densities as a lower limit.

The next few years will undoubtedly see our knowledge ofQGs at z > 3 grow vastly with the
recent launch and successful commissioning of JWST (Rigby et al., 2022), for which QGs
at z > 3 have already been reported (Carnall et al., 2022; Pérez-González et al., 2022; Cheng
et al., 2022;Rodighiero et al., 2023; Valentino et al., 2023) and even confirmed (Nanayakkara
et al., 2022; Carnall et al., 2023), as well as ongoing large ground-based surveys such as the
Cosmic Dawn Survey (Moneti et al., 2022, McPartland et al., 2023, in prep). Spectroscopic
confirmation of multiple QG candidates with, e.g., NIRSPEC can be done in a matter of
minutes (Glazebrook et al., 2021; Nanayakkara et al., 2022), and whilst ∼ 8 hours with
VLT/X− shooter orKeck/MOSFIRE are only sufficient to obtain a redshift and stellar pop-
ulations, the same time (or less) with JWST could provide the required S/N to study detailed
physics such as velocity dispersions andmetallicities (Nanayakkara et al., 2021; Carnall et al.,
2023). Whilst JWST will be crucial for confirming quiescent galaxy candidates and studying
their physical properties in detail, wide area photometric surveys still have an important role
to play, both for the selection of, and statistical study of these galaxies.
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The following software were used in this work:

Eazy-py (Brammer, 2021), scipy (Virtanen et al., 2020), numpy (Harris et al., 2020), mat-
plotlib (Hunter, 2007), sci-kit learn (Pedregosa et al., 2011), astropy (Collaboration et al.,
2013; Astropy Collaboration et al., 2018), python-fsps (Conroy and Gunn, 2010; Conroy
et al., 2009).

A.1 Rest-frame flux densities

Consider two methods for inferring the flux density of a given galaxy at redshift, z, in a rest-
frame bandpass, e.g., theV (visual) band in the Johnson filter system (Johnson, 1955; Bessell,
1990), with a central wavelength* λc ∼ 5500Å. In the firstmethodwe identify two observed
bandpasses with central wavelengths that bracket the redshifted rest-frame bandpass λc,A <

λc(1+z) < λc,B and perform a linear interpolation between the flux densities in the observed
bandpasses A and B. In a second method we simply adopt the V band flux density of the
best-fit model template that was used to estimate the photometric redshift of the galaxy. The
firstmethod has the benefit of being purely empirical, though itwill be limited by noise in the
twophotometricmeasurements used for the interpolation. The secondmethod incorporates
constraints from all available measurements, but it will be more sensitive to systematic biases
induced by the adopted model template library.

Here we adopt amethodology that is a hybrid between these two extremes that first makes
better use ofmultiple observational constraints and second somewhat relaxes the dependence
on the template library. Specifically, for a galaxy at redshift, z, and a given rest-frame bandpass
with rest-frame central wavelength, λr, we compute a weight, wi, for each observed bandpass
with observed-frame central wavelength λo,i

γi = exp (x2i /2/ log(1 + Δ)2) (A.1)

wi = W ·
(

2

1 + γi/Max(γi)
− 1

)
, (A.2)

*The pivot wavelength is a convenient source-independent definition of the central wavelength of a band-
pass (Tokunaga and Vacca, 2005)
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where xi = log(λr) − log(λo,i/(1 + z)), and Δ andW are each parameters with a default
value of 0.5. That is, the weights prioritize (i.e., are smallest for) observed bandpasses that
are closest to the redshifted rest-frame bandpass. The templates are then refit to the observed
photometry with least squares weights ε2i = σ2i + (wi · Fi)2, where Fi and σi are the original
photometricmeasurements and their uncertainties, respectively. The adopted rest-frameflux
density is that of the template in this reweighted fit integrated through the target bandpass. In
short, this approach uses the templates as a guide for aweighted interpolation of observations
that best constrain a targeted rest-frame bandpass that fully accounts for all bandpass shapes
and relative depths of a multi-band photometric catalog. Because the weights are localized
for each target rest-frame bandpass, there is no implicit requirement that, e.g., the inferred
rest-frame V − J color is within the range spanned by the templates themselves. Finally, we
note that this is essentially the same methodology as that in version 1.0 of the original eazy
code† and now implemented in eazy-py

A.2 Star-galaxy separation

We use the same method for star-galaxy separation that is described in Weaver et al. (2021).
Briefly, the catalogue ismatched to theHubbleACSmorphology catalogue (Leauthaud et al.,
2007) to isolate galaxies in the half-light radii versus magnitude plane. We fit each object
with stellar templates from the PEGASUS library and compute the χ2star. We calculate the
reduced chi-squared χ2r , where (χ

2
r = χ

2/Nfilt−1), of both the galaxy best fit template and star
best template whereNfilt is the number of filters used. Objects with HSC i-band magnitude
< 21.5 orHST /ACS F814Wmagnitude< 23withKs SNR> 3 or IRACChannel 1 SNR
> 3 are classified as stars if they lie on the point like sequence in the half-light radii versus
magnitude plane or if they are fit better with a stellar template than a galaxy template (i.e,
χ2star < χ2galaxy). Additionally, objects that do not satisfy these criteria can be classified as a star
if χ2star + 1 < χ2galaxy. We find a similar fraction of stars to the number reported in the official
COSMOS2020 catalogue and find a similar distribution in the gzK colour colour diagram
(see Figure A.1).

†https://github.com/gbrammer/eazy-photoz/tree/8be1c9
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Figure A.1: gzK diagram for all galaxies in the combined UVISTA and HSC area with g, z and K SNR> 3.
Stars (black dots) occupy a locus across the lower part of the diagram, whereas galaxies (shown in green and
purple dots) tend to occupy a wider spread of colours.
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A.3 Robustness of rest-frame J band estimate

Although searches for massive QGs at z > 3 in the coming era will likely begin with rest-
frame colour colour selections, we should be critical about which rest-frame colours should
be used. The choice of rest-frame colours should depend on both the desired redshift range
probed, and the ability of models to adequately measure rest-frame flux densities from the
data. In particular, the colour used to discriminate between red dusty star forming galaxies
and red QGs should be carefully chosen. Antwi-Danso et al. (2022) explored the effects of
rest-frame J extrapolation for a flux limited sample of galaxies at 0.5 < z < 6 and find that
the flux is affected significantly at z > 2 when extrapolation occurs. This can result in the
removal of QGs in standard selections and high contamination rates.

At z > 3, current ground-based surveys such asCOSMOS rely ondata fromSpitzer/IRAC
Channels 3 and 4. By z ∼ 5, the rest-frame J-band is constrained entirely by Channel 4,
which has a moderately shallow limiting 3σ depth of 23.1mag in COSMOS2020. By com-
parison, Spitzer/IRACChannels 1 and 2 are much deeper limited to 26.4 and 26.3 mags 3σ,
respectively. However, the fraction of galaxies in COSMOS2020 with SNR ≳ 3 in either
Channel 3 or 4 at 3 < z < 5 is only∼ 5%. Making progress towards understanding the phys-
ical properties of the first quenched galaxies therefore mandates deeper data in the NIR, else
inventive newmethods, such as the use of a synthetic rest-frame is instead of J (Antwi-Danso
et al., 2022). To ensure that rest-frame J is constrained for our sample, we limited the red-
shift upper bound at z < 5. Here, we compute the average SNR in bins of redshift for both
Channels 3 and 4 for the entire massive sample and the quiescent sample (see Figure A.2). At
3 < z < 3.5 and for both bands, the mean SNR for QGs is ≳ 3. At 3.5 < z < 4.0, the
mean SNR inChannels 3 and 4 is 2−3, so rest-frame J is still constrained by reasonable pho-
tometry. At z > 4however, bothChannels havemean SNRbetween 1−2, even after the 5×
boosting. This highlights the need for deeper observations in the NIR at> 5 μm. For part
of theCOSMOS field, this can be achieved with JWST /MIRI within theCOSMOS−Web
(PI: C. Casey, Casey et al., 2022) and PRIMER (PI: J. Dunlop) programs.

The issue of galaxies being classified incorrectly due to their rest-frame colours can partly
be alleviated by our method of assigning a probability of quiescence to each galaxy, instead
of a binary separator, which relies on the relative scatter within each population to be low –
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evidently not the case at z > 3.

A.4 Performance of an extendedUVJ color selection

At high redshift (z ≥ 2), it may make sense to lower, or remove, the U − V > 1.3 bound-
ary, allowing for the selection of “recently quenched” or post-starburst galaxies. This has
been suggested and implemented by multiple works. For example, Schreiber et al. (2018)
suggested combining the lowering of the boundary with the use of a band measuring the
contribution frommore recent star formation,whilstMarsan et al. (2020), who studiedultra-
massive galaxies in the COSMOS-Ultra-VISTA field, remove the line altogether. Belli et al.,
2019, Forrest et al., 2020b, Carnall et al., 2020 and Park et al., 2022 also advocated for either
removing or lowering the boundary. If theU− V > 1.3 constraint is entirely removed, the
picture changes for UVJ. At z = 2 the results remain roughly the same: the TPR and FPR
both increase by 4%. At z > 3, the improvement is marked: the TPR increases by 25% to
98%, whilst the FPR only increases by 3% by 15%. z = 4 sees the most improvement, with
the TPR increasing from 34% to 97% whilst the FPR still remains low at 6%. Considering
instead the contamination, which is defined as the number of galaxies defined as quiescent
compared to the total number of UVJ quiescent galaxies, the conclusion changes. The con-
tamination fraction of UVJ in SHARK at z = 2, 3, 4 is 81, 86, 87%, which is similar to the
contamination including the border (80, 86, 91%). Therefore, although the TPR and FPR
imply the extendedUVJ selection is suitable for use, the contamination fraction suggests oth-
erwise, which is the same conclusion as for the classicalUVJ selection.
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Figure A.2: Signal to Noise ratio (SNR) as a function of redshift at 3.0 < z < 5.0 for IRAC Channel 3
(top) and IRAC Channel 4 (bottom) for the whole massive sample (gray). The average SNR for each channel
is shown binned in redshift for the entire massive sample (blue dots) and the extended quiescent sample (red
stars). The worst performance is at 4.5 < z < 5.0 for both channels.
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It should be emphasized, however, that
the chief contribution of such a radically
new and more powerful instrument
would be, not to supplement our present
ideas of the universe we live in, but rather
to uncover new phenomena not yet
imagined, and perhaps to modify
profoundly our basic concepts of space
and time.

Lyman Spitzer, Jr.
Astronomical advantages of an
extra-terrestrial observatory

This chapter contains materials reproduced from, and based on the following article:

“An Atlas of Color-selected Quiescent Galaxies at z > 3 in Public JWST Fields”

Published in the Astrophysical Journal (AJ): Volume 947, Number 1, 20 pp. (April 2023)

Authors: Francesco Valentino, Gabriel Brammer, KatrionaM. L. Gould, Vasily Kokorev, Seiji
Fujimoto, Christian Kragh Jespersen, Aswin P. Vijayan, John R. Weaver, Kei Ito, Masayuki
Tanaka, Olivier Ilbert, Georgios E.Magdis, Katherine E.Whitaker, Andreas L. Faisst, Anna
Gallazzi, Steven Gillman, Clara Giménez-Arteaga, Carlos Gómez-Guijarro, Mariko Kubo,
Kasper E. Heintz, Michaela Hirschmann, Pascal Oesch, Masato Onodera, Francesca Rizzo,
Minju Lee, Victoria Strait, and Sune Toft
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84 3.1. SEARCHING FARANDWIDE FORQUIESCENTGALAXIESWITH JWST

The first cycle of observations with JWST resulted in not only new scientific results, but the
publication of images frommultiple different surveyswhich has the required area, depth, and
filter coverage to execute a meaningful search for z > 3 quiescent galaxies. The advantage
of searching multiple fields provides is that rarer galaxies, such as the most massive, are more
likely to be found. Furthermore, the unprecedented depths make it possible to construct
meaningful searches for a potential low mass quiescent galaxy population at z > 2, which
would naturally be fainter given their low masses. This prospect was promising given that
mere days after the first images were released, low mass quiescent galaxies at z > 2 were
confirmed with JWST (Marchesini et al., 2023). In Chapter 2 I presented a new method
that can be used to identify galaxies in various stages of quenching at high redshift. In this
chapter, I present work I have done which is based on the application of this tool to various
data-sets taken with JWST.

3.1 Searching far andwide for quiescent galaxies with JWST

In Valentino et al., 2023, we presented the results of a search for quiescent galaxies at z >

3 in 11 public JWST fields observed in the first three months, based on the homogeneous
reduction of the images to fully available catalogs. This was the inception of the DAWN
JWST ImagingArchive (DJA), an effort to homogeneously reduce all public JWST data and
create science ready data products. This first work of the DJA was intended to showcase
what is possible with the power of JWST, and the DJA now contains an ever expanding
compilation of public imaging and spectroscopy (Heintz et al., 2024).

For this work, the final reduction of the initial 3 months of imaging resulted in a total area
of 145 arc-minutes squared with an average 5σ (0.5” aperture) F200W depth of 28.0 mag,
over 100× deeper than the 3σ (2” aperture)Ks (∼ 2.1μm) depth of the COSMOS2020 cat-
alog used in chapter 2 (Weaver et al., 2021). Using both the traditionalUVJ colour selection
and the novel GMM selectionmethod presented in Chapter 2, we produced a robust sample
of 80 quiescent galaxy candidates at 3 < z < 5. In this Section, I will describe the main
results of the work, in particular focusing on the contribution of the novel colour selection
method I designed.
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Figure 3.1: Rest frame NUV − U,V − J colours of quiescent galaxies at 3 < z4, 4 < z < 5 and 5 < z <
6.5 in eleven public JWSTfields selected using the Gaussian Mixture Model method presented in Chapter 2.
Galaxies are coloured by their quiescent probabilityPQ,50% and sized according to their stellarmass. Thosewith
a spectroscopic redshift from Schreiber et al., 2018 are circled in black. The background sample in grey shows
the parent sample at those redshifts. Figure taken from Valentino et al., 2023 with permission (Figure 2. in the
published article).

3.1.1 Quiescent galaxy selection using the GMMmethod

Galaxies were selected on the basis of their rest frame NUV − U, U − V, V − J colours
if they had more than 50% chance (PQ,50%) of falling in the quiescent area of the GMM,
and those with more than 70% probability (PQ,70%) were deemed passive, compared to the
PQ,50% sample deemed as recently quenched or quenching. This selection was performed via
boot-strapping of the rest frame fluxes, assuming the errors are Gaussian distributed. Visual
inspection of the cutouts and SEDS resulted in 50/71 (70%) and 18/20 (90%) of the PQ,50%

and PQ,70% samples remaining (see Figure 3.1 for a projection of their colours in theNUV−
U,V− J plane).

