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ABSTRACT OF THE DISSERTATION
Taming Giants:

Studies on the Growth, Regulation, and Evolution of Dusty, Star-Forming Galaxies in the Early
Universe

By

Arianna S. Long

Doctor of Philosophy in Physics

University of California, Irvine, 2022

Professor Asantha Cooray, Chair

Half of all cosmic starlight is obscured by dust and re-radiated at cooler, infrared wavelengths. The

majority of stellar mass is built in these dust-obscured regions at 𝑧 > 0.5 – with the most extreme

manifestation taking place in a rare population of galaxies: dusty, star-forming galaxies (DSFGs).

DSFGs form stars at extreme rates (∼ 102−3 M⊙ yr−1), becoming extremely massive (M∗ ≥ 1010)

in just a few hundred million years. Prodigious star formation generates abundances of dust that

obscures starlight, making some DSFGs nearly invisible to even the deepest rest-frame ultraviolet

and optical surveys. Though rare in the local Universe, DSFGs are a thousand times more populous

at 𝑧 ∼ 1 − 3. What is their evolutionary fate and what might their descendants look like today?

In my doctoral research, I led detailed case studies, large statistical analyses, and I developed an

empirically-based numerical model to uncover critical insights into the answers of these questions.

I focus on constraining the stellar growth and evolution of DSFGs discovered with the Herschel

Space Observatory, complemented by data from the Chandra X-ray Observatory, Hubble Space

Telescope (HST), Spitzer Space Telescope, and other ground-based telescopes.

First, I present a detailed case study on a protocluster of DSFGs found at 𝑧 = 4, the Distant Red Core

(DRC). In this work, I presented the first measurement of both the stellar and cold gas content in a

massive, 𝑧 > 3 protocluster, and determined that this protocluster occupies an exceptionally massive
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dark matter halo (≳ 1014 M⊙), potentially in tension with a simple ΛCDM cosmological model. I

forward evolved the protocluster members to show that these galaxies will likely become the massive

quiescent ellipticals dominating cluster cores by 𝑧 ≈ 2−3. Then, I present my first lead-author work

where I showed that there was no statistically significant evidence of star formation suppression in

dusty galaxies with actively growing black holes when compared to those without. This implies

that feedback and heating from actively growing supermassive black holes may not be the primary

mechanism that shuts down of star formation in massive galaxies at 𝑧 > 1. I also derived the

first statistically significant quantification of black hole versus star-forming emission as a function

of wavelength, which can be used to argue for/against certain photometric filters as “pure” star-

formation indicators in distant, dusty galaxies. Finally, I present my latest in-progress work where I

use empirical data on dusty star-forming galaxies to create a novel, numerical model that re-shapes

the primary function describing stellar mass assembly in the Universe: the stellar mass function.

Using the infrared luminosity function as a nearly-complete census of dust-obscured galaxies, I

built a Markov Chain Monte Carlo model that infers the stellar masses of mock populations of

dusty galaxies throughout cosmic time. Current results show that the massive end (M ≥ 1011 M⊙)

of the most robust galaxy stellar mass functions in the literature are deficient by up to an order

of magnitude; this is of major concern for galaxy evolution models, which often invoke extreme

feedback prescriptions (e.g. AGN) to prevent galaxies from growing much beyond this pivotal mass.

Using simple assumptions to forward evolve these mock DSFGs, I demonstrate that massive DSFGs

at early times can evolve to match the observed population densities of massive quiescent galaxies

at later times, and are therefore the likely dominant ancestral population. Many of the results and

predictions presented in this thesis are immediately testable with with uniformly-selected galaxy

samples from Cycle 1 JWST GTO / ERS programs.
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Chapter 1

Introduction

1.1 Preface

During the course of my graduate career, I’ve been incredibly fortunate to receive training and

opportunities to explore various paths in science communication. Out of all of the podcasts, public

speaking events, and other sci-comm opportunities, writing in particular stood out as a passion of

mine. Since the start of my PhD, I’ve written several articles for science enthusiasts, primarily

published in the Astronomical Society of the Pacific’s Mercury Magazine and even once for the

hard-copy version of Scientific American. Thus, I dedicate this introduction to these works, and to

those who are interested in astronomy without the technical background.1 For scientists seeking a

more in depth introduction to my works, you may find them in Chapters 2-4.

1I was not the first to do this, and I thank Katy RW for the idea.
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1.2 Why Dust Matters

“We’re made of star-stuff.”

In 1980, Carl Sagan made this statement on public television in his show Cosmos. This quote

rippled through generations, inspiring future scientists and backyard observers for years to come.

In fact, upon meeting new people, many recite this Sagan quote to me, and occasionally some folks

begin rolling up their sleeves to show me a corresponding tattoo. But the particular star-stuff Sagan

referred to is actually less than one measly percent of a galaxy’s composition. So, what is this super

important star-stuff and why does it matter if there is so little of it in the Universe?

Sagan is actually referring to dust. No, not the dust that you so desperately need to wipe away from

behind your computer screen (although that comes from human skin, and we humans are made

of star-stuff . . . but that’s beside the point). I’m talking about cosmic dust; the dust that lives in

space, existing in every corner; the dust that helps create all of our stars, planets, and moons, and

rains down on our planet every single second of the day. This dust is actually a lot more like soot,

in both size and molecular makeup; it is structurally complex and has an organic (carbon-based)

chemical composition. And, like the dust in the corners of your home, it used to be viewed as a

major nuisance.

Dust grains are the perfect size to block incoming starlight. For centuries, astronomers would

observe stars and galaxies using telescopes built to view the optical universe. At the optical

wavelengths, which are wavelengths similar to what our human eyes can see, you will mostly see

adult stars. If there is any dust in the way, even just a very small amount, that dust will absorb

the visible light coming from the stars and leave you essentially blind to stars behind it. Even

worse: new stars form in extremely dense, cold clouds of molecular gas where the gas can freeze

onto dust particles throughout the cloud. So, if you wanted to study how stars form inside a stellar

nursery using an optical telescope, you would essentially be observing the outsides of a big, dark,

and opaque cloud floating in space. It wasn’t until the late 1960s that astronomers began pondering
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ways to see through that dust, exploring the idea that dust heated by visible starlight might re-emit

that light at lower energies – i.e. infrared light.

Adapted from my 2019 Article in the ASP’s Mercury Magazine “The Curious Case of Dusty, Star

Forming Galaxies”.

1.3 Dusty, Star-Forming Galaxies: What’s in a Name?

In the 1990s, the Cosmic Background Explorer (COBE) was launched to explore the extragalactic

background light at infrared and submillimeter wavelengths. Extragalactic background light is

the accumulation of all of the radiation from stars and galaxies since the birth of the Universe.

COBE’s measurement was groundbreaking. It revealed that infrared extragalactic background

light is nearly as strong as the visible background light. Naturally, astronomers wanted to link

this infrared background light to galaxies. However, upon doing so, astronomers discovered that

only half of the infrared background light could be explained by all of the galaxies in the known

Universe at that time (remember: the majority of those galaxies were discovered only by means of

visible telescopes). Combined with similar observations made previously by the IRAS telescope

in the 1980s, astronomers took these results as proof that there has to exist a significant number

of galaxies that are too dusty to be detected at optical wavelengths. Several years later, infrared

telescope technology advanced enough to birth the Submillimeter Common-User Bolometer Array,

the Spitzer Space Telescope, and the Herschel Space Observatory, among many other instruments,

and the dusty veil hiding the existence of millions of galaxies in our Universe was finally lifted.

These infrared bright galaxies have many names in astronomy. Depending on how they are

detected, how near or far they are, and many other characteristics, you may hear them referred to

as submillimeter galaxies (SMGs), (ultra)luminous infrared galaxies (LIRGs or ULIRGs), or dusty,

star-forming galaxies (DSFGs). Here, we will refer to them as DSFGs as I believe this class of
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galaxy has really earned this name.

By tracing warm dust content through infrared light, we can also trace star formation activity. As

new stars form deeply embedded within cold clouds of dust and gas, their bright UV and optical

light warms the surrounding dusty envelope, which in turn re-radiates at infrared wavelengths. The

Milky Way is forming stars at a rate of about 3 times the mass of the Sun per year. DSFGs, however,

are forming stars at a rate of 100-1000 times the mass of the Sun per year, sometimes even more

– hence the ‘SF’ part of the acronym. On average, DSFGs are 10-100 times more massive than

the Milky Way but can occupy a physical volume up to 99% smaller than that of our galaxy. So,

DSFGs are extremely compact, extremely massive, and extremely dusty. Why are they so extreme?

The extreme existence of DSFGs is still exotic to many astronomers. Most cosmological simulations

that seek to model the formation of our Universe cannot reconcile the sheer number of DSFGs we

observe today, let alone explain how they form in the first place. What we do know thus far is that

DSFGs are most populous in the early and intermediate Universe, and that they tend to contain large

amounts of cold gas. This is important because the early Universe was primarily neutral (i.e. cold)

Hydrogen and Helium, which meant that the first galaxies to form were likely giant, gravitationally

bound spheres rich with gas ready to form new stars at a rapid pace. Where you find massive, gas

rich stars forming at a rapid pace, you will also find powerful (and frequent) supernovae which

enrich their surroundings with heavier elements and, you guessed it, dust!

However, this fast-paced lifestyle comes at a price. Researchers calculate that these rates of star

formation are unsustainable in the long term. DSFGs are projected to deplete their cold gas

reservoirs so rapidly that some might not ever reach the ‘spiral disk’ phase of galaxy evolution, and

instead turn into what we astronomers affectionately refer to as massive ‘red-and-dead’ elliptical

galaxies, galaxies that have little to no gas and are no longer forming any new stars. Some

astronomers believe DSFGs undergo several major mergers with each other early on, and that’s

how some DSFGs seem to have such massive amounts of gas and dust and non-disk-like shapes.

However, the evolution of DSFG morphology is still a topic of heated debate, likely containing
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some complex combination of several theories, so I leave this part to the whims of your imagination.

While we have observed many DSFGs at far-infrared and cooler wavelengths, we still need ob-

servations in other parts of the spectrum to fully understand their properties. Additionally, there

are many observational hurdles to overcome. For example, many DSFGs are seen as they were

in the earlier Universe, when galaxies were more populous and galaxy mergers more frequent.

Depending on the sensitivity of a given telescope, two galaxies merging while flinging around

cold gas and dust may look like one big blob-like galaxy, two distinct galaxies, or maybe even

just one of the galaxies is bright at that given wavelength but the other one isn’t due to different

evolutionary stages or chemical compositions. These observational effects can greatly limit our

understanding of DSFG populations. Thus, many astronomers, including myself, are exploring

ways to use multi-wavelength observations to overcome these hurdles so we can better understand

the strange existence and evolution of DSFGs.

Adapted from my 2019 Article in the ASP’s Mercury Magazine “The Curious Case of Dusty, Star

Forming Galaxies”.

1.4 Black Holes and Galaxies: A Gravitational Love Story

Black holes are possibly the most unique objects in the universe, partly because they are only

influenced by gravity, not radiation. In fact, that’s what makes them ‘black’ — their incredible

mass has such a strong gravitational pull that even the light whizzing by it from nearby stars gets

sucked in. This mass is believed to be one of the main ‘cogs’ in the wheel of our galaxy, helping

to keep it all together. But the real consequences of living a supermassive black hole life can only

be understood on time scales that our human lives can’t grasp.

If you think of the age of the universe as a calendar year with the Big Bang occurring on Jan. 1

at 12 a.m. and our current present day being 11:59 p.m. on Dec. 31, galaxies and black holes
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started forming somewhere around Jan. 22. Unfortunately, there is still a heated debate as to how

the first black holes formed: some believe they have to be the remnants of the first stars after they

ran out of fuel and went supernova, whereas others believe some black holes could form almost

instantaneously if there was enough gas in a confined space to collapse in on itself. It’s likely a

combination of both and, as the field of gravitational wave astronomy blossoms, we hope to have a

better, more specific idea in the near future.

Either way, one thing is for sure in our current day picture, where you find a supermassive black

hole, you will also find a galaxy. We take this as surefire evidence that supermassive black hole

and galaxy evolution are intimately tangled together. Like any symbiotic relationship, one must

wonder: what does each party get out of this? We know supermassive black holes are part of the

glue that keeps a galaxy together, but what does the galaxy give to the black hole? The answer:

mass.

When a supermassive black hole is growing by actively consuming nearby matter, be it dust, gas,

or unfortunate nearby stars, we refer to it as an active galactic nucleus, or AGN. Now, occasionally,

a cloud of gas flies into Sgr A∗, but otherwise the stars around our own supermassive black hole

are in a generally stable orbit, much like the planets orbiting the Sun in our solar system. So, Sgr

A∗ is not, by definition, an AGN. At least not right now.

It takes a lot to be classified as an AGN; specifically, it takes a lot of radiation. In fact, typical

AGN emit more radiation across the entire electromagnetic spectrum than all of the stars in its host

galaxy combined. This makes AGN individually the most powerful objects in the universe. All

that power beaming out from such an incredibly tiny region within a galaxy means that when we

go to observe that galaxy at any wavelength, the image is often dominated by a very bright, tiny dot

at the center (hence the term ‘nucleus’). And hiding in that nucleus is a supermassive black hole

surrounded by hot gas and dust rushing towards an imminent fate.

But how did the gas and dust get there in the first place? Gravity.
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The first black holes and galaxies in the universe were likely smaller than our Milky Way today. They

grew over time as they merged together, driven by their mutual gravitational attraction. Simulations

of these merging scenarios detail beautiful tangos where galaxies swing past one another, barely

touching the first few times, but eventually slamming into each other forming one single larger

galaxy that comes complete with a single larger black hole. The new supermassive black hole has a

larger appetite due to its larger mass. As the dust literally settles within the new galaxy, it’s dragged

toward the nucleus where a looming beast awaits its feast.

The gas and dust get closer to the black hole, orbiting faster and faster, getting squeezed into the

shape of a disk by angular and gravitational forces. This disk is the metaphorical feedbag of the

black hole, providing all the matter it needs to consume and grow. The disk is also incredibly hot,

creating lots of ultraviolet and X-ray emission, and its ultra-fast circular motion blasts hot winds of

radiation across the entire galaxy.

All this dust-dragging and radiation-blasting is great for the supermassive black hole, but it comes

at a price. The matter that was dragged into the nucleus could have instead helped form brand new

stars for the galaxy. The winds blasting off the disk may disturb or sweep away potential stellar

nurseries (a.k.a. clouds of cold gas and dust), again depriving the galaxy of any new star formation.

In fewer cases, AGN produce two very powerful opposing jets that shoot material out of the entire

galaxy and into the void.

Simulations show that over time these effects may slow or completely prevent new stars from

forming within the galaxy. If new stars don’t form, then gas and dust production slow from the lack

of supernovas. If gas and dust production slow, then the supermassive black hole has nothing to

feed on. Theoretically, this cycle continues until either another gas-rich galaxy comes along and

merges with the dying one, or until new stars stop forming altogether and the black hole is forced

to live hungry and in dark isolation.

Observing the relationship between AGN and star formation is difficult. As humans, we are simply
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not alive long enough to watch this interplay happen. To make matters worse, observing AGN and

star formation processes is quite complex. Baby stars are hidden in clouds of warm gas and dust,

and so are AGN. Thus, researchers often quantify how much star formation is going on by looking

for warm dust; but, one can also judge how powerful an AGN is using similar observations. So,

it’s increasingly important that we learn how to best detangle the two processes when observing a

galaxy far away. This allows us to get us a step closer in understanding how soon after an AGN

ignites are the effects most powerful on the galaxy, and at which “point of no return” can a galaxy

be officially diagnosed as dying.

Adapted from my 2019 Article in the ASP’s Mercury Magazine “Black Holes and Galaxies: A

Gravitational Love Story”.

1.5 Galaxy Clusters: From Fireworks to Fossils

All around us in nearby space — within, say, 300 million to 600 million light-years — astronomers

see dead or dying elliptical galaxies gathered in great ensembles called galaxy clusters. These

clusters hold the fossilized remains of the most massive galaxies ever formed — hundreds to thou-

sands of them slowly dancing around one another, gravitationally bound forever in their permanent

graves.

But galaxy clusters present a problem for astronomers. Most clusters seem to have been established

by the time the universe was only half of its current age. That means the galaxies within those

clusters must have birthed most of the stars they contain early in cosmic history. It appears that

these galaxies grew to the size of the Milky Way or larger but up to 10 billion years more quickly.

How did they get so big, so fast, and then die so young?

To get to the bottom of this, astronomers have created simulations to understand the possible births

and lives of cluster galaxies based on data from hundreds of real senior galaxy clusters nearby. This
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is essentially the equivalent of taking thousands of photos of senior citizens and using physics to

model what these citizens might have looked like when they were babies. As you can imagine, a

lot of assumptions and theories go into these models, so we need pictures of middle-aged, teenage,

and baby clusters to really test our theories. Thankfully, in the last decade, we’ve started filling in

our evolutionary photo album with more middle-aged and teenage pictures ... but we’re seriously

lacking baby photos.

Galaxy cluster “babies,” also known as protoclusters, can be difficult to identify because they don’t

have the same qualities as their descendants. Until recently, most of our methods for spotting

clusters were developed to preferentially select dying elliptical galaxies or the hot gas that pervades

the space between them. Elliptical galaxies and hot intracluster gas appear at the later stages of

galaxy cluster evolution, so we need new methods to find their bluer, more star-forming infant

counterparts. To make things more difficult, protoclusters are often spread far apart on the sky

because the galaxies have yet to fully coalesce into the dense structures we see today. When our

most famous and precise telescopes have cameras that span only the width of a pencil (the Hubble

Space Telescope, for instance), it is not surprising that we cannot piece together protocluster puzzle

pieces that are spread across the sky at distances more than 100 times greater than our telescope’s

field of view.

All of this means that until recently, the tools to find and study protoclusters usually missed a key

population of galaxies. From the late 1990s through the early 2010s the Submillimeter Common-

User Bolometer Array, the Herschel Space Observatory, the South Pole Telescope, and the Spitzer

Space Telescope revolutionized our understanding of the dust-obscured universe by unveiling

millions of galaxies that were previously invisible. Starting about 15 years ago, astronomers

began studying the clustering properties of dusty star-forming galaxies, and they found that these

powerhouses live preferentially near other large and actively star-forming galaxies. But the state of

technology was still behind our ambitions; the resolution of infrared and millimeter telescopes was

still so low that multiple galaxies would get blended into one large object, even if those galaxies
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were far apart but lay along the same line of sight. The age of the infrared universe was here, but

we needed sharper and more sensitive instruments to fully comprehend what we were seeing.

Finally, in 2013, the Atacama Large Millimeter/submillimeter Array (ALMA) arrived. High in

the Chilean desert, this collection of nearly 70 radio dishes works together as a single telescope,

reaching resolutions up to 600 times sharper than that of the Herschel telescope. The observatory

is excellent at detecting dusty, gaseous stellar nurseries throughout star-forming galaxies. With it,

astronomers have begun discovering early protocluster systems that are both shocking and exciting.

These corners of space are violent. They are overabundant with rare, extreme galaxies like DSFGs

and AGN, with visibly disturbed shapes from violently merging with their neighboring galaxies.

Galaxy merging is believed to trigger extreme bursts of star formation as huge reservoirs of gas

collide. According to detailed simulations, these processes are also believed to accelerate galaxy

evolution, bringing the senior lifestyle to the cluster galaxies at a much more rapid pace than their

isolated peers.

The protoclusters are also already shockingly massive. When weighing all of the components

(stars, gas, and dark matter), we find that some of these protoclusters are so massive that they nearly

violate the laws of the most massive allowable object in the Universe. (Dark matter is the most

abundant form of matter in any given galaxy and in the universe as a whole. All galaxies and

clusters are thought to be surrounded by blobs, or halos, of this mysterious stuff. And although

it is invisible and poorly understood, dark matter leaves a clear gravitational signal. There are a

variety of ways to infer the amount of dark matter in a given astronomical object, and to cover those

methods would require several additional theses.) Although there are healthy margins of error on

these calculations, the discrepancies look even worse when we consider the fact that some of these

observations are capturing only a small percentage of the likely galaxy cluster members; there are

probably more galaxies in these protoclusters that were simply out of the narrow field of view of

our telescopes and thus not included in the calculations. These mismatches will most likely grow

as we continue surveying and studying these protoclusters.
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Our investigations on extreme and early protoclusters force us to reconsider our understanding of

galaxy cluster formation. Because the galaxies in clusters are likely to be some of the first galaxies

ever, we must determine how such massive objects can form so quickly. Doing so is not just an issue

of constraining the physical mechanics and chemistry of star formation inside the first galaxies. It

is also a matter of investigating the timing of the conditions that lead dark matter to gravitationally

collapse into halos, seeding galaxies. Is it possible that galaxies and structure began forming earlier

in the universe than we thought? What does that mean for our understanding of the formation of the

first elements? Could these galaxies have forged the right ingredients to build stars with habitable

planets around them — and perhaps hosted some of the first forms of life in the universe?

Some of these questions probably will not be answered during my lifetime, but I and other as-

trophysicists are working hard and fast to address the others. Already we are carrying out more

observations of these known protoclusters across the electromagnetic spectrum. We are also de-

veloping new methods for identifying large samples of dusty protocluster candidates. With more

examples, we may be able to determine whether DSFG-rich protoclusters represent examples of

a common, yet previously invisible, phase of galaxy evolution that all clusters go through or just

rarities. Observers and theorists are forming new collaborations to learn how early in the history

of the Universe conditions were right for protoclusters akin to those we have discovered — pockets

of space overdense with tremendous rates of star formation and outsized masses.

The best way to test our physical models is to look at extremes. In the next few years these colossal

congregations of exceptional galaxies will be putting humanity’s grasp on the cosmos to the test.

Adapted from my 2021 Article in the Scientific American “Ancient Galaxy Clusters Offer Clues

about the Early Universe” and my 2019 article in the ASP’s Mercury Magazine “Why Do Galaxies

in Large Clusters Age Prematurely?”.
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Chapter 2

A Case Study at 𝑧 = 4 - Long et al. 2020

2.1 Introduction

Environmental impacts on galaxy evolution are best understood at 𝑧 < 2. In observational studies on

the local Universe all the way out to 𝑧 = 1.5, galaxy clusters are known to host excess populations of

red and massive galaxies when compared to coeval field counterparts [229, 402, 298, 393, 337, 224].

In order to form these massive, quiescent populations, studies suggest that clusters must form the

majority of their mass (∼ 50%) and initiate rapid quenching by 𝑧 = 2 [e.g. 70, 297, 313], which

means clusters at 𝑧 ≳ 3 should host many actively star-forming galaxies [67, 63]. Unfortunately,

observational selection biases bear inconclusive results on whether there exists an excess of star-

formation activity in early cluster environments at 𝑧 > 2 [e.g. 363, 205, 68]. This is likely due to

the fact that the methods originally developed to find clusters were inherently built to detect near-

virialized clusters at 𝑧 ≲ 2 with strong red sequences already in place [e.g. 141, 319, 112, 329, 61]

and/or evidence of a hot X-ray emitting intracluster medium [e.g. 319, 271, 415, 31].

Full characterization of 𝑧 > 3 early cluster, aka protocluster [294], environments is vital to our

efforts in understanding several cosmological processes, including the collapse of filamentary
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structures [e.g. 387], the formation and assembly of massive halos in ΛCDM [e.g. 369, 162], and

the births of the most massive galaxies in the Universe: brightest cluster galaxies [e.g. 88, 310, 69?

]. Currently, most protoclusters cataloged at 𝑧 > 3 are discovered and characterised based on

their rest-frame optical/UV emission owing to their selection techniques (e.g. systematic narrow-

band/spectroscopic searches for overdensities of Ly𝛼 emitters, H𝛼 emitters, and/or LBGs [e.g.

396, 78, 44, 205, 222, 173]). However, these techniques are blind to a rare but important phase of

massive galaxy evolution that contributes immensely to cosmic star formation: dusty, star-forming

galaxies (DSFGs, see Casey, Narayanan and Cooray 2014 [51] for a review; see also HAE229 in

[99, 82], and [83]).

Recent far-IR and sub-millimeter observations have uncovered populations of dusty, star-forming

galaxies residing in overdense environments at 𝑧 > 2 [e.g. 136, 58, 82, 65, 48, 388, 184, 264, 143,

160, 209]. Their incredible bursts of star formation over short periods of time at high-𝑧 makes

DSFGs ideal candidates for driving rapid stellar mass build up at 𝑧 > 3 in protoclusters, before the

widespread onset of a red sequence is in place. The strong presence of DSFGs in these overdensities

is not a coincidence, but likely a key part of protocluster evolution [47].

Detailed multiwavelength characterization has been carried out at the individual galaxy level for

many 𝑧 ≲ 3 nearly-virialized protoclusters with DSFGs [e.g. 357, 48, 388, 83], but most newly

discovered 𝑧 ≳ 3 protoclusters with DSFGs either (a) have only a handful (1-3) of these rare

starbursts [78, 44, 403, 300], (b) are DSFG-rich but with resolved observations limited to only their

far-IR and sub-mm properties [264, 174], or (c) are not yet spectroscopically confirmed members

of the protocluster [57, 160]. In order to fully assess the role and evolution of DSFGs in overdense

environments (e.g. are they the primary progenitors of BCGs or other massive spheroidals seen

in modern day clusters?), we must seek and then explore the properties of these rare and extreme

environments across the energy spectrum.

The work presented here is the first to link resolved stellar emission with cold dust and gas from

star-forming regions in a spectroscopically confirmed 𝑧 = 4 protocluster rich with DSFGs. We
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combine high-resolution Hubble Space Telescope (HST) data, deep Gemini FLAMINGOS-2 data,

and deep Spitzer IRAC observations to probe the rest-frame UV of an extremely dense protocluster

core spectroscopically confirmed at 𝑧 = 4.002 with the Atacama Large Millimeter/sub-millimeter

Array (ALMA): the Distant Red Core (DRC). The DRC was identified by Ivison et al. 2016 [191]

as the single reddest source in a systematic search for high-𝑧, extreme star-forming systems in the

≈ 600 deg2 Herschel Astrophysical Terahertz Large Area Survey [H-ATLAS, 110] based on “red”

Herschel SPIRE flux densities (𝑆500 > 𝑆350 > 𝑆250, [191, 9]). Follow up APEX LABOCA 870 `m

imaging across a 10′ field confirmed a significant (2.15+0.8
−0.5) overdensity of DSFGs [228], and

subsequent ALMA 2-3 mm spectroscopic scans on the two brightest 870 `m emitters resolved an

astounding 10 DSFGs at 𝑧𝑠𝑝𝑒𝑐 = 4.002 within a 260 kpc× 310 kpc× 87 Mpc region [293, see also

[131]], making the DRC core one of the rarest and most dense concentrations of DSFGs known at

high-𝑧 (see [264] for a similar structure at 𝑧 = 4.3).

