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Abstract

In the realm of astrophysics, galaxy evolution is a fundamental pro-
cess marked by the complex interactions of various physical mecha-
nisms, including star formation, mergers, and interactions with the
intergalactic medium. This cosmic process plays a pivotal role in our
understanding of the evolution of galaxies throughout cosmic epochs,

contributing to our comprehension of the universe.

In the first project of this thesis, we studied the physical properties
of galaxies with faster inside-out assembly at lower redshifts using
publicly available imaging and spectroscopy data, such as the Sloan
Digital Sky Survey (SDSS) Data Release 8 (DR8) MPA-JHU catalog,
the Wide-field Infrared Survey Explorer (WISE), the Galaxy Evo-
lution Explorer (GALEX), and Galaxy Zoo. We studied a sample
of 48,127 Inside-Out Assembled Galaxy (IOAG) candidate galaxies
within a stellar mass range of log M = 10.73 —11.03M, and redshift
z < 0.1. We classified our samples using optical spectroscopy and
found that 20% were star-forming galaxies, 40% were Active Galactic

Nuclei (AGN), and 40% were composite galaxies.

Additionally, we split them based on their morphology and although
about half of them had uncertain classifications in Galaxy Zoo. Of
the rest, the majority (37%) are classified as spirals, and the remain-
ing ones are elliptical (12%). Among the BPT-classified star-forming
IOAG candidates, the majority display spiral morphologies and align
with the main sequence. While Seyfert 2 and composite galaxies also
predominantly exhibit spiral morphologies, they, in contrast, exhibit
quiescent star formation rates (SFRs). Our analysis further revealed
that most IOAG galaxies fall below the main sequence of star for-

mation, residing within the green valley or red sequence.
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Our analysis suggests that a substantial fraction of IOAG candi-
dates may currently be undergoing quenching, transitioning from the
blue cloud to the red sequence. Notably, AGN-classified candidates
consistently demonstrate lower SFRs in comparison to star-forming
galaxies, hinting at a potential correlation between the AGN activity
and the quenching process. However, the spiral morphology of these
galaxies remains unaltered, indicating that central star formation is
suppressed before any noticeable morphological transformation oc-

curs.

The other two studies of this thesis, were dedicated to studying
the overdensity of Lyman Break Galaxies (LBGs) around 3 of the
most luminous Hot Dust-Obscured Galaxies (Hot DOGs) known. In
one study, we used deep Gemini Multi-Object Spectrographs South
(GMOS-S) imaging in 7-, i-, and z-bands to estimate the surface
density of companion LBGs and probe the Mpc-scale environment
of WISE J224607.56-052634.9 (W2246-0526) to characterize its rich-
ness and evolutionary state. We identified LBG candidates in the
vicinity of W2246-0526 using the selection criteria developed by
Ouchi et al. (2004) and Yoshida et al. (2006) in the Subaru Deep
Field (SDF) and in the Subaru XMM-Newton Deep Field (SXDF),
slightly modified to account for the differences in filters used, and
we found 37 and 55 LBG candidates, respectively. We estimated the
overdensity of LBGs around the W2246-0526, § = Nfound/ Newpected,
to be d = 7.17}1 (6 = 5.17}3) when compared with the O04 study
of the SDF (SXDF). compared with the Y06 study of the SDF field,
we found § = 5.2717 . The average overdensity is hence § = 5.8,
Our findings suggest that this Hot DOG lives in an overdense envi-

ronment.

In a follow-up study, we used deep Inamori-Magellan Areal Camera
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and Spectrograph (IMACS) imaging in the g¢-, r- and i-bands for
WISE J041010.60-091305.2 (W0410-0913) at z = 3.631 and WISE
J083153.254+014010.8 (W0831+40140) at z = 3.912 to study LBGs lo-
cated therein. We optimized the selection function for the redshift of
each Hot DOG using the Cosmic Evolution Survey (COSM0OS2020)
catalog. We also reanalized the observations of W2246-0526 but
now optimizing the selection function in the same manner. The
optimization of the photometric selection criteria only considered
sources fainter than those Hot DOGs. Since LBGs are unlikely to be
brighter, we also consider sources fainter to have been detected with

our observations.

Comparing the density of LBG candidates with that of the COS-
MOS2020 blank field, we estimate an overdensity of sources sur-
rounding each Hot DOG, considering both without () and with pos-
sible contaminants (¢’) in the COSMOS field. This corresponds to
the entire field of view (the maximum area that keeps the Hot DOG
at the center in all directions, only for W0410-0913 and W0813+-0140).
For W0410-0913, we found § = 1.567012 and &' = 5.37"00 (0 =
247703 and & = 12.44793). For W08134+0140, we found § =
4.62793% and ¢ = 30.83753% (§ = 5.297082 and &' = 36.007117). For
W2246-0526, we found § = 2.12707) and ¢’ = 6.8873°.

Our analysis of the two Hot DOGs observed with IMACS, W0410—
0913 and WO08134-0140, revealed a steep decline in overdensity be-
yond a physical scale of ~ 1.4 Mpc. We also observed a similar steep
decline in the overdensity of LBG candidates around W2246-0526,
occurring beyond a physical scale of ~ 0.5 Mpc when using an op-
timized selection function. However, in our previous study, where
we used modified selection criteria and the Subaru field as a blank

field, we were unable to see this profile. We were unable to confirm
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this pattern for W2246-0526 using both (optimized and modified)
selection functions. Furthermore, this radial profile does not resem-
ble what we observe in a larger field of view. Nevertheless, this
radial density profile may provide valuable insights into the selection

function and broader structure of the cosmic environment.