Simultaneously, 251 galaxies were selected on the basis of their rest frame UVJ colours
(allowing for their 1σ errors), but only 109/251 remained after visual inspection. The visual
inspections were particularly unyielding for the candidates at z > 5, of which only 3/56were
kept -most were discarded due to the low quality of the SEDs. This is particularly interesting
given that prior to the quiescent candidate selection, a number of selections were made on
the catalogs to ensure candidates were chosen from a catalog with reliable photometry. This
again highlights the advantage of using amethod that a) usesmore information and b) allows
for a sliding scale of howcandidates are selected; the resulting candidate pools in this casewere
of higher quality, and included much less junk to sort through post selection.

Similarly to Chapter 2, both methods select a large overlap of the same galaxies: 75% of
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86 3.1. SEARCHING FARANDWIDE FORQUIESCENTGALAXIESWITH JWST

Figure 3.2: Mass probability density distributions for quiescent galaxies at 3 < z < 4 (upper panels) and
4 < z < 5 (lower panels) selected using both the traditional UVJmethod (Williams et al., 2009) and the new
Gaussian Mixture Model (NUVUVJ) method presented in Chapter 2. Interestingly, at 3 < z < 4, the GMM
methodpicks out lowermass quiescent galaxieswhenusing a lower quiescent probability threshold (upper right
panel, blue line). This figure is Figure C2 in the appendix of Valentino et al., 2023.

GMM selected and 50% of UVJ selected galaxies are within the shared sample. As expected,
galaxies assigned a lower probability of quiescence were not selected by theUVJmethod due
to their bluer colours, highlighting the advantage of the GMM method for finding more
recently quenched galaxies. Interestingly, these bluer galaxies which are not picked up by the
UVJ selection were also on the lower end of the mass distribution (Figure 3.2), implying that
GMM selection is more sensitive to lower mass quiescent galaxies.

3.1.2 The big picture at 3 < z < 4

In Valentino et al., 2023 we compute number densities for all galaxies in bins of redshift and
mass for all fields. I focus here on the comparison to samples in the literature at fixedmass cut
(log(M∗/M⊙)>10.6), IMF and redshift range. Figure 3.3 shows the co-moving number den-
sities of massive quiescent galaxies at 3 < z < 4 computed by a number of works (including
those computed in Chapter 2) based on both observations and simulations. Prior to 2022, it
seemed that observationswere not only at tensionwith simulations, but also themselves, with
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Figure 3.3: Number densities of massive (log(M∗/M⊙)>10.6; corrected to Chabrier, 2003 IMF) quiescent
galaxies at 3 < z < 4 from statistical studies over the past decade. The studies are separated into those using
simulations (belowdotted line) andobservations (abovedotted line). Thenumberdensities from2022converge
towards an agreement towardshighernumberdensities of order of10−5. Thenumberdensities computed from
the work in Chapter 2 are shown (Gould et al., 2023) as well as the numbers discussed in this chapter (in red)
(Valentino et al., 2023). This figure is Figure 5 in Valentino et al., 2023.
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number densities spanning an order of 2 dex. Since then, it seems that an agreement is being
converged upon, at number densities on the order of 10−5Mpc−1, although it is interesting
that in Valentino et al., 2023 we find number densities twice as large as those measured us-
ing ground-based data sets, using similar selectionmethods (Gould et al., 2023;Weaver et al.,
2022). Moreover, field variation and cosmic variance play an important role, as some fields
(in particular CEERS, see also Carnall et al., 2022) have even larger number densities of qui-
escent galaxies, and generally there are variations on the order of 2 − 3× between fields. By
searching across multiple fields, this study highlights the importance of conducting searches
for quiescent galaxies across all possible fields and data-sets, in order to build a holistic picture
of the quiescent galaxy population at z > 3. I will expand further on this topic in Section
3.2, where I present a search for quiescent galaxies at z > 1 across 5 deep lensing fields and
their parallels, also observed with JWST.

3.1.3 Lower masses, higher redshifts

Prior to JWST, many studies selecting quiescent galaxies in photometric data imposed a stel-
lar mass cut based on the completeness for massive galaxies, usually at log(M∗/M⊙)>10-
10.6. In this work, the selected quiescent galaxy samples span a wider mass range down
to 9.5<log(M∗/M⊙), with number densities consistent with those expected based on pre-
vious work (Weaver et al., 2022; Santini et al., 2022b). This suggests a low mass quiescent
galaxy population already assembled by z ∼ 3, which seems to be the more the picture
based on recent analyses using both ultra-deep data (size-mass relation of quiescent galaxies
at 1 < z < 3 in the UNCOVER and PRIMER fields; Cutler et al., 2023) as well as mid-
infrared data from JWST ’s MIRI instrument (identification of quiescent galaxies at z > 3

and 8.5<log(M∗/M⊙) in JADES; Alberts et al., 2023).

Looking to high redshift, there are a handful of candidates at z > 4.5, almost all of which
appear to be recently quenched based on their quiescent probability and bluer SEDs (see
Figure 3.4),and one of which has a photometric redshift zphot = 5.18, indicating the earliest
epoch atwhich quiescent galaxies began to appear. InValentino et al., 2023, it was stated that
spectroscopic observations were required to push beyond the z > 4 frontier and understand
the beginnings of the epoch of galaxy quenching, by firstly confirming their redshifts.
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Figure 3.4: SEDs (photometry in black, best fit model in blue) of z > 4 quiescent galaxies selected in pub-
lic JWST fields (this chapter; Valentino et al., 2023) using the Gaussian Mixture Model method presented in
Chapter 2. To the right of each SED is the redshift probability distribution shown in yellow as well as short and
longwavelengthRGB image stamps. These galaxies show awide diversity of quiescent probabilities (denoted in
each panel as PQ,50%, and also shown by their SED shapes), suggesting a range of different evolutionary epochs.
This figure is Figure 6 in Valentino et al., 2023.
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Figure 3.5: NIRSpec/PRISM spectrum (2D in upper panel, 1D in lower panel) of a quiescent galaxy at
zspec = 4.896 observed as part of the RUBIES JWST program (PI de Graaff; de Graaff et al., 2024 Figure
1). The spectrum has a strong Balmer break at 4000 as well multiple strong Balmer absorption lines, indicat-
ing recent star formation. Spectro-photometric modelling of the galaxy (shown in red) found it to be both
massive (log(M∗/M⊙)=10.9), forming little to no stars over the past 100Myr (SFR100 =1.3M⊙yr−1), and old
(t50 = 550Myr). The inset shows the Hα and [NII]λλ6549, 6585 lines, which are resolved in the G395M
observations, allowing tight constraints on the low star formation rate.

Recently, CEERS-10084 (third panel in Figure 3.4) was observed as part of the RUBIES
spectroscopicprogram(JWST-GO-4233*; PI deGraaff)withboth JWSTPRISMandmedium
resolution grating G395M, confirming it as the highest redshift quiescent galaxy thus far at
zspec = 4.896 de Graaff et al., 2024 (Figure 3.5). The spectrum has a lack of strong emis-
sion lines that can be directly associated with SFR /HII regions (SFR100 =1.3M⊙yr−1) and
a clear Balmer break in the prism, confirming its quiescence. This galaxy is incredibly rare
due its efficient formation, having formed half of its mass in just over half a billion years
(t50 = 550Myr) and large stellar mass (log(M∗/M⊙)=10.9), highlighting the need for new
recipes in simulations, which cannot produce such a galaxy at z ∼ 5. Referring back to the
question posed in Section 2.8 of Chapter 2: “Will we find old quiescent galaxies at z > 4

with JWST ?” The answer is yes!

*https://www.stsci.edu/jwst/science-execution/program-information?id=4233
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3.2 Searching deep for quiescent galaxies with JWST/CANUCS

The second application of the GMMmethod to JWST data comes via the search for quies-
cent galaxies at and beyond cosmic noon in a set of five strong lensing clusters and their paral-
lels. In this section I will introduce the CANUCS survey (the CAnadian NIRISS Unbiased
Cluster Survey; JWST-GTO-1208, PI Willott), and describe how I have used the method
to select galaxies for spectroscopic follow-up with JWST/NIRSpec. In the previous sec-
tion, I discussed the application of the selection method to a relatively wide area. The entire
CANUCS area covered by NIRCam is approximately ∼ 50 arc-minutes squared, almost
three times smaller than the area searched in the previous section. Although the area covered
is smaller, deep integration over a small area could make it possible to push the mass regime
lower and search for low mass quiescent galaxies.

3.2.1 CANUCS

TheCAnadianNIRISSUnbiasedCluster Survey (CANUCS) is a Cycle 1GuaranteedTime
Observations (GTO)program (GTO-1208) led bymembers of theNIRISSGTOteam,with
the main aim of studying the properties and evolution of low mass galaxies across cosmic
history via deep observations of five gravitational lensing clusters at z ∼ 0.5 with three of
the four JWST instruments (NIRCam, NIRISS and NIRSpec) (Willott et al., 2022, 2017).
Among its chief science goals, many of which are already being realised, are to investigate
extreme emission line galaxies, (Sarrouh et al., 2024;Withers et al., 2023) galaxies in the epoch
of reionization (Bradač et al., 2024; Willott et al., 2023; Desprez et al., 2023; Asada et al.,
2024), and complete high resolution studies (Matharu et al., 2023; Mowla et al., 2022).

Spreadover a total of 200hours of integration time, each cluster center is observedover two
pointings with 7 NIRCam broad-bands and 1 medium band spanning∼ 0.9 − 4microns,
with the main pointing also covered with NIRISS 2 grism/3 filter combination. CANUCS
makes efficient use of parallel observing to achieve this, resulting in two flanking fields for
each cluster, each with a rich data set. To the north west of each cluster is the grism flanking
field, named “NSF”, and to the south west are two NIRCam pointings each with the rich
combination of 5 broad-bands and 9 medium bands (“NCF”). Figure 3.6 shows an exam-
ple schematic of the observational configuration. All five fields benefit from some combi-
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Figure 3.6: Schematic of theCANUCSobserving strategy for each of the five deep lensing fields observed. The
two pointings are shown in pink (NIRISS prime on the main field, NIRCam on the flanking field) and purple
(NIRCam prime on the main field, NIRISS on the flanking field).

nation of optical and NIR data from HST observations, as well as FIR/sub-mm for MACS
J0417.5−1154 from previous Herschel and ALMA programs (Fujimoto et al., 2023; Sun
et al., 2022). Following the primary NIRCam/NIRISS observations, each field is observed
with low resolutionNIRSpec/PRISM for approximately 3000s, limited to twopointings per
field. This allows for further detailed studies of interesting candidates that arise in the first set
of observations. The spectroscopy has already led to some exciting studies, including a low
mass merger at z = 5 (Asada et al., 2023), a lowmass post-starburst galaxy at the same epoch
(Strait et al., 2023), and a previously optically invisible dusty star forming galaxy at z = 3.65,
which will be discussed in Chapter 4.

3.2.2 Data reduction

The imaging reduction procedure is similar to Noirot et al., 2022 and is described in detail
in Desprez et al., 2023 and Asada et al., 2024. A full description of the imaging and reduc-
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tion is forth-coming (Sarrouh&Asasa et al., in prep). I describe the image reduction briefly
here. The images were first processed using the standard Space Telescope Science Institute
(STScI) pipeline and the grism redshift and line analysis software (grizli; Brammer, 2023).
The images for each cluster (which includes HST for some of them) were then drizzled onto
a common pixel scale of 40 milli-arc-seconds per pixel using the Gaia DR3 astrometry (Gaia
Collaboration et al., 2023; Lindegren et al., 2021). The Brightest Cluster Galaxies and intra-
cluster light (ICL) was modelled and removed for each cluster (see Martis et al., 2024) and
then the images were convolved to the F444W Point Spread Function (PSF). Photometry
was performed using a hot and cold detection mode in order to model the complexities of
sources in the lensing fields. Thisworks by detecting bright and extended sources in the “hot”
mode without de-blending too much, and then going in with “cold” mode to find small and
fainter sources (Galametz et al., 2013). The photometry is done with the photutils package
(Bradley et al., 2024) viamatchedKron (Kron, 1980) and circular apertures in a range of sizes
for each filter image. The photometry were then corrected for galactic extinction and uncer-
tainties were estimated by placing empty apertures and repeating the photometry procedure.
For this work, I use the 0.7 arc-second aperture photometry catalog. Redshifts and rest frame
NUV,U,V, J fluxes were measured using eazy-py (Brammer, 2021; Brammer et al., 2008),
in particular the tweak_fsps_QSF_12_v3 templates were used. An updated description of
eazpy-py can be found in Section 2.3 of Chapter 2.

3.2.3 Spectroscopy of quiescent galaxies

3.2.3.1 Selection of candidates

I used the GMMmethod to select quiescent galaxies for spectroscopic follow-up for each of
the five lensing fields. For MACS 0417, both the main CLU field and NCF flanking field
were observed with NIRSpec, but for all other fields only the central cluster was observed,
and soNCF selectionsweremade only forMACS0417. The procedurewas broadly the same
for each cluster. I ran theGMMcode using the rest frameNUV,U,V, J rest frame fluxes and
their errors for each catalog in order to calculate the quiescent probability distributions and
percentiles for all sources. Before selecting quiescent galaxies, I required a goodness of fit us-
ing the number of filters and χ2 (typically reduced χ2 < 5), as well as requiring a minimum
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Figure 3.7: Left: rest frameUVJ colour diagram forMACS 0416 showing quiescent galaxy candidates selected
by the GMM method only (pink stars), classical UVJ box selection (blue crosses) (Williams et al., 2009), and
the intersection of both (yellow circles). The GMM selected quiescent galaxies extend both to the left of the
traditional UVJ selection box (black lines) and also below it, where recently quenched galaxies are expected to
be found. In the background in grey are galaxies in the same cluster brighter than F200W SNR> 3. Right:
NUV− U,V− J projection of the same sample of galaxies.