In Section 2.2, we present multiwavelength data and counterpart identification; in Section 2.4, we

describe the spectral energy distribution (SED) fitting process; in Section 2.5 we present our results

comparing individual protocluster members to field galaxies, and in Section 2.6 we discuss the

DRC in context of global galaxy cluster evolution; we summarize our conclusions in Section 2.7.

Throughout this paper, we adopt a cosmology of H0 = 70 km s−1 Mpc−1, Ω𝑀 = 0.3, and ΩΛ = 0.7.

2.2 Observations

2.2.1 HST WFC3

In HST Cycle 25, we used the F125W filter to observe a subset of eight ultra-red Herschel objects

with precise coordinates from ALMA observations and clear Spitzer IRAC counterparts (PID:

15464, PI: A. Brown). We used a four-point dither pattern with a 653 s exposure per frame,

achieving a total on-source integration time of 43.5 minutes over the F125W band. We use
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Figure 2.1: Top: On the left is a zoomed out Spitzer IRAC 3.6 `m image with the positions of
other potential protocluster members outside of the DRC (objects C-H, as seen in 870 `m LABOCA
imaging in [293]) circled in pink. The blue dashed box shows the HST 1.25 `m image footprint over
the core of the protocluster (the DRC). The middle panel is a zoomed in Gemini FLAMINGOS-2
K𝑠-band image of the protocluster core, with ALMA positions for each DRC component encircled
in green. Finally, on the right we present a zoomed in image of the DRC as seen by HST at
1.25 `m. Overlaid in orange are ALMA 2 mm contours at 2𝜎 and 5𝜎. DRC-4 is attenuated in the
Gemini and HST images, as is DRC-10. Bottom: Observed-frame HST 1.25 `m and ALMA 2 mm
continuum contours overlaid on Spitzer IRAC 3.6 `m images for all DRC components (regardless
of positive near-IR detection). ALMA contour levels (orange) are at 2, 3, and 5𝜎; HST contour
levels (yellow) are at 2.5, 3.5, and 7𝜎. At 𝑧 = 4.002, an arcsecond corresponds to a spatial scale of
∼7.1 kpc. In this study, we consider objects within 1.14′′ (∼ 8 kpc) of the ALMA centroid to be
the collective rest-frame optical/near-IR counterpart. For nearly all objects, this includes only the
1.25 `m bright objects within the shown ALMA contours, except for DRC-8 where we include the
additional near-IR bright galaxy in the southwest region due to the overlapping shape of the ALMA
contours. See section 2.3.2 for more details.
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the final calibrated data from the Barbara A. Mikulski Archive for Space Telescopes (MAST),

which is combined and corrected using the standard WFC3 reduction pipeline (calwf3 v3.4.2 and

DrizzlePac v2.1.21). At this wavelength (1.25 `m), we determine 3𝜎 depths of mAB = 22.5 on

point-like sources and a psf of 0.18′′.

2.2.2 Gemini FLAMINGOS-2

In 2014, the FLAMINGOS-2 instrument on the Gemini-South telescope observed the DRC for a

total of ∼4 hours in the 𝐾𝑠-band (PID: GS-2014A-Q-58, PI: L. Dunne). Here, we use the same

reduced data presented in Oteo et al. 2018 [293] (Section 2.5, therein), which reaches a final 3𝜎

depth of mAB = 25 with an average seeing of 0.72′′.

2.2.3 Spitzer IRAC

In Cycle 13, as part of a follow-up campaign to measure the rest-frame optical emission for 300

𝑧 ≳ 4 ultra-red DSFGs, the Spitzer Space Telescope Infrared Array Camera (IRAC) imaged the

DRC at 3.6 `m and 4.5 `m (PID: 13042, PI: A. Cooray, see also Ma et al. 2019 [235]). Images in

each band were taken over a 36-point dither pattern with a 30 s exposure per frame, achieving a total

integration time of 18 minutes per band. We use the reduced post-basic calibrated data (pBCDs)

from the Spitzer Science Center (vS19.2), achieving depths of mAB = 24 and 26, and pst limits of

0.93′′ and 1.13′′, respectively.

2.2.4 Herschel SPIRE

Data Release 2 of the H-ATLAS survey [110, 391, 237] captured the DRC at rest-frame far-IR

wavelengths. SPIRE observations were taken in parallel over the South Galactic Pole, with fwhms
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of 17.8′′, 24.0′′, and 35.2′′ at 250, 350, and 500 `m, respectively. Ultra-red sources were selected

with a 3.5𝜎 detection threshold at 500 `m flux densities (S500) > 30 mJy, with S500/S250 ≥ 1.5

and S500/S350 ≥ 0.85 [191]. We refer the reader to [191], [391], and [237] for extensive details on

observations and source extraction, and to Section 2.3.3 for details on deblending Herschel SPIRE

data.

2.2.5 ALMA

As presented in Oteo et al. 2018 [293], successful spectroscopic confirmation of DRC members

required several spectral scans using the Atacama Large Millimeter Array (ALMA) to unambigu-

ously detect more than one emission line. We refer the reader to [293] for the full chronicle, and

briefly summarize the data used in this work below.

The DRC core has a spectroscopic redshift of 𝑧spec = 4.002, determined via ALMA 2 mm spectral

scans (PID: 2016.1.01287.S, PI: I. Oteo) carried out over two pointings, with an average synthesized

beam size of 1.6′′. All sources but DRC-5 were spectroscopically confirmed via detection of

12CO(6–5) emission, and up to four additional emission lines detected for some of these objects

(including [C i](1–0), H2O(211 − 202), 12CO(4–3), and 12CO(2–1); PID: 2013.1.00449.S, P.I. A.

Conley; PID: 2013.A.00014.S, PI: R.J. Ivison; and PID: 2013.1.00449.S, PI: R.J. Ivison). At 𝑧 =

4.002, the respective field of view for the 2 mm mosaic is roughly 675 kpc × 433 kpc with a physical

synthesized beam size of 11.4 kpc; thus, these sources are unresolved at sub-mm wavelengths (with

the exception of DRC-1 which was imaged with 0.12′′ resolutions at 870 `m in PID: 2013.1.00001.S,

PI: Ivison; this data is not included in this analysis).
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2.3 Photometry and Counterpart Selection

Here we review the photometry and counterpart selections used in this analysis. In Section 2.3.2,

we discuss how we carry out near-IR counterpart identification for each DRC component, and in

Sections 2.3.4 and 2.3.3, we discuss the deblending techniques used to derive fluxes for each DRC

component in the Spitzer IRAC data Herschel SPIRE data, respectively. The resulting photometry

is tabulated in Table 2.1 and 2.2.

2.3.1 Near-Infrared Photometry

For all observed-frame near-IR data (HST, Gemini, and Spitzer), we use the source extractor

package [24] in single-image mode to identify objects, and assign total fluxes based on FLUX_ISO

values, as many sources had disturbed morphologies not easily identified by elliptical projections.

We compare our photometry for several stars also in the 2MASS catalogs [350] and find a < 10%

difference in flux density estimates. In the following paragraph, we discuss the signal-to-noise

limits employed throughout this work.

For HST data, we measure 9/11 DRC sources at S/N ≳ 2. In this band, only 5/11 sources have

S/N> 3; we choose to keep the additional four objects with 3 > S/N ≳ 2 as these objects are clear

(S/N= 4 − 5) detections at in the K𝑠 band (2.2 `m), and the positional offsets between the sources

as seen in the F125W and K𝑠 filters are ≤ 0.4′′ (which is ∼1-2 pixels or less in the Gemini image).

For the deeper FLAMINGOS-2 data, we detect 9/11 DRC objects at S/N> 3, with the remaining

two objects, DRC-4 and 10, at S/N< 2 (which is consistent with HST). In the 3.6 `m and 4.5 `m

Spitzer images, 8/10 and 9/10 DRC components are detected at S/N> 3, respectively. However,

6/10 of these objects are blended with neighboring sources. In Section 2.3.4, we describe the

process for deblending the IRAC counterparts with their neighbors.
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2.3.2 Identifying HST and Gemini Counterparts

Upon inspection, many DRC members break apart into several rest-frame UV (_ = 2500 ) counter-

parts within their respective ALMA contours, several of which exhibit clumpy and/or interacting

morphologies (Figure 2.1). These morphologies are expected for the majority of galaxies at high-

redshifts (𝑧 > 1), due to increased merger fractions and star formation activity during this epoch of

the Universe [e.g. 72, 392, 117, 118, 1, 89, 35, 343, but see also [178]]. Moreover, studies suggest

that the bright sub-mm flux from DSFGs hails not just from isolated starbursts, but also from

merger-induced starbursts and/or pairs of galaxies (not necessarily individually bursting) undergo-

ing a spiral infall [154, 85, 182, 145, 165, 164, 166, 354, 279, 60, 143, 71, 251] – and, in overdense

regions like that of protocluster environments, there is an increased merger fraction compared to

coeval field environments [146, 122, 231, 175].

Considering the aforementioned evidence, and the large ALMA beam sizes relative to the HST

resolution, we decide to treat each ALMA object as it’s own global physical star-forming system,

capturing all observed-frame near-IR bright objects within a physically motivated radius on the

order of galactic scales: ∼ 8 kpc (1.14′′ at 𝑧 = 4, also seen in [413]). This chosen radius emits from

the center of the ALMA 2 mm emission for each object, within which we deem all rest-frame UV

bright objects as a cumulative counterpart. We note that, for many of the sources with multiple

near-IR counterparts, the center of the ALMA emission does not align with a singular near-IR

bright object. Instead, it is often centered between two or more objects, which is unsurprising

considering that dust and stellar offsets are not uncommon in DSFGs [e.g. 60, 49]. The physical

distance chosen ensures we capture only closely interacting pairs, individual galaxies dominated

by patches of star-forming regions / giant molecular clouds, and/or systems with irregularly shaped

dust and stellar offsets due to recent gravitational interactions or to strong dust extinction [seen in

e.g. 413, 60, 49, 143, 71]. The only exception to this case is DRC-8 in which we choose to include

the additional rest-frame UV object ∼ 2′′ to the southwest of the brightest part of the ALMA

centroid as the ALMA observations appear to also detect this additional object.
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For 5/11 sources (nos 1, 2, 7, 8, and 9), more than one HST counterpart is found within the

1.14′′ (8 kpc) radius (see Figure 2.1). With the available data, we cannot definitively rule out the

possibility of low-redshift interlopers in the optical/near-IR data. However, for DRC objects 1,2,7,

and 8, which show multiple possibly interacting components, the fwhm of the CO(6 − 5) emission

used to originally spectroscopically confirm cluster membership is extremely broad (> 1000 km s−1,

see Figure 2 in [293]). We interpret this as evidence that these four objects are likely ongoing merger

events, and therefore the 2-3 mm continuum measurements represent star-formation triggered within

the global system. Object 9 does not have the broad emission, but shows morphologies indicative

of a disturbed system with possible dust offsets from the preceding interactions.

For the 5/11 sources with more than one HST counterpart,we sum the respective fluxes to form

a total observed-frame 1.25 `m flux for each ALMA DRC component – still only including HST

sources with S/N ≳ 2. Uncertainties from multiple counterparts are added in quadrature. The

Gemini observation, affected by seeing, is more blended than the HST image. So, where necessary,

we repeat this exact method for multiple objects detected within the same radius in the K𝑠-band

image, although this only applies to two sources: DRC-2 and DRC-7. As mentioned earlier in this

section, DRC-8 also includes two objects in the HST and Gemini flux density measurements (both

at S/N> 3), with the uncertainties added in quadrature.

We note that these assumptions could result in an overestimation of the stellar component in the

SED fitting process, and thus we interpret the resulting properties as loose estimates and take care

to include all uncertainties in our analyses and figures throughout this work.

2.3.3 Generating Respective Herschel Flux Densities

In each of the Herschel SPIRE images, the DRC is blended together as a single object. The

protocluster was systematically selected as an “ultra-red” source based on it’s rising SPIRE flux

densities (𝑆500 > 𝑆350 > 𝑆250, [191]) believed to trace the Wien side of the far-infrared blackbody
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ID S1.25 `m S2.2 `m S3.6 `m S4.5 `m S250 `m
[`Jy] [`Jy] [`Jy] [`Jy] [mJy]

DRC-1 2.46± 1.03 4.16± 0.76 6.11± 1.28 5.73± 0.97 11.14± 5.54
DRC-2 8.56± 2.26 4.02± 0.86 11.21± 3.69 4.89± 1.46 16.22± 7.53
DRC-3 1.39± 0.77 5.14± 0.88 5.49± 1.64 6.60± 1.58 12.43± 5.94
DRC-4 < 1.0 < 0.40 < 2.10 < 1.29 < 7.18
DRC-5 12.98± 2.31 18.41± 0.73 19.12± 3.44 20.86± 3.54 < 3.23
DRC-6 1.64± 0.83 4.62± 1.16 4.62± 0.74 3.80± 0.53 < 6.59
DRC-7 7.32± 1.76 4.34± 0.58 6.67± 1.60 6.86± 1.37 < 3.63
DRC-8 16.89± 3.71 3.81± 0.70 5.09± 0.99 3.20± 1.06 < 4.34
DRC-9 11.67± 2.22 3.85± 0.58 4.27± 1.28 3.74± 0.93 < 5.22
DRC-10 < 1.16 < 0.59 2.78± 0.42 1.50± 0.30 < 5.98
DRC-11 3.47± 1.19 2.82± 0.56 3.73± 0.56 2.55± 0.36 < 2.98

Table 2.1: Measured flux densities for each cluster member. Measurements listed without un-
certainties are used as upper limits. See Section 2.3.1 and 2.3.3 for more details. DRC-5 is not
spectroscopically confirmed at 𝑧 = 4.002 like the other 10 members. We still include this object
in our analyses in Sections 2.5 and 2.6, and note any impacts on the global cluster properties if
DRC-5 is indeed not a true member of this cluster core. For DRC-8, we list the total combined flux
for the two galaxies lying within the ALMA contours seen in the HST image; at 2.2 `m, the two
components were recognized as one singular object.

ID S350 `m S500 `m S2 mm S3 mm
[mJy] [mJy] [`Jy] [`Jy]

DRC-1 34.34± 7.59 45.23± 9.24 2117± 58 406± 28
DRC-2 < 15.64 < 10.35 723± 11 154± 10
DRC-3 24.85± 6.42 18.38± 9.11 659± 10 218± 22
DRC-4 < 10.28 < 7.18 347± 99 75± 17
DRC-5 < 6.67 < 3.78 295± 94 110± 12
DRC-6 < 4.55 < 4.72 282± 65 102± 11
DRC-7 < 6.25 < 8.71 176± 82 –
DRC-8 < 6.79 < 7.74 55± 10 –
DRC-9 < 5.50 < 3.21 42± 11 –
DRC-10 < 5.09 < 3.20 40± 7 –
DRC-11 < 7.21 < 4.60 39± 9 –

Table 2.2: Measured flux densities for each cluster member continued.
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for galaxies at 𝑧 ≳ 4. Ivison et al. 2016 [191] measured a total flux for the DRC (aka SGP-354388)

of 26.6 ± 8.0, 39.8 ± 8.9, and 53.5 ± 9.8 mJy at 250, 350, and 500 `m, respectively; additional

follow-up SCUBA-2 and LABOCA 850-870 `m measurements also resolved the DRC (but this

data is not used in this analysis). In the following, we describe how we determine individual object

flux densities or upper limits.

Using ALMA positional priors for each DRC component, we deblend the far-IR emission with

the probabilistic deblender XID+ [185].1 XID+ is a tool designed specifically to deblend SPIRE

maps using higher-resolution positional priors and a Bayesian inference to obtain the full posterior

probability distribution function on flux estimates.

When all 11 sub-mm bright objects are considered in the fit, the results produce flux densities

< 10 mJy with S/N∼ 1 for each source. These estimates are considerably close to (or below) the

reliability thresholds defined in [185] (5 and 10 mJy for 250 and 350-500 `m, respectively) and

might indicate that none of these galaxies would be detected individually in Herschel surveys if

they were separated. However, XID+ is reliant on the high-res positional priors of known dusty

objects, which we have with ALMA data, and we also know that all objects (except DRC-5) sit at

the same redshift; this means that objects that are brightest in the 2 mm observations are likely more

massive/dust-rich than their fainter co-cluster members. Thus, we performed another deblending

fit using only the six objects brightest at 2 mm - this produced similar results as the 11-object fit.

Finally, when iterating XID+ on the four brightest 2 mm objects only (nos. 1-4), we recover the

majority of the SPIRE flux with estimates above the reliability threshold and at S/N ≳ 2 significance

for members 1, 2, and 3. We interpret this ensemble of fits to mean that objects 1-3 are likely the

main contributors to the Herschel SPIRE fluxes, and that contributions from the other sources are

negligible/undetectable at the shallow depths of this survey. This is also found to be true in the

Smith et al. 2019 [? ] ALMA detected cluster, where the majority of the Herschel and SCUBA-2

sub-mm flux was be attributed to the three (out of ten) brightest ALMA sources.

1http://herschel.sussex.ac.uk/XID_plus
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We adopt the fluxes as detections in the SED fitting process for objects 1-3, and use the results

from the first pass (that included all 11 sources) as generous upper limits in the SED-fitting process

for the remaining individual galaxies. In the Appendix, we show the best-fit SEDs and discuss the

galaxy properties for objects 1-3 that result from a fit using the (smaller) upper limits derived in the

first XID+ pass (which used all 11 sources instead of four). In general, when using the upper limits

for all sources, we find no major differences on the implications discussed in this analysis for these

galaxies or for the cluster as a whole.

We note that without these SPIRE upper limits / flux density estimates, our SED models generate a

much larger far-IR component for each member (with flux densities on the order of 5 − 10× larger

than what the deblended values predict). Furthermore, we find that SED fits using the deblended

values produce galaxy-level properties that are within 1𝜎 uncertainty of those found in Oteo et al.

2018 [293] (which were generated by fitting the 2 mm data to ALESS SED templates). Without

them, the resulting stellar masses and dust luminosities are much greater (2-10× greater, which is

unphysical in several cases). Thus, we find these upper limits and fluxes critical to our SED-fitting

process.

2.3.4 Deblending IRAC Counterparts

For several objects (e.g. DRC-2, DRC-8, and DRC-9), the 3.6 `m and 4.5 `m flux is blended

with nearby sources outside of the projected 1.14′′ merging radius. To avoid overestimating stellar

properties, we deblend the IRAC photometry using tphot [255, 254], a software package designed

to extract and deblend photometry from low resolution images (IRAC) using high resolution priors

(HST). We use Source Extractor [24] to generate the relevant input catalogs and segmentation

maps, then we apply swarp [25] to both IRAC images to match the HST/F125W image pixel

resolution (0.127′′). Finally, we use pypher to generate a convolution kernel between the IRAC

and HST PSFs. To achieve optimal performance, we ran tphot using FFT convolution and a
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Figure 2.2: A progression example of the tphot modeling and deblending process for DRC-2.
Contours match the HST contour stamps in Figure 2.1. The dashed circle represents a radius of
1.14′′ in which all sources within are considered a cumulative near-IR counterpart to the ALMA
centroid; this includes the source sitting on the circle for DRC-2. We use tphot to deblend IRAC
fluxes for protocluster members that appear blended with nearby neighbors outside this radius
(see Section 2.3.4 for more details). (a) is the HST image of the disturbed DRC-2; (b) is the
corresponding Spitzer IRAC 3.6 `m image that’s been swarp-ed [25] to match the HST pixel
resolution; (c) is the modeled IRAC image tphot creates using HST positional priors and a PSF
convolution kernel, and (d) is the residual flux remaining after extraction of the modeled flux from
the original IRAC map. We see no systemic issues in our residual maps and recover 85 − 100%
of the original flux for sources with clear singular IRAC counterparts (e.g. members 5 and 7), and
thus consider our deblended fluxes reliable. See Section 2.3.4 for more details.
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Figure 2.3: Best fit spectral energy distributions from cigale for each member considered in this
paper. Observed fluxes (including those that are found via deblending) are plotted as orange dots,
while upper limits are plotted as blue triangles. We use the combined flux densities for all HST
and Gemini sources within 1.14′′ of each of the DRC’s ALMA centroids (see Section 2.3.2). In the
top left is the ID for each member and in the top right is the reduced 𝜒2 value for each fit. Beneath
each SED is the relative percent difference between the observed and model fluxes. For several
sources, DRC-2 in particular, there is a visible offset between the modeled flux and the 3.6 `m
measured flux; this emission is measured in a band wide enough to capture redshifted H𝛼 flux,
which is expected in excess in a highly disturbed, bursty system such as this. DRC-4 is not shown
as only upper limits were measured in all bands. See Section 2.4 for SED fitting details.

cells-on-objects fitting configuration with the LU linear system solver.

Since not all objects detected in the HST map are also detected in the IRAC images, the exact

fraction of IRAC flux recovered during the tphot fitting process is difficult to quantify. However,

we recover 85− 100% of the original IRAC flux (measured using Source Extractor) for sources

with clear singular IRAC counterparts (e.g. members 5 and 7). Additionally, visual inspection

of the residual maps from our fitting procedure confirms no major systemic issues were generated

during the convolution process (e.g. systemic offsets, shadows from inaccurate PSFs/kernels, black

spots from spurious overestimated fluxes). Thus, we interpret our fits as successful and consider

the resulting deblended fluxes as representative.

We also explored whether astrometric offsets between the Spitzer IRAC images and HST images

could affect our counterpart matching and deblending process. We searched for all HST counterparts

in a 1.6′′ radius (corresponding to the IRAC Channel 1 fwhm) from the IRAC sources and found
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an average offset of 𝛿RA = 0.06± 0.34′′ and 𝛿DEC = 0.24± 0.34′′ between matched counterparts,

which is comparable to the HST fwhm but significantly smaller than the IRAC fwhm. These offsets

were not systematic in any direction.

Since tphot-IRAC photometry is based on HST coordinates, the IRAC fluxes are summed in a

similar fashion: S/N< 2 sources are used only as upper limits in the SED fitting process (see

Section 2.4), and the remaining fluxes are summed to form a single measurement that’s used in the

SED modeling process, with uncertainties added in quadrature.

2.4 SED Modeling

We use the cigale [Code Investigating GALaxy Emission, 41, 290, 33] SED modeling tool in

python to generate SEDs for each of the 11 objects. cigale uses an energy balance principle based

on conservation of energy between stellar emission, dust attenuation, and dust emission from UV

to far-IR wavelengths, and estimates individual galaxy properties using a Bayesian approach (see

[290] for full details). We select flux densities measured at signal-to-noise ≳ 2 (listed in Table 2.1

and 2.2). Detections with S/N< 2 are used as upper limits in the SED fitting process, which are

treated in the SED fitting process as described in detail in [330] and [33]. We refer the reader to

Section 2.3.2 and 2.3.4 for details on multiwavelength counterpart selection.

We use the following templates and modules to model each DRC member: a Chabrier IMF [56]

with a delayed star formation history; the Bruzual et al. 2003 [40] stellar population synthesis

models; the Calzetti et al. 2000 [43] starburst dust attenuation curve, and the Drain and Li 2007,

2014 [105, 104] two component dust emission models. We fit over a wide range of e-folding times

(5 − 200 Myr, given the age of the Universe at this redshift), metallicities (0.0001 − 0.05 Z⊙), and

UV slopes (𝛽 = −1.75−2, [52]). For the dust emission component, we allow the models to explore

all PAH mass fractions available in the module, minimum diffuse dust radiation intensities,𝑈min, of
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0.1, 0.5, 1, 5, 10, or 50 (from adult stellar populations) combined with a fixed maximum radiation

field intensity of 107 (from star-forming regions, [104]), a fixed mid-IR power-law slope of 2 [46],

and possible percentages of dust emission linked to star-forming regions (as opposed to ambient

heating by adult stars) of 50, 75 and 100%.

We present the best fit models in Figure 2.3 and corresponding galaxy properties in Table 2.3 for

all components. We do not include a SED model for DRC-4 as only upper limits are measured

at _obs < 2 mm; still, we list SED-estimated properties for DRC-4 and caution against further

interpretation of these values without further photometry to constrain them. For the remaining

objects: all of the best-fit model SEDs have reduced 𝜒2 < 2, except for DRC-2 with 𝜒2
red ≈ 3. For

this object, the higher 𝜒2 is likely due to the excess emission measured at observed-frame 3.6 `m;

DRC-2 is likely an ongoing major merger (see e.g. Figure 2.1), and the excess 3.6 `m emission

may be driven by increased (and redshifted) H𝛼 flux from a recent extreme star-formation event,

captured in the wide-banded IRAC Channel 1 [352]. We also note that our resulting SFRs and

infrared luminosities are similar to those found in Oteo et al., within 1𝜎 uncertainty.

While the reduced 𝜒2 values are acceptable, we recognize that complex SED modeling techniques

can be highly degenerate when there are more free parameters than data points to constrain them.

This is particularly true for DSFGs as this population’s stellar properties are not yet fully charac-

terized. For example, while a stellar initial mass function (IMF) with more massive stars is favored

for DSFGs [e.g. 17, 428, 42, see also [166]], employing different IMFs, each weighted towards

more massive stars, can result in a 2 − 3× difference in stellar mass estimates [e.g. 258, 157, 259].

Moreover, variations in star formation histories and stellar population synthesis models can further

degenerate stellar mass estimates in DSFGs [e.g. 157, 261, 413].

For this work, we can check the SED-derived stellar masses by comparing them to estimates based

on rest-frame 1.6 `m absolute magnitudes (observed-frame _ = 8.0 `m), which is taken directly

from respective best fit SEDs. This wavelength traces the stellar peak while also limiting the effects

of dust extinction, as well as contributions from thermally pulsing asymptotic giant branch stars
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and/or AGN [158, 58, 168]. We derive an average 𝑀𝐻 of −26.06 ± 1.40, which is in agreement

(within uncertainty) of the SMGs studied in Hainline et al. 2009 [158] and Simpson et al. 2014

[349]. We apply the mass-to-light ratio 𝐿𝐻/𝑀∗ = 7.9, which was derived from a sample of SMGs

in [158] and used for protocluster DSFGs in Chapman et al. 2009 [58] and Casey 2016 [47],

deriving stellar masses that are within a factor of two of the SED-derived estimates.