The results of our studies are broadly compatible with two ear-
lier studies of Hot DOG environments, and together show that Hot
DOGs live in quite dense regions of the Universe. We conclude that

Hot DOGs are an excellent tracer of protoclusters
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Chapter 1

Introduction

Galaxies are the building blocks of the universe, and their formation
and evolution is a complex process that has been widely explored
using both theoretical models and observational studies. The hier-
archical structure formation theory is a widely accepted explanation
for how large-scale structures, such as galaxies and galaxy clusters,
formed in the universe. According to this theory, structures form
through a bottom-up process, where small density fluctuations in the
early universe serve as the seeds for the formation of larger struc-
tures. Under the influence of gravity, regions with slightly higher
density attracted more matter through gravitational collapse. As
matter accumulated in these regions, they became denser and even-
tually led to the formation of bound objects such as proto-stars and
gas clouds. As the proto-stars formed and gas clouds collapsed fur-
ther, they eventually gave rise to the first galaxies. The galaxies
themselves continued to grow through mergers with other galaxies
and the accretion of gas and matter from their surroundings. This
hierarchical process of merging and accretion led to the formation
of larger and more massive structures like galaxy clusters. The hi-

erarchical structure formation theory is supported by observations,
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such as the distribution of galaxies in the universe and the cosmic

microwave background radiation.

This chapter provides a concise overview of several key topics. In
Section 1.1, we will explore the nature of Active Galactic Nuclei
(AGNs), shedding light on their characteristics and classifications.
Section 1.2, focuses on the growth and evolution of galaxies, high-
lighting the underlying physical processes and structures. We will
provide a brief overview of extremely luminous obscured galaxy pop-
ulations, examining their unique properties and their significance in
understanding the universe, in Section 1.3. In Section 1.4, we will dis-
cuss the tracing of the cosmic environment, exploring how the distri-
bution and properties of high redshift star-forming galaxies provide
insights into the large-scale structure of the universe, the evolution
of cosmic structures, and the characteristics of dark matter. Finally,
in Section 1.5, we provide our motivation and aims to survey LBGs
in the vicinity of three Hot DOGs to better characterize the richness

and evolutionary state of their environment.

1.1 Active Galactic Nuclei

Active Galactic Nuclei (AGN) are incredibly luminous and energetic
central regions of galaxies. They are powered by accretion of matter
onto a supermassive black hole (SMBH) at the center of the galaxy.
They play a crucial role in understanding galaxy evolution and the in-
teraction between massive black holes and their host galaxies. AGN
exhibit a wide range of observational characteristics, leading to the
development of several classification schemes to categorize these ob-

jects based on their properties.
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1.1.1 AGN Classification and AGN Unification Models

The study of AGN spans several decades, dating back to Seyfert
(1943) whose groundbreaking research unveiled the presence of strong
emission lines in the spectra of specific spiral galaxies. Seyfert (1943)
classified two main types: Type 1, characterized by broad emission
lines, and Type 2, with narrower lines. Although this work laid the
foundation for AGN studies, the nature of these objects remained
enigmatic. Expanding upon this initial breakthrough, Schmidt (1963)
discovered the actual nature of the quasi-stellar radio source, known
as a quasar, by demonstrating that the spectrum of the radio source
3C 273 was highly redshifted. This implication pointed to an enor-
mous distance and a tremendous amount of energy being emitted
from the object. After a few years, Schmidt (1968) introduced the
distribution in space, as well as both the optical and radio luminos-
ity functions of quasi-stellar radio sources. This contribution offered
a better understanding of quasar populations, their evolution over
cosmic time, and their role in the broader context of galaxy forma-
tion and cosmic evolution. This interpretation correctly identifies
this source as a quasar, which is a type of AGN with extremely high
luminosity and redshifted spectra. This discovery revolutionized our

understanding of AGN.

After the discovery of quasars, Lynden-Bell and Rees (1971) pro-
posed that the black-hole model of galactic nuclei be considered a
crucial component of the broader unification framework. It posits
that SMBHs at the centers of galaxies are responsible for the ex-

treme energy outputs observed in AGN.

Building upon this, Antonucci (1993) introduced a groundbreaking
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unification model for AGN classification, suggesting that the ob-
served differences between Seyfert Type 1 and Type 2 galaxies result
from orientation rather than intrinsic properties. According to this
model, the same central engine is present in both types of galax-
ies, but Type 2 galaxies are observed edge-on, which obscures the
broad-line region responsible for their spectra. This unified frame-

work helped reconcile the diversity of AGN characteristics.

Furthermore, Urry and Padovani (1995) made a significant contri-
bution that advanced our understanding of AGN studies by empha-
sizing the importance of multiwavelength observations. Their work
further supported the unification model by demonstrating that the
observed differences between AGN types were due to orientation ef-
fects rather than intrinsic variations. They highlighted the necessity
of studying AGN across different wavelengths, from radio to gamma
rays, to gain a comprehensive understanding of their complex struc-

tures and mechanisms.

Expanding on this unification model, Nenkova et al. (2008a,b) pre-
sented a significant advancement in AGN dusty torus study. Their
study introduces a detailed framework regarding the observational
implications of clumpiness in the dusty torus AGN. It explains how
considering the geometry of the dusty torus and radiative transfer
effects contributes to a broader range of observational characteristics
within AGN studies. Specifically, the study focuses on incorporating
the role of the dusty torus in shaping the observational properties
of AGN from the perspective of the torus itself and its intricate in-
teraction with the radiation emitted by the central engine. This
approach offers a more realistic and comprehensive understanding of

the diverse nature of AGN.
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AGNs can be extremely powerful, with some being the most lumi-
nous objects in the universe. According to the unified model (An-
tonucci, 1993), AGNs are classified based on the line-of-sight obscu-
ration towards the accretion disk. This central region is surrounded
by a toroidal structure of dust and gas, which can lead to vastly
different appearances when observed from different viewing angles.
Depending on how much dust is found along the line of sight, AGNs
can be classified into two main types (although intermediate types
are also common in the literature). Type 1 AGNs are those in which
we have a direct line of sight towards the central engine, while Type
2 AGNs correspond to those in which dusty clouds block our view
of the accretion disk and the broad-line region. Canonically, Type
1 AGNs are considered to be viewed face-on, and Type 2 AGNs
are considered to be viewed edge-on, although the specific relation
between the observing angle and type depends on the detailed dis-
tribution of the dusty clouds.