F200W SNR> 3 for the cluster fields, or F210M SNR> 3 for the flanking fields. The qui-
escent probability criteriawere loosened compared to previousworks due to the nature of the
selection; lowering the thresholds would prevent possibly rare and interesting transitioning
galaxies from being left out of the selection. For galaxies between 1 < z < 4, I required
PQ,50% > 0.001, and for galaxies at 4 < z < 5, this was loosened to PQ,50% > 0.00001.
This decision was made after the first set of spectroscopy was done, in order to select for very
recently quenched, low mass bluer galaxies like those presented in Strait et al. (2023) (from
MACS0417) and Looser et al. (2023). I also applied the classical Williams et al. (2009) UVJ
colour selection to explore the performance on these data. Figure 3.7 shows as an example
both theUVJ andNUVUVJ color diagrams with galaxies selected with eachmethod and the
intersection for theMACS J0416.1−2403 cluster. As expected, the GMMmethod picks out
bluer galaxies than extend below the edge of the quiescent selection area, as well as those on
the border. Visual inspection of the galaxies selected by the UVJ (Williams et al., 2009) cri-
teria but not by GMM showed that these sources had low quality SEDs or were junk, thus
boosting confidence once again in the GMMmethod.

I then inspected the SEDs andmulti-wavelength cutouts of theGMMselected galaxies for
each cluster and ranked them based on the following criteria, where 1 is the highest priority:
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1 - highly magnified/very bright or break/emission lines that are not observable in grism, or
z > 3; 2 - bright or high redshift and prism observations would return a useful spectrum but
the spectral coveragewouldnot be ideal e.g. 1 < z < 2; 3 - interesting high redshift candidate
but unlikely to see much in 2.9ks of integration with the PRISMmode. It should be noted
that these catalogswere used alongwith catalogsmade byothermembers of the team to create
the final masks, which was done by CANUCS PI C.Willott, so ranking something highly in
my catalog would improve the chances of a galaxy falling in the final mask, but not guarantee
its placement. Interestingly, there were a handful of quiescent galaxy candidates at z > 3 that
did end up in the final spectroscopic follow-up catalogs, but no robust candidates at z > 4.

3.2.3.2 Spectroscopic reduction

Spectroscopy was taken with theMulti-Object Spectroscopy (MOS) mode using theMicro-
Shutter Assemblywith the PRISM/CLEARfilter/grating combination, which provides low
resolution coverage (R ∼ 100) over 0.6− 5.3μmwith variable resolution, such that the blue
end has an average resolution of R ∼ 60 and the red end R ∼ 600. Hence, the Balmer ab-
sorption lines will be observed at higher resolution for higher redshift galaxies. Each cluster
was observed for three MOS configurations each 2.9ks integration time. The reduction is
similar to the reduction describe in Desprez et al. (2023) andWithers et al. (2023). The level
1 data products were obtained using the STScI pipeline where the rate files were obtained
from the raw data. The jump step option expand_large_events to remove residuals from
snowballs, and a custom persistence mask was used to mask pixels that saturated after more
than 1200s. msaexp (Brammer, 2022) was then used to do the level 2 processing including
wavelength calibration, flat fielding, path-loss correction, slit-loss correction andfinally create
the 2D spectra. The 1D spectra were then obtained using an inverse variance weighted kernel
(Horne, 1986). Finally, redshifts were fit using a basic fitting procedure in msaexp whereby
the continuum is modelled as a series of splines and the emission and absorption lines are
modelled as Gaussian curves with a fixed velocity width. For the presentation of these data
we use these redshifts, but future work will involve more sophisticated fitting with the cus-
tom line fitting software presented in Chapter 4. The final catalog of spectra were visually
inspected andgiven grades basedon their redshift. Thefinal spectra catalogwas cross-checked
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Figure 3.8: Spectroscopic vs photometric redshift for the preliminary spectroscopic sample of 14 quiescent
galaxies observed with JWST/NIRSpec as part of the CANUCS spectroscopic follow-up over 5 lensing cluster
fields. The average redshift is around cosmic noon, which is shown by the inset histogram (< zspec >= 1.9).

using co-ordinatematchingwith the quiescent galaxy candidate lists I compiled to determine
matches, and thenfiltered by the inspection grade to include only thosewith robust redshifts.

3.2.3.3 A spectroscopic sample of quiescent galaxies at cosmic noon

Figure 3.8 shows the photometric vs spectroscopic redshifts of the preliminary sample se-
lected with the GMM method (note that this is not the final sample as the work is still on-
going) of 14 galaxies observed across a range of redshifts from 1 < z < 4, with a mean
spectroscopic redshift of< zspec >= 1.9, and a highest spectroscopic redshift of zspec=3.489.
Generally there is excellent agreement betweenphotometric and spectroscopic redshifts, with
σNMAD = 0.02.
Figures 3.9 and 3.10 show the rest frame spectra each normalised to their maximum flux

and offset by an arbitrary amount on the y axis, sorted by descending redshift. These spectra
exhibit Balmer breaks at a range of strengths, reflecting the flexibility of the GMMmethod
in selecting for galaxies at a range of evolutionary stages. Both of the galaxies at z > 3 show
prominent Balmer absorption lines as well as [OIII]λλ4959, 5007 and [NII]λλ6549, 6585
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Figure 3.9: Rest frame 1D spectra of quiescent galaxies each normalised to their maximum and offset by an
arbitrary amount on the y axis in order to show all of the spectra. The expected location of the Balmer line
absorption series is shown by red lines, as well as other notable emission lines in black. At z > 2, there is a
remarkable diversity in the spectral features of these galaxies, whereas at z < 2 (see the next figure), galaxies are
more homogenous in their features.
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Figure 3.10: (continued)
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+ Hα emission, with macs0417-1200676 also showing ionised sulfur [SIII]λλ9069, 9531
and Helium HeIλ10830 . Spectroscopic studies of MQGs at z > 3 have found emission
lines and ratios indicating the presence of AGN (e.g. de Graaff et al., 2024; Setton et al.,
2024; Carnall et al., 2023; Antwi-Danso et al., 2023; Saracco et al., 2020;Marsan et al., 2017,
2015), so it is not surprising to find such indications in our z > 3 spectra. All of the galaxies
at z > 2 show a diversity in their spectral shapes, break strengths and line features compared
to those at z < 2, which are more homogeneous and lack features besides the Balmer break.
Some of these lower redshift galaxies, such as macs0416-3100471 display absorption lines
in Hβ and Hδ but the low resolution will make accurately determining the Hδ Lick index
difficult, given it is defined at higher resolution (Balogh et al., 1999).

This sample providesmany avenues for futurework. Full spectro-photometric SEDfitting
of this sample will be done to determine the masses, assess their quiescence via Hα emission,
and constrain ages via SFH analysis, if possible. Furthermore, analysis of the line ratios can be
done for the two highest redshift galaxies to assess AGNpresence, and the presence of the sul-
fur lines can be used to determine the ionisation parameter using S32 ≡ [SIII]λλ9069, 9531
/[SII]λλ6716, 6731 (Kewley and Dopita, 2002). Given that the majority of the sample is
resolved, this opens the door not only to measuring the sizes of these galaxies, but also their
morphologies, which appear to be diverse. The cutouts in Figure 3.11 show not only com-
pact galaxies as expected, but also disturbed morphologies. Finally, resolved photometric
SED modelling could be advantageous to explore the dust and stellar populations of this
sample (see e.g. Setton et al., 2024).
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Figure 3.11: F115W/F277W/F444W RGB 4 × 4 arc-second cutouts of the quiescent galaxies shown in
the previous three figures. There are a diverse range of morphologies, with some galaxies compact, some with
apparent neighbours, and even a disc with clear spiral arm features.
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4A DISTANT RED GALAXY OBSERVED BY JWST

″If I take one more step, I’ll be the
farthest away from home I’ve ever been.”

Samwise Gamgee
The Fellowship of the Ring

This chapter contains the following article in preparation for submission to the Astrophysical
Journal:

“JWST reveals the nature of an optically dark, multiply imaged, dusty star forming
galaxy at z = 3.65”

Authors: Katriona M. L. Gould, Gabriel Brammer, Francesco Valentino, Jasleen Matharu,
Guillaume Desprez, Ghassan T. E. Sarrouh, Lamiya Mowla, Victoria Strait, Chris Willott,
Nicholas Martis, Roberto Abraham, Yoshi Asada, Marusa Bradac, Gaël Noirot, Kartheik
Iyer, Adam Muzzin, Marcin Sawicki, Johannes Zabl, Vince Estrada-Carpenter, Kasper E
Heintz
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Abstract

We present a spectro-photometric study of an optically invisible dusty star forming galaxy at
zspec = 3.65. The galaxy, nick-named BB, is lensed into three images by theMACS J0417.5−
1154 galaxy cluster with an average magnification factor of μ = 4.6 ± 0.7. This galaxy was
observed as part of part of the CAnadian NIRISS Unbiased Cluster Survey (CANUCS),
and was previously un-detected in HST optical imaging whilst detected in FIR and sub-
mm photometry as part of ALMA Lensing Cluster Survey, with a CO (4-3) spectroscopic
redshift of zCO = 3.652. We use optical to far-infrared photometry and low-resolution
JWST/NIRSpec spectra of all three images of BB to investigate its stellar population, rest-
frame optical size, and rest-frame optical interstellar medium emission. Wemeasure blended
Hα + [NII]λλ6549, 6585 emission lines, put an upper limit on the Hβ flux, and use these
lines to estimate a dust attenuation of AHα > 4, unambiguously confirming that this galaxy
is extremely dusty. Standard diagnostic diagrams of additional detected emission lines, such
as [OIII]λλ4959, 5007, [SII]λλ6716, 6731, [SIII]λλ9069, 9531 , and HeIλ10830, suggest
a strong ionization source likely powered by an active galactic nucleus. This is also corrobo-
rated by the significant detection of the broadened He-I line. We derive an average magnifi-
cation corrected stellar mass of log(M⋆/M⊙) =10.3± 0.2, which combined with the SFR
place this galaxy on the main sequence at z∼ 4. We measure a source plane half-light radius
of 0.51± 0.05 μ−1kpc, finding that BB is already as compact as massive quiescent galaxies at
the same epoch. This study suggests that galaxies like BB—heavily dust-obscured and form-
ing stars at a rate consistent with the main sequence—could be common progenitors of the
high-redshift MQG population.

4.1 Introduction

In the past decades, the combined power of optical and far-infrared/sub-mm telescopes has
revealed a population of extremely red galaxies which are invisible or extremely faint in the
optical, but bright at longer wavelengths. The first discoveries of predominantly red galax-
ies dates back to the early 2000’s, when they were selected using new ground-based near-
infrared capabilities (Franx et al., 2003). At that time, the available data lead to two main
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possible conclusions: that these galaxies were high redshift z > 3, which was supported by
the 1990’s movement in Λ-CDM that extremely early galaxies must exist (e.g. Kauffmann
et al., 1993), or that they were lower redshift, and either dusty or quiescent. Work over the
following decades led to the discovery of a statistically significant population of galaxies at
and beyond cosmic noon (z ∼ 2) that had already accumulated significant stellar mass and
had quenched their star formation (Valentino et al., 2020; Schreiber et al., 2018; Straatman
et al., 2014; Kriek et al., 2016, 2006)

Concurrently, observations in the sub-mm/radio regime revealed galaxies with bright sub-
mmemission but no detectable optical counter-parts, which led to the conclusion that a pop-
ulation of extremely dust-obscured, highly star forming galaxies (AKA dusty star forming
galaxies; DSFGs) existed at 3 < z < 8 (Casey et al., 2021, 2014; Chapman et al., 2005;
Smail et al., 1997). Simulations struggled to both reproduce and explain these two popu-
lations both because of the difficulty in producing them at all, let alone with the observed
abundance, as well as placing them in the greater context of how galaxy evolution proceeded
in the first few billion years. Attempts to connect the two populations, with the sub-mm
galaxies being ancestors of the massive quiescent galaxies, fell short—there are simply not
enough sub-mm galaxies to explain the number of MQGs at 3 < z < 4. Perhaps, instead,
the progenitors of the first dormant galaxies could be more “normal” star-forming galaxies
(Valentino et al., 2020; Wang et al., 2019; Williams et al., 2019). Indeed, this connection has
already been made for quiescent galaxies at cosmic noon (Toft et al., 2014).

Recently, joint optical/NIR observations in deep extra-galactic fields revealed a “new”
population of red galaxies, except this time, extremely faint, or invisible in the optical data,
only appearing at wavelengths longer than 1–2 μm . This population has been given many
nicknames: “HST-dark” for those that are seen at longerwavelengths but undetected in avail-
able HST data; “HEIROS”/“NIR-galaxies”, named so because they are selected for using
NIR colour information (Sun et al., 2021; Wang et al., 2019, 2016; Caputi et al., 2015).
Thorough study of these galaxies has been limited due to several reasons. Firstly, their ex-
tremely red colours means they can only be detected using telescopes such as Herschel or
Spitzer, and these data are usually too shallow, spatially unresolved, or both (Kokorev et al.,
2022). Secondly, whilst dust continuum detections are cheap (minutes of integration for the
brightest prototypical systems), and typically sufficient to confirm the star forming nature
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of these galaxies, spectroscopic redshift confirmation with powerful interferometers, such as
ALMA, is expensive due to the sensitivity and wavelength coverage required. Furthermore,
FIR continuum observations provide information only about the dust content of these sys-
tems, and therefore obscured obscured star formation and cold gas, but nothing about the
stellar populations. Thus far, detailed studies have only been managed for relatively small
samples of galaxies (Xiao et al., 2023b; Manning et al., 2022; Sun et al., 2021; Williams et al.,
2019; Gómez-Guijarro et al., 2018; Franco et al., 2018), and statistical studies have relied on
using gravitational lensing (Sun et al., 2021).