These similarities between stellar mass estimates could be driven by the unconstrained mid-IR

portion of the SED that is red-ward of the observed frame 4.5 `m measurement. We do not have

data to constrain the redder side of the rest-frame 1.6 `m (_𝑜𝑏𝑠 = 8 `m) bump, and emphasize that

further analysis and follow up observations are necessary to fully characterize these objects. Still,

many other 𝑧 > 2 protoclusters in the literature that have optical/near-IR and far-IR measurements

were analyzed using similar SED decomposition methods. Thus, we move forward using the

SED-derived properties in this paper to put the DRC into context with outside literature.

The possible presence of active galactic nuclei (AGN) embedded within a galaxy could also

introduce additional uncertainties in the SED fitting process [e.g. 111, 272, 114, 269, 64]. AGN-

warmed dust is shown to have the strongest contributions (> 30%) between rest-frame _ = 1.0 −

30 `m [e.g. 39], which could cause an overestimation of up to 60% in stellar mass for an individual

galaxy. However, this is less of an issue for SED-derived stellar masses within the DSFG population

[261]. If present, AGN contributions would likely have the most significant impact on DRC-6,

the only galaxy for which Oteo et al. 2018 identifies radio emission in excess of the FIR-radio

correlation and flat radio spectrum known for typical (i.e. non-active) DSFGs [188]. DRC-3 also

exhibits an upturn in the mid-IR shown in the increasing 3.6 `m to 4.5 `m measured flux, which

may also be indicative of a heated dust component from an obscured AGN.
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ID log(LIR) SFR log(M∗) log(MH2)a Td
b

[×1012L⊙] [M⊙/yr] [×1010 M⊙] [×1011 M⊙] [K]
DRC-1 19± 5 1744± 1162 16± 7 8.62±2.15 35
DRC-2 10± 8 1132± 1013 8± 6 2.94±0.73 40
DRC-3 18± 8 1527± 1303 17± 12 2.68±0.67 42
DRC-4c 4 200 16 1.41±0.35 28
DRC-5d 4± 11 167± 375 15± 8 1.20±0.30 31
DRC-6 2± 2 190± 190 3± 2 1.14±0.29 21
DRC-7 2± 6 227± 303 5± 5 0.71±0.18 31
DRC-8 5± 4 394± 448 6± 2 0.22±0.06 56
DRC-9 2± 2 226± 281 3± 2 0.17±0.04 64
DRC-10 1± 1 60± 88 2± 1 0.16±0.04 40
DRC-11 1± 1 114± 142 2± 1 0.16±0.04 43
Avge 6± 6 543± 586 9± 6 1.76±2.36 40± 12

Table 2.3: Galaxy properties derived from SED fitting. (a) Molecular gas masses are derived
from converting 2 mm flux densities to rest-frame 850 `m luminosities. See Section 2.5.2 for more
details. (b) Dust temperatures derived from SED fitting described in Section 2.4. (c) All properties
for DRC-4 are general estimates, based only on using upper limit near-IR photometry in SED
fitting. See Section 2.4 for more details. (d) Properties derived assuming DRC-5 is at 𝑧 = 4.002
(not confirmed). (e) Averages do not include DRC-4.

2.5 DRC Compared to Field Galaxies

When dissecting the individual properties of cluster versus field galaxies out to 𝑧 ∼ 2, studies

find weak evidence of distinguishable differences between the populations, often suggesting minor

increases in the quiescent and/or quenched fraction and the massive galaxy population in overdense

environments [e.g. 205, 425]. In the following sections, we discuss some differences we do (or

don’t) see in our protocluster core population of DSFGs when compared to 𝑧 ∼ 4 field galaxies, and

stress that more stringent conclusions could be drawn with additional optical/near-IR data. DRC-4

is not included in this analysis, making our focus on only ten of the DRC components (one of

which, DRC-5, is not yet spectroscopically confirmed at 𝑧 = 4.002).

29



9.5 10.0 10.5 11.0 11.5 12.0
log10(M*/[M ])

1.5

2.0

2.5

3.0

3.5
lo

g 1
0(

SF
R/

[M
 y

r
1 ]

) 1
2

3

56 7

8

9

10

11

MS

SB N DRC objects
Speagle+2014
Schreiber+2017
Schreiber+2017
z > 3 H-dropouts
4 < z < 6 SMGs
ZFOURGE SFGs

10.0 10.5 11.0 11.5 12.0 12.5
log10(MH2/[M ])

1.5

2.0

2.5

3.0

3.5

lo
g 1

0(
SF

R/
[M

 y
r

1 ]
) 1

2
3

56
7

8

9

10

11

SB

MS
z=0 MS

N DRC (850 m)
Sargent+2014
Scoville+2016
4 < z < 6 SMGs
SPT2349

Figure 2.4: Left: The SFR–M∗ relationship at 𝑧 ∼ 4. All DRC components (except DRC-4, see
Section 2.4) are represented by their IDs. The orange points represent the average 3 < 𝑧 < 4
main-sequence found in [380]. Red points are 𝑧 ≳ 4 SMGs taken from [132] and [339]. Green
triangles represent the massive star-forming 𝑧 > 3 𝐻-band dropout population from [404]. Blue
x’s represent the ALMA Redshift 4 Survey of massive (M∗ > 5 × 1010 M⊙) star-forming galaxies
[335]. The blue and grey lines represent the 𝑧 = 4 main-sequence derived in [335] and [356],
respectively, with the blue shaded region corresponding to the 1𝜎 uncertainty from the Schrieber et
al. sample, and the dashed line corresponding to the starburst region 4× above the main-sequence.
Right: Molecular gas mass versus star formation rate. Green triangles are from a 𝑧 = 4.3 sub-mm
protocluster [264], red points are from the [339] < 𝑧 > = 4.4 ALMA continuum sample, and the
gray line marks the star formation law at 𝑧 = 4 generated by Equation (2) in [339]. Redshift
independent main sequence (solid) and starburst (dashed) relationships from [328] are in blue.

2.5.1 Main Sequence Evolution

In Figure 2.4 left, we compare the SFRs and stellar masses for each DRC member to other known

𝑧 ∼ 4 populations. We include a sample of mass complete (M∗ ≳ 1.6 × 1010 M⊙) 3 < 𝑧 < 4

main-sequence star-forming galaxies from the ZFOURGE survey [380], massive dusty 3 < 𝑧 < 6

star-forming galaxies [404], a SFR-limited (≥ 100 M⊙ yr−1) sample of 4 < 𝑧 < 6 ALMA observed

SMGs with HST counterparts [132], and a population of magnification-corrected gravitationally

lensed SMGs at similar redshifts from [339].

In general, all cluster core members are massive, averaging at 9 ± 6 × 1010 M⊙, and reside within

1𝜎 of the 𝑧 ∼ 4 [335] and [380] star-forming main sequences. Nine out of ten of the protocluster

members in discussion are likely larger than ∼ 3×1010 solar masses, while only 64/654 (or ∼ 10%)
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of 𝑧 > 3 ZFOURGE galaxies achieve such high stellar mass [380, and the true 𝑧 = 4 percentage is

likely even less]. In the higher-redshift SMG samples, we find a much higher fraction of massive

galaxies [∼ 70%, 339, 132], which may be more representative of the DRC SMGs. While some

𝑧 = 2 studies report high fractions of massive galaxies in overdense environments [e.g. 205], such

a high fraction in the DRC may be driven by selection bias towards massive and bursty systems;

further followup observations searching for nearby normal star-forming galaxies are required to

substantiate this claim.

Stellar mass functions of far-IR bright star-forming galaxies at 𝑧 ∼ 4 estimate a number density

of 𝑛 ∼ 10−3.6 Mpc3 for objects > 3 × 1010 M⊙ [334]; in a 260 kpc × 310 kpc × 87 Mpc ≈ 7 Mpc3

comoving volume like this protocluster, we expect to see 0.00049 galaxies as massive as each of

the DRC members. This corresponds to a galaxy overdensity of 𝛿gal = (8 − 0.00049)/0.00049 >

10, 000× the field density. While this value may decrease once more protocluster members are

confirmed in a wider volume, it underpins the evolutionary concept outlined in Casey 2016 [47]

where overdensities of rare and massive DSFGs are likely correlated, not serendipitous, with

massive protocluster evolution.

Protocluster members closest to the starburst2 region, components 1-3, morphologically exhibit

possible interactions or ongoing mergers in the rest-frame UV, which some studies argue is a

primary driver of a galaxy’s presumed short-lived starburst phase [e.g. 324]. We also note that a

part of the [335] sample occupies a similar high-mass near-bursty region of the SFR-M∗ plane. This

sample is a closer evolutionary proxy to the DRC, focusing strictly on massive (> 5 × 1011 M⊙)

HST 𝐻-band selected and ALMA observed star-forming galaxies at 3.5 < 𝑧 < 4.7. However,

only two of these sources were identified as undergoing close (< 1′′) interactions, with additional

environmental information currently unavailable. Moreover, there exist several DRC components

that are on or below main-sequence with disturbed or merging rest-frame UV morphologies. Thus,

on the SFR-M∗ plane, it is unclear whether merging activity in overdense regions creates starburst

2In this work, starbursts are defined as having SFRs that are 4× greater than the main sequence at a given stellar
mass [315]
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galaxies.

Unraveling any inherent differences in this protocluster core versus field populations, such as

an increased fraction of massive galaxies and/or starburst activity, requires further observations.

Additional observations in the rest-frame UV/optical could establish the presence of normal star-

forming galaxies, galaxies with post-starburst signatures, as well as quiescent early-type galaxies

(which we are now seeing out to 𝑧 ∼ 3.5 in the field, e.g. [128]) – all of which would pose significant

implications on the galaxy growth and evolution in overdense environments. Precise spectroscopic

redshift information on these additional populations would also constrain the impact of filamentary

dynamics on galaxies in early protoclusters.

2.5.2 Gas Properties

Cluster environments as global systems are expected to have massive intracluster reservoirs of gas.

Yet, at the individual galaxy level, some studies show that there is little to no change in gas mass

fractions when considering galaxy environments out to 𝑧 ∼ 2.5 (e.g. Darvish et al. 2018 [84] and

Zavala et al. 2019 [425], see also [375] and [287]). In Figures 2.4 (right) and 2.5, we explore

whether this holds for DRC galaxies.

We derive molecular gas masses using the method outlined in Scoville et al. 2016 [339]. This

method is built on the observed and theoretical link between the Rayleigh-Jeans tail that traces

dust emission and the molecular gas within the ISM of SMGs; and, it is calibrated using the ratio

between rest-frame 850 `m luminosity (L850 `𝑚) and molecular gas mass (MH2). This ratio, aka

𝛼850`m, absorbs inherent variations in dust temperature, opacities, and abundances, and was further

calibrated using CO (1-0) measurements in DSFGs. We use the value given in Scoville et al. where

𝛼850`m = 6.7 ± 1.7 × 1019 erg s−1 Hz−1 M−1
⊙ . Considering possible variations in true galaxy dust

temperature, gas mass uncertainties using this method are estimated at ∼ 25%. We refer the reader

to Appendix A of [? ] for further details on derivation and resulting uncertainties.

32



For each individual galaxy, we convert observed-frame 2 mm flux densities (_rest = 400 `m) to

molecular gas masses using the following equation:

MH2 = 1.78 Saobs [mJy] (1 + 𝑧)−4.8

×
{ a850`m

a𝑜𝑏𝑠

}3.8
(𝐷𝐿 [Gpc])2

×
{6.9 × 1019

𝛼850`m

} ΓRJ

ΓRJ, 𝑧=0
1010 M⊙ (2.1)

where Saobs is the observed flux density at _rest > 250 `m (where the dust is considered optically

thin), a𝑜𝑏𝑠 is the frequency of the observed flux density (= 150 GHz), and 𝐷𝐿 is the luminosity

distance at 𝑧 = 4.002. ΓRJ is the Rayleigh-Jeans (RJ) correction factor for deviation from the

rest-frame Planck function (i.e. 𝐵arest/RJarest), developed in ? ] and given by

ΓRJ(a, 𝑇𝑑 , 𝑧) =
ℎa𝑜𝑏𝑠 (1 + 𝑧)/𝑘𝑇𝑑
𝑒ℎa𝑜𝑏𝑠 (1+𝑧)/𝑘𝑇𝑑 − 1

(2.2)

where h is the Planck constant, k is the Boltzmann constant, and 𝑇𝑑 is the galaxy’s mass-weighted

dust temperature (assumed to be 25 K to be consistent with other work). Using this approach, we

estimate molecular gas masses at 0.16−8.6×1011 M⊙, with an average MH2 = 1.76±2.36×1011 M⊙

(see Table 2.3). While a cooler dust temperature is possible for DSFGs [e.g. 15 K 186], it is unlikely

the case for the DRC since the temperature of the CMB at this redshift is ∼ 13.5 K. Using a hotter

dust temperature, such as the individual temperatures determined in the SED fitting process (e.g.

40 K, see Table 2.3), results in only a marginal decrease in molecular gas mass estimates (by

∼ 10 − 20%, or ∼ 0.1 − 0.4 dex).

For objects 1-4, the values derived using both 𝑇𝑑 = 25 and the SED-derived dust temperatures
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are within ∼ 1 dex of the gas masses derived using [C i](1-0) line emission in Oteo et al. Due

to possible degeneracies in SED-derived dust temperatures and to remain consistent with outside

literature, we move forward in this analysis using the gas masses estimated with a mass-weighted

dust temperature of 25 K.

Objects 1-6 also have 3 mm observations, which is closer to the rest-frame 850 `m (_obs = 4.25 `m)

emission used to derive the Scoville et al. relationship. Under the same assumptions listed above

for the 2 mm data, we determine 3 mm gas estimates for DRC objects 3, 5, and 6 that are slightly

larger (by 0.06, 0.14, and 0.31 dex, respectively); for objects 1, 2, and 4 the 3 mm gas estimates are

smaller (by 0.17, 0.12, and 0.05 dex, respectively). With the exception of DRC-6, the differences

between the 2 and 3 mm estimates are generally within the included 1𝜎 uncertainties on the 2 mm

estimates. Since 2 mm data is available for all sources, and the differences between the two mass

estimates are marginal, we choose to use the 2 mm-derived gas masses (over the 3 mm) throughout

this work.

With the above method, we avoid the major uncertainties that come with assumed gas mass estimates

from CO SLED analysis at high-J transitions. High-J transitions, like the 𝐽 = 6 → 5 transition line

detected in DRC objects, trace denser regions of gas than the lower J transitions, which trace cooler,

diffuse gas reservoirs throughout the galaxy. Still, as a comparison to our luminosity-derived gas

masses, we derive line-driven gas masses using the 12CO(6-5) luminosities provided in Oteo et al.

Assuming that DRC objects have similar spectral line energy distributions (SLEDs) as other high-z

SMGs, we can use the 12CO(6-5) line luminosity to convert to the ground-state 12CO(1-0) luminos-

ity, as tabulated in [34]. We assume a CO-to-H2 conversion factor of𝛼CO = 1.0 M⊙ (K km s−1 pc2)−1,

as used in Bothwell et al. and others for SMGs [e.g. 373], and determine gas masses of

MH2 = 0.1 − 6 × 1010 M⊙, about an order of magnitude smaller than the masses derived using

the dust continuum tracer.

In Figure 2.4, we show DRC members on the SFR-MH2 plane using the molecular gas masses

34



10.0 10.5 11.0 11.5
log10(M* [M ])

0.00

0.25

0.50

0.75

1.00

f ga
s =

 M
H 2

/(M
H 2

 +
 M

*) 1
2

3

5

6

7

8
9

10
11 <MS>

<SB>

z=0 MS
N DRC [850 m]

Scoville+2016
Popping+2012
Zavala+2019
4 < z < 6 SMGs

Figure 2.5: Molecular gas mass fraction as a function of stellar mass. Numbers mark the individual
DRC components. The average 1𝜎 uncertainty for DRC components is provided in the top right
corner. The blue curve represents the ⟨𝑧⟩ = 2 relationship derived in [309], where high mass
galaxies are expected to have lower gas mass fractions (due to both gas depletion and halo shock
heating). Red points mark 𝑧 ∼ 4 field SMGs [339], and green triangles mark 𝑧 = 2 − 3 ALMA-
detected protocluster galaxies [218, 143, 375, 425]. Solid and dashed grey lines represent the
average gas mass fraction from [339] for main-sequence and starburst galaxies at 𝑧 ∼ 4; we also
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derived with the 2 mm flux densities. Eight out of ten members lie within the main-sequence

regime with total gas masses > 1010 M⊙ – estimates that are similar in mass and spread to the

[339] DSFG sample and the similarly compact and star-forming 𝑧 = 4.3 SPT-2349 protocluster

of DSFGs [264, 174]. About 50% of our sample have relatively large gas masses at > 1011 M⊙,

while the same is only true for none of the SPT protocluster (core) members and 6/15 of the 𝑧 ≥ 4

SMG sample. DRC-8 and 9 have elevated SFRs near the starburst regime (above the expected

𝑧 ∼ 4 main-sequence star-formation law at a given molecular gas mass [339]). These objects also

lie within the M∗-SFR main-sequence which may suggest that their high star-forming efficiencies

(=SFR/MH2) are driven by relatively small gas reservoirs rather than extreme rates of star-formation.

Assuming a closed box scenario with a constant star-formation rate and no major influx of cold gas,

we can estimate individual gas depletion timescales, 𝜏depl = MH2/SFR. Of course, in overdense

regions like these, mergers and fresh gas inflows are expected, but we can still use the instantaneously

measured gas depletion times to understand the efficiency at which these objects are turning gas

into stars at this given moment (while also neglecting any impacts from feedback).

Despite their large gas reservoirs, DRC objects will deplete their gas in an average of ∼ 260 ±

180 Myr, which is similar to the mean 𝜏depl for the SPT 𝑧 = 4.3 protocluster [264] and the 𝑧 > 4

field SMG sample [339], at 122± 53 and 300± 160 Myr, respectively. DRC gas depletion timescales

are more consistent with general field SMG gas surveys at high-z [∼ 100 Myr, e.g. 373, 8, 420] than

those of local interacting infrared luminous galaxies [e.g. 323]. If we assume that no major gas is

flowing in to support these SFRs, these timescales may indicate that these objects will deplete their

gas reservoirs by 𝑧 ∼ 3.

Dividing stellar mass by the star-formation rate, we can estimate the stellar-mass build up timescale

(assuming that these SFRs have been sustained in the past); we derive build up timescales ranging

from 70-300 Myr with a median of ∼160 Myr – which is within the expected lifespan of the

starbursting phase for submillimeter galaxies [e.g. 278]. Still, in deep potential wells like that of

this overdensity, gas is expected to flow in at increased rates, which may actually sustain these
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extreme bouts of star-formation for longer periods of time. Further deep observations for extended,

cold gas surrounding the protocluster would be necessary to confirm this latter scenario.

An additional metric we can inspect is the gas mass fraction, fgas = MH2/(MH2 + M∗), which

is expected to decrease with increasing stellar mass [e.g. 309, 138]. In Figure 2.5, we see that

this appears to be the case for the Scoville et al. 𝑧 ∼ 4 field SMGs [339] and other 𝑧 = 2 − 3

protoclusters [425, 375, 143] – as well as for DRC members. DRC members span a wide range

of gas fractions, from 25-80%, with an average fgas = 52 ± 20%, across all galaxy stellar masses.

Objects 8 and 9 have some of the smallest gas reservoirs (< 3 × 1010 M⊙), are within the SFR-M∗

main-sequence law, and also lie at the bottom edge of the fgas-M∗ expected relationship. With gas

depletion timescales of ∼ 50 Myr, it is possible that these objects are much closer to depleting their

gas supplies than the other core members, and on their way to becoming some of massive quiescent

galaxies that dominate in cluster cores by 𝑧 ∼ 3.5 [e.g. 88, 190].

Understanding the growth and quenching of gas reservoirs in overdense environments at 𝑧 > 3

requires additional follow-up observations in the rest-frame far-IR/sub-mm. While we show that

the population of SMGs in a protocluster spans a wide range of gas-richness, we cannot draw further

conclusions on whether specific quenching (or enhancement) activity is driven by environment until

there are additional observations of other protocluster members, both within the DRC and other

𝑧 > 3 overdensities. With follow up dust continuum surveys of these overdensities, we can further

constrain overarching questions in early cluster evolution, such as: How early does extreme stellar

mass build up cease for brightest cluster galaxy progenitors? Do the majority of galaxies in

overdense environments go through a starburst phase that’s sustained with cold gas flows and, if so,

at what point would virial shock heating disrupt these flows?
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Figure 2.6: Halo mass estimates for the DRC. On the left, we show mass estimates for stars, gas,
and total halos for each individual DRC component (gas only for DRC-4, see Section 2.4). The
orange corresponds to the gas mass estimates using the rest-frame 850 `m technique as outlined in
[339] and Section 2.5.2. The green corresponds to the stellar masses estimated using SED fitting,
as outlined in Section 2.4. The dark red represents the individual total halo masses derived using
stellar abundance matching at 𝑧 = 4 from [22]. The dotted, dashed, and hatched regions represent
the 1, 2, and 3𝜎 exclusion curves for the most massive halos expected to be observable at 𝑧 = 4
in the ∼ 600 deg2 H-ATLAS survey [163]. On the right, we show total halo mass for the entire
DRC, estimated using various methods. The square and corresponding error bars represents the
range of halo masses found in [293] using velocity dispersion methods. The circle represents the
sum of the halos from each individual DRC component as seen in dark red on the left. For the star:
all DRC objects are treated as subhalos within one single overarching halo; their individual stellar
masses are summed into a singular massive stellar component that’s then used to reverse engineer
halo mass estimates using stellar-to-halo mass ratios from [22]. Finally, the dark red dash-dotted
line represents the halo mass assuming a baryonic-to-halo mass fraction of 5%.
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2.6 Cluster Halo Mass at 𝑧 = 4

Weighing a high-𝑧 protocluster requires a variety of assumptions. Typical methods used to derive

galaxy cluster masses (e.g. measuring X-ray emission from the super-heated intracluster medium

(ICM), or tracing Sunyaev-Zeldovich distortions on the CMB) are unavailable for objects like the

DRC as most of these methods are fine-tuned for nearly or fully virialized 𝑧 ≲ 1 clusters with

an ICM. Oteo et al. 2018 [293] attempt to overcome this by combining the velocity dispersion

method [119] with ALMA 12CO(6 − 5) line velocities to estimate a total DRC halo mass of

3− 9× 1013 M⊙. This method requires an assumption that the DRC is already virialized. However,

𝑧 > 3 protoclusters exhibit generally aspherical mass distributions with large effective radii that

vary based on the chosen line of sight [e.g. 232, 63]; this is because eventual 𝑧 ∼ 0 cluster members

are tens to hundreds of Mpc apart at 𝑧 > 3. In the following, we weigh the DRC using three

different methods, each of which comes with it’s own assumptions and uncertainties. We present

these estimates in Figure 2.6 and 2.7. As in the previous sections, we do not include DRC-4 in any

calculations as we do not have reliable stellar mass estimates.

First, we derive a modest estimate of the total cluster halo mass by summing the halo masses of

each individual galaxy. This estimate requires the assumption that individual galaxy halos are

closer to virialization than the protocluster itself, and that each galaxy formed it’s own halo prior

to coalescing in this overdense region. We use the stellar-to-halo abundance matching relationship

in [22], which is developed assuming that the bulk of baryonic mass in dark matter halos is tied

up in adult stars, and that massive galaxies trace massive halos. We note that the [22] 𝑧 = 4

relationship does not extend into the stellar mass range we observe for the DRC, and thus those

objects with stellar masses greater than > 1011 M⊙ are placed at the fixed maximum value of

Mhalo = 2 × 1013 M⊙. This is applied to DRC objects 1, 3, and 5 - all three of which have stellar

masses within uncertainty of the Behroozi et al. most massive halo bin.

We determine individual halo masses of MDM = 1 − 12 × 1012 M⊙, with an average halo mass
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of 8 ± 4 × 1012 M⊙ (Figure 2.6, left), similar to other average DSFG halo masses seen overdense

environments [e.g. 159]. Summing up the individual components translates to a total cluster halo

mass of 5 ± 2 × 1013 M⊙ (Figure 2.6, right). Errors are determined from uncertainties in stellar

mass. This estimate agrees with the those derived in [293]. We note that if we do not include

DRC-5 in this estimate (as it is not a spectroscopically confirmed member), the total halo mass

drops to ∼ 4 × 1013 M⊙ – roughly < 20% less massive.

If we instead assume that these galaxies are (and maybe always have been) sitting and growing in

the same halo, then the previous method would likely be an overestimate that “double counts" dark

matter mass in overlapping halos. Assuming each of these galaxies is close enough to be occupying

one single massive halo (which, according to velocity space, may be true for 8/10 objects), one

might sum all stellar masses into a single total stellar mass for the halo and then interpolate that

value over the relationship in [22]. Unfortunately, this total stellar mass goes well beyond the

established 𝑧 = 4 Behroozi et al. relationship. Thus, to conceptualize this estimate, we instead

use the stellar to halo mass ratios in Behroozi et al. (Fig. 7) for the largest 𝑧 = 4 halo mass value

(∼ 1013 M⊙), which is set to M∗/Mhalo = 0.003. Combining this value with the total stellar mass for

the DRC, we reverse estimate the cluster halo mass at > 3 × 1014 M⊙. This is ∼ 0.5 dex larger than

the previous estimates, and the most massive estimate in this study. The lower limit of this method

assumes a smaller halo and a more efficient stellar to halo mass ratio of M∗/Mhalo = 0.02 - which

results in a cluster halo mass of 4 × 1013 M⊙, a value similar to that of the most massive individual

galaxy halos. If DRC-5 is not included in either estimate, the total halo mass drops by about 30%.

Finally, if we instead assumed a generous fixed baryonic-to-dark matter fraction of 5% [e.g. 20],

summing all stellar and gaseous components, we estimate a halo mass of 5 × 1013 M⊙ – similar to

the individual halo mass estimate determined above, as well as the calculation from Oteo et al.