Ramos Almeida and Ricci (2017) provides a comprehensive overview
of the intricate structure and properties of the material surrounding
accreting SMBHs in AGN. Their research focuses on nuclear obscu-
ration in AGNs, drawing insights from infrared and X-ray investi-
gations of local AGN. Ramos Almeida and Ricci (2017) revealed
that from the infrared perspective, this obscuring material acts as
a mediator between the broad- and narrow-line regions, often com-
posed of both an equatorial disk/torus and a polar element. Con-
versely, observations in the X-ray domain indicate that the obscu-
ration arises from multiple absorbers across various spatial scales,
predominantly linked to the torus and the broad-line region. They
outlined the principal AGN structures observed in both equatorial

and polar directions, covering the range from the center to the scales
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of the host galaxy. These structures include the SMBH, accretion
disk and corona, broad-line region (BLR), torus, and narrow-line re-
gion (NLR), as shown in Figure 1.1, which presents a schematic of

the gaseous and dusty structures within AGNs.
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FIGURE 1.1: Adapted from Ramos Almeida and Ricci (2017), this is a physical model

of an AGN, showing the broad scales of the key regions. The central structure of an

AGN includes the compact accretion disk around the black hole, the accretion disk and

corona, the BLR, the NLR, and the torus.
AGNs display a wide variety of spectral features due to the diverse
physical conditions and geometries around the central black hole.
Optical spectroscopy allows us to select and classify AGNs into two
types based on the presence and characteristics of these features.
The empirical model developed by Baldwin-Phillips-Terlevich (BPT;
Baldwin et al., 1981) diagram is a widely used tool for classifying
AGNs based on their emission line ratios. It involves the flux ratios of
emission lines, such as [OIII|A\5007/H 3 versus [N1I]\6583/Hc, or
[SII|N6716,6731/Ha or [OI|A6300/Ha (e.g., Baldwin et al., 1981,

Kauffmann et al., 2003, Kewley et al., 2006, Schawinski et al., 2007,
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Zewdie et al., 2020). The position of a point on the BPT diagram
corresponds to the ionization mechanism responsible for the observed
emission lines. The different regions on the diagram are associated
with distinct types of ionization sources, such as star-forming regions,

Seyfert galaxies, and Low-Ionization Nuclear Emission-line Regions
(LINERs).

The Wide-field Infrared Survey Explorer (WISE) is a sky-mapping
mission launched in 2009, which has made significant contributions
to our understanding of the infrared universe (Wright et al., 2010).
One of its notable missions is the identification of the most luminous
and dusty galaxies in the process of formation, known as ultralu-
minous infrared galaxies (Eisenhardt et al., 2012). By analyzing
the infrared colors of sources detected by WISE, Assef et al. (2013)
were able to distinguish active galactic nuclei (AGNs) from other
sources of infrared emission, such as star-forming galaxies and cool
interstellar dust. This technique has proven to be highly effective in
identifying a large population of AGNs across the sky. In line with
this, a comprehensive WISE AGN catalog was presented in Assef
et al. (2018).

Over the years, studies of AGNs have advanced considerably, driven
by improvements in observational technology and theoretical models.
Padovani et al. (2017) presented a more comprehensive classification
of AGN (see the AGN classes in their Table 2). They provided
observations of AGNs in different electromagnetic bands, which give
us unique signatures that help us understand the properties of AGNs

and their role in galaxy evolution.
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1.2 Galaxy Growth and Evolution

The intricate interplay of galaxy mergers and interactions propels
transformative processes that shape the evolution of galaxies across
cosmic time (Toomre and Toomre, 1972). Gravitational forces that
bring galaxies into proximity trigger tidal forces, gas collisions, and
stellar interactions. These processes result in significant physical and
structural features within the merged system, leading to morpholog-
ical changes that contribute to the remarkable diversity of galaxy

shapes observed throughout the universe.

Galaxy assembly involves the mergers and interactions between galax-
ies, which drive the growth of larger and more massive galaxies. This
process of hierarchical merging of galaxies implies that the environ-
ment in which galaxies are born and live can play a fundamentally
important role in their evolution. This is evident at low redshifts,
where the morphology-density relation (Dressler, 1980) shows that
early-type galaxies are more abundant in higher-density environ-
ments, while late-type galaxies are more commonly found in lower-
density regions. This relation indicates that as we move to denser
environments, such as the cores of galaxy clusters and groups, we
tend to find more Elliptical and SO galaxies, whereas star-forming
spirals are more frequently found in the less-dense outskirts of clus-

ters and groups.

The strong link between color and morphology provides indications
of the star formation timescales and processes that drive morpho-
logical transformation. Further insight into these processes comes
from the observation that this relation evolves with redshift. For
instance, the cores of high-redshift galaxy clusters have a larger frac-

tion of blue galaxies than the cores of low-redshift galaxy clusters
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(Butcher and Oemler, 1984). Numerous processes associated with
local density can quench star formation in spiral galaxies. In cluster
environments, for example, ram pressure stripping or harassment
can heat up and remove the cold gas a galaxy needs to maintain
its star-formation activity. Some galaxies may also quench their star
formation by depleting their cold gas, a supply that is cut off through
starvation or strangulation (Larson et al., 1980, Bekki et al., 2002).

Numerical simulations have been used to explore starburst activi-
ties arising from gaseous inflows during comparable-mass disk galaxy
mergers. Mihos and Hernquist (1996) reveal the pivotal role of in-
ternal galaxy structures compared to orbital geometry. Galaxies
possessing dense central bulges, in this context, exhibit more pro-
nounced inflows occurring later in the process. Conversely, interac-
tions drive significant dissipation and gas inflow after the merger has
taken place. These findings are consistent with insights from obser-

vations of ultraluminous infrared galaxies, as discussed by Mihos and

Hernquist (1996).

Di Matteo et al. (2005) demonstrated a simulation of how galactic
collisions trigger quasars and influence the growth of SMBHs. These
simulations link black hole mass-velocity dispersion to gas inflows
that fuel quasars, subsequently limiting star formation and black
hole growth. Galactic mergers also profoundly impact the growth of
SMBHs. During mergers, flowing gas and stars can fuel the central
SMBHs, leading to the formation of AGN that releases substantial
energy. This AGN activity influences gas dynamics and star for-
mation, and it may even halt further gas inflow. This highlights
the intricate relationship between SMBH growth, AGN activity, and

broader galactic processes.
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Hopkins et al. (2008) studied the connection between galaxy merg-
ers, quasar activity, and the formation of elliptical galaxies within
the framework of cosmological evolution. They identified correla-
tions, patterns, or trends indicating that particular stages of galaxy
mergers are linked to increased quasar activity. Additionally, their
findings suggested that specific conditions are necessary for both

processes to occur simultaneously.