With the advent of JWST, the door is finally open to study the rest-frame optical proper-
ties of red galaxies in the early universe in high resolution. JWST ’s wavelength coverage of
0.6–28μmwith both imaging and spectroscopy allows us to delve into the varied populations
of red galaxies that were previously difficult to study, and finally begin to forge evolutionary
connections between them. Many studies have already embarked on new explorations of red
galaxies, with a growing consensus that this population of red galaxies spans a diverse range
of properties from extreme line emitters at z > 6, to dust-obscuredmain sequence galaxies at
z ∼ 2− 6, to compact quiescent galaxies at z > 3 (Wang et al., 2024b; Kokorev et al., 2023;
Williams et al., 2023; Pérez-González et al., 2022;Nelson et al., 2022). Thus far, spectroscopic
studies have been few, but results thus far indicate that previously optically invisible galax-
ies indeed comprise a massive, main-sequence population that contributes significantly to
the cosmic star formation rate density (cSFD)(Barrufet et al., 2024; Xiao et al., 2023a; Got-
tumukkala et al., 2023; Barrufet et al., 2023). Furthermore, observations of dust obscured
galaxies at z ∼ 5 − 9 revealed such massive galaxies that could bridge the gap between star-
burst galaxies and typical star forming galaxies at high redshift (Sun et al., 2024; Akins et al.,
2023; McKinney et al., 2023; Williams et al., 2023), as well as a handful that are so massive
that they challenge formation theories (Xiao et al., 2023a). Given the ongoing spectroscopic
confirmations of similarlymassive quiescent galaxies at progressively later epochswith JWST
(Stawinski et al., 2024; deGraaff et al., 2024; Glazebrook et al., 2024; Setton et al., 2024; Car-
nall et al., 2023; Nanayakkara et al., 2022), and the lack of known progenitors, now it is pos-
sible to observationally explore whether more normal dust obscured galaxies at z > 3 may
be the elusive progenitors of the massive quiescent galaxy population at z > 3.
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In this work, we present new JWST /NIRCam and NIRSpec observations of a known
“HST-faint” galaxy, taken as part of as part of the CAnadian NIRISS Unbiased Cluster Sur-
vey (CANUCS GTO-1208; PI: Willott; Willott et al., 2022, 2017). This galaxy was first
observed in the MACS J0417.5− 1154 (zcluster = 0.443, hereon referred to as MACS0417)
as part of the ALMA Lensing Cluster Survey (Fujimoto et al., 2023; Sun et al., 2022). It is a
triply-lensed source with a spectroscopic redshift of zspec = 3.652 from the CO (4-3) emis-
sion line (Kohno et al. 2023; referred to as MACS0417 − 46/58/121 therein and also in
Sun et al., 2022). Prior to JWSTobservations, this galaxy was only detected with > 3σ sig-
nificance in the FIR in both Herschel/SPIRE at 250μm, 350μm, 500μm (Sun et al., 2022),
and ALMA band 6 (λ = 1.15mm). In October 2022, the galaxy was clearly detected at
> 1.5μm inCANUCSNIRCam imaging ofMACS0417 and was later observed withNIR-
Spec’s low resolution filter/grating (0.6−5.3μmPRISM/CLEAR) as part of the CANUCS
spectroscopic follow-up observations in January 2023. Throughout the paper, we refer to
this galaxy as the Baked Bean galaxy (BB for short), due to its visual resemblance to a baked
bean. In Section 4.2, we discuss the the data and data reduction. We explain the spectro-
photometric fitting and morphology measurement in Section 4.3.4. Finally, in Section 4.4,
we present the results of the spectro-photometric analysis, and discuss BB in context in Sec-
tion 4.5. In this analysis we use theWMAP9 flat Λ-CDM cosmology (Hinshaw et al., 2013)
withH0 = 69.3 km s−1 Mpc−1, Ωm = 0.307 and Chabrier, 2003 IMF. All magnitudes are
AB Oke and Gunn, 1983 asmAB = −2.5log10

( fν
3631Jy

)
.

4.2 Observations andData Reduction

4.2.1 Photometry

BB was first observed in the MACS 0417 cluster (zcluster = 0.443) as part of the ALMA
Lensing Cluster Survey (ALCS: program #2018.1.00035.L, PI: K. Kohno), which observed
33 strong lensing galaxy clusters in band 6 at 1.2mmusing a two spectral scan setup spanning
15GHz (Fujimoto et al., 2023). The galaxy (MACS0417− 46/58/121) has a spectroscopic
redshift of zspec = 3.652 from CO (4-3) line (Sun et al., 2022; Kohno et al., 2023). It is
gravitationally lensed by the cluster and appears in three places, with magnification factors
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of ∼ 3 − 5. It was also detected in Herschel SPIRE at 250μm, 350μm, and 500μm with
high SNR of ∼ 30 − 50 as reported by Sun et al. (2022), who presented it as an H-band
dropout. It was not detected in the HST-selected catalog from Kokorev et al. (2022). We
use the Herschel/SPIRE photometry from Sun et al. (2022) and ALMA photometry from
Fujimoto et al. (2023), which reports a 1σ sensitivity of 84 μJy/beam (rms) integrated over
the full spectral windows. We confirm via coordinate cross-check that near-infrared emission
for all sources is exactly aligned with the emission from the ALMA 1.2mm dust continuum
emission.

We use NIRCam observations in eight filters ranging between 0.9 and 4.4 μm (F090W,
F115W, F150W, F200W, F277W, F356W, F410M, and F444W), which were taken in Octo-
ber 2022 as part of the Canadian NIRISS Unbiased Cluster Survey (CANUCSGTO-1208;
PI:Willott; Willott et al., 2022, 2017). Additionally, we use the F435W, F606W, and F814W
images fromHST/ACS observations of MACS0417 taken as part of the Reionization Lens-
ing Cluster Survey (RELICS; HST-GO-14096, PI Coe; Coe et al. 2019). The imaging re-
duction procedure is similar to than performed by Noirot et al., 2022, and it is described in
detail in Desprez et al., 2023 and Asada et al., 2024.

Briefly, the imageswere first processedusing the standard SpaceTelescope Science Institute
(STScI) pipeline and the grism redshift and line analysis software (grizli; Brammer, 2023).
The images were then drizzled onto a commonpixel scale of 40milli-arc-seconds per pixel us-
ing the Gaia DR3 astrometry (Gaia Collaboration et al., 2023; Lindegren et al., 2021). The
Brightest Cluster Galaxies (BCGs) and intra-cluster light (ICL) were modelled and removed
for each target of the CANUCS survey (see Martis et al., 2024). The images were convolved
to match the F444W Point Spread Function (PSF). The photometry was extracted with the
photutils package (Bradley et al., 2024) via matched Kron (Kron, 1980) and circular aper-
tures in a range of sizes for each filter image. The photometry was then corrected for galactic
extinction (Schlafly and Finkbeiner, 2011) and uncertainties were estimated by placing aper-
tures in empty regions of the sky and by repeating the photometry extraction. For this work,
we use the photometry measured in 0.7” apertures scaled to total values within the Kron ra-
dius. These observations reach 3σ depths of F115W∼ 29.4, F150W∼ 29.4, F444W∼ 29.6

in 0.3” circular apertures; for a full table of depths we refer to Table A2 of Desprez et al.,
2023. Figure 4.1 shows the F277W/F356W/F444W NIRCam RGB image of MACS0417
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Figure 4.1: Main panel: F277W/F356W/F444W RGB composite image of MACS0417; each of the three
lensed images of MACS0417-BB are denoted by coloured circle: BB-1 in blue, BB-2 in gold, and BB-3 in red.
Right panels: 4× 4 arc-second cutouts with the NIRSpecMSA slitlets shown.

and the locations of BB-1 (top-left), BB-2 (middle), and BB-3 (lower right). Insets showing
4× 4” cutouts show the alignment of the NIRSpecMSA slitlets.

4.2.2 Spectroscopy

Low resolution (R ∼ 100 over 0.6− 5.3μmwith variable resolution) spectra of BB-1, BB-2,
and BB-3 were obtained as part of CANUCS GTO spectroscopic follow-up of MACS0417
with JWST /NIRSpec in January 2023 (Figure 4.2). All three images were observed using
the Micro-Shutter Array (MSA) with the PRISM/CLEAR grating/filter combination for
2900 s using a three-slit nodding configuration. Level 1 data products were reduced using
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Figure 4.2: Observed frameNIRSpec/PRISMspectra of BBwith prominent rest-frame optical andNIR emis-
sion / absorption lines shown. Note that the spectra of the separate lensed images show differences in their
continuum shape and emission line strengths. These might arise from a combination of systematic extraction
uncertainties and, potentially, from spectrally distinct sub regions of the resolved lensed images probed by the
small NIRSpecMSA shutters (Fig. 4.1).

the JWST Pipeline, whilst Level 2 and 3 products were reduced using msaexp (Brammer,
2022). msaexp removes the background by taking differences of the nodded exposures and
extracts an optimally-weighted 1D spectrum (Horne, 1986). Scaling of the spectra to the
NIRCam photometry to account for losses from the small MSA shutters is performed as
part of the fitting analysis described in Section 4.3.4. Additionally NIRISS slitless spectra
were obtained in the F115W, F150W, and F200Wbands, though unfortunately these do not
sample any of the strong optical emission lines at the redshift of BB.

4.3 Methods

In this section, we present the methods of the spectro-photometric fitting and size measure-
ment. We conduct our multi-wavelength photometric analysis on all three images indepen-
dently in the image plane (i.e., the observed data of the images magnified and distorted by
gravitational lensing by the foreground cluster), and themajority of the spectro-photometric
analysis on BB-1 and BB-3, as the spectrum of BB-2 has a significant detector gap between
3− 4.5 μmwhere the key Hα line falls.
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4.3.1 Correcting for slit losses

We scale the spectra tomatch the photometry in 8NIRCambands by integrating the spectra
through the filter bandpasses, and then fitting a second degree polynomial to the ratio of the
observed to the synthetic photometry. This results in a correction factor of 1 − 3×. Sub-
stantial slit losses are to be expected considering the extension of the source outside the slit
(Fig. 4.12). We anticipate little bias due to colour gradients or clumpiness, given the galaxy
appearance in theNIRCam images, and only veryminor colour gradients measured (see Sec-
tion 4.4.6.1). We proceed all spectral fitting with these slit-loss corrected spectra.

4.3.2 Strong lensing correction

We use the latest MACS0417 lens model generated by the CANUCS team (Desprez et al. in
prep), which includes constraints from newly-discovered multiply imaged galaxies (see also
Desprez et al., 2023; Strait et al., 2023; Asada et al., 2023). Because the general model is not
optimised for our specific target, we reconfigure the model and run a custom analysis. We
estimate thebest fitmagnification factorμ and its1σ errors from the16th and84thpercentiles
of the posterior distribution from the optimisation. We findmagnification factors consistent
with those reported in Sun et al. (2022) for all three images (see Table 4.2). Whilst BB-1 is not
severely distorted by lensing, bothBB-2 andBB-3 show significant shear, andBB-3 appears to
be doubly lensed by both the cluster and one of the brightest cluster galaxies. The light from
the nearby cluster cluster galaxy likely does not affect the modelling due to the removal of
the BCG model prior to photometry, and the background subtraction that is applied when
reducing the 2D spectra.

4.3.3 Photometric fitting

We perform photometric SED fitting of each lensed image of the galaxy using two indepen-
dent spectral energy distribution fitting codes: eazy-py (Gould et al., 2023; Brammer, 2021;
Brammer et al., 2008) and stardust (Kokorev et al., 2021) in order to place constraints on
the stellar populations using multiple methods. Photometric redshifts, stellar masses, star
formation rates, V band dust attenuation (AV), and U − V, V − J rest-frame colours were
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inferred with eazy-py* (Brammer, 2021) using all available HST and NIRCam photome-
try and adopting the latest tweak_fsps_QSF_12_v3 templates set. We derive alternative es-
timates of these quantities, as well as additional properties (LIR), dust properties (AV, dust
massMdust, total SFR,IRAGN luminosity LAGN), using the panchromatic SED fitting code
stardust (Kokorev et al., 2021), which models the multi-wavelength emission from stars
(Brammer et al., 2008), dust (Draine and Li, 2007; Draine et al., 2014) and AGN (Mullaney
et al., 2011) without assuming the principle of energy balance. We fit all available photom-
etry fromHST, JWST,Herschel, and ALMA. For each fitting run, we fix the redshift to the
estimate from the CO line detection zCO(4−3) = 3.652, leaving all other parameters free.

4.3.4 Spectroscopic fitting

To determine the redshift, line fluxes, velocity widths and equivalent widths from the rest-
frameoptical spectra,weuse thenovelBayesianfitting software SpectrumAnalysisKit (speakeazy).
speakeazy is specifically tailored for spectra taken using instruments with low resolution
and/or variable resolution, such as JWST /NIRSpec’s PRISM/CLEAR configuration. Be-
cause the code is designed as a line fitting machine, minimal assumptions are used during
fitting.

4.3.4.1 Models

The model consists of a stellar continuum component modelled using a fixed number of
spline functions, as well as a library of emission and/or absorption lines, which are automat-
ically chosen based on the redshift and instrument grating. All lines are modelled using 1D
Gaussian curves. For a given line, the model is defined as a single Gaussian Li with width
σi , which depends on both an intrinsic velocity width v [km s−1] as well as the wavelength
dependent resolution curve, defined as R = Δλ

λ at wavelength λ, where Δλ is measured as
a FWHM. We modify this using a rational scaling factor sR to account for deviations from
the instrument resolution curve (see de Graaff et al., 2023), which is multiplied by 2ln(2) to

*https://github.com/gbrammer/eazy-py
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convert it to a FWHM.

Li =
1√
2πσ2i

exp
(
−(λ − λi)2

2σ2i

)
(4.1)

σ2i =

(v
c

)2
+

(
1

2
√
2ln(2)sR R(λi)

)2
 λ2i , (4.2)

where λi = λrest,i · (1+ z) is the observed-framewavelength of the line. Models are generated
on the fly and the errors are estimated by sampling the full posterior space which is shaped by
a minimal set of priors.

4.3.4.2 Priors

There is a number of options available for setting priors as either Gaussian or uniform. As a
default, the redshift is set as a Gaussian prior around the best-fit redshift derived during the
initial fit (or a given redshift by the user). sR and velocity width v [km s−1] are by default set
to flat priors, but a future version of the code will include a joint prior which is currently in
development. Additionally, we include a 2nd order polynomial to scale the spectral errors
to account for unknown systematics during reduction from 2D to 1D spectra. Finally, the
user has an option to allow for an extra set of broad line components in addition to narrow
components for specified lines.

4.3.4.3 Sampling

An initial fit is found using a bounded least squares method. This initial solution is then
used as a starting point for sampling using emcee (Foreman-Mackey et al., 2013), where
the “walkers” are initialised from the prior distributions for z, v, sR, and the error scaling
coefficients, and from the covariance matrix of the line fluxes. Users have the option to run
sampling either serial or using multiprocessing with a chosen number of cores, and can also
choose the number of walkers per parameter, which we nominally set to 3 as recommended
by Foreman-Mackey et al. (2013).
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Defining a convergence criterion in a parameter space with high dimensions (often 20–
100 depending on the priors) motivated the choice of a custom criterion instead of using
the recommended method of using the auto-correlation time. We define that convergence is
achieved when the relative change of the standard distribution for all walkers and all parame-
ters is less than 10% for at least 1000 steps, and is checked every 500 steps. Once convergence
is achieved, we discard the first 10,000 steps as burn-in and thin the chain with a thinning
factor of 10. Derived quantities are taken as the median of the posterior distribution, with
1σ errors measured using the 16th and 84th percentiles of the flat samples.