In Figure 2.6, we compare these estimates to the 1, 2, and 3𝜎 exclusion curves for how likely a

massive halo is to exist at 𝑧 = 4 in ΛCDM cosmology, as derived in [163]3 – i.e. these exclusion

3We determine these curves / statistics using the publicly available code from [163] at:
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curves mark the most massive clusters possible at 68, 95, and 99.7% likelihood within the H-

ATLAS survey region of ∼ 600 deg2, with 1, 2, and 3𝜎 corresponding to upper mass limits of 6, 8,

and 12×1013 M⊙, respectively.

Within uncertainty, each of the total halo mass estimates for the DRC do not necessarily break the

3𝜎 (99.7%) exclusion curve – i.e. our current data portrays a massive structure that is rare in the

Universe, but not improbable. However, we argue for a variety of reasons that our understanding of

the DRC’s true weight is incomplete (and therefore likely underestimated). Firstly, at large scales,

these methods do not account for other additional cluster members that have yet to be detected,

such as normal star-forming galaxies, post-starburst, and/or quiescent galaxies. We emphasize

the impact of this point: the majority of galaxies in DSFG-rich 𝑧 < 3 protoclusters are normal

star-forming systems [∼ 85%, Table 1 in 54]; normal star-forming galaxies contain the majority

of the cosmic stellar mass budget [17, 315, 327], and are found in large numbers in protoclusters

out to 𝑧 ∼ 6 [e.g. 160]. Thus, the presence of up to 10× as many normal SFGs as DSFGs in this

protocluster core would have significant impact on the mass estimates, and therefore rarity, of the

DRC.

At smaller scales, the abundance matching method is developed on the basis that the most massive

component in all halos is the stars; while the DRC presents gas-poor galaxies, it is still possible for

gas-rich members to exist throughout the structure but outside of the ALMA field-of-view of this

cluster core. Moreover, at high-𝑧, it is possible for large gas reservoirs to become significant (or

even the main baryonic) contributors to the overall mass budget [e.g. 54].

In Figure 2.7, we compare DRC total halo mass estimates to that of other known protoclusters over

a wide range of redshifts. At it’s lowest estimate, it is already equally as massive as 𝑧 = 2 − 3

protoclusters [most of which have halo mass estimates using the same stellar-to-halo matching

technique at the individual galaxy level, 47], and at its largest the DRC is nearly as massive as

𝑧 = 1 virialized clusters [360, 427, 286, 243]. Again, we emphasize that additional, non-negligible

https://bitbucket.org/itrharrison/hh13-cluster-rareness/src/master/.
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Figure 2.7: The halo mass evolution of protoclusters. For the DRC, we show the halo mass
estimates from two methods in purple (presented in Section 2.6): (i) generating halo masses using
stellar-to-halo abundance matching [22] at the individual galaxy level (second highest estimate), (ii)
the total halo mass if we combine all DRC stellar mass into a single component and use a range of
stellar-to-halo mass ratios (most massive estimate), and (iii) the halo mass estimate found using the
baryonic-to-dark matter ratio of 5% (least massive estimate). The purple curves from 𝑧 = 4 to 𝑧 = 0
show the predicted evolution of halo growth for a single halo in the Millenium and Millenium-II
simulations [252, 123]; we show the evolution for each of the DRC estimates. We consider these
estimates as lower limits in this analysis as there are likely additional protocluster members not
captured in the ALMA data. Green dots represent 𝑧 ∼ 1 galaxy clusters from the GCLASS survey
[394]; blue squares represent 𝑧 = 1 − 2 virialized clusters [286, 360, 427, 243]; red stars represent
SMG-rich ≳ 2 protoclusters: the GOODS-N 𝑧 = 1.99 protocluster rich with AGN and SMGs,
the COSMOS 𝑧 = 2.10 and 2.47 protoclusters, the MRC1138256 aka ‘Spiderweb’ protocluster at
𝑧 = 2.16, the SSA22 𝑧 = 3 AGN and DSFG rich protocluster, the 𝑧 > 4 GN20, AzTEC-3, and
HDF 850.1 overdensities (with 1-3 DSFGs each), as well as SPT2349-56, the 𝑧 = 4.3 protocluster of
14 SMGs [362, 208, 29, 58, 78, 376, 221, 44, 206, 403, 177, 422, 82, 48, 97, 62, 388, 47, 264, 174].
The grey line shows the expected halo mass evolution of a Coma-like cluster [61]. The black
dashed lines mark the different regions of gas inflow and cooling mechanisms on massive halos;
gas inflows onto halos above the critical shock heating halo mass at ∼ 1012 M⊙ are shock heated
and thus the galaxy within is strangulated [89]. Galaxies in the “cold in hot" regime may have
penetrating cold gas flows that help sustain growth.
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mass is likely missing from the DRC in the form of less star-forming galaxies or other far-IR

bright sources not within the original ALMA field-of-view - as found to be true for the SMG-

rich SPT2349-56 protocluster at 𝑧 = 4.3 [264]. Follow up ALMA spectroscopic scans on far-IR

bright regions surrounding the SPT protocluster has yielded an additional 15 (to the original 14)

protocluster members, potentially doubling prior halo mass estimates [174]. This demonstrates

that, until a thorough study on the larger scale of the structure is carried out, the true observed mass

of the DRC (and other high-z protoclusters like it) will remain unknown.

Given the high mass that appears in place for the DRC already at 𝑧 = 4, we consider next how the

DRC may evolve compared to massive clusters seen locally today. Based on the evolutionary track

for a Coma-like cluster derived in [61, grey line in Figure 2.7], we can generally estimate that the

DRC will evolve to ≳ 1015 M⊙ by 𝑧 = 0. This is under the assumption that an overdensity such as

the DRC (with 𝛿gal > 10, 000× the field density for massive galaxies, see Section 2.5.1) traces one

of, if not the, most massive halos in the large scale structure of the protocluster. We also derive

a 𝑧 = 0 halo mass following [? ] by using the mean halo growth rate as a function of redshift

and observed halo mass from the Millennium and Millenium-II simulations [252, 123]. Using this

method and the 𝑧 = 4 two different stellar-to-halo mass estimates outlined above, we derive a 𝑧 = 0

mass of Mz=0 ≈ 2 − 8 × 1015 M⊙. This halo mass is extremely large, rivaling that of fully evolved

galaxy clusters seen locally today [e.g. 140, 134]. Both halo mass evolution functions require a

variety of assumptions of which we cannot constrain; e.g. the method used in [223] was derived for

a single halo, and the growth curves derived in [61] are highly dependent on the presumed volume

of the observed galaxy overdensity. Considering these caveats, as well as a lack of additional

constraints on the large scale structure of the DRC, and the uncertainties in stellar mass estimates,

we state generally that the DRC is a massive cluster progenitor that will likely evolve ≳ 1015 M⊙

by 𝑧 = 0.

Overall, the list of factors that influence the future of this protocluster’s growth is long, complex, and

opaque (e.g. mergers, gas inflows, AGN, etc.). Still, with follow-up observations and simulation
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deep dives, we may be able to begin untangling the halo assembly past and future for massive cluster

progenitors at 𝑧 > 3. Additional rest-frame UV/optical observations that map the extent of the

DRC’s large scale cluster would constrain the true mass distribution of the fated cluster. A deeper

dive into simulations of massive cluster formation could shed light on halo mass configurations

and distributions within protocluster galaxies, which can then be used to calibrate against standard

abundance matching techniques for isolated halos. These efforts are left for future studies.

2.7 Summary and Conclusions

In this paper, we present a multiwavelength analysis on a 𝑧 = 4.002 SMG-rich, ultra-massive

protocluster: the Distant Red Core. We combine new HST and Spitzer data with existing Gemini,

Herschel, and ALMA data to model spectral energy distributions for each respective ALMA object

(Figure 2.3, except DRC-4), taking care to deblend low resolution Spitzer IRAC data where needed

(Section 2.3.4). Stellar masses and SFRs are derived from SED-fitting with cigale (Section 2.4).

Molecular gas mass estimates are derived using the observed-frame 2 mm ALMA data (probing

the Rayleigh-Jeans region of the dust continuum) with the [339] methodology.

We confirm a population of massive (M∗ > 1010 M⊙) galaxies in place when the Universe was only

1.5 Gyr old. When comparing to field galaxies on SFR-M∗ plane (Figure 2.4), our results confirm

that – even at 𝑧 = 4 – protocluster galaxies can be viewed as a high-mass (and possibly more

bursty) extension of the star-forming main-sequence for coeval isolated field galaxies. Similarly,

though several objects contain large gas reservoirs (MH2 ≳ 1011 M⊙), all lie within the SFR-MH2

main-sequence plane. When compared to 𝑧 = 2 − 3 protocluster and 𝑧 ∼ 4 field counterparts, the

DRC objects have similar gas mass fractions that follow the expected inverse fgas −M∗ relationship.

These systems also have short gas depletion timescales (∼ 260 ± 180 Myr) on par with field SMGs

which, in a closed box scenario, means that these objects will exhaust their gas supplies in time to

become massive quiescent galaxies that dominate at cluster cores by 𝑧 ∼ 3.
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Using multiple methods, we derive a total 𝑧 = 4 protocluster halo mass of ∼ 1014 M⊙, and show

that this value teeters on the edge of the most massive halo allowable/observable in the 600 deg2

H-ATLAS survey volume (Figure 2.6). We estimate that the DRC will evolve to become an ultra-

massive cluster with a total halo mass > 1015 M⊙ (possibly even > 1016 M⊙) at 𝑧 = 0 (Figure 2.7).

For both the 𝑧 = 4 and 𝑧 = 0 calculations, we argue that a more massive estimate may be appropriate

based on the assumption that other significant galaxy populations within the protocluster’s large

scale structure are not included in this analysis. Still, even if additional protocluster members are

confirmed, more multi-wavelength studies of 𝑧 > 3 DSFG-rich protoclusters combined with studies

on the evolution of mass distributions and the gas duty cycle in cluster formation simulations are

necessary to fully appreciate and characterize complex systems such as the Distant Red Core.
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Chapter 3

Growing Black Holes Do Not Quench

DSFGs - Brown et al. 2019

3.1 Introduction

Nearly all massive galaxies are believed to host a super-massive black hole (SMBH) at their

center [204, 239, 176]. Current research suggests that central black holes gain mass through a

combination of both coalescence and bursts of mass accretion from the environment as the host

galaxy evolves [197, 401, 355, 341, 399, and references therein]. The peak epoch of central black

hole accretion, as the main source of active galactic nuclei (AGN), coincides with the peak epoch of

star-formation in the universe at z≈ 1−2 [95, 234, 3, 366, 32, 5], and also major galaxy merger events

[95, 180, 383, 115, 317]. Furthermore, in our local universe there exists a tight correlation between

SMBH mass and host galaxy bulge mass and stellar velocity dispersions [125, 244, 153, 203, and

references therein], whereas higher redshift SMBHs have been found in smaller host galaxies than

expected [e.g. 344, and references therein]. These results signify that SMBH growth and galaxy

growth are co-evolutionary processes and that these processes may regulate each other over time
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to produce the galaxy and SMBH sizes we observe today.

Both central black hole growth and star formation rely on the abundance of cold molecular gas

[75, 353, 90, 98, 32]. While cold dust and gas collapse to trigger star formation, the SMBH at

the galaxy core gravitationally attracts cold gas and dust into a clumpy obscuring reservoir a few

parsecs out from the SMBH, which fuels a thin, hot SMBH accretion disk with a radius typically

≲ 1 parsec [6, 385, 386, 179, 87]. The AGN feeds off the reservoir (hereby referred to as a torus;

although it is now accepted that the dust is distributed in a more clumpy manner as opposed to a

smooth donut structure [281, 282, 346]) with a mass accretion process that emits X-ray, UV, and

optical light [e.g. see 155]. The X-ray, UV and optical light is partially absorbed by the surrounding

dusty toroidal structure, then re-emitted in the infrared, making most AGN bright in the mid-IR,

but not all AGN are X-ray bright [e.g. 384, 365, 77, 101]. The current AGN unified model posits

that AGN can be classified by the orientation of the dusty torus to the observer’s line of sight

[6, 389]: Type 1 AGN are usually observed face-on through a cavity in the torus and are typically

bright in the X-ray, UV and optical spectrum; Type 2 AGN may be intrinsically less luminous or

are observed at an angle through the torus, and are thereby obscured by high column densities of

dust and gas (𝑁𝐻 > 1.5 × 1024 cm−2) from the observer’s line-of-sight, enough so that most or all

of the X-ray emission is absorbed and undetected [e.g. 2, 214]. However, recent observations are

challenging this scheme [e.g. see section 3.1 of 27] and suggesting that observational differences

in obscuration between AGN are mostly driven by individual SMBH accretion rates [e.g. 233, 314]

or host galaxy obscuration [e.g. 147, 284, 60, 5].

AGN accretion and outflow mechanisms are theorized to play a major role in galaxy evolution, via

heating up, consuming and/or blasting away the host galaxy’s remaining cold gas and dust necessary

to create new stars, thereby triggering a star-formation quenching phase [95, 161, 181, 121, and

references therein]. In observations, some AGN feedback processes are instantaneously strong

enough to affect star formation in the host galaxy [e.g. 368, 312, 322, but also see [227]]; however,

the exact contribution of the AGN phase to the physical properties of galaxies, compared to other
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mechanisms from stellar processes, is still not well understood [e.g. 347, 135, 96, 133], particularly

for the most powerful AGN [e.g. 361, 318]. To study the effect of powerful AGN on their host

galaxies, it is necessary to have a large statistical sample of AGN with multi-band observations to

individually derive and constrain their physical properties.

One of the main degeneracies in determining the evolutionary relationship between AGN and

host galaxy star-formation lies in their mutual obscuration by warm dust [92, 370, 234]. The

radiation originating from warm dust in stellar nebulae and from the obscuring torus around AGN

are both bright in the mid to far-IR spectrum and thus necessary to disentangle prior to using

IR radiation as an indicator for any host galaxy dust properties, including measurements of dust

temperatures, host galaxy stellar mass, and star-formation rates; without this decomposition, there

is a risk of measurement overestimation and, therefore, an increase in uncertainties. AGN accretion

and outflow mechanisms release a large amount of energy detectable at nearly all wavelengths,

in particular X-rays from the accretion disk [see 37, for a review of AGN viewed in the X-ray

spectrum] and radio signatures from synchroton radiation [e.g. 263, 30, 194, 66]. These features

are the most commonly utilized as identifiable signatures that could be used to distinguish AGN

from their host galaxies [102, 91, 275, 37].

Observational studies and models of IR SEDs for local AGN reveal radiative flux densities that

generally increase through the mid-IR then rapidly decline starting somewhere between 40 `𝑚 <

_ < 100 `m out to sub-millimeter wavelengths [269]. Prior to the Herschel Space Observatory

[304], observations were limited out to _ < 200 `m only for a small sample of very far-IR bright,

mostly local objects [e.g. 292, 156]. Herschel has been instrumental in constraining the dust SEDs

for large samples of local and high redshift AGN and star forming galaxies, revealing a universe

that is optically obscured by dust and therefore undetected at shorter wavelengths [e.g. 268, 370, 51,

and references therein].

In this paper, we use multi-wavelength infrared observations from the Herschel Space Observa-

tory [150, 306] combined with the Spitzer Space Telescope [407], along with optical wide-area
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Figure 3.1: Survey map for the parent surveys from which our main sample is derived. Grey points
mark all galaxies with a S/N > 3 in the MIPS 24`𝑚 band and at least one SPIRE band; blue points
denote all galaxies in the AGES survey with spectroscopic redshifts; gold circles outline all of the
X-ray sources in the XBoötes survey; black points mark our final sample of 703 AGN and host
galaxies which spans ∼ 7 deg2. Respective survey coverage and depths are discussion in Section
3.2.

observations, and X-ray data from the Chandra X-ray Observatory [406] to construct the AGN and

host galaxy SEDs and explore the warm dust properties in the context of AGN accretion activity.

We focus on X-ray selected AGN in the wide 9.3 deg2 Bo ¥𝑜tes legacy field [192] with mid and

far-IR counterparts detected by Herschel and Spitzer [291, 10]. The rich amount of data in the

IR allows us to avoid the uncertainties that arise from single-band SED fitting. Furthermore, the

multi-wavelength detections allow us to reliably use SED decomposition models to isolate AGN

contribution in the infrared, reducing the likelihood of AGN contamination when estimating host

galaxy properties.
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Figure 3.2: Distribution of rest-frame X-ray luminosities and spectroscopic redshifts for our AGN
sample. The solid circles are the 703 X-ray AGN with Spitzer 24 `m and far-infrared Herschel
detections. Colors represent rest-frame, infrared luminosities corrected for AGN contamination
derived from individual respective SEDs (see Section 3.3). The purple circles are the 425 X-ray
AGN without mid/far-IR detections. The black empty circles are the AGN used for analysis in
L17. The black solid line represents the X-ray flux limit of the Chandra XBoötes survey [274]; for
comparison, the dashed and dotted lines mark the sensitivity limits of the XMM-Newton [? ] and
Chandra [? ] surveys in the COSMOS field, respectively. Shown in the top panel is the number
of sources in our XIR sample (red), non-IR sample (purple), and in L17 (black) in redshift bins of
size 0.5.

This paper is organized as follows. Section 3.2 describes the multi-wavelength survey data used

in this analysis. Section 3.3 details the AGN sample selection procedure. In Section 3.4, we

discuss the derivation of AGN and host galaxy properties and the results in the context of other

published studies; section 3.5 provides a summary of this work. Throughout this study, we assume

a cosmology with 𝐻0 = 70 km s−1, Ω𝑚 = 0.3, and ΩΛ = 0.7.
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Figure 3.3: Distributions of AGN and host-galaxy properties comparing this sample (red) and [212,
aka L17 in black] samples. Top: Histogram of rest-frame, AGN-corrected infrared luminosities in
bins of 1 dex, with median infrared luminosities of 1.95 × 1045 ergs s−1 and 2.69 × 1045 ergs s−1

for L17 and our sample, respectively. Bottom: Histogram of rest-frame X-ray luminosities in bins
of 1 dex; our sample has a slightly higher median X-ray luminosity of 𝐿X = 1.07 × 1044 erg s−1

compared to the L17 median X-ray luminosity of 𝐿X = 4.79 × 1043 erg s−1.

3.2 Multi-wavelength Data

The survey observations used in this study are centered in the Bo ¥𝑜tes field at 𝛼 = 14h 30m 05.71s,

𝛿 = +34◦ 16′ 47′′.5 [192]. We use publicly available photometric catalogs ranging from optical to

far-infrared wavelengths, complemented with X-ray data and spectroscopic redshifts, with known

active galaxies [10] and clusters of AGN [36]. The multi-wavelength observations cover different

areas across the Bo ¥𝑜tes field (see Figure 3.1). Table ?? summarizes the data used and respective

approximate field coverage.

The wide-area XBo ¥𝑜tes survey provides us with a unique opportunity to probe a large population

of the most powerful AGN, half of which are also embedded in galaxy powerhouses with total
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Name Bands Survey Size N Detected
XBoötes [274] 0.5-7 keV ∼ 9.3 deg2 703
NDWFS [192] 𝐵𝑤, 𝑅, 𝐼, and 𝐾 ∼ 9.3 deg2 652
IR Boötes Imaging Survey [144] 𝐻 and 𝐽 ∼ 9.3 deg2 ∼325
SDWFS [10] 3.6, 4.5, 5.8 and 8.0 `m ∼ 10 deg2 ∼330
HerMES MIPS [291] 24 `m ∼ 10 deg2 703
HerMES PACS [291] 110 and 170 `m ∼ 3 deg2 138 and 181

HerMES SPIRE [291] 250, 300 and 500 `m
∼ 8.5 deg2 shal-
low, ∼ 3 deg2

deep

489, 398, and
159

Table 3.1: Population counts and field coverage of the multi-wavelength flux catalogs used to
generate 703 individual SEDs.

infrared luminosities (LIR) greater than 1012𝐿⊙ (also known as ultra-luminous infrared galaxies or

ULIRGs). Some weakly accreting AGN and AGN obscured by Compton thick hydrogen column

densities (𝑁𝐻 > 1.5 × 1024 cm−2) may be missed by X-ray surveys [e.g. 2, 214]. However, studies

confirm no single waveband can be used to select a complete sample of AGN, and X-ray detections

remain one of the most reliable identification methods [e.g. 15, 253, 116, 73, 14, 37, and references

therein].

3.2.1 X-ray Data

Our AGN sample is selected from the Chandra XBoötes Survey, a 5-ks X-ray survey of the 9.3

deg2 Boötes Field as defined in the NOAO Deep Wide-Field Survey [NDWFS; 274]. This survey

covers the full area defined by NDWFS with 126 individual 5 ks contiguous pointings at uniform

observational depths of 𝑓0.5−7 keV ∼ 8 × 10−15 erg s−1 cm−2, yielding 3293 point sources with four

or more counts. Rest-frame X-ray luminosities are determined by the following equation [4]:
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LX = 4𝜋 × D2
L × F × (1 + z)Γ−2 (3.1)

where 𝐷𝐿 is the luminosity distance, 𝐹 is the hard band X-ray flux, 𝑧 is the redshift and a photon

index of Γ = 1.9, which is typical for an unabsorbed X-ray luminous AGN [e.g. 397, 277]. To remain

consistent in comparison to other studies, we translate our full band 0.5 − 7 keV luminosities to

2 − 10 keV hard band luminosities with a conversion factor of 0.78, which is the ratio of respective

intensities over each keV energy range for Γ = 1.9. Due to the shallow nature of the XBoötes Survey,

spectral fitting to correct for X-ray absorption is difficult or unachievable at an individual level for

∼90% of our sources [see ? 274, for a more detailed discussion], so we leave the observed fluxes to

be interpreted at face value. We select sources with X-ray luminosities LX > 1042 erg s−1 as lower

luminosity sources may contain contamination from host galaxy processes [e.g. supernovae, X-ray

binaries and massive stellar outflows; 311, 265, 266? ].

The X-ray survey depth of this study allows us to probe a larger population of the brighter end of

the AGN luminosity function (see Figure 3.2). Figure 3.3 (bottom) displays the X-ray population

distribution of this sample. The wider coverage of the XBoötes Survey allows us to study a

large sample of powerful AGN with 50% of the 703 selected sources residing at or above LX

= 1.07 × 1044 ergs s−1; similar studies using surveys that may be deeper but cover smaller areas

in the sky yield populations of weaker AGN; for example, Lanzuisi et al. 2017 [212] (L17,

hereafter) analyzed 692 X-ray selected AGN in the COSMOS field [338] with a median LX =

4.79 × 1043 ergs s−1.
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3.2.2 Infrared Data

Mid-IR and far-IR fluxes are collected from Data Release 4 of the Herschel Multi-tiered Extra-

galactic Survey1 [HerMES; 291]. Far-IR observations were taken by the Herschel Spectral and

Photometric Imaging Receiver (SPIRE) at 250 `m, 350 `m, and 500 `m [150], and the Herschel

Photoconductor Array Camera and Spectrometer (PACS) 110 `m and 170 `m [306] bands; mid-IR

observations were completed by the Spitzer multi-band Imaging Photometer (MIPS) at 24 `m [?

]. Fluxes for all five Herschel bands used in the HerMES survey are recorded on positions defined

by MIPS 24 `m priors with a respective 5𝜎 detection limit at ∼ 0.3 mJy. The HerMES SPIRE

campaign consisted of a combination of both deep and shallow observations: the center ∼ 3 deg2

region is deeper and reaches 5𝜎 detection limits at 13.8, 11.3, and 16.4 mJy at 250 `m, 350 `m,

and 500 `m, respectively; the outer ∼ 8.5 deg2 region surrounding the center reaches 5𝜎 detection

limits at 25.8, 21.2 and 30.8 mJy for the 250 `m, 350 `m and 500 `m bands, respectively. The

PACS observations occurred over the center ∼ 3 deg2 of the Bo ¥𝑜tes region reaching 5𝜎 depths

of 49.9 and 95.1 mJy for the 110 and 170 `m bands, respectively. Uncertainties in this analysis

include both instrumental and confusion noise; we refer the reader to Roseboom et al. 2010 [320]

for a more detailed description of flux uncertainty determinations in the HerMES catalogs.

Near/Mid-IR catalogs were compiled from the Spitzer Deep, Wide-field Survey (SDWFS) [10]

which used all four channels of the Spitzer Infrared Array Camera (IRAC) [124] to image the entire

∼ 10 deg2 Boötes field. SDWFS is a combined four epoch survey that contains ∼ 105 sources per

band detected at 5𝜎 depths of 19.77, 18.83, 16.50, and 15.82 Vega mag at 3.6 `m, 4.5 `m, 5.8 `m,

and 8.0 `m, respectively. We also use 𝐽 and 𝐻-band data from the NEWFIRM Infrared Boötes

Imaging Survey [144] which reaches 5𝜎 limits of 22.05 and 21.30 Vega mag, respectively; and

optical 𝐵𝑤, 𝑅, 𝐼 and 𝐾-band data from the NDWFS survey [192] reaching 5𝜎 depths2 at 26.6, 26.0,

26.0, and 21.4 AB mag, respectively. For all IR bands, we consider source detections at > 3𝜎.

1http://hedam.oamp.fr/
2https://www.noao.edu/noao/noaodeep/
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Figure 3.4: Example spectral energy distributions generated by sed3fit [23]. The dashed gold
line is the stellar emission contribution, the blue line is the radiation contributed by star formation
processes, the green dashed line is the contaminating radiation from the AGN including the heated
dusty torus surrounding the black hole, and the black line is the total SED or the summation of
the three components.Left: SED for a galaxy with star formation processes dominating the mid
to far-infrared spectrum. Right: In this SED, the AGN component provides the most contribution
in the mid-infrared (and some of the far-IR) spectrum that would typically be attributed to star
formation processes.

3.2.3 Redshifts

Spectroscopic redshifts are extracted from the AGN and Galaxy Evolution Survey (AGES) [201],

an optical spectroscopic and photometric redshift survey for optically selected sources in 7.7 deg2

of the Boötes field. We limited our sample to spectroscopic redshifts in the range 𝑧 > 0.1 (Figure

3.2) to avoid the uncertainties associated with photometric redshifts and avoid contamination by

local AGN and ULIRGs.