Alexander and Hickox (2012) studied the driving mechanisms be-
hind the growth of black holes. They presented schematic diagrams,
as shown in Figure 1.2, to illustrate several significant mechanisms
believed to initiate AGN activity. These mechanisms include the
occurrence of major mergers involving gas-rich galaxies, gradual in-
ternal changes within galaxies, and secular evolution driven by in-
teractions between smaller galaxies. Additionally, the concept of hot
halo accretion is considered the primary mode of black hole growth

for low-excitation radio-loud AGNs.

1.2.1 (Galaxies at High Redshifts

Every massive galaxy seems to have a central SMBHs, which is a
central black hole with a mass in excess of ~ 10° M, and accretion
of gas onto this central SMBH can create a significant amount of
radiative energy. An actively accreting SMBH is commonly referred
to as an AGN. SMBHs grow the majority of their mass through
AGN activity and mergers. Furthermore, there are indications that
luminous AGN activity is linked to galaxy mergers (Treister et al.,
2012), although the causality of such relation is still a matter of

debate. However, what is clear is that AGN activity in merging
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FIGURE 1.2: Adapted from Alexander and Hickox (2012), schematic diagrams illus-
trate the large-scale processes triggered by AGN activity: Major Mergers - when gas-
rich galaxies merge, they trigger AGN activity on a large scale; Secular Evolution -
this involves internal and external processes, where internal changes within a galaxy
and interactions with other galaxies contribute to AGN activity; Hot Halo Accretion -
serving as the primary mode of black hole growth for low-excitation radio-loud AGNs,
it involves the accretion of material from their surroundings.

galaxies is obscured (Ricci et al., 2017), both by dust in the opti-
cal and UV wavelengths, as well as by atomic gas in the X-rays.
Models (e.g., Hopkins et al., 2008, Croton et al., 2006) suggest that
AGN activity plays an important role in quenching star-formation
in massive galaxies through a process referred to as AGN feedback,
on which the energy released from the AGN (either radiatively or
mechanically through jets) heats and remove the cold gas reservoirs.
According to some of these models (e.g., Hopkins et al., 2008), ma-
jor mergers trigger intense episodes of star formation and obscured
AGN activity. This obscured AGN activity grows in intensity to the
point where it can generate enough feedback to quench star forma-
tion. The combination of major mergers and strong AGN feedback
would then be responsible for the transition of blue-cloud spirals to

red-sequence ellipticals.
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FIGURE 1.3: Adapted from Madau and Dickinson (2014), the history of cosmic star

formation FUV and IR rest-frame measurements.
Madau and Dickinson (2014) investigated the evolution of the cos-
mic SFRD by combining FUV measurements from the Hubble Space
Telescope (HST) and the Galaxy Evolution Explorer (GALEX). This
study provided comprehensive insights into the evolution of cos-
mic star formation using FUV and IR rest-frame measurements.
Through these measurements, the history of cosmic star formation
has yielded profound insights into the evolution of galaxies and the
Universe. By exploring the history of cosmic star formation, valu-
able insights emerge into the underlying physical processes that have
shaped the universe as perceived today. It is worth noting that
FUV emission mainly originates from young, massive stars, while IR
emission traces reprocessed light from dust-obscured star formation.
Figure 1.3 visually demonstrates that the SFRD reaches its peak at

cosmic noon, indicating a vibrant era of star formation in the early



Galazy Growth and Evolution 13

universe. Notably, FUV and IR rest-frame wavelengths provide two

crucial observational windows for studying this cosmic history.

Vito et al. (2018) conducted a study focusing on the comparison
between the evolution of AGN and galaxy density. They revealed
a connection between the decline in high-luminosity AGN and the
characteristics of the galaxy population. Furthermore, they posited
that evolving parameters might be responsible for driving nuclear
activity in lower-luminosity AGN. As shown in Figure 1.4, an inter-
esting discovery from the study by Vito et al. (2018) is the compar-
ison with the previously observed parallel evolution between black
hole accretion rate density and star formation rate density, a trend

consistently noted during cosmic noon.

Observational results
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FIGURE 1.4: Adapted from Vito et al. (2018), illustrate the derivation of black hole
accretion rate density from X-ray-detected AGN, comparing it with observational and
theoretical results.
During cosmic noon, a crucial epoch, both cosmic SFRD and AGN
activity peak, as depicted in Figure 1.3 and Figure 1.4, respectively.
This convergence can be attributed to the increased occurrence of

galactic mergers during this period. Mergers, prevalent at this cosmic

epoch, play a dual role: they trigger intense bursts of star formation
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due to enhanced gas inflows and gravitational interactions, while
also facilitating the fueling of SMBHs. Consequently, this process
drives AGN activity and contributes to the observed emissions from

accreting matter.

1.3 Special type of Obscured AGN

Hot dust-obscured galaxies (Hot DOGs; Eisenhardt et al., 2012, Wu
et al., 2012) are a rare population of hyper-luminous, heavily dust-
obscured quasars identified through observations by WISE (Wright
et al., 2010) mission. WISE, launched in December 2009, is a space
telescope that conducted a comprehensive survey of the entire sky
using four infrared bands, with 50 point-source sensitivities of 0.08,
0.11, 1, and 6 mJy at 3.4, 4.6, 12, and 22 pm, respectively. These
bands are referred to as W1, W2, W3, and W4 (Wright et al., 2010,
Eisenhardt et al., 2012). The survey was conducted in a single cover-
age on the ecliptic, consisting of eight or more exposures at each sky
location (Wright et al., 2010). Sensitivity improves further from the
ecliptic due to denser exposure overlap and a lower zodiacal back-
ground. Due to their obscuration, these objects are selected to be
strongly detected in W3 and W4 but are faint or not detected at all
in W1 and W2. Hot DOGs have a bolometric luminosity of 103L,
and even exceed 1014L, (Tsai et al., 2015), are powered by accretion
onto SMBHs buried under enormous amounts of gas and dust, mak-
ing them close to Compton-thick in the Xrays (Stern et al., 2014,
Assef et al., 2015, 2016, 2020, Piconcelli et al., 2015).
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1.3.1 Selection of Hot Dust-Obscured Galaxies