4.3.4.4 Final fitting setup

We fit the slit loss corrected spectra of BB-1 and BB-3 with the following setup. We model
the continuum using a fixed number of splines (nspline = 21). We set a loose Gaussian prior
on the redshift (z= 3.65 ± 0.001), flat prior on the line velocity (1 < v < 1000 km s−1),
flat prior on the dispersion curve scaling (1 < sR < 2), and we allow for a second degree
polynomial error scaling, where we set a flat prior on the average error scaling (1 < se < 3).
Initially, the code optimises for the best-fit redshift and line fluxes at fixed v, sR, which are
set to the median of the prior distribution. For the initial fit, we set a bound of > 2 on
the [NII]λλ6549, 6585/Hα ratio, motivated by ratios of similarly red galaxies observedwith
JWST (de Graaff et al., in prep) and during sampling we set a lognormal prior on this ratio
with shape parameter s=1.3, mean=0.5, and sigma=3.

4.3.5 Physical properties measured from line fluxes

Following the method outlined in Domínguez et al. (2013) (see also Matharu et al. 2023),
we use the Balmer decrementHα/Hβ to calculate the colour excess E(B-V) using the Calzetti
et al. (2000) extinction curve and assuming case B recombination, for which the intrinsic
Hα/Hβ ratio is 2.79 (Reddy et al., 2023b). We then use this to infer the attenuation for
Hα (AHα). We measure the SFR from the dust corrected, magnification corrected Hα flux
following the prescription from Kennicutt (1998), using the correction from Muzzin et al.
(2009) to convert from Salpeter Salpeter (1955) to Chabrier (2003) IMF.
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BB− 1 BB− 3 BB− 2

R.A [deg] 64.404262 64.398569 64.388845
Decl. [deg] -11.905519 -11.914794 -11.917598

F444W [mag] 22.70+0.00
−0.00 22.14+0.00

−0.00 22.45+0.00
−0.00

F150W [mag] 25.93+0.11
−0.10 27.75+0.87

−0.48 25.90+0.15
−0.13

F115W [mag] 29.44+1.24
−1.38 25.89+0.14

−0.12 28.08+0.32
−0.78

μ 4.30.350.98 6.10.51−0.73 3.40.140.11

Table 4.1: Summary of the basic observational quantities for each of the images of BB . From top to bottom:
Right Ascension (degrees), Declination (degrees), observed F444W, F150W, and F115Wmagnitudesmeasured
from 0.7 arc-second apertures, scalar lensing correction factor μmeasured from the updated lensing model for
MACS0417 (Desprez et al., in prep).

4.3.6 Size

Wemeasure the size of BB-1 in the image plane for thiswork, whilewe defer a fullmorpholog-
ical analysis of all lensed images to future work. At z = 3.65, rest-frame V is approximately
covered by the F277W filter, which was thus used to model the stellar emission of our tar-
get. Wemeasure the radius containing50%of the galaxy’s light (r50) using imcascade† (Miller
and vanDokkum, 2021), which adopts aMulti-Gaussian Expansion approach to decompose
PSFs and to model galaxies with a “cascade” of Gaussian curves.

4.4 Results

Figures 4.3, 4.4 and 4.5 show all available data for BB-1 BB-2 and BB-3 . The photometry
from ∼ 0.4 μm–1.15 mm is shown along with the JWST/NIRSpec PRISM spectra. All
data are shown on top of the best-fit stardust model fixed at zspec = 3.652, which is fit
only to the photometry. In Table 4.2 we present all derived quantities. If relevant, quantities
are explicitly presented corrected for the indicated scalar magnification factor, μ.
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Figure 4.3: SED schematic of BB1, where data are shown on the best fit stardust model (grey), which is fit
to multi-wavelength photometry (HST in black, NIRCam in gold,Herschel in blue (Sun et al., 2022), ALMA
1.15mm in pink (Fujimoto et al., 2023) The inset shows the PRISM spectrum (red) scaled to the NIRCam
photometry (gold). The NIRCam bandpasses are shown in gold in the inset.
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Figure 4.4: Same as Figure 4.3 but for BB2.
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Figure 4.5: Same as Figure 4.3 but for BB3.
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BB− 1 BB− 3 BB− 2

eazy-py

zphot 3.54+0.07
−0.29 3.50+0.05

−0.04 3.53+0.10
−0.03

log(μ−1M∗/M⊙) 10.02+0.56
−0.38 10.57+0.64

−0.21 10.21+0.57
−0.36

AV (mag) 3.65+0.04
−0.14 3.49+0.12

−0.11 3.58+0.10
−0.17

SFR log(μ−1M⊙/yr−1) 1.95+0.50
−0.38 1.94+0.62

−0.27 2.07+0.52
−0.39

Stardust

log(μ−1M∗/M⊙) 10.15± 0.04 10.56± 0.02 10.64± 0.06
log(μ−1Mdust/M⊙) 8.31± 7.24 8.48± 0.28 8.82± 2.99

SFRoptical log(μ−1M⊙/yr−1) 1.33± 0.01 1.37± 0.07 0.75± 0.29
SFRtotal log(μ−1M⊙/yr−1 2.18± 0.14 2.81± 0.02 2.38± 0.12

AV (mag) 2.46± 0.00 2.88± 0.00 0.53± 0.00
LIR log(μ−1L⊙) 12.18± 0.14 12.81± 0.02 12.50± 0.21
LAGN log(μ−1L⊙) < 10.47(1σ) <11.66 (1”σ) 11.88± 0.72

fAGN 0± 0.04 0± 0.33 0.25± 0.45

Table 4.2: Inferred galaxy properties from SED fitting. Using eazy-py to fit the 0.4 − 4.4μm pho-
tometry from both HST/ACS and JWST / NIRCam we infer the magnification corrected stellar mass
log(μ−1M∗/M⊙), V band dust attenuation AV, and magnification and dust corrected optical star forma-
tion rate SFR log(M⊙/μyr−1). Using stardust to fit the 0.4 − 1150μm photometry from HST/ACS,
JWST / NIRCam, Herschel/SPIRE and ALMA, we infer the following global properties: magnification cor-
rected stellar mass log(M∗/μM⊙), magnification corrected dust mass log(Mdust/μM⊙), optical SFR SFRoptical
log(M⊙/μyr−1), total SFR SFRtotal log(M⊙/μyr−1, V band dust attenuation AV, magnification corrected IR
luminosity LIR log(L⊙/μ), magnification corrected AGN luminosity LAGN log(L⊙/μ), and AGN fraction
fAGN, which is the fractional contribution of the AGN luminosity to the total infrared luminosity.
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BB− 1 BB− 3

zspec 3.6500± 0.0007 3.6535± 0.0004
AHα (Hα/Hβ) [mag] 4.39+1.94

−1.16 4.50+2.19
−1.31

SFRHα,dust corrected log(M⊙/μyr−1) 1.43+2.23
−0.29 1.19+2.83

−0.31

log(sSFR yr−1)(EW(Hα)) −8.47+0.10
−0.09 −8.70+0.06

−0.06

log(U) −2.47+0.10
−0.10 −2.34+0.08

−0.08

FWHM [km s−1] 962+156
−164 1372+179

−172

log([NII]λλ6549, 6585 / Hα ) −0.04+0.14
−0.17 0.25+0.02

−0.03

log([SII]λλ6716, 6731 / Hα ) −0.71+0.08
−0.09 −0.50+0.05

−0.05

log([OIII]λλ4959, 5007 / Hβ ) 1.04+0.41
−0.24 1.33+0.47

−0.28

log(S3) 0.47+0.10
−0.09 0.59+0.09

−0.09

log(S32) 0.12+0.08
−0.08 0.23+0.07

−0.06

Hα / Hβ 21.05+34.88
−12.20 17.73+37.76

−58.00

Table 4.3: Inferred galaxy properties from spectroscopic fitting for BB-1 and BB-3 - spectroscopic redshift zspec,
Attenuation to Hα AHα (Hα/Hβ) [mag], dust and magnification corrected SFR measured from the Hα flux
SFRHα,dust corrected log(M⊙/μyr−1), specific star formation rate inferred from the rest-frame equivalent width
of Hα log(sSFR yr−1)(EW(Hα)) (Mármol-Queraltó et al., 2016), ionization parameter log(U) inferred from
S32, (Kewley and Dopita, 2002), standard ionization diagnostic line ratios log([NII]λλ6549, 6585 / Hα ),
log([SII]λλ6716, 6731 / Hα ), log([OIII]λλ4959, 5007 / Hβ ) (Baldwin et al., 1981), and sulfur line ratios
S3 ≡ [SIII]λ9531 / [SIII]λ9069 and S32 ≡ [SIII]λλ9069, 9531 / [SII]λλ6716, 6731 and the Balmer decre-
ment Hα / Hβ .
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Table 4.4: Magnification corrected line fluxes of BB-1 and BB-3 measured from 0.6 − 5.3μm low resolution
NIRSpec PRISM/CLEAR spectra. Note that the fluxes in this table are not dust corrected.

Line BB− 1 BB− 3

Flux (10−19erg s−1cm−2μ−1) SNR Flux (10−19erg s−1cm−2μ−1) SNR

Hβ 15+14
−14 <3 8+13

−13 <3
Hγ −17+15

−15 <3 −17+15
−15 <3

Hδ 10+18
−19 <3 −15+18

−18 <3
Hα 432+78

−66 6 314+17
−13 22

[NII]λλ6549, 6585 392+69
−79 5 559+17

−19 31
[OIII]λλ4959, 5007 194+20

−19 10 262+18
−18 15

[SII]λλ6716, 6731 87+13
−12 7 103+11

−11 9
[SIII]λ9069 55+10

−10 6 67+11
−11 6

[SIII]λ9531 184+29
−27 6 294+37

−33 8
OIλ6302 23+16

−16 <3 38+14
−14 3

PaD 15+12
−12 <3 3+12

−12 <3
PaG 21+15

−15 <3 25+12
−13 <3

HeIλ10830 186+18
−17 11 266+19

−18 15
Pa8 −30+28

−29 <3 −118+31
−32 4

Pa9 3+11
−11 <3 −13+10

−11 <3
Pa10 −2+10

−10 <3 26+11
−11 <3

HeIλ5877 −15+25
−25 <3 −24+22

−22 <3
CIλ9580 24+12

−12 <3 28+12
−12 <3

NaDI −26+26
−26 <3 −19+22

−22 <3
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Figure 4.6: NIRSpec/PRISM photometry scaled spectra of BB1 (upper panel) and BB-3 (lower panel) and 1σ
uncertainties (grey line) with 100 models randomly drawn from the posterior in blue/red. The residuals (χ) in
units of σ are shown in a panel below each spectra, and for BB-3 there are significant (∼ 10σ) residuals around
the [SIII]λλ9069, 9531 and HeIλ10830 lines, indicating possible broad line components.

120



CHAPTER 4. A DISTANTREDGALAXYOBSERVED BY JWST 121

Table 4.5: Rest-frame line equivalent widths for the set of well-detected lines measured from 0.6 − 5.3μm
low resolution NIRSpec PRISM/CLEAR spectra of BB-1 and BB-3 (measured in the image plane, i.e. not
corrected for magnification).

Line BB− 1 BB− 3

rest-frame EW ( Å) SNR rest-frame EW ( Å) SNR

Hα 126+8
−6 19 215+37

−32 6
[NII]λλ6549, 6585 223+12

−9 21 194+38
−38 5

[OIII]λλ4959, 5007 142+13
−10 13 136+13

−14 10
[SII]λλ6716, 6731 40+6

−5 8 43+6
−6 7

[SIII]λ9069 19+3
−4 5 22+4

−4 6
[SIII]λ9531 77+10

−9 8 72+11
−11 7

HeIλ10830 70+7
−5 12 69+8

−7 9
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Figure 4.7: Posterior distributions of redshift, velocity dispersion and resolution curve scaling factor for BB1
(blue) BB3 (red) and the priors (grey).
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4.4.1 Redshift and line widths

Figure 4.6 show the slit-loss corrected PRISM spectra and 100 random models drawn from
the posterior parameters (blue for BB-1, red for BB-3 ). We find reduced χ2 ∼ 1 with only
minor error scaling required (errors are boosted by an average of ∼ ×1.5 for both spectra
during the fitting procedure). The spectra have redshift solutions that lie directly either side
of the CO (4-3) redshift zCO = 3.652 fromKohno et al. (2023), with BB-1 at zspec=3.6500±
0.0007 andBB-3 at3.6535±0.0004. Wefind that this is due to an intrinsic offset between the
spectra (seeAppendixB.2), butwhether this is due to a systematic in the reductionprocess, or
as a result of the spectra possibly probing spectrally distinct sub regions of the galaxy, remains
to be seen.

Both spectra of BB showa common set of prominent emission lines: Hα (which is blended
with the [NII]λλ6549, 6585doublet), ionised sulfur [SII]λλ6716, 6731 and [SIII]λλ9069, 9531
, ionised oxygen [OIII]λλ4959, 5007, and HeliumHeIλ10830. We also marginally detect a
number of weaker lines in both spectra (∼ 2σ or weaker), which we list in Table 4.4 for com-
pleteness. Figure 4.7 shows the posterior distributions for redshift (z), intrinsic velocity dis-
persion v [km s−1] (note that this is not the FWHM), and the dispersion curve scaling factor
(sR). As expected, v and sR are covariant,meaning that it is not possible tomeasure linewidths
precisely (i.e, with a small uncertainty). The fits seem to favour a dispersion curve slightly
higher resolution that the one provided by the JDox (σR ∼ 1.3), which was also found by
(de Graaff et al., 2023). We find similar line widths for both spectra, with FWHM=962+156

−164

km s−1 and 1372+179
−172 km s−1 for BB-1 and BB-3, respectively. The posterior velocity disper-

sions of 400− 600 kms−1 are significantly higher than the velocity dispersions measured for
star forming galaxies at this redshift (Price et al., 2020), and are similar to those measured for
ultra-massive quiescent galaxies (∼ 400 kms−1; Forrest et al., 2022). However, systematics
may contribute significantly to this measurement. We explore this in detail in Appendix B.1,
where we employ an identical fitting set-up on an extremely similar galaxy at z = 3.65 that
has bothNIRSpec medium (G395M/F290LP) and low (PRISM/CLEAR) resolution spec-
tra. We anticipate here that the intrinsic velocity width inferred from the PRISM spectrum
is up to∼ 3× greater than that inferred from the medium resolution spectrum, indicating

†https://github.com/tbmiller-astro/imcascade
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that our velocity width measurements for BB are also likely overestimated.
Bearing this caveat in mind, there is further evidence for broad lines in BB-3, which is fit

with a higher velocity dispersion than BB-1. This seems to be driven by the HeIλ10830 line,
which is marginally resolved and for which a single velocity component fit returns significant
residuals (> 10σ). This would indicate some internal process contributing to line broaden-
ing such as an AGN (see Padovani et al., 2017). Some studies have found broad HeIλ10830
absorption in galaxies hosting active black holes (Leighly et al., 2011), including a recent ob-
servation of a compact AGNwith JWST /NIRSpec byWang et al. (2024a). As noted in this
paper, theHeIλ10830 can be ameta-stable transition state (23S, 19.7eV above ground state),
populated by recombination from the HeII state, possibly indicating AGN activity. Alter-
natively, the HeIλ10830 line can also be produced by strong winds from Wolf-Rayet stars,
which are the final stable phase of massive star evolution (Howarth and Schmutz, 1992), and
have terminal velocities of∼ 1000 − 3000kms−1. Evidence of the presence of Wolf-Rayet
stars has been found in the spectra of the progenitors of compact quiescent galaxies at z ∼ 2

(Williams et al., 2015). In either case, higher resolution spectra are required to understand
both the origin of the HeIλ10830 line, and the reason for its apparent broadening.