To investigate the evolution of AGN and galaxy properties with redshift, we complete our analysis

over five redshift intervals and consider the X-ray - infrared relationship in each respective interval.

The following redshift intervals are designed so that each interval has a sufficient number of sources

(∼ 90−200) to create several statistically significant bins within that range: 𝑧 = 0.1−0.4, 0.4−0.8,

0.8− 1.2, 1.2− 2, and 2− 5. These redshift bins (z-bins) are consistent in comparison with several

other similar studies, and contain 95, 178, 140, 195, and 95 sources, respectively.
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3.3 AGN Sample Selection

The final sample used in this study consists of powerful AGN with spectroscopically confirmed

redshifts, and a detection in one Herschel SPIRE or PACS band. Since all objects in the HerMES

campaign are based on Spitzer MIPS priors, it follows that every object in our sample has at least

one 24 `m detection as well as one Herschel detection. We achieve this sample, dubbed the XIR

sample, through the following methods.

We matched X-ray AGN to infrared counterparts and spectroscopic redshifts using a nearest

neighbor matching technique. First, X-ray sources were matched to the AGES redshift catalog

using a 1′′ search radius on their optical coordinates from [36], with a spurious match rate estimated

at <1%. We were able to use such a small search radius confidently due to prior work by [36] who

used a Bayesian matching scheme to determine optical counterparts for 98% of the X-ray sources

in the XBoötes survey under a 1′′ search radius. We note that AGES redshifts were determined

using optical spectroscopy, and as such this study explores the properties of brighter, less dust

obscured active galaxies. We also note that the AGES survey misses ∼ 2 deg2 of the XBo ¥𝑜tes and

HerMES survey (Figure 3.1), removing 10% of X-ray sources as possible candidates for this study.

Near-IR and optical data were matched to the MIPS 24 `m coordinates from the HerMES catalog

[291] using a 3′′ search radius, which corresponds to the Spitzer MIPS 24 `m half width at half

maximum. Finally, we matched the MIPS 24 `m coordinates to the AGES coordinates. Again, we

estimate a spurious match rate of <1% when matching infrared data together, and once more when

matching infrared data to X-ray sources with spectroscopic redshifts.

Prior to fitting a spectral energy distribution, we require an object to have a 24 `m detection and a

detection in one of the Herschel bands. The far-IR survey was defined on the coordinates for sources

detected at 24 `m, thus any Boötes source detected by Herschel will also have a measurement at

24 `m. Even though Herschel observational depths varied across the inner and outer region of

the survey area, we still find a uniform density of ∼ 100 AGN per square degree that satisfy our
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Figure 3.5: Left: IRAC color-color space used to identify luminous AGN in Donley et al. 2012
[101]. Grey points represent the IR-only sources with spec-zs, large red dots mark sources from our
main sample of XIR sources, and purple points are additional X-ray sources with IRAC counterparts,
but no mid or far-IR counterparts. The dashed black lines carve out the region belonging to luminous
AGN, with minimal contamination from high redshift star-forming galaxies. We note that 15% of
the luminous AGN in the IR only sample also have estimated AGN IR contributions ≥ 20% (teal
circles), while the same is true for 25% of our XIR sample (gold circles). Generally, sources with
AGN IR contributions ≥ 20% are dispersed throughout this IRAC color space, indicating that SED
decomposition does not lend itself to luminous AGN identification. Middle: L24 `𝑚 distribution for
the 703 X-ray detected sample (red), the 5k IR-only detected sample (grey), and the 389 IR-only
sources with ≥ 20% of IR SED emissions coming from AGN processes (teal). Right: L24 `𝑚 vs.
redshift distribution for both the 389 IR-only sample with significant IR AGN contribution (teal)
and the X-ray detected sample (red). Top histogram represents the fraction of sources from each
sample in redshift bins of size 0.5.

selection criteria. Additionally, due to the work by Brand et al. 2006 [36], the majority (∼ 93%) of

the sample also has an optical detection.

The mid and far-IR photometry requirement is unique to this work. Comparable studies required

only one mid or far-IR detection or relied on stacking techniques and photometric upper limits to

supplement, creating large uncertainties when generating AGN SEDs, particularly on the Wien side

of the far-IR SED corresponding to dust emission [e.g. 270, 361, 212]. With the mid and far-IR

requirement, we can better constrain dusty torus emission for powerful AGN and host star-forming

galaxies.

This study is based on the 703 X-ray sources in the Boötes field that have intensive multiband data to

fit their individual spectral energy distributions (see Table ?? for exact counts per band). Generating

individual SEDs allows us to avoid the restrictions and uncertainties related to stacking and gives us

the freedom to disentangle AGN and host galaxy radiation components for each respective source.

57



Using sed3fit [23], a multi-component SED fitting tool, we decompose each galaxy’s emissions in

the infrared spectrum and use the appropriate rest-frame, infrared luminosity integrated from 8 `m

to 1000 `m as an indicator of host galaxy star formation rate. sed3fit is based off of the da Cunha

et al. 2015 [? ] magphys code and employs a combination of three galaxy radiation processes:

stellar emission, warm and cold dust emission from star formation regions, and AGN emission.

SED templates are fitted to measured fluxes first using the stellar and star forming components only,

then AGN templates are varied to fill in photometric gaps and further reduce the 𝜒2. We use the

ten AGN templates provided with SED3FIT, which were selected to cover the wide range of AGN

found in the full Fritz et al. 2006 [129] library. These ten templates span Type 1, intermediate, and

Type 2 AGN, with a variety of optical depths ranging from 0.1-6, as viewed face on or edge on. All

ten of the templates have a fixed torus opening angle of Θ = 100◦, corresponding to an intrinsic

covering factor of 75% (see Section 3.4.3 for details on covering factors). Each AGN template

can be broken down into three components: dust scattering emission, dust thermal emission and

nuclear accretion disk emission. The former two AGN components combined are attributed to the

warm, dusty clumpy structure that surrounds the SMBH and accretion disk. See Figure 3.4 for two

example spectral energy distributions generated from our sample (left: star formation dominant,

right: AGN emission dominant).

To correct for contaminating AGN radiation, we subtract the dusty torus and accretion disk emission

from the total SED of a source. The resulting infrared luminosity is attributed to star formation and

is hereby represented as LSF
IR , while the subtracted infrared AGN luminosity is referred to as LAGN

IR ;

Figure 3.3 (top) shows our resulting population distribution of infrared luminosities attributed to

star-formation processes. This procedure applies to 98% of our sample as 13 sources are not fitted

with an IR AGN component by SED3FIT. The physical characteristics derived from this procedure

will be available for all 703 sources on Vizier.3

Out of the remaining 2.6k XBoötes sources not used in our XIR sample, we also find 425 X-ray

3http://vizier.cfa.harvard.edu/

58



AGN with spectroscopic redshifts but no Spitzer MIPS and Herschel counterparts (marked as purple

circles in Figure 3.2) with a similar X-ray and redshift distribution as our main sample – dubbed

the non-IR sample (although some of these sources have IRAC detections; see next paragraph). We

compare these non-IR AGN plus a sample of 6,583 IR-only galaxies with spectroscopic redshifts

to our main sample in section 3.4. The IR-only galaxies have both a MIPS 24 `m and at least

one Herschel far-IR detection, but no X-ray detection. For the non-IR AGN, we use the Herschel

SPIRE 250 `m 5𝜎 limiting flux in the deeper region of the HerMES survey as a generous upper

limit on star formation luminosity. Out of the IR-only galaxy sample, 99% of sources have an

optical counterpart and 91% have an IRAC detection. We ran IR-only photometric data through

sed3fit and found only 72%(∼5k) of the ∼6.6k galaxies are fitted with an AGN component.

For additional context, we briefly explore the additional two sample populations (6.6k IR-only

galaxies and 425 non-IR AGN) in IRAC color-color space in Figure 3.5 (left). Nearly 40%

of the non-IR AGN (small purple dots) and 92% of the IR-only galaxies (grey points) have

sufficient (3𝜎) detections in all four IRAC bands; the same is true for 46% of our main XIR

AGN sample (large red dots). In the Donley et al. 2012 [101] IRAC color criteria for identifying

luminous AGN (L2−10keV ≥ 1044ergs s−1; wedge outlined by dashed black lines), 60 of 327 XIR

sources with detections in all four IRAC bands are categorized as luminous AGN with a median

L2−10keV ∼ 5.6 × 1043ergs s−1; only 23 of the 58 XIR sources with L2−10keV ≥ 1044 ergs s−1 and

IRAC detections are categorized as luminous AGN through the IRAC criteria, which is nearly

equivalent to the X-ray luminous AGN recovery rate found in Donley et al. (38%). This shows

that, by using X-ray selection criteria, we’re probing a larger population of the most powerful AGN.

However, we must note that some powerful AGN are heavily obscured and therefore less X-ray

bright (30−60%, see Section 3.4.3); we caution readers to consider this selection effect throughout

this work.

In the same space, 7% of the non-IR AGN are categorized as luminous AGN with a median

L2−10keV ∼ 2.3 × 1044 ergs s−1 and a recovery rate of 32% for all X-ray luminous AGN in the non-
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Figure 3.6: Left: Distribution of AGN bolometric luminosity (∝LX) versus LSF
IR . The lighter,

smaller points are individual AGN. The small, empty gray symbols are X-ray AGN with LSF
IR upper

limits determined by the HerMES Herschel SPIRE 250 `m flux limit. The larger, bolder, filled
in points are average log(LSF

IR ) in bins of log(LAGN) showing both the IR detected (colorful) and
IR non-detected (empty grey) X-ray sources. Error bars represent the 1𝜎 dispersion of each bin.
Note the star forming luminosity for the most powerful AGN in the 0.4 < 𝑧 < 0.8 z-bin lies
directly under the corresponding average star forming luminosity for the most powerful AGN in the
0.8 < 𝑧 < 1.2 z-bin. The black dashed line represents the relationship found in N09 where objects
below the line have infrared luminosities dominated by AGN activity. Black empty symbols are
results from Lanzuisi et al. 2017 [212]. Right: Average log(LX) in bins of log(LSF

IR ) compared to
results from C13 [59]. The C13 sample is represented by the black empty shapes. The dashed line
is the constant proportional relationship between star formation rate (SFR) and black hole accretion
rate (BHAR) found in C13. Colors, symbols and error bars are calculated in the same fashion as in
the left figure, where the empty gray points denote the IR only detected sources with an estimated
IR AGN fraction ≥ 20% with X-ray upper limits defined by the XBo ¥𝑜tes survey flux limit.

IR sample; and out of the 5.6k IR only sources with spec-zs and sufficient IRAC detections, only

2% (N= 128) of sources are deemed luminous AGN (but members of this sample do not have any

bona fied X-ray detections, so we cannot determine the recovery rate).

3.4 Results and Discussion

3.4.1 Average LSF
𝐼𝑅

vs. Average LAGN

We translate X-ray flux to bolometric AGN luminosity, LAGN, using the equation in Rosario et al.

2012 [318] (R12 hereafter) derived from Maiolino et al. 2007 [240] and Netzer and Trakhtenbrot
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Figure 3.7: Distribution of AGN bolometric luminosity versus LSF
IR with the black dashed line as

defined in Figure 3.6 (left). The solid lines have colors corresponding to redshift ranges and are the
extrapolated trends from the Hickox et al. 2014 [171] simple model incorporating short-term AGN
variability, long-term evolving star formation rates and a universal constant of proportion between
SFRs and black hole accretion rates.

61



2007 [285] for spectroscopically confirmed Type 1 (unobscured) AGN:

log LAGN =
log LX − 11.78

0.721
+ 0.845 (3.2)

where LX is the 2-10 keV band X-ray luminosity. We average infrared contribution from star forming

processes in bins of LAGN, with respect to each redshift interval, and do the same separately for the

additional 425 X-ray sources with spectroscopic redshifts but no IR counterparts. We show these

results in Figure 3.6(left); the dashed line represents the relationship found in Netzer et al. 2009

[283] (N09, hereafter) for local, low luminosity AGN-dominated systems where LAGN is much

larger than LIR. Nearly 50% of X-ray only detected sources fall into the AGN-dominated section,

compared to only ∼ 5% of individual X-ray and IR detected sources, substantiating the selection

of AGN embedded within star-forming galaxies in this analysis and demonstrating the dominance

of star-formation driven modes in IR luminosities of Herschel detected dusty galaxies. This trend

is corroborated in several recent works using IR-bright X-ray selected AGN (e.g. R12, L17),

indicating that the power law correlation from N09 is valid when extended to higher luminosities

and high-z AGN.

Our low-z (𝑧 ≲ 1) sample successfully reflects those of other published results with low luminosity

AGN (LAGN < 1045 erg s−1) showing a flat or uncorrelated relationship between AGN activity and

star formation. The higher luminosity AGN in the low-z bins appear to trend in a more positive

linear fashion that approaches the N09 relationship. The stronger, positive relationship is most

noticeable in the 0.4 < 𝑧 < 0.8 bin where the most powerful AGN, while few in number (N=6), are

embedded in star-forming galaxies nearly just as bursty as the brightest AGN in the 0.8 < 𝑧 < 1.2

bin. These results also appear in L17 and R12, but conflict with the flat, nonexistent relationships

found in Stanley et al. 2015 [361] and Dai et al. 2015 [81].
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Hickox et al. 2014 [171] and Volonteri et al. 2015 [400] developed models that match similar

observational results as seen in L17, R12, Chen et al. 2013 [59] and Azadi et al. 2015 [13]. In

Figure 3.7, we overlay the Hickox et al. model curves and see general agreement with the results

for our 𝑧 ∼ 1 less powerful active galaxies (LAGN < 1045 ergs s−1), but the model over estimates

star forming luminosity for the more powerful AGN (LAGN > 1045 ergs s−1) in each redshift range.

To create the model, Hickox et al. generated a sample of galaxies (up to 𝑧 = 2) in which all star-

forming galaxies host an AGN during their lifetime, and then incorporated a constant of proportion

between SFR and black hole accretion rate over long time scales (log(SFR/BHAR) = 3.6 [59, 81])

and assigned short time scale variabilities in AGN accretion processes (and therefore, luminosity).

Generally, the model successfully produces the observed findings when averaging star formation

activity in bins of AGN activity, along with the trends observed in literature when averaging AGN

activity in bins of star-formation activity, as analyzed in the following section.

3.4.2 Average LX vs. Average LSF
IR

Recent simulations and observations reveal that AGN accretion (and therefore luminosity) can be

highly variable on short timescales – e.g. on the order of 1-2 magnitudes within 0.1-1 Myr [e.g.

95, 171] – whereas star formation processes change at a slower rate over longer timescales. To

uncover the relationship between AGN processes and host galaxy star formation rates, it might be

more appropriate to average AGN activity (the more rapidly changing variable) based on LSF
IR (the

more stable variable).

Following the analysis in L17 and Chen et al. 2013 [59] (C13, hereafter), we reversed data

dependency by averaging log(LX) in bins of log(LSF
IR ). We include 389 IR only sources with an

AGN IR contribution that is ≥ 20% of the total IR SED. These IR-only sources have both a MIPS

24 `m and at least one Herschel far-IR detection, but no X-ray detection (see Figure 3.5 for 24 `m

population distribution). We take the ratio of IR AGN luminosity to total IR luminosity from the
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resulting SED and place a cut at ≥ 20% to capture the sources with the highest likelihood of hosting

an AGN [64]. For these objects, we use the XBo ¥𝑜tes survey flux limit as an upper limit for X-ray

luminosity. Results are shown in Figure 3.6 (right) with L17 results overlaid. Error bars represent

the 1𝜎 dispersion of the mean X-ray luminosity in each respective bin. The dashed line represents

the constant ratio between black hole accretion rate (BHAR, proportional to X-ray luminosity) and

star formation rate found in C13 for 34 X-ray detected AGN at 𝑧 = 0.25 − 0.8.

We find our results to be in good agreement with the C13 SFR/BHAR ratio. The low z-bins (𝑧 ≲ 1)

have the strongest positive slope between the same LSF
IR intervals studied in C13, which is expected

as C13 analyzed data from the same Boötes Chandra, Herschel and Spitzer observations used in

this paper. While AGN still hover near the SFR/BHAR ratio in the earlier 𝑧 > 0.8 Universe, there is

no significantly strong upward trend as LSF
IR increases for any z-bin, and the nearly ∼0.5 dex increase

exhibited within the 𝑧 > 2 sample for the highest range of star formation activity has a very small

sample size and is therefore unreliable.

Note that these observations are limited to the depths of the 24 `m survey; an object at 𝑧 ∼ 1

with a 24 `m luminosity of 𝐿24 `𝑚 = 1044 ergs s−1 is pushing the survey observational limits

and might be undetected. This means that the weakest star formation bins in this analysis may

be lacking contributions from some fainter, intermediate redshift galaxies and AGN. Conversely,

some powerful AGN are heavily obscured by high column densities of dust and gas. In fact, studies

have shown that 90% galaxies with high 24 `m to optical flux ratios have IR and X-ray signatures

indicating the presence of heavily obscured AGN [126, 381]. These AGN are expected to have

intrinsic X-ray luminosities in excess of 1044 ergs s−1, at 𝑧 ∼ 1 − 2, which could drive the more

star-forming LSF
IR bins further upward and into stronger agreement with the C13 trend.

The observed differences in correlation between the two averaging methods are likely due to the

inherent rate of variation between the two physical processes, with star formation being the more

stable measurement and AGN accretion being the more variable measurement. These differences

in correlation methods were also confirmed by Dai et al. 2015 [81] for similar samples of X-ray
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selected AGN. Lapi et al. 2014 [215] found similar results when exploring the observational

phenomena of the co-evolutionary relationship between AGN and host galaxies at high redshifts

(𝑧 ≳ 1.5) using a semi analytical model. Combining observational data on AGN in star-forming

galaxies with high-𝑧 AGN luminosity functions and host-galaxy stellar luminosity functions, the

model shows galaxy SFRs that remain relatively constant over a long period of time then suddenly

undergo a rapid decrease in star formation when the SMBH is triggered into an active phase. The

model also predicts that as the supermassive black hole grows, a fraction of the cold interstellar

gas and dust within the spiral arms of a galaxy is drawn towards the nucleus to help form and

grow the dusty torus. The AGN will feed off this reservoir and the most powerful AGN will have

feedback processes that strip away some of the remaining cold gas and dust, further suppressing star

formation processes and eventually slowing its own growth as well. Observations at various epochs

within the model easily reproduce both of the trends shown in Figure 3.6 and, when combined with

the publications and findings discussed in section 3.4.1, indicate that a more detailed study on the

relationship between short term AGN variability and host galaxy cold gas and dust properties is

necessary to arrive at any definitive conclusions.

Figure 3.8: Left: Covering factor versus bolometric AGN luminosity. Averages for the X-ray
detected sample are computed in bins of LAGN and in respective redshift ranges. We also computed
averages for the entire sample, irrespective of redshift range, as indicated by the empty black stars.
The black dashed line represents the fraction of obscured AGN as a function of bolometric AGN
luminosity found by Maiolino et al. 2007 [240]. The purple dashed line, navy dashed line, and
turquoise solid line correspond to mid-IR/LAGN fractions found by translating the X-ray-to-6 `m
relationships derived in Mateos et al. 2015 [248], Stern et al. 2015 [364], and Fiore et al. 2009
[127], respectively. Right: Covering factor versus total infrared luminosity. Averages, colors and
symbols are derived in the same fashion as the figure to the left.
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Figure 3.9: Covering factor versus hardness ratio for the 330 XIR AGN with sufficient x-ray counts
to determine hardness ratios. Colors and shapes are the same as those in Figure 3.6. Average error
bars are presented in the top left corner. To the right of the black dashed vertical line lies AGN with
covering factors greater than 50%. Below the black dashed horizontal line lies AGN with hardness
ratios indicative of unobscured cores. SEDs for sources marked with crosses are in the appendix,
providing examples of some of the more extreme and contradictory AGN in this sample.
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3.4.3 Dust Covering Factors

We can determine how dust obscured an accreting SMBH is by assessing the relationship between

how much high energy radiation from accretion disk processes is observed (which therefore escapes

the dusty torus), versus how much radiation is detected from the dusty torus itself. A commonly

used dust covering factor (CF) proxy is the ratio of dusty torus emission, LTor (which dominates in

the mid to far-IR), to bolometric AGN luminosity, LAGN [e.g. 240, 382, 321]. To compute the dust

covering factor for our sample, we use the bolometric AGN luminosities derived from Equation

(2), and derive LTor from the dusty torus components in each source’s respective AGN SED (i.e.

we remove the infrared emission originating solely from the accretion disk from each AGN SED

template for each source and keep only the dusty torus emission components). We caution that

systematics from the fixed covering factor (75%) in the AGN SEDs may produce biased estimates

of dusty torus emission in this analysis (see Section 3.3).

We note that this proxy (CF= LTor/LAGN) is used under the assumption that accretion disk emission

and the resulting dusty torus emission are generally isotropic. However, the work of Stalevski et

al. 2016 [359] shows that, when considering the anisotropy of these emission processes for Type

1 AGN with LAGN ∼ 1045 ergs s−1, this proxy can underestimate intrinsically low covering factors

and overestimate high covering factors, while for Type 2 AGN of similar luminosities, this proxy

always underestimates the true covering factor. We assess the impact of this assumption on our

results at the end of this section.

The average dust covering factor decreases with an increase in AGN activity for our X-ray detected

AGN sample (Figure 3.8, left). This trend correlates nicely with the luminosity-dependent AGN

unified model where dust covering factor is anti-correlated with bolometric luminosity, also known

as the receding torus model [216]. Taking the model implications a step further, it follows that

the average covering factor within a sample of AGN corresponds directly to the fraction of Type

2 (obscured) AGN. In this work, we find an average CF of 33% for the X-ray detected AGN. This
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Figure 3.10: Left: Infrared AGN luminosity as a function of LX for the X-ray AGN. The black
dashed line represents the linear relationship found in log space between the two AGN luminosities.
The red and blue lines represent the relationship determined from generated average SEDs for local
AGN by Mullaney et al. 2011 [269] and Shimizu et al. 2017 [345], respectively. Right: Composite
𝑓 AGN as a function of rest-frame wavelength using all 703 X-ray selected AGN. The black line is
the median value at all wavelengths in bins of Δ_ = 1 `m and the 1𝜎 scatter for each Δ_ is indicated
by the shaded pink region.

average CF is similar but slightly lower than those found in literature: Rowan-Robinson et al. 2009

[321] used Chandra and/or Spitzer data to determine CFs for 658 AGN and found an average dust

covering factor of 40%; Mateos et al. 2015 [248] determines a spectroscopically confirmed Type

2 fraction of 43% on a sample of 250 X-ray selected AGN with dust covering factors ranging from

20-50% when averaged in bins of X-ray luminosity; Lanzuisi et al. 2009 [213] found a higher Type

2 fraction at 55% of mid-IR bright X-ray selected AGN, and Hickox et al. 2007 [169] selected IR-

AGN in the same field as this study and used spectroscopic and optical to mid-IR color distributions

to determine a Type 2 fraction of 43%. The observed luminosity-dependence agrees most with

the trend found in Mateos et al. (shown as the purple dashed line in Figure 3.8, left), who also

used multi-component SEDs to determine the AGN contribution to mid-IR luminosity. A newer

study by Mateos et al. 2017 [249] investigated the lack of one to one correlation between Type 2

fraction and average covering factor for their complete sample of optically classified X-ray AGN.

They identify a missing population of X-ray obscured AGN and, when the high covering factors

of these obscured AGN are accounted for, the population CF average grows to nearly 60% with a

less significant luminosity dependence relationship. It is possible that the CFs of heavily obscured
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Figure 3.11: AGN fractions for the X-ray detected sample as a function of X-ray luminosity.
Averages are computed in bins of LX, respective of redshift range, with error bars representing
the 1𝜎 dispersion of the mean. Black empty stars represent the averages across X-ray luminosity,
regardless of age in the universe.

AGN in the Bo ¥𝑜tes region would effectively raise the average CF across all redshift ranges and

AGN luminosities to a similar value, but that analysis it out of scope for this work.

In Figure 3.8, right, we find an overall flat relationship between total infrared luminosity and covering

factors for the X-ray selected sample, hovering at an average of ∼ 10% across all luminosities.

While there appears to be some positive relationship for all redshift bins 𝑧 > 0.4 starting at

log(LIR/L⊙)≈ 11.5, the sample dispersion is large, spanning ± ∼ 50% (or more) for each average

data point within each redshift bin. Therefore, any observed positive correlation is weak and would

require further investigation for verification.

We also recover trends that challenge the inclination-based unified model: there is no clear bimodal
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distribution for covering factors in the XIR AGN population; instead we see a distribution of

covering factors that cover the entire possible range at significant percentages. To investigate, we

further restrict our sample to the 330 XIR AGN with sufficient X-ray counts to determine hardness

ratios (HRs; i.e. H−S / H+S, an indicator of AGN obscuration; e.g. Green et al. 2004 [? ]) and

find the majority (∼ 57%) are unobscured with corresponding HRs ≲ −0.5 and an overall wide

spread in covering factors averaging at 35% ± 1.03% (see Figure 3.9). Concentrating only on the

187 XIR AGN with unobscured HRs, we find 11% have CFs ≳ 50%, indicating that a defining CF

cut off limit between Type 1 and Type 2 AGN based on X-ray absorption is nonexistent. Mateos

et al. 2016 [247] found similar results using 227 spectroscopically confirmed and categorized

X-ray AGN; while the different types of AGN had clearly different CF distributions (with type

2(1) peaking at high(low) covering factors) there was still a very strong overlap in CF distributions;

roughly 20% of Type 1 AGN had CFs > 0.5 and 40% of Type 2 AGN had CFs < 0.5. Merloni ett al.

2014 [257] used optical photometry and/or spectra paired with hard X-ray data for ∼1300 AGN and

found 31% of the entire sample sits in a similar contradictory region where optical signatures point

towards an unobscured nucleus while X-ray data indicates considerable gas and dust absorption, or

vice versa with optical evidence for an obscured nuclear region and no absorption of soft X-rays.

This work and the aforementioned suggest that Type 1 and Type 2 AGN may not be observationally

distinct due to the line-of-sight inclination of the dusty torus but instead due to other physical

accretion related mechanisms.