The selection of Hot DOGs using the “W12 dropout” technique is a
method specifically designed to identify these heavily obscured galax-
ies. The selection criteria for these “W1W2-dropouts” are as follows:

Specifically, the quasars must have a fainter W1-band magnitude
(W1 > 17.4) Vega mag and either:

W4 < 7.7, and W2 — W4 > 8.2 (1.1)

or

W3 < 10.6, and W2 — W3 > 5.2 (1.2)

Figure 1.5 shows the color-color distribution of the detected objects
using WISE, illustrating various types (left-panel) and the W12-
dropout (right-panel). The majority of the selected W12-dropouts
are at z > 1.6 (Eisenhardt et al., 2012).

ok N ULRGS/ANERs.. ... ]
s : EobsctjredACaN ]
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F1GURE 1.5: Left panel: shows the positions of various intriguing class objects in the
color-color diagram, adapted from Wright et al. (2010). Right panel: Adapted from
Eisenhardt et al. (2012), it displays detected sources with < 0.3 errors in all WISE
bands (black points and gray regions), while the red dots represent W1W2-dropouts
selected over the whole sky, excluding the Galactic plane and bulge.
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1.3.2 Hot Dust-Obscured Galaxies Environment

Several observational techniques have been used to investigate the
environments of Hot DOGs, shedding light on their nature and sig-
nificance in our understanding of galaxy evolution. The environ-
ment of Hot DOGs has been probed through sub-mm observations.
Jones et al. (2014, 2017) used sub-mm galaxies to assess the envi-
ronments of these objects. They found evidence of an overdensity of
sub-mm galaxies around a small sample of Hot DOGs using 850 pm
observations with SCUBA-2 at JCMT. Sub-mm observations are par-
ticularly useful for identifying heavily dust-obscured regions within
galaxies, providing crucial information about the distribution of dust
and its impact on star formation and quasar activity. The intense
star formation observed in Hot DOGs is believed to be triggered by

major galaxy mergers (Diaz-Santos et al., 2016).

Assef et al. (2015) conducted a statistical analysis to study the field
density in the vicinity of a large sample of Hot DOGs using deep
Warm Spitzer/IRAC imaging, comparing it with two control sam-
ples: (1) random pointings in the Warm Spitzer UKIDSS Ultra Deep
Survey (SpUDS) and (2) Galaxy Clusters Around Radio-loud AGN
survey (CARLA; Wylezalek et al., 2013). They found that Hot
DOGs have a similar density distribution to the CARLA sources
(see Figure 1.6). However, they also discovered that Hot DOGs are
significantly denser than field galaxies (Assef et al., 2015), suggest-
ing that the environment of Hot DOGs is notably dense and akin
to that of radio-loud AGNs. As shown in Figure 1.6, the density
distribution of Hot DOGs significantly exceeds that observed in the
random pointing, implying that the environment of Hot DOGs is sig-
nificantly denser than that of field galaxies. The Hot DOGs exhibit
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FIGURE 1.6: Adapted from Assef et al. (2015), the fraction of Hot DOGs with IRAC
observations with a given number density (solid red). The distribution for all objects

in the CARLA survey (dotted blue) and for a sample of randomly selected positions
in the SpUDS survey (dashed green).

a strong agreement with the CARLA sources, indicating that Hot

DOGs inhabit environments similar to those of radio-loud AGNs.

Deep Atacama Large Millimeter/submillimeter Array (ALMA) ob-
servations of W2246-0526, as presented by Diaz-Santos et al. (2016,
2018), have revealed three spectroscopically confirmed companion
galaxies with disturbed morphologies and three sources with com-
panions within ~30 kpc. The presence of these three companions,
and the detection of dust emission streams, suggest that W2246-0526
is in the process of accreting its neighbors and resides at the center

of a proto-cluster.
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Recently, Ginolfi et al. (2022) used MUSE/VLT observations of W0410-
0913 and identified 24 Lya-emitting galaxies around the Hot DOG
within a 0.4 Mpc radius. They reported an overdensity of 6 = 14fé6
of LAEs around W0410-0913.

Additionally, Luo et al. (2022) conducted a study on the environ-
ment of the Hot DOG W1835+4355 at a redshift of z = 2.3. They
employed the wide-field infrared camera on the Palomar 200-inch
telescope and identified a significant excess in the number density
of distant red galaxies (DRGs) in the field containing W1835+4355.
This overdensity is twice that of the blank field data. Multiwave-
length observations of Hot DOGs have statistically shown that these
objects are likely to live in dense environments (Assef et al., 2015,
Jones et al., 2014, 2017, Finnerty et al., 2020), and could be in a
transition phase from starburst galaxies to UV-bright quasars. No-
tably, however, the number density of Hot DOGs is similar to that of
equally luminous type 1 AGN at 2 < z < 4 (Assef et al., 2015). All
of these studies collectively suggest that Hot DOGs can effectively

serve as tracers for dense regions at high redshift.

1.4 Tracing of Environment

AGN can be so luminous as to be easily identifiable at a very high
redshift. Current observational studies have found luminous AGN
activity already at the epoch of reionization, implying that very mas-
sive SMBHs already existed only a few hundred million years after
the Big Bang (e.g., Fan et al., 2023). Mergers and high gas ac-

cretion rates, both associated with high-density regions, could be
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driving this very rapid growth, but the attempts to study the envi-
ronments of these objects based on searches for Lyman Break Galax-
ies (LBGs; Morselli et al., 2014, Husband et al., 2013, Utsumi et al.,
2010, Kashikawa et al., 2007, Zheng et al., 2006, Stiavelli et al., 2005,
Garcia-Vergara et al., 2017) and Lyman Alpha Emitters (LAEs; e.g.,
Kashikawa et al., 2007, Garcia-Vergara et al., 2019). However, some
studies found no significant excess of galaxies in high redshift quasar
fields (e.g., Banados et al., 2013, Simpson et al., 2014, Mazzucchelli
et al., 2017), and other studies finding a mix of overdensities and
under-densities in the vicinity of quasars at high redshift (Stiavelli
et al., 2005, Kim et al., 2009) have produced a wide variety of results,
so the answer is not yet clear. Recently, multi-wavelength studies
have found evidence of overdensities around high redshift quasars
with VLT /FORS observations of the LBGs and LAEs are strongly
clustered around quasars at z ~ 4 Garcia-Vergara et al. (2017, 2019)
and ALMA observations of gas-rich companions around few quasars
at z ~ 6 (Decarli et al., 2018) and z ~ 5 (Nguyen et al., 2020, Trakht-
enbrot et al., 2017). Furthermore, studies of radio-loud quasars at
z ~ 2 have found them to be good tracers of protoclusters (Wyleza-
lek et al., 2013, Noirot et al., 2016).