4.4.2 Dust and SFR

The spectra ofBB exhibit strongHα emission,making it finally possible tomeasure aHα SFR
for a galaxy of this type. Furthermore, we can put an upper limit on the dust attenuation by
measuring the Balmer decrement. However, estimating the dust attenuation from the Hα
and Hβ line fluxes is not trivial, not only because the Hα and [NII]λλ6549, 6585 fluxes are
strongly covariant, but also the ratios derived from each spectrum converge to different Hα
/ [NII]λλ6549, 6585 ratios (see Section 4.4.5). Furthermore, for both BB-1 and BB-3 , Hβ
is not detected even at the 1σ level. With these limitations in mind, we estimate very large
decrements of Hα / Hβ < 20 (1σ upper limit) for both images. It is possible that by not
accounting for stellarHβ andHα absorption, theHβ andHα fluxes couldbeunderestimated,
but it is likely this would not make a difference given the variable and low resolution of the
spectrum.

Assuming a Calzetti et al. (2000) dust law, we compute AHα of 4.39+1.94
−1.16 for BB-1 and
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4.50+2.19
−1.31 for BB-3 . Even considering the lower bounds, both spectra imply AHα ≳ 3.2.

This agrees with the stellar continuum attenuation of AV of∼ 3.65 from fitting eazy-py to
HST /ACS and JWST /NIRCam photometry, whilst fitting all available photometry from
∼ 0.4 − 1150μm with stardust gives AV of ∼ 2.7 for BB-1 and BB-3Ġenerally these
results infer strong dust attenuation, which is further supported by the dust masses we fit
with stardust (see Table4.2), which are on the order of 1% of the stellar mass. This is also
expected given the compact size of BB , which agrees with previous work that foundH-faint
compact galaxies with high dust obscuration were also compact (Sun et al., 2021). It may be
noted theHα attenuation is∼ 1magnitude greater than that inferred from the photometric
SED fitting. We do not include a specific extra attenuation factor for nebular lines compared
with stars (e.g Kashino et al., 2013; Calzetti et al., 2000), but this would go in the direction
of further increasing the dust correction derived from the Balmer decrement.

Finally, we estimate the intrinsic SFR on short timescales (∼ 10Myr) from the extinction
corrected Hα flux, returning log(M⊙/μyr−1)= 1.43+2.23

−0.29 for BB-1 and log(M⊙/μyr−1)=
1.19+2.83

−0.31for BB-3. We measure similar optical SFRs from multi-wavelength SED fitting,
whilst total SFRs based on LIR are∼ 1dex higher, and closer to the SFRs presented in Sun
et al., 2022; we discuss this in Section 4.5.1.

4.4.3 Stellar mass

We estimate the stellar mass of all three images in both the optical/NIR with eazy-py and
across the full wavelength range with stardust . After correcting for magnification, there
is a∼ 0.6 dex spread in stellar mass across these measurements of all three images for masses
derived with two different codes. Combining these measurements using an inverse weighted
average gives <log(M∗/μM⊙)>= 10.29 ± 0.24, where the error is the standard deviation
(see Figure 4.8). The stellar mass is below the characteristic stellar mass for pre-JWSTmass
functions at z ∼ 3.5 (e.g. at 3.5 < z < 4.5 the characteristic stellar mass is log(M∗/M⊙)=
10.65±0.06,Weaver et al., 2022; see also Long et al., 2022). However, BB is similarlymassive
to HST−dark selected galaxies at z ∼ 3.5 presented in a number of works based on the
EarlyRelease Science (ERS) surveyCEERS (Finkelstein et al., 2023). Similarly, Barrufet et al.
(2023) presented a sample of dusty galaxies at 3 < z < 5 selected using NIRCam colour
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Figure 4.8: Stellar mass probability distributions for BB-1 (blue), BB-2 (gold) and BB-3 (red) measured with
both eazy-py (solid lines) and stardust (dashed lines). The average stellar mass and standard deviation is
denoted by the grey dotted line and area around it. All measurements are corrected for lensing.

selection, with an average stellar mass of log(M∗/M⊙)∼ 9.5 − 10. Gottumukkala et al.
(2023) applied a similar colour selection and found dust obscured galaxies at z ∼ 3.5 with
average stellar masses of log(M∗/M⊙)= 10.15+0.43

−0.50, and also compared their sample to the
one selected by Pérez-González et al. (2022), who found dust obscured galaxies in a similar
redshift and stellar mass ranges (z ∼ 3.7, log(M∗/M⊙)= 10.20+0.46

−0.73). All things considered,
BB appears to be broadly similar to galaxies with similar observed colours (see Section 4.4.6)
at the same redshift, indicating it could be a poster child for the population.

4.4.4 BBand the star forming main sequence

Figure 4.9 shows the location of all three lensed images of BB in the Mstar-SFR plane. We
show also the z = 4main sequence computed by Speagle et al. (2014), along withHST-dark
galaxies at 3 < z < 5 from both Barrufet et al. (2023) and Gottumukkala et al. (2023). Re-
sults from fitting photometry (upper panel) generally suggest that that BB lies on the main
sequence. All results basedon eazy-py fall directlywithin the scatter of the empirical relation,
whilst the total (i.e., based on the infrared luminosity) and optical SFR from stardust fall
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Figure 4.9: Upper panel: Star forming main sequence with results from photometric SED fitting for all three
images shown as circles (eazy-py ) and open (filled) squares points (stardust optical (total) SFR). The FIR
derived SFR and 1σ errors from (Sun et al., 2022) are shown as dotted / dashed lines. The main sequence at
z = 4 from Speagle et al., 2014 is shown as well as HST-dark galaxies at 3 < z < 4 from Barrufet et al., 2023
and Gottumukkala et al., 2023.Lower panel: Same but showing the optical SFR’s and 1σ errors derived from
the Hα line fluxes, with the mass plotted from photometric SED fitting with stardust . In both panels, we
show the ssFRmeasured from EW(Hα) as dashed lines, which also fall on the main sequence.
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marginally both above andbelow the eazy-pypoints. In the lower panel of Figure 4.9, we also
show the dust- and magnification-corrected SFRs as measured from the spectra, and assum-
ing the stellarmasses fromstardust as a reference. These results are also consistentwith the
main sequence including the 1σ lower limit, which, together with the stellar mass measure-
ments, confidently places BB at least on the main sequence. The 1σ upper limit would place
BB in the same parameter space as highly star-forming sub-mm galaxies (Cunha et al., 2015;
see also Figure 6 of Barrufet et al., 2023). This 1σ upper limit also overlaps with the FIR de-
rived SFRs from Sun et al. (2022). The equivalent width (EW) ofHα can be used to estimate
the specific star formation rate (sSFR) independently of the measurements from photome-
try, and also a useful measure of sSFR that is invariant with age, nebular emission, and dust
extinction (Mármol-Queraltó et al., 2016). We use the relation measured at 1 < z < 5mea-
sured byMármol-Queraltó et al. (2016), EW(Hα) = 63±7 · sSFR. In Figure 4.10, we show
the sSFR distributions for BB-1 and BB-3 using the measuredHα EWs (upper panel), as well
as the sSFR as a function of Hα / Hα + [NII]λλ6549, 6585 (lower panel). From these mea-
surements, we can ascertain that the log10(sSFR/yr−1)∼ −8.5, which places BB exactly on
themain sequence at z ∼ 4, in agreement with the conclusions drawn from the photometric
SED fitting.

4.4.5 Ionization conditions

The set of rest-frame optical emission lines detected in the spectra of this galaxy provide an
opportunity to study not only the star formation activity and dust attenuation, but also the
Interstellar Medium (ISM) conditions. Typically, line ratios calculated from combinations
of the Balmer recombination lines (Hα ,Hβ ,etc) and collisionally excited metal lines (e.g.
[OIII]λλ4959, 5007 , [NII]λλ6549, 6585 , [SIII]λλ9069, 9531 , [SII]λλ6716, 6731 ) can
be used to investigate properties such as gas-phase elemental abundances (i.e. metallicity),
gas temperature and pressure, electron temperature, and the ionization conditions of the gas
(Kewley et al., 2013). Ionization from star formation can be probed on recent (<10 Myr)
timescales, making it possible to infer whether an ionization potential is dominated by e.g.
starburst activity or AGN activity (Kaasinen et al., 2018).

The foundational line ratio diagnostic is the BPT diagram ([NII]λλ6549, 6585/Hα vs
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Figure 4.10: Upper panel: Distributions of log10(sSFR) [yr−1] measured from EW(Hα) distributions of BB-1
(blue) and BB-3 (red) using the relation fromMármol-Queraltó et al. (2016). Lower panel: log10(sSFR) [yr−1]
as a function of Hα / Hα + [NII] (blue and red points for BB-1 and BB-3 ) posterior distributions.
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Figure 4.11: Location of posterior emission line ratios (NII/Hα vs OIII/Hβ a.k.a. BPT on the left, HeI-
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presence of an AGN in the galaxy.
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[OIII]λλ4959, 5007/Hβ, Baldwin et al. 1981), in which galaxies fall into different areas de-
pending on their primary ionization strength and source (e.g., star formation, shocks, AGN).
In particular, it can be used to differentiate galaxies hosting an AGN from those without.
This arises due to the extreme UV ionization from the AGN accretion disc contributing
to enhanced levels of [OIII]λλ4959, 5007 and [NII]λλ6549, 6585 compared to ionization
from star formation. Over the past decades, this has evolved to a set of line ratio diagnostic
diagrams, and, in the age of JWST, entirely new diagnostics thanks to the new accessibil-
ity of lines previously unobserved due to redshift (e.g. Calabrò et al., 2023). Studies using
photoionization models have further gleaned light on how different properties such as elec-
tron density and metallicity distribute on these diagrams, making it possible for observers to
understand the conditions of the ISM simply from several sets of line ratios (Kewley et al.,
2019).

For this particular galaxy, there are several strongly detected lines available in the rest-frame
optical/NIR for exploring using these diagnostics, which is something entirely novel for this
kind of galaxy at this redshift. We therefore make use of every available diagnostic in or-
der to build a complete picture of the ISM. We calculate all line ratios from the posterior
line flux distributions and correct resolution-separated line (i.e., lines that are not blended)
for extinction as described in Section 4.4.2. We convert the total [NII]λλ6549, 6585 and
[OIII]λλ4959, 5007 line fluxes to just the flux of the lines used in the diagnostic (i.e. the
brightest) using the intrinsic line ratios.

Firstly, we calculate the positions of BB-1 and BB-2 in the original BPT diagram (Figure
4.11, left panel). Both spectrahavehigh [OIII]λλ4959, 5007/Hβ and [NII]λλ6549, 6585/Hα
line ratios consistent with ionization from anAGNor shocks (see Figure 11a of Kewley et al.,
2019). Curiously, despite setting a prior of∼ 0.5 on the [NII]λλ6549, 6585/Hα ratio, BB3
is better fit with a higher [NII]λλ6549, 6585/Hα ratio (note that the tightness of this ratio
is not necessarily due to precision, but rather that it hits the edge of the prior). BB1 has a
distribution that falls closer to both the z = 4 dividing line calculated from Equation 5 in
Kewley et al. (2013) as well as themaximum starburst line fromKauffmann et al. (2003). We
explore the accuracy of our code at estimating the correct [NII]λλ6549, 6585/Hα ratio in
Appendix B.1 and find that our code can successfully distinguish the correct line flux contri-
butions to the blended lines. Given the possibility of the shutters probing spectrally distinct
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sub regions of the galaxy (see Figure 4.6), the difference in ratios could arise from the spectra
probing different regions of the ISMwith different gas properties.

We also plot photoionization models from Calabrò et al. (2023) at a range of ionization
parameters and densities tailored for z = 3 galaxies. We explored different diagnostics us-
ing their models with the available lines from our spectra. We found that the most dis-
criminating diagrammaking use of lines in the rest-frame NIR is HeIλ10830/[CI]λ9850 vs
[OIII]λλ4959, 5007/Hβ, which we show in the right panel of Figure 4.11. This shows both
spectra clearly lining up with the photoionization models consistent with AGN or shocks.

In both panels, both spectra have line ratios consistent with models from Calabrò et al.
(2023) at−3.5 <log(U)< −2.0. We investigate this further by calculating the sulfur line ra-
tio S32 ≡ [SIII]λλ9069, 9531 /[SII]λλ6716, 6731 which can be used to infer the ionization
parameter (Sanders et al., 2019; Kewley and Dopita, 2002), and is invariant with metallicity.
We use the calibrations fromMorisset et al. (2016) to calculate log(U)= −2.47+0.10

−0.10 for BB-1
and = −2.34+0.08

−0.08 for BB-3, results which are consistent with those inferred from Calabrò
et al. (2023) models. Holistically, the line ratios paint a picture of an ISM that is strongly
ionized by AGN or shocks.