Recently, Ricci et al. 2017 [314] showed that the relationship between AGN luminosity and

covering factor flattens out when dividing X-ray AGN into separate bins of Eddington ratios (_𝐸 ;

mass-normalized black hole accretion rate), indicating that the AGN line-of-sight obscuration is not

the universal driver of covering factor distributions. Instead, _𝐸 and CF maintain a steady positive

correlation up until the sublimating Eddington limit for dusty gas particles, in which the CF sharply

declines. These results point towards strength in radiation pressure from accretion activities being

the main regulator of observed obscuration fractions, and that Type 1 and Type 2 AGN are actually

physically different objects (as categorized by _𝐸 ) that could be better unified within the context of
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Figure 3.12: These two figures represent the ratio of infrared AGN luminosity to host galaxy total
infrared luminosity (i.e. AGN fraction) as a function of host galaxy luminosities. Colors and
symbols are the same as in Figure 3.8. Left: The logarithm of the AGN fraction as a function
of 24 `m luminosity. Right: The logarithm of the AGN fraction as a function of total infrared
luminosity, following the same legend as in the figure on the left.

black hole growth over time. Exploration of this relationship is out of scope for this analysis; we

refer readers to [19, 416, 120, 233, 217, 249] for further discussions that precede the Ricci et al.

results.

We explored how the Stalevski et al. 2016 [359] equation and coefficients (Equation 8 and Table

1, inside) for correcting isotropically-assumed dust covering factors affect our results by first

identifying Type 1 and Type 2 AGN using the inclination angles used in the SED fitting procedure.

The AGN SED fitting model used in this paper include two possible nuclear line of sight angles:

0 degrees (face-on aka Type 1 unobscured nucleus) or 90 degrees (edge-on aka Type 2 nucleus

viewed through the disk). Based on this criteria, 61% of our XIR sources are categorized as Type 1

AGN and the remainder are categorized as Type 2 AGN. Interestingly, the majority of Type 2 AGN

in this sample (77%) have covering factors below ≤ 10%, while Type 1 AGN exhibit no general

CF preference. Both AGN types have median AGN luminosities of LAGN ∼ 3 × 1045 ergs s−1.

We applied each set of coefficients corresponding to the three reported example optical depths

(𝜏9.7`m = 3, 5, 10 in Stalevski et al.) to the respective AGN types. The overall effect is strongest for

AGN (of both types) with originally estimated CFs less than 20%, which is nearly three quarters
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of the 703 AGN; for each set of coefficients, dust covering factors were increased to ≥ 20%, due to

the lower limits assumed in Stalevski et al., with the average individual differences being +33% to

the respective CFs. This effectively flattens out any trends seen in Figure 3.8, where the original

average CF of 32% is now a corrected average CF of 49%. It is worth noting that these equations

were originally derived for a luminous AGN with LAGN ∼ 1045 ergs s−1; the third of our sample

at lower AGN luminosities sees an average CF correction of ∼ +25%, while the remaining more

powerful population has a ten percent higher average CF correction than that of the low luminosity

AGN. Thus, due to the the underlying assumptions in covering factors and the wide range in AGN

luminosities probed in this work, we are unfortunately limited from interpreting any further.

3.4.4 AGN Contribution in the Infrared

The wide infrared coverage in the Boötes region when paired with the multicomponent SED fitting

model sed3fit is advantageous in effectively constraining intrinsic infrared AGN luminosities

across a broad redshift range. This is useful to avoid situations of overestimating host galaxy

properties (e.g. star formation rates) in cases with little IR photometry and/or possible indications

of AGN activity. In the following, we explore the extracted infrared AGN luminosities in the

8 − 1000 `m range (LIR
AGN, hereafter) as a function of LX, as well as the fraction of total infrared

luminosity attributed to AGN emissions (LIR
AGN/LIR or 𝑓 AGN, hereafter) as a function of LX, LIR,

and L24 `𝑚.

There is a strong correlation between X-ray activity and total infrared AGN luminosity within our

X-ray detected sample. This relationship is similar to the driving trend determined in Mullaney et

al. 2011 [269], even though a large portion of our sample contains galaxies with low AGN fractions

( 𝑓 AGN < 10%) out to high redshifts. Mullaney et al. modeled intrinsic infrared AGN SEDs for

only 11 local (𝑧 < 0.1) AGN with polycyclic aromatic hydrocarbon emission lines indicative of

IR luminosities dominated by AGN ( 𝑓 AGN > 90%). As seen in Figure 3.10 (left), we derive a
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nearly equivalent relationship for AGN spanning a much larger redshift and AGN fraction range,

suggesting that this relationship is universal. The black dashed line denotes our sample relationship,

where

log
( LAGN

IR
1043erg s−1

)
= (0.33 ± 0.06)

+ (1.16 ± 0.05) log
(

LX

1043erg s−1

)
(3.3)

with a strong, positive correlation coefficient of 0.78. The red line denotes the slope found in

Mullaney et al. (1.11 ± 0.07) and the blue line denotes the slightly weaker relationship found by

Shimizu et al. [345] (0.91 ± 0.06) who analyzed a sample of 313 local X-ray selected AGN with

Herschel and WISE detections; additionally, Kirkpatrick et al. 2017 [? ] found a more extreme

relationship (3.76 ± 0.08, not plotted) for 53 𝑧 ∼ 1 − 2 composite galaxies in the GOODS-S field

with Spitzer and Herschel detections. Our work provides the first 0.1 < 𝑧 < 4 pure AGN infrared

SED relationship estimated using a statistically significant population size, providing future studies

the ability to estimate the total infrared emission of a high-z AGN using only X-ray data. A deeper

X-ray study with a similar amount multiwavelength IR data and de-absorbed X-ray luminosities

would be needed to confirm this relationship is complete to lower luminosity X-ray AGN at 𝑧 > 0.1.

The median infrared AGN contribution across all sources is 8 - 30%, indicating that roughly 70 -

90% of infrared light from this set of galaxies is coming from star formation processes. When

restricting our sample to the 337 ULIRGs (LIR > 1012 L⊙), we find a median 𝑓 AGN = 13%, similar

to the fraction found in Nardini et al. 2008 [280] for local ULIRGs. Looking at the median

composite, rest-frame 𝑓 AGN as a function of wavelength in Figure 3.10 (right), we find that AGN

contribution heavily affects the mid-IR, with a maximum of nearly 80% at 5-6 `m. While the
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impact of AGN contribution trails off at wavelengths greater than ∼30 `m in Figure 3.10 (similar

to other results, e.g. [199, 269]), the 𝑓 AGN sample distribution is broad at each wavelength with an

average scatter of ±20− 30%, implying that multi-component SED analysis is crucial in accurately

determining the true AGN contribution for individual sources, particularly for cases without X-ray

observations to constrain LIR
AGN.

On average, 𝑓 AGN increases with increasing X-ray and 24 `m luminosity, but not with total infrared

luminosity (see Figure 3.11 and Figure 3.12). The latter tells us that any trends found with LIR
AGN

are not driven simply by the host galaxy’s luminosity; or, in other words, a broad range of infrared

AGN fractions can be found embedded in variously luminous galaxies. We also considered

the relationship between 𝑓 AGN and host galaxy stellar mass; again, we find a flat, non-existent

correlation. We note that this sample occupies a host galaxy stellar mass distribution similar to

those found in literature for AGN host galaxies, with a mean stellar mass of log(M∗)= 10.83± 0.58

[e.g. 170, 419].

We determine a clear but weak relationship in log( 𝑓 AGN) – log(L24 `𝑚) and in log( 𝑓 AGN) – log(LX),

both with slopes ≈0.11. Both correlations have large intrinsic scatters and weak correlation

coefficients at∼± 60% and∼ 0.36, respectively. Ciesla et al. 2015 [64] shows that 𝑓 AGN predictions

below 20% are accompanied with large uncertainties and therefore should be disregarded; these

uncertainties vary across AGN types and it is unclear how they might vary across AGN luminosities.

To investigate whether there is a stronger relationship present in our more certain 𝑓 AGN calculations,

we restrict our sample to 𝑓 AGN ≥ 20%, which is about 28% of the entire sample with an average

log(L24 `𝑚) = 11.56 ± 0.66 and log(LX) = 44.30 ± 0.54. Instead, we find an even weaker slope at

∼0.06 with a correlation coefficient of ∼0.12 for both sample populations, and again a large range

of values. These results directly indicate a need for individual SED decomposition to infer the

fraction of infrared output attributed by an AGN.
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3.5 Summary and Conclusions

We explored the relationship between AGN activity and host galaxy dust properties across the tail

end of peak AGN and galaxy growth in the Universe (redshifts 0.2 < 𝑧 < 5) using Chandra, Her-

schel, Spitzer and NOAO Telescope observations in the Boötes field. We successfully disentangled

AGN and star formation radiative processes in the infrared spectrum for 703 IR bright X-ray AGN

using multi-component SED fitting code, sed3fit [23], and determined the AGN-corrected inte-

grated rest-frame infrared luminosity attributed to star formation, total infrared AGN luminosity,

AGN dust covering factors and AGN fractions. Our main results can be summarized as follows:

• We find flat trends consistent with other literature when averaging LSF
IR in bins of bolometric

AGN luminosity for less powerful AGN (LAGN < 1045 erg s−1), as well as the stronger

correlations found when averaging LX in bins of star formation activity for AGN at low

redshifts (0.1 < 𝑧 < 0.8).

• We further decompose AGN SEDs to isolate the dusty torus component in the IR and

compare to the bolometric AGN luminosity to estimate nuclear obscuration. We determine

an average dust covering factor slightly lower than other literature at CF= 33%, which

indicates a Type 2 (obscured) population of roughly a third. Further investigation of X-ray

hardness reveals several X-ray AGN with covering factors that contradict the expected nuclear

obscuration determined by hardness ratios (e.g. high covering factor with a low hardness

ratio that is indicative of an unobscured central engine), providing further evidence that

observational differences between AGN types are not primarily driven by line-of-sight dusty

torus inclination.

• We uncover a wide range in the fraction of infrared luminosity attributed to AGN activity

across all redshifts, and determine no statistically significant trend exists when evaluating

𝑓 AGN as a function of total infrared, X-ray or 24 `m luminosity. The mean 𝑓 AGN as a function

of rest-frame IR wavelength shows peak AGN contamination lives in the mid-IR range and
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becomes insignificant at wavelengths larger than ∼ 30 `m, but the sample dispersion is

large (±20 − 30%) at all wavelengths. These results demonstrate the importance of SED

decomposition for individual AGN and host galaxies in order to accurately quantify AGN

contamination in the IR, particularly prior to using IR photometry to estimate host galaxy

properties.

While considering all of the implications discussed in this paper, we should remember that current

FIR detections of intermediate and high redshift X-ray AGN in star-forming galaxies are limited by

the sensitivity of far-infrared and submillimeter observatories like the Herschel Space Observatory.

The currently available resolutions limit us to the most powerful star-forming systems and we need

deeper, more sensitive observations to capture the dust properties of AGN that reside in smaller

and/or quiescent galaxies in order to complete the evolutionary picture.
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Chapter 4

Missing Massive Galaxies - Long et al. 2022

4.1 Introduction

Most of what we understand about galaxy evolution in the first six billion years of the Universe

is largely based on rest-frame ultraviolet-to-optical (UV2OP) studies. This includes, but is not

limited to: the evolution of the galaxy stellar mass function [e.g. 302, 276, 86] used to describe the

growth of galaxies over time; the large scale structure of galaxies [e.g. 113, 426] that demonstrates

how galaxies are distributed throughout space as they form and grow; and the star-forming main

sequence [Table 3 in 356] establishing that the majority of galaxies form their stars steadily, over

long periods of time (∼ 1 Gyr), at a rate proportional to their stellar mass. These hereinafter

referred to as ‘UV-based’ relationships are often perceived as fundamental truths that are either fed

into or used as benchmarks for success in testing our best cosmological models [e.g. 137, 21]. In

other words, our primary understanding of galaxy evolution – from observations to simulations –

is deeply and intricately rooted in UV2OP astronomy, including all of its strengths and limitations.

It is now well known that the rest-frame UV2OP spectrum of the Universe contains only a piece of

the larger picture on star formation in the cosmos. Nearly half of all cosmic starlight in the Universe
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is obscured by dust [106], which re-radiates at longer infrared wavelengths. This phenomenon is

most evident in the cosmic star formation rate density (cSFRD) where, out to 𝑧 ∼ 3, the majority

of stellar mass is built in regions obscured by dust and thus primarily detected via infrared (IR)

observations [see 236, for a review]. This means that studies using only UV2OP to chart stellar mass

assembly throughout cosmic time are incomplete and biased against significantly dusty systems.

Over the last two decades, wide-field far-IR and submillimeter surveys (_ > 40 `m) have discovered

significant populations of dusty, star-forming galaxies (DSFGs, see Casey, Narayanan, and Cooray

2014 [51] for a review). Their extreme rates of star formation (∼ 102−3 M⊙ yr−1) generate massive

reservoirs of dust that obscures the starlight, making some DSFGs nearly invisible to even the

deepest UV2OP observations, but bright like beacons at far-IR and (sub)millimeter wavelengths

[e.g. 76, 414, 242]. Though rare in the local Universe, DSFGs are a thousand times more populous

at 𝑧 ∼ 1 − 3 [e.g. 349, 424], dominating cosmic star formation during these times.

While some DSFGs are detected in the deepest of UV2OP surveys, they are generally left out of

large surveys broadly describing galaxy evolution. This usually happens through e.g. stringent

requirements for photometric coverage over the rest-frame UV2OP spectrum [e.g. requiring r,

i, and z -band detections, 342], and/or “redder” selection bands with observations that are still

insufficiently deep to capture the heavily obscured (and redshifted) starlight [e.g. K𝑠-band < 24

mag, 220]. While often the best available tool for such studies, these requirements are biased

against sources with significant attenuation in their UV2OP spectral energy distributions (SEDs);

and, if DSFGs are captured, they are often treated as contaminants to the broader goals of the

study, to be either removed or ignored as an insignificantly small portion of the broader galaxy

population [e.g. < 10% at its peak fraction 327, 187]. Thus, it is likely that several of the UV-

based fundamental relationships used to describe galaxy evolution, used to shape and test our finest

models and simulations, are lacking a proper accounting of the DSFG population – a population

that drives and dominates stellar mass assembly in the first ∼ 6 billion years of the cosmos.

Indeed, the astrophysical community has been struggling to properly model and reproduce DSFG
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populations – and their measured physical characteristics – since their discovery [e.g. 148, 18,

183, 166, 7, 251]. This may have to do with a need for more sophisticated dust radiative transfer

treatments, degeneracies in constraining DSFG stellar initial mass functions, and/or a general lack

of constraints on the physical origins / triggering mechanisms of DSFGs (see e.g. Hayward et

al. 2021 [167] for an in depth discussion). Many of the same simulations struggling to properly

reproduce DSFG population observations also struggle to produce sufficient populations of massive

(M∼ 1011 M⊙) quiescent galaxies at early times [e.g. 38, 256]. It is possible that these mysteries

and shortcomings are related because it is also likely that these galaxy sub-populations are related.

Several lines of evidence suggest that the brightest DSFGs constitute the primary ancestral popula-

tion of the most massive quiescent galaxies in the Universe. This includes comparable comoving

number densities [n∼ 10−5 − 10−6 Mpc−3, e.g. 379, 349], dark matter halo masses and clustering

properties [M∼ 1012−13 M⊙, e.g. 172, 230], physical shapes and effective radii [reff ∼ 2 kpc, e.g.

178], star formation histories [strong and bursty with SFRs ≳ 102−3 M⊙ yr−1over 50-100 Myr, e.g.

390], and stellar masses [∼ 1011 M⊙, e.g. 76, 262]. Prior studies have also demonstrated a clear

relationship between stellar mass and dustiness, where the most massive galaxies are more dust-

obscured across cosmic time [395, 296, 417, 412, 411, 93]. Recent discoveries of massive, 𝑧 > 3

quiescent galaxies demand short, bursty star-formation histories in line with those exhibited by

DSFGs [e.g. 142, 332]. And, finally, the shark semi-analytical model (which is largely successful

in modeling on-sky DSFG populations) suggests that the majority of the most massive galaxies

(M> 1011 M⊙) at 𝑧 ≈ 1 undergo a (sub)millimeter-bright phase at 𝑧 > 1 [e.g. 210]. Thus, in order

for us to understand how the most massive galaxies form and quench during the first half of the

cosmic time, it is of the utmost importance that we are dogged in our pursuit towards understand-

ing massive, dust-obscured galaxies and placing them into the wider context of massive galaxy

evolution at 𝑧 > 1.

The objectives of this work are twofold. The first is to quantify, to first-order, the significance

of missing DSFG populations at the massive end of the star-forming galaxy stellar mass function
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(SMF). Star-forming SMFs are biased against dusty galaxies as they are determined using UV2OP

tracers. Infrared luminosity functions, however, trace the warm dust emission from nebular regions

throughout star-forming galaxies. Combined, the UV and IR luminosity functions make up the

cosmic star formation rate density known today [236]. Still missing from the picture, however, is a

evolutionary depiction of the stellar mass contributions from dust-obscured star-forming galaxies.

Using the IR luminosity function as a nearly-complete consensus of DSFGs out to 𝑧 ∼ 3 − 4, we

seek to quantify what the dust-obscured stellar mass function might look like, and posit that it

would create a more shallow extension beyond the limits of the UV-based SMF.

The second objective is to test the hypothesis that, despite the heterogeneity of the DSFG population,

it is sufficient and complete enough to describe and model the assembly of massive quiescent

galaxies in the early Universe. Using a suite of simple assumptions to forward evolve mock

populations of DSFGs, we are able to reproduce the observed evolution of massive, passive galaxies

– without needing to invoke any complex assumptions on merger histories, feedback / quenching

mechanisms, or even contributions from outside populations [e.g. blue nuggets, 262].

This paper is organized as follows: in Section 4.2 we describe the basis assumptions and empirical

data used to build the model used in our analysis; in Section 4.3 we describe the resulting dust-

obscured stellar mass function from our model; in Section 4.4 we discuss the implications of this

model, including how we forward evolve mock galaxies to create their quiescent descendants (Sec.

4.4.1), and a comparison of the resulting number densities to comparable observational studies

(Sec. 4.4.2). Throughout this work, we adopt a Chabrier IMF [56] and a Planck cosmology, where

𝐻0 = 67.7 km s−1 Mpc−1 and ΩΛ = 0.692 [305].
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Figure 4.1: A cartoon of the model presented in this work. Several of the parameters highlighted in
this cartoon are randomly sampled to account for uncertainties, variation, and unknowns across the
literature. 1) The model begins by generating mock populations of IR luminous galaxies according
the the IR luminosity function defined in Casey et al. 2018 [50] and Zavala et al. 2021 [424]
(Section 4.2.1). 2) Then, the mock galaxies undergo a dampening prescription to account for
AGN contributions to the IR (Section 4.2.2). 3) Then, we generate a star forming main-sequence
at the co-eval redshift of interest (Section 4.2.3), 4) convert the (dampened) IR luminosities to
star formation rates and use these SFRs to randomly distribute the galaxies in stellar mass space
according to various Gaussian mixtures of main-sequence and starburst galaxies (Section 4.2.3).
5) Finally, we re-bin the galaxies in stellar mass space to derive space densities, which we then
describe as the stellar mass function of IR luminous galaxies (Section 4.2.4). This process is
repeated a thousand times per 1 deg2 redshift slice for a given main-sequence vs. starburst ratio,
taking care to randomly sample the relevant parameter space (see Table 4.1), then combined to
derive an overall stellar mass function for dust-obscured galaxies (see Section 4.3).
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4.2 Model Ingredients

Recent theoretical and observational evidence supports the idea that some (or even the majority)

of the most massive star-forming galaxies in the 𝑧 > 1 Universe are heavily obscured by dust. This

would mean that a significant portion of cosmic stellar mass is enshrouded in dust, and therefore

difficult to detect with traditional photometric methods in the UV2OP spectrum. Our goal in this

work is to use existing empirical data on dusty, star-forming galaxies to test this hypothesis and

quantify the impact of DSFGs on the massive end of galaxy evolution. In this section, we describe

the empirical data and assumptions used to build our numerical model, as well as the model itself.

There are four main steps to populate the model, each described and motivated in greater detail in

the proceeding subsections:

1. Use the infrared luminosity function to derive a mock population of DSFGs (Section 4.2.1).

2. Correct IR luminosities for AGN contamination so that LIR to accounts for only star formation

emission (Section 4.2.2).

3. Convert LIR to SFR and distribute SFRs over the star-forming main sequence (i.e. the M∗-SFR

relation) to derive stellar masses for the mock DSFGs (Section 4.2.3).

4. Bin in stellar mass space and compute the three dimensional stellar mass density (Section

4.2.4).

In Figure 4.1, we share a cartoon depiction of our model. The model is realized in a light cone

of solid angle 1 deg2 over a given redshift interval; the redshift windows cover 0.5 < 𝑧 < 6

and are set to match existing stellar mass functions derived from deep and wide surveys [e.g.

276, 86]. All four steps occur within each of the 103 realizations, with each realization drawing

from probability density functions that mimic uncertainties based on empirical measurements. In

Table 4.1, we summarize the parameters and their probability distributions that we sample in this
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Physical Relation-
ship

References Parameter Space & Modeled Distribution

Infrared Luminosity
Function

[55, 424] Same as in [55, Table 3 therein], except for 𝜓(𝑧 >
𝑧turn) and 𝛼LF, reported in [424] as −6.5+0.8

−1.8 and
−0.42+0.02

−0.04, respectively. We employ skewed Gaus-
sians for both parameters.

AGN Host Selection [196] fAGN Hosts = 4−100% over an S-shaped curve increas-
ing as a function of LIR (defined in Fig. 30, therein).
We interpolate over the S-shaped curve in each LIR
bin.

LIR Dampening of
AGN Hosts

[200] We sample the CDF of composite and AGN hosts in
Fig. 3 therein to randomly assign fAGN MIR. Then,
we use the quadratic equation (Eqn. 5 therein) to as-
sign fAGN TIR. We employ Gaussians for the quadratic
equation variables.

Star-Forming Main
Sequence

[356] For the slope, we sample a Gaussian with ` = 0.9
and 𝜎 = 0.1. We keep the time evolution components
(Eqn. 28, therein), employing Gaussians for the pa-
rameters related to time. The starburst region is fixed
to 0.6 dex above the main-sequence at a given stellar
mass. We fix 𝜎MS = 𝜎SB = 0.3 dex.

Main Sequence vs.
Starburst Decompo-
sition

[327, 76, 334,
260, 308, 28,
107]

We step through six double Gaussian distributions,
each with one mean centered on the main sequence and
the other centered on the starburst regime (+0.6 dex).
The distributions match the following starburst frac-
tions: 50, 40, 30, 20, 10, and 0%.

Table 4.1: Physical relationships and respective parameter spaces used in this model. See Section
4.2 for details on these values and their motivation.

model. See the specific subsections that follow for details and motivation on the chosen parameters

and distributions.

Finally, Section 4.3 describes how we combine these realizations to create our resulting stellar mass

function, and provides the parameters describing the shape of this dust-obscured SMF.
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4.2.1 The Infrared Luminosity Function

We seed our model by generating mock populations of IR luminous galaxies according to the IR

luminosity function (IRLF), with the structure described in Casey et al. 2018a,b [55, 50] and

updated parameters measured in Zavala et al. 2021 [424]. This IRLF is empirically-constrained

at 𝑧 < 3 by well-known DSFG spectral energy distributions and physical properties derived using

Spitzer and Herschel data [55], and at 𝑧 > 3 using ALMA observations[424]. Below, we briefly

describe the IRLF parameterization and constraints used in this work, and refer the reader to [55, 50]

for more details. We explore the impact of these parameters on our results in Section 4.4.

The IRLF in this model takes the form of a double power-law such that:

Φ(𝐿, 𝑧) =


Φ★(𝑧)

(
𝐿

𝐿★(𝑧)

)𝛼LF (𝑧)
if 𝐿 < 𝐿★

Φ★(𝑧)
(

𝐿
𝐿★(𝑧)

) 𝛽LF (𝑧)
if 𝐿 ≥ 𝐿★

(4.1)

where 𝐿★ represents the evolving characteristic ‘knee’ of the luminosity function, 𝛼LF represents

the faint-end slope of the IRLF (below 𝐿★), 𝛽LF represents the bright-end slope of the IRLF (above

𝐿★), and Φ★ represents the evolving characteristic number density of the luminosity function.

Both L★ and Φ★ evolve with redshift, reaching a “turning point” at 𝑧turn ∼ 2 (corresponding to the

peak of the CSFRD) such that, at 𝑧 > 𝑧turn, L★ and Φ★ evolve with a different slope than at 𝑧 < 𝑧turn.

In other words, L★ and Φ★ evolve as (1 + 𝑧)𝛾 and (1 + 𝑧)𝜓 , respectively, with 𝛾 and 𝜓 changing

values at 𝑧 ≈ 𝑧turn.

In general, the parameters describing the IRLF at 𝑧 ≲ 𝑧turn are observationally well-constrained.

We use the values listed in Table 3 in [55], with the exception of 𝜓 at 𝑧 > 2 for which we use the

value derived in [424], and refer the reader to these works for more details on how these values were
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determined. Specifically, we fix the bright-end slope to 𝛽LF = −3.0, the redshift evolution of L★ to

𝛾 = 2.8, and the redshift evolution of Φ★ to 𝜓 = 0.0. Together, these values successfully reproduce

the measured IRLF, L★, Φ★, and the IR luminous galaxy contributions to the CSFRD at 0 < 𝑧 ≲ 2

[see Appendix A.1 in 55]. We note that this combination of variables is not a unique solution; there

are other possible combinations that could produce similar results in wide-and-shallow surveys

revealing local and/or extremely bright galaxies in the Universe – but these values were chosen to

produce observations across wide ranges in both IR luminosity and in epoch.

At 𝑧 > 𝑧turn, there is much less information on the evolution of L★ and Φ★. For L★, studies report

𝛾 values as steep as ∼ 1.6 [152] and as flat as 0.2 [202]; this IRLF assumes a redshift evolution

of 𝛾 = 1, which is in line with the assumption that L★ evolves towards brighter luminosities at

higher redshifts – as seen in several observational studies [e.g. 152, 202, 230]. Higher values (e.g.

𝛾 > 1.5) would create unphysically bright IR luminous galaxies at 𝑧 > 4 that are not known to

exist.