1.4.1 Lyman Break galaxies

LBGs are highly star-forming galaxies whose spectral energy distri-
butions (SEDs) have a strong break in their ultraviolet SEDs due to
either the Lyman break or intergalactic Lya absorption. LBGs are
distant galaxies that are detected using a technique called the Lyman
break method. This method relies on the characteristic absorption of

ultraviolet light by neutral hydrogen in galaxies, which causes a drop
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(break) in the observed spectrum at a specific wavelength known as
the Lyman limit. Traditionally, two broad bands are commonly used
to identify the Lyman break, one at A < 912(1+ z) A and the other
at A > 912(1 + z) A. LBGs are then identified as having a very red
color between these filters. In order to minimize contamination from
low redshift quiescent galaxies or dusty star-forming galaxies, a third
band redwards of the break is added, requiring a flat color between
the two reddest bands (Steidel et al., 1995). This identification tech-
nique has been widely used in the literature over the past couple of
decades with only minor changes. Importantly, however, Ouchi et al.
(2004) showed that at z > 3, the most notable discontinuity in the
SED is caused by intergalactic Lyman alpha absorption rather than
by the Lyman break, altering the selection of photometric bands ac-
cordingly. LBGs have young ongoing star-forming populations that
can be found at high redshift (2 < z < 5; Giavalisco, 2002) using
ground-based instrumentation. In the last couple of decades, several
overdense environments have already been identified through the use
of LBGs around quasars and radio galaxies at z > 2 (Morselli et al.,
2014, Husband et al., 2013, Utsumi et al., 2010, Kashikawa et al.,
2007, Zheng et al., 2006, Stiavelli et al., 2005, Garcia-Vergara et al.,
2017).

Figure 1.7 shows a composite spectrum of a Lyman Break Galaxy
from Shapley et al. (2003), shifted to each redshift, while assum-
ing the mean IGM optical depth at each redshift. The filter curves
are from HSC, which we used for the optimization of the selection

function.
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FIGURE 1.7: Composite LBG spectrum of Shapley et al. (2003) is shown with IGM
absorption at z = 3 and shifted to three redshifts: z = 3.631 (blue solid line), z = 3.912
(magenta solid line), and z = 4.601 (black solid line), along with the IGM absorption
correction based on their respective redshifts. For further details, please refer to Section
?7?. Overlayed are the g-, 7-, i-, and z-bands gray solid lines represent the HSC filter
curves are used in the optimization of the selection function.

1.5 Objectives and Outline of the Thesis

Observational studies have indicated that both massive galaxies and
high-redshift quasars tend to reside in overdense regions of the Uni-
verse. However, some studies indicate underdensity (e.g., Banados
et al., 2013, Simpson et al., 2014, Mazzucchelli et al., 2017), leading
to ongoing debates about the overdensity around luminous quasars.
Statistical studies have suggested that Hot DOGs inhabit dense en-
vironments in shallow observations (e.g., Assef et al., 2015), while
deep ALMA observations within ~30 kpc radius reveal local over-
density (Diaz-Santos et al., 2018). Hot DOGs exhibit intense star
formation activity and are in a transition phase from starbursts to
UV quasars. However, there are currently no larger field studies tar-
geting Hot DOGs or addressing their environments on larger scales

(Mpc), which is essential for understanding galaxy formation and
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evolution, and the cosmic structures of the early universe. How
galaxies form and evolve across cosmic time remains one of the main
open questions in extragalactic astronomy. To answer this question,
we must understand the morphological transformation of galaxies
from late-types (spiral and irregular) to early-types (elliptical and
lenticular). This involves studying various properties, correspond-
ing timescales, the role of AGNs, mergers and interactions, and the

environment of early- and late-type galaxies.

This thesis focuses on two main objectives:

(i) Understanding the properties of galaxies with a faster inside-
out assembly and their possible role in the morphological trans-
formation of galaxies. We used spectroscopic and photometric
data from the Sloan Digital Sky Survey (SDSS) Data Release
8 (DRS8) and selected galaxies with suggested stellar masses:
logM x /Mg = 10.73 — 11.03 at z < 0.1. We studied some of
the most important properties of galaxies, such as SFRs, sSFRs,

spectral properties, morphologies, and nuclear activity.

(ii) To survey LBGs in the vicinity of three Hot DOGs to better
characterize the richness and evolutionary state of their envi-
ronment. In the second part of this work, we focus on one Hot
DOG as a pilot study, where we modified two photometric selec-
tion criteria and selected LBGs around W2246-0526. Then, we
compared the number density in a blank field. For the second
part of this work, we extended our study by adding more Hot
DOGs, optimizing the selection function using the COSMOS
field with HSC filters for all three Hot DOGs, and comparing

the number density in each field.
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This thesis is organized as follows: Chapter 1 introduces the main
scientific topic related to this work, summarizes the previous studies,

and explains our motivation.