4.4.6 Colours and morphology

All three images of BB are detected at SNR>10 in all bands rewards of F200W, whilst BB-1
and BB-2 are also detected at SNR>5 in F150W. Accounting for the magnification factor,
BB would qualify as “HST-dark” using the colour selection defined by Nelson et al. (2023)
(F444W < 24.5 mag; F150W > 25.5 mag; F115W > 27 mag), which they note is com-
parable to the selection employed by Barrufet et al. (2023) and also to foundational colour
selections (Wang et al., 2016;Caputi et al., 2012). Therefore by the new JWST standards, BB
keeps its original classification of “HST faint” first presented in Sun et al. (2022). However,
BB is the only galaxy within theMACS0417 lensing cluster field that would qualify as such.
The rest-frameUVJ colours (Whitaker et al., 2012; Williams et al., 2009) of BB are also very
red (U−V ∼ 2.3 andV− J ∼ 2.1), as expected, placing the galaxy in the top right quadrant
where dusty star forming galaxies are found.
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Figure 4.12: F150W−F444W colour as a function of radial distance from the source center for all images.

4.4.6.1 Colour gradients

The composite images show a slight colour gradient, with the center of each image redder
than the outskirts. To investigate this, we calculate the F150W−F444W colour from the
0.3, 0.5, 0.7 arc-second apertures and bootstrap the flux errors to calculate the 1σ colour un-
certainties (see Figure 4.1). Althoughwe find that all sources have no significant colour gradi-
ents at the 1σ level, we do find that they are consistently red throughout, which is something
that Nelson et al. (2023) also found for similarly red, massive field galaxies at 2 < z < 6.

4.4.6.2 Morphology and size

We show in Figure 4.13 our model fits to BB-1 in the F277W band. The residuals imply
some extended feature that is not accounted for (possibly tidal tails or companions), as well
as a central spiral feature, which is likely an artefact due to the PSF. Both BB-2 and BB-3
also display the same features, and the RGB images (see Figure 4.1) show what could be a
dust lane. We measure the image plane size of BB-1 as R50%,image = 2.25 ± 0.04kpc, which
we convert to a source plane size by dividing by the lensing magnification μ = 4.3, giving
R50%,source = 0.52 ± 0.05kpc. Preliminary analysis conducted in the source plane confirms
this size estimate; a full analysis in the source plane is left for future work.

To compare the size in context, we show in Figure 4.14 the position of BB-1 relative to the
redshift size relations for galaxies at a range of stellar masses from both Wel et al. (2014) and
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Figure 4.13: From left to right: F277W data, model, residuals and 1D size profile from fitting BB-1 with
imcascade in the image plane. The X-Y units are in pixels. In the rightmost panel, the intrinsic profile is shown
by the red line, the PSF is shown by the yellow area. BB-1 has a compact half-light radius of R50%,source =
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Mowla et al. (2019), as well as quiescent galaxies at 1 < z < 3 (Suess et al., 2022a) and at
3 < z < 5 (Ito et al., 2024). We also show the sample of optically darkmassive galaxies at 2 <

z < 6 presented in Nelson et al. (2022), which is the most similar measurement comparison
thatwe canmake. BB-1 has a remarkably compact size: it ismuch smaller than other optically
faint/dark galaxies at the same epoch and it is as small as some quiescent galaxies in the same
epoch. Pérez-González et al. (2022) measured the light-weighted and mass-weighted sizes of
a sample of optically faint/dark galaxies with JWST and found that the majority of them
lie on the Wel et al. (2014) size-mass relation for star forming galaxies. They also measured
some remarkably compact galaxies, which were denoted as either quiescent or z > 6 − 7

extreme emission line galaxies. BB already has the structural parameters seen in the high-
redshift quiescent galaxy population at z ∼ 2, and is sufficiently compact to be a quiescent
galaxy at its observed redshift. Assuming no more gas replenishment, and a gas depletion
timescale of tδ = 190+266

−95 Myr from Sun et al. (2022), at its current SFR BB-1 would at most
triple its stellar mass to log(M∗/M⊙)∼ 10.6 by z ∼ 2.4. Therefore, it is conceivable that
based on these results, BB is set to become a compact quiescent galaxy by z ∼ 2.4.
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before cosmic noon.
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4.5 Discussion

4.5.1 Optical vs FIR SFRs

Our SFRs agree within 1σ of the FIR derived values of log(μ−1M⊙/μyr−1)= 2.62+0.2
−0.2 and

log(μ−1M⊙/μyr−1)= 3.37+0.13
−0.13 from Sun et al. (2022). However, the optical SFRs of BB-

1 and BB-3 seem to be systematically lower than the FIR SFRs. There are three possible
explanations for this: a) both are correct b) the optical SFR is underestimated due to un-
derestimating the Hα flux because of [NII]λλ6549, 6585 blending; and c) the FIR SFR is
overestimated due to a luminosity source which is not accounted for. We explore all three
scenarios here.

In the scenario a, we assume that the optical SFRs being lower than the FIR SFRs reflects
a physical truth. This is possible becauseHα SFRs probe shorter timescales compared to FIR
SFRs (∼ 10 Myr compared to ∼ 100 Myr) and therefore Hα SFRs measure more recent
star formation. This suggests a decrease in star formation activity in the last ∼ 100 Myr,
which could either be a natural lull in the global star formation history, the result of a burst
in star formation, or the beginnings of a quenching epoch. This makes sense given the fast
gas depletion timescale for the total sample presented in Sun et al. (2022) (tδ = 190+266

−95 Myr).
In scenario b, the SFRs derived from the spectrum are underestimated due to two factors,

which are related: firstly, the contribution of flux [NII] to the blended Hα+[NII] line com-
plex is overestimated, leading to an underestimated Hα+ flux. This directly leads to a lower
SFR. Considering the effect this has on the derived attenuation, underestimating the Hα
flux leads to a smallerHα/Hβ ratio and therefore nebular line attenuation is underestimated,
therefore skewing to lower dust extinction. Correcting the already underestimated Hα flux
with an underestimated attenuation then leads to a final SFR which falls significantly short.
There is evidence for this in the highly skewed values of attenuation and SFRwe derive from
the spectrum. With the current data, it is not possible to derive a more precise SFR.

In scenario c, theFIRderivedSFRs are overestimated, because theFIR luminosity is boosted
by heating by an AGN, or older stellar populations. Although Sun et al. (2022) include
AGN models in their SED fits, the model is only constrained by 4 photometry points in
the FIR, whereas the region needed to constrain the AGN contribution is the mid infrared.
This would be possible to test if it were possible to obtain mid-IR spectroscopy, which at

135



136 4.5. DISCUSSION

this redshift would detect polycyclic aromatic hydrocarbons (PAHs) from star formation and
continuum emission from dust grains heated by the AGN torus. Themid-IRAGN strength
can be related to the FIR AGN strength if the torus is particularly bright compared to the
dust in the ISM in the mid-IR (Kirkpatrick et al., 2015). Unfortunately, the required rest-
frame baseline of 6 − 13 μm is just beyond JWST/MIRI wavelength coverage. As a result,
constructing a holistic understanding of the star formation and AGN activity of this galaxy
must be done through disjointed study of the rest-frame optical/NIR and FIR. One poten-
tial avenue is exploring the rest-frame near-infrared. JWSTwould cover rest-frame∼ 1 − 6

μm where emission from the stellar CO absorption line at rest-frame 2.29 μm can be used
to infer the luminosity of the hot dust and therefore measure the AGN strength (Burtscher
et al., 2015).

4.5.2 Does BB host an AGN?

Prior to JWST, the study of active super massive black holes (SMBH) was dominated by
galaxies hosting bright quasars, because the identification of AGN in galaxies at z > 3 was
prohibited by the lack of access to rest-frame UV/optical emission lines. We now have the
opportunity to explore the AGN population at higher redshifts and investigate the AGN
presence in different galaxy populations such as dSFGs and QGs, and their importance in
physical processes such as dust production, dust destruction and quenching at z > 3.

For this galaxy, we have attempted to constrain the presence of an AGNusing bothmulti-
wavelength SEDfitting aswell as exploring the ionization diagnostics using rest-frame optical
emission lines. Another possible avenue for testing for an AGN is by measuring the veloc-
ity dispersion of the emission lines. We fit a fixed velocity width for all lines and calculated
FWHM line widths of ∼ 1000 km s−1 for both spectra, which are much larger than the
expected FWHM of a few hundred km s−1 for star forming galaxies at cosmic noon (Wis-
nioski et al., 2015). Testing the code on data with both prism and medium grating spectra
showed that the velocity widths can be at least 3× larger measured with the prism, so it is
highly likely that our measurements for BB are over-estimated relative to the truth. There is,
however, one piece of evidence to suggest line broadening. In the spectrum of BB-3 , there
are significant > 10σ residuals around the [SIII]λλ9069, 9531 and HeIλ10830 lines, sug-
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gesting that the velocity width fit to all other lines cannot successfully fit these lines, therefore
implying a broad component. In conclusion, there are several pieces of evidence that suggest
BB is hosting an AGN. Higher resolution spectra and spatially resolved observations in the
rest-frame optical and near infra-red regimes will give conclusive answers.

4.5.3 Placing BB in context

Throughout this work we have studied the detailed physics of an optically invisible dusty,
star forming galaxy at z ∼ 4. However, is BB typical, or unique compared to the rest of the
population? Comparing BB with other dusty star forming galaxies at z ∼ 4 from Barrufet
et al. (2023) andGottumukkala et al. (2023), we found that BB lies on the star formingmain
sequence and is similarly massive to other optically invisible z ∼ 4 galaxies observed with
JWST. BB is typically smaller than similarly dusty, star forming galaxies at this epoch (Bar-
rufet et al., 2024; Pérez-González et al., 2022). So although BB is actually quite similar in its
mass, star formation rate and dust obscuration to similar galaxies at this epoch, its size sets it
apart.

Looking to the ISM conditions, BB has an ionization parameter that is directly in the cen-
ter of the distribution for star forming galaxies at z = 3−6withmuch lower dust obscuration
(−3.3 ≤log(U)≤ −1.6, Reddy et al. 2023a; Shapley et al. 2023). Whilst dust can soften
the hardness of the ionising radiation field (Reddy et al., 2023a), the ionization parameter
suggests an ionising source which is strong enough to counter-act this effect. Interestingly,
Reddy et al. (2023a) showed that log(U) is tightly correlated with star formation rate surface
density, and this relationship is redshift invariant at least to z ∼ 6.3. This could arise due
to gas density directly elevating U via changes in electron density ne, amongst other things.
Although the lack of resolution with prismmakes a measurement of ne for these data unfea-
sible, higher resolution observations could provide a deeper look into the ISM and the role
of dust via the resolved emission lines. In order to build a coherent picture of the interplay
between gas and dust in the ISM of BB , higher resolution spectroscopic measurements are
required, and IFUobservationswould be key for unravelling themystery of whether the high
line ratios are driven by AGN or shocks.

Finally, the holistic evidence for BB soon becoming quiescent is strong: BB already has
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assembled the stellarmass, yet is sufficiently compact, to join the quiescent galaxy population
at z ∼ 2 (Stockmann et al., 2019). It has multiple signs of hosting an obscured AGN, from
the line ratios, line widths, and the Helium emission line. Although it is still unknown how
massive quiescent galaxies quench, multiple studies have found evidence for AGN inMQGs
(e.g. Saracco et al., 2020), which seem to be the only way to quench star formation in high
redshift galaxies in simulations (e.g. Xie et al., 2024). We do not yet know if there is any
causation here, but the correlation exists, and through more observations we can begin to
eliminate causal pathways. Finally, although we do not have a gas mass measurement, given
the star formation rate and a maximal dust to gas mass ratio, BB will use up all of its fuel in
at most 1Gyr, assuming no more gas inflow.

4.6 Conclusions

In this workwe have presented the photometric and spectroscopic analysis of a triply imaged,
previously optically invisible, dusty star forminggalaxy at z ∼ 4, observedwith JWST /NIRSpec.
BB presents the unique opportunity to understand the ISM of a dusty star forming galaxy
via access to rest-frame optical emission lines, opening the door to understanding the inter-
play of dust and gas in dusty star forming galaxies at high redshift. Furthermore, the unique
perspective of having three images and spectra has made it possible to explore these avenues
via different orientations of the galaxy. We have found that BB is similar to other optically
invisible dusty star forming galaxies during this epoch in its colours, colour gradients, and
stellar populations. BB lies not only on the star forming main sequence, confirmed by mul-
tiple measurements made from both multi-wavelength photometry as well as from the spec-
tra. By exploring a rich set of rest-frame optical emission lines, we have determined that the
ISM of BB is strongly ionized by either AGN or shocks. Further evidence for an AGN arises
from the shape of the multi-wavelength SED as well as significant residuals in the emission
line fits of BB-3 indicating the presence of broad line components in the HeIλ10830 and
[SIII]λλ9069, 9531 lines. Whilst much has been explored, many questions still remain, in-
cluding the source of the ionization. Evidence of morphological disturbance in the form of
tidal features hints that BB may have undergone a recent merger event; this could be tested
by measuring the kinematics, as well as studying the star formation history and comparing
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to simulations. We find that BB is significantly compact, and is a similar size to massive qui-
escent galaxies at z ∼ 3 − 4. Together with the gas depletion timescale measured using the
FIR data, this suggests BB is well on its way to quiescence by z ∼ 2, and therefore is likely a
progenitor of the z > 2MQG population. Finally, this study highlights the importance of
not only having multi-wavelength photometric observations, but also the possibilities of the
science that can be done withNIRSpec/PRISM. Future observations of this galaxy will help
to shed more light not only on the understanding of highly dust obscured main sequence
galaxies at z > 3, but also on the connection to high redshift massive quiescent galaxies and
their ancestors.
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B.1 Testing the line ratio fitting

In order to test whether it is possible recover an accurate Hα/[NII] ratio from fitting the
PRISM spectra with our code, and to roughly assess the accuracy of the intrinsic line widths,
we perform the following test. We select a galaxy at zspec = 3.65 that has a similar PRISM
spectrum to BB, which also has observations in the G395M/FL290P filter/grating combina-
tion. This galaxy was selected from the RUBIES spectroscopic survey (JWST-GO-4233; PI
de Graaff), targeting∼ 5000 red sources with both low and medium filters across both the
UDS and EGS fields with NIRSpec/MSA (see de Graaff et al., 2024 and Wang et al., 2024c
for details; a full description of the RUBIES survey is forthcoming (A. de Graaff et al., in
prep)). The 1D PRISM and medium resolution spectra are reduced similarly to the process
described in Section 4.2.2. We then fit the PRISM spectrum with an identical setup to how
the spectra of BB were fit, including imposing a prior on the Hα / [NII] ratio. The medium
resolution spectrum was fit using a bounded least squares method with a fixed intrinsic ve-
locity width of 250 km s−1, achieving a reduced χ2 = 2.3. We employ full sampling of the
PRISM spectrum and after convergence the final best fit model has χ2 = 1.2. We then cal-
culate the fully sampled Hα / [NII] ratio and compare this to the “truth” ratio we calculate
from the medium spectrum, where the errors on the medium spectrum derived ratio are cal-
culated using the covariancematrix of the fit. Figure B.1 shows the posteriorHα / [NII] ratio
from fitting the PRISM spectrum and themedium resolution spectrum. We find that the re-
sults from the PRISM agree with the ratio from the medium resolution spectrum within 1σ
errors, and are therefore confident that the measurement of the ratio from the PRISM for
BB is also accurate.