For the evolution of Φ★ beyond 𝑧turn, studies report 𝜓 values from ≲ −10 [202] to −0.5 [230],

where more positive values correspond to a dust-rich early Universe, and more negative values

correspond to a dust-poor early Universe. In other words, a dust-poor early Universe would

manifest as a CSFRD that is not dominated by obscured star formation at 𝑧 > 𝑧turn, and there would

be significantly fewer 𝑧 > 3 DSFGs in blank-field sub-mm surveys than there are at 𝑧 ∼ 2. In

this work, we adopt the value presented in [424] where 𝜓 = −6.5+0.8
−1.8, corresponding to a more

dust-poor early Universe.

The average faint-end slope collated in [55] is 𝛼LF = −0.6. However, recent works suggest a

potentially shallower slope of 𝛼LF = [−0.2,−0.5] [423, 202, 151, 230, 424]. For this work, we

adopt the value reported in [424] where 𝛼LF = −0.42+0.02
−0.04; this value is aligned with the best fit

faint-end slopes in [202], [423], and [230]. We explore how a steeper slope may affect our results

in Section 4.4.
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For this analysis, we randomly sample the parameter space for 𝜓 and 𝛼LF as listed above and

defined in [424]. The parameters are modeled as skewed Gaussians, with values drawn for every

realization.

In review, for each of the 103 model realizations, we randomly sample IRLF parameter values

from their aforementioned distributions, then use the IRLF to generate a mock IR luminous galaxy

population. To determine the number of IR luminous galaxies in a light cone slice (𝑛𝐿𝐼𝑅), we

integrate the IRLF over bins of width 𝛿LIR = 0.25 dex. To assign IR luminosities in a way that

accurately reflects the shape of the IRLF, we then use the IRLF to generate a cumulative distribution

function (CDF) for the respective LIR bin. Then, we draw 𝑛𝛿𝐿𝐼𝑅 galaxies from a random uniform

distribution applied to the CDF ordinate. We use the randomly generated IR luminosities to

calculate corresponding star formation rates according to Equation 12 in [198, originally derived

in [273]] using the variables listed in Table 1 therein for a total IR (TIR) to SFR conversion. We

note that not all IR luminosity in a DSFG can be attributed to star-forming processes; some likely

hails from AGN accretion activity. In the following section, we detail how we model potential

AGN hosts and adjust their IR luminosities accordingly.

4.2.2 AGN Contributions to Total Infrared Luminosity

The integrated IR luminosity of galaxies encapsulates dust emission heated by both star formation

activity and active black hole growth (i.e. active galactic nuclei, or AGN). Young stars embedded

in dusty nebulae emit primarily UV and optical light that’s absorbed by the enshrouding dust. This

warmed dust re-emits in the infrared spectrum. Similarly, actively growing coeval black holes are

often surrounded by obscuring clumps of dust and gas that’s heated by high energy X-ray, UV, and

optical photons, and also re-emits in the infrared. Theoretical and observational studies show that

the bright end of the IRLF (LIR > 0.1−1×1013 L⊙, depending on the epoch) is likely dominated by

AGN-powered IR emission [183, 130, 152, 371, 372]. Similarly, studies on samples of IR luminous
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galaxies demonstrate that the higher the LIR, the more likely an AGN is present [196, 195, 223] –

with an incidence rate of > 50% at LIR ≳ 1012 L⊙ at 0 < 𝑧 < 4. Together, these lines of evidence

indicate that we cannot assume that all IR emission from our mock galaxies hails only from star

formation processes. Since we wish to use IR luminosity as an indicator for star-formation activity,

we must correct for AGN contamination in the total infrared spectrum (8 − 1000 `m).

To create a realistic correction effect, we must first define what fraction of IR luminous galaxies likely

host an active supermassive black hole (regardless of how IR luminous the AGN is). For this step,

we use the AGN population fraction in 70`m bright sources as a function of IR luminosity reported

in [196, Fig. 30 therein]. This analysis included AGN selected through a myriad of techniques – X-

ray detections, radio loudness, IRAC colors, and mid-IR power laws. At IR luminosities < 1012 L⊙,

less than 20% of the IR luminous galaxies host AGN; but between 1012−14 L⊙, the occurrence rate

jumps from 60% to nearly 100%. We note that other, more recent studies on AGN-SF host galaxy

fractions report smaller AGN occurrence rates as a function of IR luminosity [e.g. 223, 372]. Since

we’re using total IR luminosity as an indicator for star-formation, which in turn will be used to later

derive stellar masses (see Section 4.2.3), smaller AGN occurrence rates will result in larger stellar

masses in this model. Thus, by using the larger AGN population fractions in Kartaltepe et al. 2010

[196], we are choosing a more conservative approach that is less likely to predict an unphysical

overabundance of massive star-forming galaxies.

After selecting a subset of mock IR luminous galaxies to host AGN, we must then decide exactly

how much of the IR radiation comes from the AGN. For this step, we use the detailed analysis

reporting mid and total IR contributions by AGN in ULIRGs at 𝑧 = 0.3 − 2.8 by Kirkpatrick et

al. 2015 [200]. We use the distribution of mid-IR fractions (determined by Spitzer IRS mid-IR

spectral decomposition, Fig. 3 therein) for designated composite and AGN-dominated galaxies

as a probability distribution, and draw from this probability distribution to assign mid-IR AGN

fractions to AGN hosts. Then, we use the quadratic relationship between mid-IR AGN fractions

and total-IR AGN fractions to determine what percent of the total IR emission can be assigned
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to star formation (Equation 5 and Fig 14, therein). The majority (∼ 70%) of AGN hosts in [200]

exhibit mid-IR spectral features indicative of AGN mid-IR dominance (where fAGN,mid−IR ≥ 60%);

it is only at this mid-IR fraction that AGN contamination to the total IR luminosity (8 − 1000 `m)

becomes significant (≥ 20%).

In general, this procedure has the most significant impact our most luminous galaxies of LIR ≥

1013 L⊙ – which often correspond to the most massive galaxies – with an average AGN total IR

fraction of ∼ 50%. Note that the Kirkpatrick et al. relationship between mid-IR and total IR AGN

dominance maxes out at fAGN,mid−IR = 100%, corresponding to fAGN,totalIR ≈ 60%. Some studies

argue that AGN can be powerful enough to dominate the entire IR spectrum [e.g. ? 370, 371]

while other studies argue find AGN contributions are predominantly limited to the mid-IR [e.g. 39].

Additionally, recent results demonstrate the existence of a population of moderate to powerful AGN

which were previously missing from these major AGN-galaxy co-evolution studies as they were

assumed to be weak AGN but are instead likely heavily obscured [211]. Together, these studies

indicate that the true underlying relationship between galaxy IR luminosities and AGN processes

is still unknown.

In summation, we use a suite of simple assumptions from the combined works of [196] and

[200] to correct a modest fraction of IR luminosities under the assumption that the IR emission

is significantly powered by an AGN. These corrected IR luminosities are then used to calculate

star formation rates (as detailed at the end of Section 4.2.1). In future work, we will explore more

detailed treatments and characterization of AGN in massive dusty galaxies – and the consequences

of these treatments and assumptions – in the context of this model.

4.2.3 The Star-Forming Main Sequence

One of the most ubiquitous and well-studied relationships describing galaxy evolution is the

correlation between a galaxy’s star formation rate and stellar mass. This tight relationship, known
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as the star-forming main sequence (SFMS), suggests that most star-forming galaxies sustain steady

(i.e. non-bursty) SFRs over several billion years [289, 288, 79], at the end of which a galaxy

exhausts its gas supply and moves off the main sequence towards quiescence. The correlation exists

unambiguously across several orders of magnitude in stellar mass throughout cosmic time - from

𝑧 ∼ 0 [e.g. 225, 307] to as high as 𝑧 ∼ 4 [e.g. 335, 325, 301], theoretically making the SFMS useful

in predicting stellar masses for a population galaxies with known SFRs, or vice versa.

The exact shape of the SF main sequence and its evolution through time is still the subject of intense

debate. There is general agreement that the MS takes the form of a power-law (i.e. SFR∝M𝛼
∗ 10𝛽)

with a tight intrinsic scatter of 0.2 − 0.35 dex at M∗ ≲ 1010 M⊙ [e.g. 356, 334, 250]. In this

same stellar mass regime, recent studies report that the SFMS slope, 𝛼, lies between 0.8 − 1 [e.g.

356, 220, 334, 380]. However, there is less consensus for galaxies with stellar masses > 1010 M⊙

– which is the range of stellar mass we are primarily interested in for this work.

Several studies describe a flattening of the main sequence above a certain “turnover” mass, typically

reported at ∼ 3 × 1010 M⊙ with possible evolution towards higher values during earlier times [e.g.

409, 377, 334, 220, 380]. Above this mass, the main sequence is typically parameterized as a power

law with a slope that is more shallow than the slope in the low-mass regime, effectively saturating

in SFRs at high stellar mass. This bending could be driven by physical phenomena such as star

formation suppression at high-masses or increased bulge contributions [e.g. 408, 295, 226], and/or

by observational effects such as contamination by passive galaxies [e.g. 193], biased/incomplete

SFR indicators [e.g. 109], or biased/incomplete SF galaxy sample selection techniques [e.g. 316].

For this work, we assume that the turnover at high masses is driven by observational effects, and

that the true SFMS is a singular power law. The majority of studies reporting a high mass turnover

selected their star-forming galaxy samples using optical / near-IR color cuts [409, 334, 220, 380],

such as the UVJ technique [418, 410]. However, color diagnostics centered in the ultraviolet to

near-IR regime, while often the best available tool for such studies, are imperfect identifiers of

dust obscured star-forming galaxies. Depending on colors and sample characteristics, anywhere
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from 5-50% of M★ > 1010 dust obscured galaxies could be misclassified as quiescent due to their

dust-reddened spectra [334, 100, 299, 326, 308, 187]. This misclassification effectively removes

some of the most dust obscured, and therefore star-forming, massive galaxies from the analysis,

whose SFRs would likely increase the high-mass SFMS slope. Furthermore, the high mass slope

can also be analytically flattened by the misclassification of passive galaxies as star-forming [193].

Studies that sought specifically to constrain the stellar properties of DSFGs find these galaxies

sitting on or above a proportionately more massive and more star-forming extension of a singular

power law SFMS [e.g. 76, 246, 260, 301]. Recently, a growing body of literature is starting

to establish the existence of massive, optically-dark dust obscured galaxy populations that were

previously undetected in deep UV2NIR surveys [e.g. 358, 405, 53, 414, 378, 351, 242, (in prep)]

– the same surveys used to establish a global SFMS. It is therefore likely that the true underlying

SFMS – one that includes massive dust obscured galaxies – takes the form of a power law all the

way through the high stellar mass regime.

For this analysis, we randomly sample the power law slope of the SFMS from a Gaussian distribution

centered at `𝛼 = 0.9 with a dispersion of 𝜎𝛼 = 0.1. Using these slopes as opposed to more shallow

ones is a more conservative approach; since we pivot SFRs over the main-sequence power law to

derive stellar masses, employing shallower slopes (e.g. 𝛼 = 0.4 − 0.6) generates large, unphysical

excesses of massive dust-obscured galaxies. Furthermore, this approach allows us to marginalize

our results over the different competing MS slopes established in more recent literature [e.g.

334, 220, 380, 28]. We use the evolving normalization (𝛽) from the SFMS in [356] (Equation

28, therein); this form is generally consistent across several studies using different populations of

galaxies to determine SFMS properties [e.g. 193, 334, 380, 207, 301, 308].

90



1.5 1.0 0.5 0.0 0.5 1.0 1.5 2.0
log10(sSFR/sSFRMS)

0.0

0.2

0.4

0.6

0.8

1.0

pr
ob

ab
ilit

y 
de

ns
ity

SB fraction: Gaussian mixtures
used in this work:

MS = 0.3 dex
MS = 0.0
SB = 0.3 dex

SB = MS + 0.6 dex

50%
40%
30%
20%
10%
0%

Figure 4.2: The main-sequence and starburst population distributions used to scatter IR luminous
galaxies over stellar mass space. Recent studies using more resolved observations with e.g. ALMA
[e.g. 76, 260, 107] find that 50-100% of DSFGs are proportionately more massive and more
star-forming extensions of main-sequence galaxies. Since this exact distribution is not well known,
we instead step through different Gaussian mixtures that span these observed distributions. For
example, the purple line shows a distribution where half of DSFGs are starbursts and half are main-
sequence galaxies, and the green line shows a distribution where all DSFGs are main-sequence
galaxies and none are starbursts.
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Main Sequence vs. Starburst Decomposition

In order to derive stellar masses for our mock IR luminous galaxies, we distribute them over the star-

forming main-sequence space. However, there is currently no consensus on exactly where DSFGs

as a population lie in main-sequence space. Some studies suggest these objects are primarily

starburst galaxies, sitting ∼ 4× above the main-sequence at a given stellar mass, with such extreme

SFRs driven potentially by mergers [e.g. 80, 157, 219, 238]. In this work, we adopt the same

starburst galaxy definition.1 As a whole, the starburst population is a relatively small portion of

the overall star-forming galaxy population [e.g. ∼ 3 − 15% at 𝑧 = 0 − 3, 327, 334, 28, 308], but

DSFGs are sometimes believed to be a ‘starburst-dominated’ sub-population of galaxies. Such a

designation is likely driven by catastrophic projection / blending effects stemming from the large

angular resolutions in most canonical wide-field sub-mm surveys built by both space-based [e.g.

Herschel, 26] and ground-based telescopes [e.g. SCUBA, 74]. Starburst-dominated populations

could also stem from sensitivity limits by the same surveys, where only the most extreme sources

at 𝑧 > 1 will be detected.

Recent studies with better angular resolutions (using e.g. ALMA) reveal that significant percentages

(50-100%) of DSFGs are just proportionately more massive and star-forming extensions of coeval

main-sequence galaxies [76, 260, 405, 107]. This fraction may evolve with redshift, as shown in

[76] and [260], but to generalize these fractions as evolutionary trends is problematic as they are

dependent on the juxtaposed main-sequence parameterization and the far-IR / sub-mm selection

limits; there is also a dearth of sufficiently large samples at epochs beyond 𝑧 = 2 to derive a

statistically-relevant evolutionary picture. Thus, the true starburst vs. main-sequence population

distribution of DSFGs (at least the particularly massive and IR luminous ones) is still unknown,

with the truth value likely lying somewhere in between a ratio of 1:1 and 0:1.

1Though we note that there exists other definitions of starburst galaxies based not on their distance from the SFMS,
but on their rates of gas consumption (i.e. MH2 /SFR, also known as the integrated Kennicutt-Schmidt relationship or
star formation efficiency [e.g. 328]).
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Instead of forcing a singular underlying distribution as truth, we sample the model over several

steps within the observed 50-100% range. Specifically, our model steps through DSFGs-as-main-

sequence fractions of 0, 10, 20, 30, 40, and 50%, with the remainder belonging to the starburst

regime. The distribution is modeled as a double Gaussian over main-sequence space, with one

Gaussian centered over the main-sequence and the other centered +0.6 dex away [4× above the

main-sequence, 315]. Both distributions have fixed width of 𝜎MS = 𝜎SB = 0.3 dex, similar to those

found in many main-sequence studies [e.g. 356]. We tested the impact of these chosen widths by

running the model with both smaller and larger dispersions (𝜎 = 0.2 and 0.4, respectively) and

found no significant difference (< 3%) in our results. These distributions are shown in Figure 4.2.

Similar to Section 4.2.1, we wish to randomly assign stellar masses in a way that accounts for

Eddington bias: if we were to simply draw from the starburst vs. main-sequence Gaussian mixtures

as a way to assign stellar mass, more numerous low star-forming galaxies would up-scatter into

higher mass bins than high SFR galaxies into lower mass bins. Instead, we model the main-

sequence vs. starburst mixtures as cumulative distribution functions, from which we sample a

uniform distribution of stellar masses for our mock galaxy populations. This method ensures

that galaxies with higher SFRs are more likely to have larger stellar masses, in alignment with

observations.

4.2.4 Stellar Mass Number Density

After using the star-forming main-sequence to generate stellar masses for the mock IR luminous

galaxies, we can then bin in stellar mass space to determine the three dimensional stellar mass

number density. Galaxies are binned based on their stellar mass in bins of size 𝛿m = 0.3 dex –

corresponding to the average spread in stellar mass in the SFMS [356]. The stellar mass histograms

are then divided by the same respective light cone volumes used to generate mock galaxies from

the IRLF.
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Figure 4.3: Corner plots for the stellar mass function parameters derived in the 3 < 𝑧 < 3.5 redshift
bin. On the left, we show the distributions of the best-fit parameters for each separate main-sequence
vs. starburst mixture. We sample each of these parameters 103 times (for a total of 6×103 samples,
a thousand per mixture) then combine them to create an average stellar mass function for each
redshift bin, as shown on the right. There is an overall < 5% difference between the parameters
derived using different mixtures, which is captured within the 1𝜎 uncertainties listed at the top of
each parameter column. However, it is important to note that the 68% confidence intervals listed at
the tops of the columns do not include the extra 10% uncertainty we add to account for additional
uncertainties in the IRLF (discussed in Section 4.3). The ultimate values used in this work are
reported in Table 4.2.
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Figure 4.4: The redshift evolution of the SMF broken power-law parameters used in this work,
also listed in Table 4.2. The solid line is the median value found when combining the best 1000
BPL fits across all starburst vs. main-sequence mixtures, and the shaded area corresponds to the
68% confidence interval. In the top panel, we show the evolution of Φ★, the normalization of
the space density, decreases at higher-z, which is expected within the context of galaxy growth
and assembly. In the second panel, we find that the ‘knee’ of the dust-obscured SMF, M★ does
not evolve significantly with time, steadily hovering around 6× 1010 M⊙. In the third and fourth
panel, we show the evolution of the low and high mass slopes (before and after the ‘knee’), 𝛼 and
𝛽, respectively. Neither of these parameters evolve significantly with redshift, which is likely a
consequence of the fixed bright-end slope and narrow priors of the faint end slope in the IRLF
for this model (Sec. 4.2.1). See Section ?? and Table 4.2 for more discussion on these resulting
parameters, and how they may or may not change under different assumptions.
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4.3 Model Results | The Dust-Obscured Stellar Mass Function

A brief review of the model thus far (Sections 4.2.1-4.2.4): we use the IR luminosity function to

generate a mock catalog of dust-obscured star-forming galaxies. We correct the IR luminosities for

AGN contributions, then convert the corrected luminosities to star formation rates. Then, we use

the SFRs to pivot the mock galaxies over the star-forming main sequence to generate mock stellar

masses. Finally, we bin the mock galaxies in stellar mass space and divide by the light cone volume

to calculate stellar mass number densities across cosmic time (as a function of stellar mass).

This entire procedure is repeated 6×103 times: a thousand realizations for each of the six different

main-sequence vs. starburst distributions (described in Section 4.2.3 and shown in Figure 4.2).

Median values of the number densities within each of the six runs are calculated (across the abscissa,

i.e. stellar mass bins), and uncertainties determined from the inner 68% confidence interval. This

allows us to directly gauge the impact of varying main-sequence vs. starburst Gaussian mixtures

on the resulting stellar mass function.

Then, within each of the six starburst vs. main-sequence mixtures and for each respective redshift

window, we fit a broken power law to the stellar mass number densities. Historically, stellar mass

functions are modeled as Schechter functions [331], but the underlying distribution that our model

draws from is a broken power law [the IRLF, 55]. Thus, we computed the Bayesian information

criterion [336] to determine whether the Schechter function or a broken power law better models

our data. The Bayesian information criterion (BIC) is a tool used to choose between two or more

models, where models are penalized for the number of parameters included in the fit. A smaller

BIC corresponds to the better fit, with a difference of 𝛿BIC ≥ 10 indicating a very strong case for

the best model. Across all mixtures/redshifts, we found that the broken power law resulted in a

weakly stronger model (with 𝛿BIC ≥ 2 − 6 in nearly all cases). Thus, while both functional forms

would likely be sufficient within uncertainty, we adopt the following broken power law form to

define the number density of dust-obscured galaxies, Φ(M), as:
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Φ(𝑀, 𝑧) =


Φ★(𝑧)

(
𝑀

𝑀★(𝑧)

)𝛼(𝑧)
if 𝑀 < 𝑀★(𝑧)

Φ★(𝑧)
(

𝑀
𝑀★(𝑧)

) 𝛽(𝑧)
if 𝑀 ≥ 𝑀★(𝑧)

(4.2)

where Φ★ is the number density normalization, M = Mstar/M⊙, 𝛼 is the low mass slope, M★ is

the characteristic mass or ‘knee’ of the SMF, and 𝛽 is the high mass slope (beyond the knee). We

use the SciPy curve_fit function [398] to find the best fit for each mixture-redshift combination.

We only include stellar mass number densities with 68% confidence intervals that are less than

an order of magnitude away from the median value (i.e. log10(𝜎)< 1); this primarily affects the

highest mass bins (M> 1012 M⊙) where mock IR luminous galaxies appear rarely and therefore

aren’t produced consistently in the 103 realizations. When running curve_fit, we also include

the spread in diversity within each stellar mass density bin (i.e. the 68% confidence intervals) as

uncertainty in the fitting procedure.

To derive a singular stellar mass function from the six different main-sequence vs. starburst

mixtures, we randomly generate 103 combinations of (Φ★, 𝛼, M★, 𝛽) sampled from the covariance

matrices (i.e. parameter / posterior distributions) of each broken power law fit in each mixture. We

collate the 6×103 samples of the parameters and determine the median and standard deviation to

arrive at the final stellar mass function used in this analysis. This is process completed separately

for each redshift window. In Figure 4.3, we show an example of the SMF parameter values extracted

from the 6×103 realizations for the 3.5 < 𝑧 < 4 redshift bin.

The knee of the SMF (M★) is invariant to the various main-sequence vs. starburst mixtures

(< 1% difference between the six mixtures). By eye, it appears that the number density evolution

(Φ★) is anti-correlated with higher populations of starbursts; despite this potential trend, the

difference between Φ★ derived across the different mixture is also < 1%, and therefore insignificant

for the purposes for this work. The low mass slope of the SMF (𝛼) becomes slightly more
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shallow with decreasing starburst fraction. This shallowing effect likely emerges because, with low

starburst fractions, more galaxies are deemed main-sequence-like and thus scatter to higher stellar

masses; this effect creates more numerous massive galaxies than model realizations with “high”

starburst fractions, and causes the population density near M★ to increase. This is likely the same

phenomenon driving the aforementioned changes in Φ★, and similar changes in the slope for the

massive end of the SMF, 𝛽. Both of the resulting SMF slopes are consistent (within ≲ 5%) across

the six main-sequence starburst mixtures. For all four SMF parameters, the differences across

mixtures are well below the derived 68% confidence intervals of the ultimate/averaged SMF values

used in this work. We also note that, when considering the combination of all four parameters (Φ★,

𝛼, M★, 𝛽) across the six mixtures, there is no clear preferred mixture that aligns best with the final

values adopted in this work (i.e. the resulting parameters are not best modeled by the ‘middle-most’

mixture). In Figure 4.2.4 and listed in Table 4.2, we show the final parameters (as a function of

redshift) that describe the SMF used in the remainder of this work.

It’s important to note that the main basis of this model hinges upon the accuracy of the modeled IR

luminosity function. Unfortunately, as reviewed in Section 4.2.1, the evolution of the IRLF beyond

𝑧 ∼ 2 is not well constrained. While we marginalize over several parameters to account for these

𝑧 > 2 unknowns, there are still some fixed assumptions in this work, such as the evolution of L★

at 𝑧 > 𝑧turn, or the lack thereof for the faint-end slope, 𝛼. As discussed in Section ??, we find that

a steeper 𝛼 = −0.7 results in a less than 3% difference in the final derivations of the parameters

describing the dust-obscured SMF (Φ★, M★, 𝛼, and 𝛽); and a flatter evolution of L★ with 𝜓 = 0.5

results in a less than 1% difference in the resulting SMF parameters. Thus, to be conservative and

account for the impacts of our model’s main assumptions, we add an additional 10% uncertainty

on the ultimate stellar mass function parameters (included in Table 4.2).
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Star-Forming Dust-Obscured Galaxies
Redshift log10(Φ★) log10(M★) 𝛼 𝛽

0.5 < 𝑧 < 0.8 -3.72± 0.17 10.73± 0.14 -0.53± 0.15 -1.37± 0.24
0.8 < 𝑧 < 1.1 -3.7± 0.17 10.74± 0.14 -0.53± 0.15 -1.39± 0.24
1.1 < 𝑧 < 1.5 -3.67± 0.17 10.76± 0.15 -0.5± 0.14 -1.34± 0.23
1.5 < 𝑧 < 2.0 -3.73± 0.22 10.8± 0.18 -0.5± 0.15 -1.31± 0.27
2.0 < 𝑧 < 2.5 -3.94± 0.17 10.78± 0.15 -0.48± 0.13 -1.25± 0.2
2.5 < 𝑧 < 3.0 -4.28± 0.17 10.79± 0.15 -0.48± 0.14 -1.24± 0.2
3.0 < 𝑧 < 3.5 -4.61± 0.17 10.78± 0.16 -0.48± 0.13 -1.23± 0.21
3.5 < 𝑧 < 4.0 -4.91± 0.18 10.78± 0.16 -0.47± 0.13 -1.2± 0.21
4.0 < 𝑧 < 6.0 -5.54± 0.18 10.78± 0.18 -0.47± 0.14 -1.14± 0.22

Quiescent Descendant Galaxies
Redshift log10(Φ★) log10(M★) 𝛼 𝛽

0.5 < 𝑧 < 0.8 -3.72± 0.17 10.73± 0.14 -0.53± 0.15 -1.37± 0.24
0.8 < 𝑧 < 1.1 -3.7± 0.17 10.74± 0.14 -0.53± 0.15 -1.39± 0.24
1.1 < 𝑧 < 1.5 -3.67± 0.17 10.76± 0.15 -0.5± 0.14 -1.34± 0.23
1.5 < 𝑧 < 2.0 -3.73± 0.22 10.8± 0.18 -0.5± 0.15 -1.31± 0.27
2.0 < 𝑧 < 2.5 -3.94± 0.17 10.78± 0.15 -0.48± 0.13 -1.25± 0.2
2.5 < 𝑧 < 3.0 -4.28± 0.17 10.79± 0.15 -0.48± 0.14 -1.24± 0.2
3.0 < 𝑧 < 3.5 -4.61± 0.17 10.78± 0.16 -0.48± 0.13 -1.23± 0.21
3.5 < 𝑧 < 4.0 -4.91± 0.18 10.78± 0.16 -0.47± 0.13 -1.2± 0.21
4.0 < 𝑧 < 6.0 -5.54± 0.18 10.78± 0.18 -0.47± 0.14 -1.14± 0.22

Table 4.2: Parameters for the resulting broken power law fits.
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Figure 4.5: The resulting stellar mass function of the IR luminous galaxy population as derived
from this model. Our results are shown as the black line, with 1𝜎 uncertainty shaded in grey. We
only plot out to stellar mass bins where the 1𝜎 uncertainty is less than one order of magnitude;
this results in a truncation for most redshift bins around M∼ 1012 M⊙. Shown for comparison are
UV-based SMFs from the literature, with a particular focus on those using the deepest available
observational data: [276, pink dash-dotted line], [86, green curve], [342, green squares], [93,
purple circles], [149, dark green triangles and dashed line]. In this work, UV-bright galaxies tend
to dominate the star-forming population at lower stellar masses (M ≲ 1010.5−11 M⊙) by ∼ an order
of magnitude, but become comparatively or even less abundant at high stellar masses, particularly
at 1 < 𝑧 < 4. See Section 4.4 for more details.
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4.4 Discussion

We compare our resulting stellar mass function to others published in the literature in Figure 4.5.