In Chapter 2 , we present our study of a sample of 48,127 galaxies
selected from the SDSS MPA-JHU catalogue with logM x /M, =
10.73 — 11.03 and z < 0.1. We examined the morphological proper-
ties of our galaxies using Galaxy Zoo classifications and their spec-
troscopic properties based on their BPT diagram classifications. We
found that the majority of Inside-Out Assembled Galaxy (IOAG)
candidates are classified as AGNs (40%) and composites (40%), sug-
gesting that 80 percent of IOAG candidates are not purely star-
forming galaxies. Most BPT-classified star-forming IOAG candi-
dates exhibit spiral morphologies and fall within the main sequence,
while Seyfert 2 and composites predominantly display spiral mor-
phologies but exhibit quiescent star formation rates (SFRs). Those
classified as AGN consistently show lower SFRs than star-forming
galaxies, suggesting AGN activity may be related to this quenching.
This study has been published as Zewdie et al. (2020).

In Chapter 3 , we present our study of the environment of the most
luminous known Hot DOG, W2246-0526, at z = 4.601 using deep
GMOS-S imaging in r, i, and z bands. We found an overdensity
of LBGs around W224-0526, 6 times greater than in a blank field,
leading to the conclusion that W224-0526 live in a dense region at
a time when the Universe was 1.3 Gyr old. This study has been
published as Zewdie et al. (2023).

In Chapter 4 , we report the reanalysis of W2246-0526 using our

optimized selection function and extend it to two more Hot DOGs
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environments. It explains in detail how we defined the optimized se-
lection function and estimated the overdensity, considering the pos-
sible contamination around three Hot DOGs. It also describes the
spatial distribution of the selected LBGs around them and other
technical aspects of the entire analysis. The main findings of this

work will be reported in Zewdie et al., (2023b, in prep.).

Finally, in Chapter 5 , we summarize the main findings of this thesis

and discuss important conclusions and outlook of this work.



Chapter 2

AGN and star formation proper-
ties of inside-out assembled galaxy

candidates z < 0.1

Zewdie et al., 2020, MNRAS, /98, 3.

We study a sample of 48127 galaxies selected from the SDSS MPA-
JHU catalog, with log M, /M. = 10.73 — 11.03 and z < 0.1. Local
galaxies in this stellar mass range have been shown to have system-
atically shorter assembly times within their inner regions (< 0.5 Rj)
when compared to that of the galaxy as a whole, contrary to lower
or higher mass galaxies which show consistent assembly times at
all radii. Hence, we refer to these galaxies as Inside-Out Assembled
Galaxy (IOAG) candidates. We find that the majority of IOAG can-
didates with well-detected emission lines are classified as either AGN
(40%) or composite (40%) in the BPT diagram. We also find that
the majority of our sources are located below the main sequence of
star formation and within the green valley or red sequence. Most
BPT-classified star-forming IOAG candidates have spiral morpholo-
gies and are in the main sequence, whereas Seyfert 2 and composites

25
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have mostly spiral morphologies but quiescent star formation rates
(SFRs). We argue that a high fraction of IOAG candidates seem to
be in the process of quenching, moving from the blue cloud to the red
sequence. Those classified as AGN have systematically lower SFRs
than star-forming galaxies suggesting that AGN activity may be re-
lated to this quenching. However, the spiral morphology of these
galaxies remains in place, suggesting that the central star formation

is suppressed before the morphological transformation occurs.

2.1 Introduction

How galaxies form and evolve through cosmic time is one of the
major open questions in extragalactic astronomy and modern cos-
mology. In particular, we need to understand what role do galaxy
mergers, AGN activity, and star-formation feedback play in driv-
ing the observed morphological evolution and the quenching of star

formation in massive galaxies.

Over the last few decades, a number of important empirical corre-
lations of galaxy parameters have been discovered. This includes
the color-stellar mass relation, in which galaxies show a bi-modal
distribution (e.g., Povié¢ et al. 2013; Schawinski et al. 2014; Mahoro
et al. 2017, Nogueira-Cavalcante et al. 2018). On one hand, late-
type galaxies populate a region called the blue cloud, found at, as
the name says, blue UV /optical colors and stellar masses typically
below log M, = 11 M. On the other hand, early-type galaxies form
a tight relation between their red UV /optical colors and their stellar
masses, usually called the red sequence. Between the blue cloud and

red sequence there is an under-occupied space known as the “green
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valley”, which includes a mixed population of galaxies (e.g., Brinch-
mann et al. 2004; Whitaker et al. 2012; Guo et al. 2013; Schawinski
et al. 2014; Salim et al. 2015; Mahoro et al. 2017, 2019), most notably,
post-starbursts galaxies have strong Balmer absorption lines and the
lack of emission lines (E+A galaxies, e.g., Dressler and Gunn 1983;
Zabludoff et al. 1996; Matsubayashi et al. 2011). This bi-modality
has been observed at both low and higher redshifts, up to at least
z ~ 2 (e.g., Ilbert et al. 2010; Schawinski et al. 2014; Mahoro et al.
2017).

A tight relation between the star formation rates and stellar masses
of typical star-forming galaxies has also been identified (e.g., Brinch-
mann et al. 2004; Noeske et al. 2007, Elbaz et al. 2007, Daddi et al.
2007; Karim et al. 2011; Whitaker et al. 2012, 2014; Schreiber et al.
2015; Leslie et al. 2016; Povié et al. 2016), usually referred to as the
“main-sequence” (MS) of star-forming galaxies. Galaxies above this
sequence (i.e., with higher SFRs for their stellar mass) are typically
called starbursts and those below (i.e., with lower SFRs for their
stellar mass) are usually called passive or quiescent galaxies (e.g.,
Gongalves et al. 2012; Moustakas et al. 2013; Leslie et al. 2016).
Galaxies that have halted their star-formation activity are usually
called quenched galaxies. These galaxies can be broadly associated
with those falling within the range of “red passive galaxies” or galax-
ies lying below the MS of star formation (< 0.3 dex MS). These rela-
tions suggest that the stellar mass is a fundamental parameter in the
evolution of galaxies and that galaxies with different stellar masses
may have very different formation and evolution histories. The evo-
lution of the so-called galaxy size - mass relation has been taken as
evidence for inside-out growth (e.g., van der Wel et al. 2014; Mowla