B.2 Redshift differences between spectra

The redshift solutions preferred by each spectrum are significantly different. In order to test
whether the different Hα / [NII] ratios preferred by each spectra are the cause of this, we
calculate the velocity offset relative to z = 3.652 for each spectra to check if there are mea-
sureable offsets. We find that there is an apparent velocity offset of∼ 225 km s−1 between
the spectra, which then leads to a redshift difference (see Figure B.2). It is unclear if this is
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Figure B.1: The resulting Hα / [NII] distributions from fitting a dusty z= 3.65 galaxy that has been observed
with both low (PRISM/CLEAR) and medium (G395M/FL290P) resolution JWST / NIRSpec spectra. Al-
though the ratio fit from the low resolution spectra has a large dispersion, it correctly recovers the “truth” mea-
sured from the medium resolution spectrum.

a systematic error that arises due to the reduction pipeline, but we can rule out the blended
Hα / [NII] being the cause of this.
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142 B.2. REDSHIFTDIFFERENCES BETWEEN SPECTRA

H +[NII] BB1
BB2
BB3

[SIII] ,9531

HeI ,10830

3000 2000 1000 0 1000 2000 3000
v [km/s]

z=3.6520

BB1 < v> = -130 km/s BB3 < v> = 95 km/s

Figure B.2: Upper three panels: Velocity offsets relative to a common z = 3.652 for prominent emission lines
for all three spectra. Lower panel: Velocity offset distributions measured from the redshift posteriors for BB-1
(blue) and BB-3 (red). demonstrating the distinct redshift difference between the two spectra arises due to a
systematic offset in the data themselves.
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5CONCLUSIONS AND FUTURE PERSPECTIVES

″Next stop – Science!”
Mr. Ray

FindingNemo

5.1 Conclusions

This thesis has presented an in depth look into distant red galaxies via exploration of two
sub-populations: high redshift z > 3massive quiescent galaxies (MQGs), and optically dark,
main sequence star forming galaxies that existed during the same epoch. I began by reviewing
the pre-JWST literature in Chapter 1, where I set the scene on how we first came to under-
stand the distant red galaxy populations from first explorations in the 1990s and 2000s with
HST and Spitzer, and how our understanding evolved over the following decades thanks to
numerous surveys and telescopes. At the end of this literature review, it was established that
massive quiescent galaxies exist at z > 3, but their properties were poorly understood. At
this time, statistical analyses could not agree on their number densities, likely due to differing
selection techniques, and it was not possible to explain their physical origins in a multitude
of simulations. Furthermore, questions arose as to where they came from: what is the galaxy
population that directly precedes the first quiescent population? I then set out to tackle six
questions related to these topics, which I will now address in turn, and summarise how each
Chapter contributed to answering them.

Is there a better way to select massive quiescent galaxies at z > 3 from imaging than the
current methods?

Prior to actually studyingMQGs, it is crucial to know how to identify them. MQGs samples
have been selected in large photometric catalogues using colour selections calibrated on the
low redshift quiescent galaxy population (Schreiber et al., 2018; Straatman et al., 2014). At
z ∼ 3, these selection methods do not perform adequately due to differences in the funda-
mental properties between the high and low redshift quiescent galaxy populations, as well
as the data quality (Lustig et al., 2022). In Chapter 2 I presented a novel colour selection
for identifying massive quiescent galaxies z > 3 in photometric catalogs of imaging surveys
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(Gould et al., 2023). Instead of using a binary divider in colour space to quantify quies-
cence, I invented a method to select MQGs based on the probability that they lie in a certain
region of colour space. I tested this method using simulated MQGs at z=2,3,4,5 from the
SHARK simulation (Lagos et al., 2018), and found that my method outperforms a classical
UVJ colour selection at z > 3. In Chapter 3, I used this colour selection to identify quies-
cent galaxy candidates at z > 2 in theCANUCS survey (Willott et al., 2022), and presented a
preliminary sample of spectra of quiescent galaxies at z ∼ 2 observedwith JWST /NIRSpec,
including two galaxies at z > 3. These galaxies exhibit a range of spectra, highlighting the
colour selection method as a way to explore galaxies in all stages of quenching.

What are the number densities of massive quiescent galaxies at z > 3, and can simu-
lations reproduce the observed number densities of these galaxies?

InChapter 2 I applied the selectionmethod to themost recent catalog of the COSMOS field
(Weaver et al., 2021). I calculated the number density of MQGs from z = 5 to z = 2,
confirming this is period of tremendous growth in the early universe, and finding number
densities similar to those calculated from previous studies (e.g Schreiber et al., 2018). I com-
pared these number densities to those produced from cosmological simulations and found
that no simulations can reproduce the number densities of MQGs found observationally at
z > 3, implying that new recipes are needed, or existing ones need to be altered. In Chap-
ter 3, I presented work done in collaboration with others (Valentino et al., 2023) to applymy
novel colour selectionmethod to 11 homogeneously reduced public imaging fields in the first
three months of JWST. We found number densities for massive (log(M∗/M⊙)>10.6) quies-
cent galaxies at 3 < z < 4 on the order of 10−5 Mpc−1, with field to field variations and
cosmic variance playing a huge role in deriving these estimates. Moreover, number densities
from this study were 2× greater than those measured recently using mainly ground-based
data (Gould et al., 2023;Weaver et al., 2022), highlighting the importance of high spatial res-
olution NIR observations to identify and de-blend sources, and derive robust redshifts and
stellar masses. Finally, we found that there is some convergence on the number densities of
MQGs at z > 3 in the past few years, highlighting the power of JWST to confidently explore
these galaxies.

Can we find old and low mass quiescent galaxies at z > 3 with JWST?

In Chapter 3, I presented the detection of low mass (log(M∗/M⊙)< 9.5) quiescent galaxies
by tuning the parameters of my selection method. These galaxies were expected based on
previous stellar mass functions (Weaver et al., 2022; Santini et al., 2022a). Looking to higher
mass, older galaxies, we presented a candidate massive quiescent galaxy at zphot = 4.63 se-
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lected using a lower quiescence threshold (i.e., it wouldn’t be selected by stricter traditional
methods). This galaxywas later observed as part of theRUBIES JWSTGOprogram (JWST -
GO-4233; PI de Graaff) with both NIRSpec medium resolution and low resolution modes,
and was confirmed to be high redshift (zspec = 4.896), massive (log(M∗/M⊙)=10.9), quies-
cent (SFR100 =1.3M⊙yr−1) and old (t50 = 550Myr) (de Graaff et al., 2024). This particular
galaxy challenges simulations once again, as it requires extremely formation to be so old and
massive only 1.2 billion years after the Big Bang. This finding also confirms the power and
the flexibility of my selection method to find old quiescent galaxies as well as young ones.

What are the properties of the “NIR-dark” population?

Prior to JWST, little was known about the elusive population of galaxies that were opti-
cally invisible, but brighter at longerwavelengths (“NIR-dark”), and spectroscopy in the rest-
frame optical was not possible, making it difficult to accurately infer their stellar masses and
study the ISM. In Chapter 4, I presented the spectro-photometric analysis of a previously
known optically dark, dusty main sequence galaxy at zspec = 3.65. This galaxy was a previ-
ously presented in Kohno et al. (2023) and Sun et al. (2022) as the brightest ALMA source
in the lensing cluster MACS J0417.5 − 1154 and is lensed into three images. This galaxy
(dubbed “BB”) was observed with both NIRCam and NIRSpec as part of CANUCS. I de-
veloped a new software specifically designed to measure the redshifts, line fluxes, and line
widths of galaxies such as this one, which I then used to explore its properties. I found that
BBis a massive log(M⋆/M⊙) =10.3± 0.2, star forming log(M⊙/μyr−1)= 1.43+2.23

−0.29, highly
dust obscured galaxy (AHα > 4), with a strongly ionized ISM. Line ratios based on standard
diagnostics as well as significant residuals indicating a broadened HeIλ10830 line imply the
galaxy is either hosting an AGN, is experiencing shocks, or has strong stellar winds, possibly
fromWolf-Rayet stars.

Could these optically invisible galaxies be the progenitors of z > 3 quiescent galaxies?

In Chapter 4, we estimated the F277W size of the least distorted image, probing roughly rest
frame optical V band, and converted to an intrinsic size of 0.51 ± 0.05kpc. This makes
BB already as small as quiescent galaxies at z > 3 (Ito et al., 2024). Combined with a
short depletion timescale (tδ = 190+266

−95 Myr) (Sun et al., 2022) and already large stellar mass
(log(M⋆/M⊙) =10.3±0.2), this couldmean that BBwill join the compact quiescent galaxy
population at z ∼ 2. Although BB is only one galaxy, it has similar colours, stellar mass and
sfr to other optically dark galaxies observed recently with JWST (e.g Barrufet et al., 2024;
Gottumukkala et al., 2023; Barrufet et al., 2023; Pérez-González et al., 2022; Nelson et al.,
2022), and could therefore be seen as a “poster child” for the population. Therefore, it is
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possible that other optically dark galaxies with similar properties to BB could also be MQG
progenitors.

5.2 Future perspectives

Already in the first 21 months of JWST observations, a deluge of data has been taken, re-
duced, and studied. In the era of the Great Observatories, detailed imaging and spectroscopy
of high redshift dusty and quiescent galaxies was highly difficult, or impossible, due to pro-
hibitively expensive exposure times, lack of wavelength coverage, or inadequate resolving
power. This is now possible with JWST ’s wavelength coverage and resolving power, which
has revealed stunning imaging and spectra of red galaxy populations.

Spectroscopywith JWST is themost exciting avenue for the studyofhigh redshift quench-
ing. This is not only reflected in the number of studies since the launch (deGraaff et al., 2024;
Setton et al., 2024; Glazebrook et al., 2024; Ito et al., 2024; Carnall et al., 2023; Sandles et al.,
2023) but also in the generous share of proposals accepted in Cycle 2 using spectroscopy to
study high redshift quenching*, which accounted for∼ 10% of the total allocated prime ob-
serving time for General Observer (G0) programs in the category of “Galaxies”. This likely
resulted from the success of Cycle 1 in proving JWST ’s capabilities - the first Cycle of obser-
vations proved that JWST could not only spectroscopically confirm quiescent galaxies in a
fraction of the time required from the ground (e.g Nanayakkara et al., 2024), but could also
provide the resolution required to probe the physics of quenching (de Graaff et al., 2024;
Slob et al., 2024; Davies et al., 2024; Carnall et al., 2023). Whilst this was already known the-
oretically (Nanayakkara et al., 2021), it has been notoriously difficult to convince TAC’s to
allocate time for spectroscopy of quiescent galaxies, as they require a significant amount of
integration just to confirm redshifts. With JWST , this is in the past now.
When writing about the possibilities of a space-based telescope, Lyman Spitzer Jr. wrote

“...that the chief contribution of such a radically new and more powerful instrument would be,
not to supplement our present ideas of the universe we live in, but rather to uncover new phe-
nomena not yet imagined” (Lyman Spitzer, 1990). Indeed, this has happened with JWST,
although Spitzer was in fact referring toHST. The detection of low mass quiescent galaxies
has been a newhot topic in the JWST era, withmore “typical” lowmass quiescent galaxies be-
ing presented (e.g Cutler et al., 2023; Alberts et al., 2023;Marchesini et al., 2023) as well as so
called “mini-quenched galaxies”. These galaxies are lowmass galaxies with nomeasurable in-
stantaneous star formation that could either represent a transitional phase from star-forming
to quiescent, or a temporary lull in period of bursty star formation. Observations of these
galaxies at 3 < z < 7 (e.g Looser et al., 2023; Strait et al., 2023) provoked a flurry of works

*https://www.stsci.edu/jwst/science-execution/approved-programs/general-observers/cycle-2-go
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exploring the possibility of such galaxies in simulations (Gelli et al., 2024; Faisst and Mor-
ishita, 2024; Dome et al., 2024; Gelli et al., 2023), although previous work has shown that
bursty star formation can occur at high redshift (Anglés-Alcázar et al., 2017). This has raised
questions such as the definition of quiescent, which is exactly why having a sliding scale def-
inition such as the one I designed can be very useful - a quiescent galaxy is defined by your
selection criteria.

At the start of thesis, in 2020, the landscape for studying distant red galaxies was vastly
different to today. JWST has opened the doors of discovery to study quiescent and dusty
galaxies in glorious, gory detail, and it is the goriness of science that motivated the creation
of the two newmethods presented in this thesis. This thesis has contributed to our scientific
understanding of the z > 3 universe: charting the properties and number densities of quies-
cent galaxies, assessing the status of simulations, and exploring the properties of “NIR-dark”
galaxies and their possible status as quiescent galaxy progenitors. But, I have also specifically
created tools tomake not onlymy study of these galaxies easier, but also tomake the job easier
for the community. Both codes are publically available on github, and can be used both to
select and explore quiescent galaxies in all imaging data, as well as study the spectra of galaxies
observed with JWST /NIRSpec. The future work made possible by this thesis extends also
to analysing the sample of quiescent galaxies at cosmic noon that I selected with the novel
selection method. Other avenues include harnessing the power of the medium band data
in CANUCS, which was explored in great detail during this PhD but sadly did not make
it into the thesis. The foundational work based on medium bands in the 2010s (Straatman
et al., 2014; Kriek andConroy, 2013;Whitaker et al., 2011) has shown the power ofmedium
bands for accurately constraining not only the redshifts, but stellar populations and ages of
quiescent galaxies. Looking forward, there is much science to do. The next few years will un-
doubtedly reveal evenmore exciting galaxies, and with the power of computational methods
and a vast data base of public JWST data, we have all the tools we need to understand when,
and how, the first quiescent galaxies came to be.
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