At 𝑧 < 3, the majority of UV-derived stellar mass functions are described using a Schechter [331]

function, with a declining linear slope at the low -mass end that transitions to an exponential decline

beyond the characteristic stellar mass (M★) typically around 3 × 1010 M⊙ [e.g. 189, 276, 86]. This

is in line with the cosmic downsizing scenario, where the most massive star-forming galaxies built

the majority of their stellar mass in the first few Gyr; by 𝑧 ∼ 2 they quench, and the majority of

star-forming galaxies are less massive than M★. It follows that at higher redshifts, e.g. 𝑧 > 3, one

might expect to find a more shallow tail at M> 1010 M⊙ as the progenitors of massive quiescent

galaxies are still in intense phases of growth. This would be evident in an increasingly massive M★

at higher redshifts, but the vast majority of studies find no statistically significant evolution in M★

from 𝑧 = 0.2 to 𝑧 ≳ 4 [e.g. 303, 189, 276, 86].

Interestingly, our model demonstrates that the decline in star-forming galaxy populations at masses

beyond the ‘knee’ (M> 3 × 1010 M⊙) might be somewhat shallower if all dust-obscured galaxies

were truly accounted for in modern day stellar mass functions. Direct comparison between the

various SMF parameters (and their evolutionary properties) is not possible in this work as we use a

different functional form to describe the dust-obscured SMF. We can, however, explore some of the

integrated differences between our results and UV-based SMFs in the literature. In the following

subsections, we propose a simple evolutionary model to evolve mock DSFGs to their quiescent

descendants, then explore how the resulting number densities and stellar mass densities for both

the DSFG and quiescent descendant compare to those observed and modeled in the literature.
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Star-forming DSFGs Quiescent Descendants
Redshift log10(n) log10(𝜌) log10(n) log10(𝜌)

0.5 < 𝑧 < 0.8 -4.03± 0.25 7.02± 0.03 -3.87± 0.24 7.02± 0.03
0.8 < 𝑧 < 1.1 -4.02± 0.25 7.04± 0.03 -3.82± 0.24 7.04± 0.03
1.1 < 𝑧 < 1.5 -4.03± 0.24 7.03± 0.03 -3.78± 0.16 7.03± 0.03
1.5 < 𝑧 < 2.0 -4.09± 0.24 7.00± 0.03 -3.85± 0.16 7.00± 0.03
2.0 < 𝑧 < 2.5 -4.35± 0.24 6.73± 0.03 -4.1± 0.17 6.73± 0.03
2.5 < 𝑧 < 3.0 -4.7± 0.24 6.38± 0.03 -4.45± 0.18 6.38± 0.03
3.0 < 𝑧 < 3.5 -5.06± 0.25 6.03± 0.03 -4.81± 0.18 6.03± 0.03
3.5 < 𝑧 < 4.0 -5.38± 0.26 5.70± 0.04 -5.33± 0.26 5.70± 0.04
4.0 < 𝑧 < 6.0 -6.03± 0.24 5.11± 0.04 -5.78± 0.28 5.11± 0.04

Table 4.3: Number densities and stellar mass densities as shown in Figures 4.6 and ?? for mock
galaxies of stellar mass M> 1010.5 M⊙ in this numerical model.

4.4.1 The Descendant Quiescent Stellar Mass Function

The discovery and follow up observations of massive galaxies within the first 1-2 Gyr of the Universe

suggest that they form via extremely efficient and rapid star formation mechanisms during the early

cosmos [e.g. 142, 332, 333, 245, 94, 390]. This is likely in the form of bursts of extreme star

formation (300− 1000 M⊙ yr−1) lasting ∼ 100− 300 Myr [e.g. 374, 16, 8, 421, 94], after which the

cold gas reservoir is depleted, heated, and/or blown out.

In our model, we make the following simplistic assumptions to derive descendant quiescent galaxy

masses to compare with observations in the literature. We assume that the current SFR of a mock

galaxy is maintained for an additional 50−300 Myr, in alignment with the gas depletion timescales

seen in the aforementioned observational studies. These timescales are sampled from a uniform

grid with steps of 𝛿time = 5 Myr. Then, we forward evolve the galaxy, adding the additional stellar

mass that is built assuming a continuous SFR over the given timescale; to determine the redshift

of the ‘quenched’ galaxy, we add the same timescale to the galaxy’s initial star forming redshift

(which is assigned from a continuous uniform distribution over the respective redshift window).
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We note that these assumptions on a galaxy’s journey to becoming passive are simplistic: we do not

include any prescriptions for AGN feedback, merging activity, or any other potential phenomenon

that could theoretically slow down or speed up the SFRs / gas depletion timescales assigned to our

mock galaxies. This method allows us to circumvent the need to invoke complex assumptions on

e.g. available gas mass reservoirs and potential heating mechanisms. Furthermore, it is entirely

possible that these more second-order corrections can be accounted for in the marginalization /

uncertainty propagation process. For example, minor bumps or dips in the IRLF due to major

mergers triggering IR-luminous star-formation would be accounted for in the uncertainty in the

IRLF parameter space. Thus, while a more sophisticated model may be more “complete” in it’s

assumptions, our results (discussed in later sections) demonstrate that these complex assumptions

do not appear to be necessary to describe massive galaxy evolution to a first-order approximation.

4.4.2 Massive, Dust-Obscured Galaxies and Their Descendants

For the remainder of this work, we focused on the massive, dust-obscured population of galaxies

predicted by our model, defined as all objects with M ≥ 1010.5 M⊙ and LIR ≥ 1011 L⊙. We

emphasize that the latter criterion emerged naturally in this model: nearly all (≥ 99%) M ≥

1010.5 M⊙ star-forming galaxies produced by our model, across the redshift space probed here, have

LIRG or greater IR luminosities; moreover, > 75% of these massive star-forming galaxies have

ultra-LIRG (ULIRG, LIR ≥ 1012 L⊙) luminosities or higher. For the remainder of this work, we

refer to these IR luminous massive galaxies as Massive Dust Obscured Galaxies, aka MDOGs.

MDOG Number Densities

In Figure 4.6, we show the redshift evolution of the number density of MDOGs (left), and of their

quiescent descendants (right). During the ∼ 1 Gyr between 𝑧 = 3 and 6, we predict an order of

magnitude increase in number density of M> 1010.5 M⊙ dust obscured SF galaxies, similar to
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that seen in Marsan et al. 2020 [245]. This growth rate tapers off at later times, taking another

∼ 2 Gyr (from 𝑧 = 3 to 1.5) to achieve another order of magnitude in population density. This

𝑧 > 3 evolution is steeper than that exhibited by UV-based estimates from e.g. Davidzon et al.

2017 [86], where it takes an additional ∼ half a billion years to achieve similar growth. In general,

across 0.5 < 𝑧 < 3 (i.e. ‘Cosmic Noon’), massive UV-bright SF galaxies are similarly populous

as massive dust-obscured SF galaxies. There is a visible departure around 𝑧 ∼ 3 where UV-bright

galaxies become ∼ 2-4× more populous. This is qualitatively in line with recent constraints on

the obscured portion of the 𝑧 > 3 cosmic star formation rate density, where dust-obscured star

formation is expected to become less prominent at earlier times [e.g. 424].

One of the primary pieces of evidence that pins 𝑧 > 3 DSFGs as ancestors to giant ellipticals

at later times is the similar co-moving number densities between the two populations [e.g. 379].

However, the strength of this evolutionary picture is discrepant depending on the sample size,

depths, and sensitivities of far-IR and sub-mm surveys used to characterized the massive, dust-

obscured population. For example, Herschel discovered DSFGs at 𝑧 > 2 are often comprised of

a rare and extreme star-forming population (with SFRs up to and exceeding 1000 M⊙ yr−1); their

number densities are insufficient to match those estimated for massive quiescent galaxies at 𝑧 > 2

[103, 191, 108, 235, 267]. Instead, the recently discovered H-band dropouts, or alternatively the

larger umbrella of galaxies that are optically “invisible” but sufficiently bright in the far-IR/sub-mm

regime (𝑆850`𝑚 ≳ 1 mJy), may make up the bulk of the massive, star-forming galaxy population at

𝑧 > 3 [414, 405, 210, 242]. Thus, it is perhaps more important to successfully model these more

common, less extreme dusty, star-forming galaxies.

At 𝑧 = 2 − 3, when integrated over similar redshift ranges, our model successfully predicts similar

space densities of the massive (𝑀★ ≳ 3 × 1010 M⊙) submillimeter galaxy populations presented

in [107, ∼ 10−4 Mpc3 at 𝑧 = 1.8 − 3.4], but predicts up to 10× more MDOGs than those in a

SCUBA-2 detected sample in a similar redshift range [260]. This difference is likely due to the

employed SFR cutoff in the latter work, which only includes galaxies with SFRs > 300 M⊙ yr−1.
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Figure 4.6: Number density of massive M> 1010.5 M⊙ galaxies. It is important to note that, for the
observational data in green, the uncertainties on the abscissa demarcate the redshift bins of each
observational sample. For example, when integrating this model over a similar redshift bin as the
Dudzeviciute et al. 2020 [107] sample, we achieve a similar number density estimate (demonstrated
by the overlap between the 𝑧 ∼ 2 portion of our model and the low redshift-end of the Dudzeviciute
et al. sample).

In this model, 20 − 40% of M ≥ 3 × 1010 M⊙ galaxies at 𝑧 ∼ 2 have SFRs < 300 M⊙ yr−1 (with

the percent decreasing with increasing redshift) – this difference in population distribution nearly

– but not quite – sufficient to match the gap (including uncertainties) between our 𝑧 ∼ 2 results and

those seen in [260].

At 𝑧 > 3, the model’s success is difficult to quantify due to lack of strong observational constraints,

including insufficient sample sizes and highly uncertain redshifts. Still, we find general agreement

between the model and observations out to 𝑧 ∼ 5. At 𝑧 = 3 − 6, the model predicts MDOG

number densities in agreement (within uncertainty) with [260]. We also compare to the massive

galaxy (M> 1011 M⊙) sample from Marsan et al. 2020 [245]. According to multiwavelength

SED analysis (from the rest-frame optical to far-IR), this 3 < 𝑧 < 6 sample includes a mixture of

post-starbursts, UV-bright star-forming galaxies, and DSFGs, where at 𝑧 = 3 − 4 (4 − 6) roughly a

third (a fifth) of the sample is deemed a DSFG based on faint and/or missing UV flux and evidence

of dust heating in IRAC bands. Applying these fractions to the number densities derived therein
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brings these estimates down to within ∼0.3 dex of our results for MDOGs at M> 1011 M⊙ (where

n∼ 1 − 2 × 10−6 Mpc−3 and n∼ 2 × 10−7 Mpc−3 at 𝑧 = 3 − 4 and 𝑧 = 4 − 6, respectively).

At 4 < 𝑧 < 6, we compare to the ALESS [76], COSMOS [262], and S2CLS [260] samples as

calculated in Valentino et al. 2020[390, pre-duty cycle correction]. To derive number densities

for these surveys, Valentino et al. took strict photometric redshift constraints, requiring that both

upper and lower limits on the photo-𝑧s sit at or above 𝑧 = 4. As seen with the S2CLS derivations

between Michalowski et al. and Valentino et al., this requirement can reduce the number densities

by an entire order of magnitude, thereby demonstrating to first order one of the main difficulties

in constraining DSFG number densities at 𝑧 > 3. Across these three surveys with conservative

photo-z restrictions, our model most agrees with those derived from the COSMOS sample [262],

where n∼ 10−6 Mpc3 at 4 < 𝑧 < 6.

Comparing to the observed number densities of the (potentially more populous) optically dark

dust-obscured galaxies at 4 < 𝑧 < 6 is particularly difficult as observational constraints suffer either

from extremely small sample sizes (n= 1 − 4, e.g. [414, 242]), or are averaged over extremely

large redshift ranges (e.g. 𝑧 = 3 − 6 in [405]). When comparing to estimates derived from a single

exceptional object in Williams et al. 2019 [414], our model predicts nearly 30× smaller populations

of MDOGs. Such a large discrepancy could be driven by the small survey area (8 arcmin2) of the

Williams et al. object; a larger probed area would result in a larger probed volume and thus

drive the number density down. While the Wang et al. 2019 [405] sample of H-band dropouts

includes a larger sample size (𝑛 = 39) over a larger survey area (∼600 arcmin2), these objects span

a (photometric redshift) range of 3 < 𝑧 < 8, with over half of the sample exhibiting redshift errors

𝛿𝑧 ≥ 1. Still, when integrating our model across 3 < 𝑧 < 5, we find a similar space density as the

authors (reported as n∼ 2 × 10−5 Mpc3) as well as the entire sample of 2 mm detected galaxies in

Manning et al. 2022 [242].
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MDOG Descendant Densities

On the right panel of Figure 4.6, we show the expected evolution in the number density of MDOG

quiescent descendants (see Section 4.4.1 for details on how this was derived). In general, this model

does an fair job at modeling observed number counts in heterogeneous samples of massive, passive

galaxies across 𝑧 = 2−6 [276, 379, 367, 86, 333, 256, 326, 340, 45]. This is particularly promising

because of the heterogeneity across these samples: each of the aforementioned bodies of work has

their own methods/thresholds of selection and characterization of passive galaxies, yet we are able

to successfully reproduce similar estimates across such diversity. Some have slightly lower stellar

mass thresholds [e.g. M> 1010 M⊙, 340, 45], or are only complete at higher stellar masses than

those explored in this work [e.g. M> 1011 M⊙ at 𝑧 = 3 − 4, 276]. Some employ specific SFR

(sSFR=SFR/M★) cuts that capture post-starbursts [e.g. log(sSFR)< −10, 367], which are likely

more in line with our model’s assumptions / definition of MDOG descendants, while others focus

strictly on fully quiescent galaxies [e.g. log(sSFR)< −11, 86]. Our model most disagrees with the

work of Girelli et al. 2019 [139], where we predict roughly an order of magnitude more passive

galaxies at 3 < 𝑧 < 4.

Like the ancestral MDOG population, this model predicts an order of magnitude increase in the

number density of passive galaxies from 𝑧 = 6 to 3 (i.e. over ∼ 1 Gyr), a growth rate similar to that

seen in [326] and [256], and another order of magnitude over nearly twice the amount of time from

𝑧 = 3 to 1.5. This is unsurprising given the relatively short gas-to-stars duty cycles used in this

work and exhibited by DSFGs at high redshifts [e.g. 374, 8].

The rapid build up of massive quiescent and dusty galaxies at 𝑧 = 3 − 6 points to an extreme time

in the Universe, perhaps a precursor to the well-described ‘Cosmic Noon’ at 𝑧 ∼ 1 − 2. While

most galaxies were forming the majority of their stars during this later epoch, it is likely that the

Universe’s most massive galaxies had already underwent violent and rapid growth in prior starburst

episodes lasting a few hundred million years at most. Turning the implications of this story (and this
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model) towards observations: this would result in a significant population of post-starburst galaxies

at 𝑧 ≈ 3 − 4, with evolved stellar populations and residual gas and dust emission. Indeed, these

exact properties have been found in some post-starburst galaxies at 𝑧 > 3 [e.g. 348], but statistical

studies in this regime are lacking (on both galaxy properties, and in the literal since in population

sample sizes). Future panchromatic studies combining e.g. the James Webb Space Telescope and

the Atacama Large Millimeter Array (ALMA) will be critical to constraining the stellar population

properties as well as the gas and dust properties in massive galaxies in the 𝑧 = 3 − 6 Universe.

Such studies will lead to a deeper understanding of star formation in extreme environments, dust

destruction timescales, and potentially even discern between the variety of possible quenching

pathways for the first massive galaxies [e.g. 241].
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Chapter 5

Summary and Conclusion

This dissertation represents ∼ 7 years of learning, growing, and doing. I am beyond proud of how

far I come, and I could not have done it without an incredible community of support, both within

academia and without. Below I share the main takeaways from these works and, following that, I

share future directions for me and my science.

5.1 A Case Study at 𝑧 = 4 - Long et al. 2020

In this paper, we present a multiwavelength analysis on a 𝑧 = 4.002 SMG-rich, ultra-massive

protocluster: the Distant Red Core. We combine new HST and Spitzer data with existing Gemini,

Herschel, and ALMA data to model spectral energy distributions for each respective ALMA object

(Figure 2.3, except DRC-4), taking care to deblend low resolution Spitzer IRAC data where needed

(Section 2.3.4). Stellar masses and SFRs are derived from SED-fitting with cigale (Section 2.4).

Molecular gas mass estimates are derived using the observed-frame 2 mm ALMA data (probing

the Rayleigh-Jeans region of the dust continuum) with the [339] methodology.

We confirm a population of massive (M∗ > 1010 M⊙) galaxies in place when the Universe was only
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1.5 Gyr old. When comparing to field galaxies on SFR-M∗ plane (Figure 2.4), our results confirm

that – even at 𝑧 = 4 – protocluster galaxies can be viewed as a high-mass (and possibly more

bursty) extension of the star-forming main-sequence for coeval isolated field galaxies. Similarly,

though several objects contain large gas reservoirs (MH2 ≳ 1011 M⊙), all lie within the SFR-MH2

main-sequence plane. When compared to 𝑧 = 2 − 3 protocluster and 𝑧 ∼ 4 field counterparts, the

DRC objects have similar gas mass fractions that follow the expected inverse fgas −M∗ relationship.

These systems also have short gas depletion timescales (∼ 260 ± 180 Myr) on par with field SMGs

which, in a closed box scenario, means that these objects will exhaust their gas supplies in time to

become massive quiescent galaxies that dominate at cluster cores by 𝑧 ∼ 3.

Using multiple methods, we derive a total 𝑧 = 4 protocluster halo mass of ∼ 1014 M⊙, and show

that this value teeters on the edge of the most massive halo allowable/observable in the 600 deg2

H-ATLAS survey volume (Figure 2.6). We estimate that the DRC will evolve to become an ultra-

massive cluster with a total halo mass > 1015 M⊙ (possibly even > 1016 M⊙) at 𝑧 = 0 (Figure 2.7).

For both the 𝑧 = 4 and 𝑧 = 0 calculations, we argue that a more massive estimate may be appropriate

based on the assumption that other significant galaxy populations within the protocluster’s large

scale structure are not included in this analysis. Still, even if additional protocluster members are

confirmed, more multi-wavelength studies of 𝑧 > 3 DSFG-rich protoclusters combined with studies

on the evolution of mass distributions and the gas duty cycle in cluster formation simulations are

necessary to fully appreciate and characterize complex systems such as the Distant Red Core.

5.2 Growing Black Holes Do Not Quench DSFGs - Brown et al.

2019

We explored the relationship between AGN activity and host galaxy dust properties across the tail

end of peak AGN and galaxy growth in the Universe (redshifts 0.2 < 𝑧 < 5) using Chandra, Her-
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schel, Spitzer and NOAO Telescope observations in the Boötes field. We successfully disentangled

AGN and star formation radiative processes in the infrared spectrum for 703 IR bright X-ray AGN

using multi-component SED fitting code, sed3fit [23], and determined the AGN-corrected inte-

grated rest-frame infrared luminosity attributed to star formation, total infrared AGN luminosity,

AGN dust covering factors and AGN fractions. Our main results can be summarized as follows:

• We find flat trends consistent with other literature when averaging LSF
IR in bins of bolometric

AGN luminosity for less powerful AGN (LAGN < 1045 erg s−1), as well as the stronger

correlations found when averaging LX in bins of star formation activity for AGN at low

redshifts (0.1 < 𝑧 < 0.8).

• We further decompose AGN SEDs to isolate the dusty torus component in the IR and

compare to the bolometric AGN luminosity to estimate nuclear obscuration. We determine

an average dust covering factor slightly lower than other literature at CF= 33%, which

indicates a Type 2 (obscured) population of roughly a third. Further investigation of X-ray

hardness reveals several X-ray AGN with covering factors that contradict the expected nuclear

obscuration determined by hardness ratios (e.g. high covering factor with a low hardness

ratio that is indicative of an unobscured central engine), providing further evidence that

observational differences between AGN types are not primarily driven by line-of-sight dusty

torus inclination.

• We uncover a wide range in the fraction of IR luminosity attributed to AGN activity across

all redshifts, and determine no statistically significant trend exists when evaluating 𝑓 AGN as

a function of total IR, X-ray or 24 `m luminosity. The mean 𝑓 AGN as a function of rest-

frame IR wavelength shows peak AGN contamination lives in the mid-IR range and becomes

insignificant at wavelengths larger than ∼ 30 `m, but the sample dispersion is large (±20 −

30%) at all wavelengths. These results demonstrate the importance of SED decomposition

for individual AGN host galaxies in order to accurately quantify AGN contamination in the

IR, particularly prior to using IR photometry to estimate host galaxy properties.
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While considering all of the implications discussed in this paper, we should remember that current

FIR detections of intermediate and high redshift X-ray AGN in star-forming galaxies are limited by

the sensitivity of far-infrared and submillimeter observatories like the Herschel Space Observatory.

The currently available resolutions limit us to the most powerful star-forming systems and we need

deeper, more sensitive observations to capture the dust properties of AGN that reside in smaller

and/or quiescent galaxies in order to complete the evolutionary picture.

5.3 Missing Massive Galaxies - Long et al. 2022

In this work, I combine empirical data on massive dusty, star-forming galaxies to model the evolution

of their number density throughout cosmic time. The objectives of this work are twofold. The

first was to quantify, to first-order, the significance of missing DSFG populations at the massive

end of the star-forming galaxy stellar mass function (SMF). Star-forming SMFs are biased against

dusty galaxies as they are determined using UV2OP tracers. Using the IR luminosity function as a

nearly-complete consensus of DSFGs, we demonstrated that the dust-obscured stellar mass function

creates a more shallow extension beyond the limits of the UV-based SMF, therefore prediction more

massive star-forming galaxies than previously thought. Furthermore, this model does a fair job

describing the number densities of massive dust-obscured galaxies observed in the literature.

The second objective was to test the hypothesis that, despite the heterogeneity of the DSFG

population, it is sufficient and complete enough to describe and model the assembly of massive

quiescent galaxies in the early Universe. Using a suite of simple assumptions to forward evolve

mock populations of DSFGs, we are able to reproduce the observed evolution of massive, passive

galaxies – without needing to invoke any complex assumptions on merger histories, feedback /

quenching mechanisms, or even contributions from outside populations. In particular, our model

is most aligned with studies that include post-starburst galaxy populations (not strictly passive

galaxies). This finding highlights the importance of understanding this specific phase of galaxy
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evolution that has been historically difficult to observed due to its likely short-lived nature. The

post-starburst population likely holds the keys to understanding both extreme star formation in the

early Universe, and the secrets as to why these galaxies quench so early on. Future studies on this

population will likely span multiple galaxy sub-types (e.g. optically dark galaxies, galaxies with

strong Balmer breaks and cold gas/dust emission), and will thus require the bridging of multiple

fields (and their respective tools) in galaxy evolution.

5.4 Future

This combined body of work has inspired multitudes within me. Over the next few years, I will

perform several multi-wavelength studies on massive galaxies at 𝑧 > 3 to learn how they form,

grow, and die. One of the greatest challenges in modeling galaxy evolution is to understand how

significant populations of massive galaxies build their stars and then rapidly quench within the first

2 Gyr of the cosmos. The major drivers in massive galaxy formation could be dark matter halo

growth and/or specific underlying physical conditions of the star-forming medium (i.e. the cold

gas). The dominant quenching mechanisms at these epochs could also be dark matter halo related,

or driven by energetic internal phenomenon like extreme stellar feedback. In my postdoctoral work

as a NASA Hubble Fellow at UT Austin, I will study the gas, stellar, and dark matter content of

∼ 3000 newly discovered massive galaxies at 𝑧 > 3 in order to reach a better understanding of the

dominant processes regulating the evolution of the first massive galaxies. I will leverage archival

and incoming Atacama Large Millimeter Array (ALMA) data as well as guaranteed James Webb

Space Telescope (JWST) observations to derive galaxy gas and stellar properties such as gas mass

fractions, star formation histories, and stellar effective radii. I will connect these properties to dark

matter halos to pinpoint co-evolutionary trends between the halos and their massive galaxies within.
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Appendix A

Appendix Title

Supplementary material goes here. See for instance Figure A.1.

A.1 Lorem Ipsum

dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt ut labore et dolore

magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation ullamco laboris nisi ut aliquip

ex ea commodo consequat. Duis aute irure dolor in reprehenderit in voluptate velit esse cillum

dolore eu fugiat nulla pariatur. Excepteur sint occaecat cupidatat non proident, sunt in culpa qui

officia deserunt mollit anim id est laborum.

“I am glad I was up so late,
for that’s the reason I was up so early.”

William Shakespeare (1564-1616), British dramatist, poet.

Cloten, in Cymbeline, act 2, sc. 3, l. 33-4.

Figure A.1: A deep quote.
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