et al. 2019): at a fixed stellar mass, galaxies at high redshift seem
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to have been more compact than in the local universe. In addition,
recent observations based on integral field spectroscopy and using
the fossil record method (e.g., Pérez et al. 2013; Pan et al. 2015;
Ibarra-Medel et al. 2016; Garcia-Benito et al. 2017; Liu et al. 2018;
Sanchez et al. 2018; Wang et al. 2018), have helped to characterize
the mass assembly modes and star formation histories of galaxies as
a function of radius. Evidence for segregated growth between the
central and outer regions of massive galaxies (both on and off the
main sequence) has been found at high redshift (e.g., Ibarra-Medel
et al. 2016; Morselli et al. 2016; Nelson et al. 2016; Belfiore et al.
2018; Tacchella et al. 2018) and as well as in simulations (e.g., Aumer
et al. 2014; Avila-Reese et al. 2018). Pérez et al. (2013) used the in-
tegral field spectroscopic data from the Calar-Alto Legacy Integral
Field Area (CALIFA) survey to study the growth rates of a sample
of 105 galaxies in a range of stellar masses (log M, = 9.58 — 11.26
M) within different regions of the galaxies (nucleus, inner 0.5Rj
and Rsp', and outer region > Rsg). Pérez et al. (2013) found that in
the stellar mass range, log M, = 10.73 — 11.03 M, the inner regions
of galaxies reached 80% of their final stellar mass twice as fast as in
the outskirts. They suggested different mechanisms to explain this
growth, through the accretion of halo or intergalactic gas clouds, or
through interactions and mergers with smaller or similar mass galax-
ies (see Pérez et al. 2013). The authors suggested that perhaps more
massive galaxies, that show inside-out growth, grow through minor
and major mergers while in lower mass galaxies, where outside-in
growth was observed, secular evolution could be the dominant mech-

anism. For the rest of this study, we will refer to the galaxies in this

! Rso is the circular half-light radius in 5635 + 40 A (Pérez et al., 2013).
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stellar mass range as “Inside-Out Assembled Galaxy” (IOAG) can-
didates. In this work, we suggest that these galaxies could play an
important role in understanding their morphological transformation

from late- to early-types.

Other studies suggest similar mass ranges of log M, = 10.6 —10.7 M,
to be important in galaxy evolution, e.g., in the stellar-to-halo mass
relation and accumulated stellar growth (e.g., Mandelbaum et al.
2006; Conroy and Wechsler 2009; Moster et al. 2010; Behroozi et al.
2010; Guo et al. 2010; More et al. 2011; Leauthaud et al. 2012), in
simulations when studying the shape of stellar-to-halo mass relation
and supernova (SN) and AGN feedback mechanisms (Shankar et al.,
2006), or when analyzing low-ionization nuclear emission-line regions

(LINERs) with high SFRs (Povié et al., 2016).

In this work, we aim to characterize the physical properties of IOAG
candidates and to understand better the nature of inside-out growth
and its relation with AGN activity. This work is organized as fol-
lows: In Section 2.2, we present the data, catalogs, and samples
used throughout this work. In Section 2.3, we analyze the spectral
classification of galaxies using optical emission lines, their morpho-
logical classification, SFR distributions, and their location in the
SFR-stellar mass diagram as well as in the color-stellar mass dia-
gram. Our main results are discussed in Section 2.4, while our sum-
mary and conclusions are described in Section 2.5. Throughout this
work, we assume a standard A CDM cosmology with Hy = 70 km
1

st pc!, Q4 = 0.7 and Oy = 0.3, and we present all magnitudes in

the AB system and the WISE Vega-system magnitudes.
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2.2 Data and sample selection
2.2.1 SDSS

In this work, we use data from the Sloan Digital Sky Survey (SDSS),
Data Release (DRS8; Aihara et al. 2011). The SDSS DRS includes
imaging in the ‘u’, ‘¢g’, r’, %’ and ‘z’ photometric bands of 14,555
deg? throughout the sky, with roughly 5200 deg? in the southern
Galactic cap and the rest in the northern hemisphere (York et al.
2000; Aihara et al. 2011).

We use SDSS DRS instead of a more recent Data Release due to the
availability of estimates for a number of physical parameters through
the MPA-JHU catalogue®. Specifically, we use the emission line in-
tensities, stellar masses, and SFRs provided through this catalog.
Stellar masses were calculated by Kauffmann et al. (2003) from the
SDSS broad-band photometry and using a Bayesian Spectral En-
ergy Distribution (SED) fitting methodology. We chose the stellar
mass estimate corresponding to the median of the SED fit probabil-
ity distribution function. The SFRs are calculated using a number
of emission lines and the methods developed by Brinchmann et al.
(2004). For AGNs and galaxies with weak emission lines, the SFRs
are computed using the correlation with Dn 4000 index (Kauffmann
et al. 2003; Brinchmann et al. 2004) obtained through fiber aper-
ture measurements and corrections based on broadband photometry
(Salim et al., 2007).

Pérez et al. (2013) results show the direct relation of relative assem-
bly rate with stellar mass and suggest the highest differences in the
proposed stellar-mass range of log M = 10.73 — 11.03 M, where

http://www.sdss3.org/dr8/spectro/galspec. php
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FI1GURE 2.1: Comparison between the stellar masses measured in the CALIFA survey

(Pérez et al., 2013) and the SDSS MPA-JHU estimates (Brinchmann et al., 2004) for a

sample of 106 overlapping sources. The red solid line shows the 1-to-1 relation and the

vertical dashed (black) lines the mass range of this study, based on the work of Pérez

et al. (2013). Given the low scatter between these estimates and the absence of obvious

systematic offsets, the galaxy stellar masses used in our work can thus be validated.
the growth of the inner part of the galaxy is twice as fast as that of
the outer region. We noticed that a narrower stellar mass range of
log log M = 10.73 — 10.93 M. with the relative assembly rate of
~ 2.37 could also work, however, our selection of a bit larger stellar
mass range was motivated by having a significantly larger sample of
galaxies to perform all statistical analysis. We tested all statistics
for the smaller-mass range as well, without finding any significant
differences (not larger than 5-6%), confirming that our results will

remain consistent with the final selected range of stellar mass.
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As mentioned earlier, this research is motivated by the results ob-
tained by Pérez et al. (2013). To select IOAG candidates, we thus
selected sources with stellar masses in the range 10.73 — 11.03 M.
The stellar mass range defined by Pérez et al. (2013) was based on
CALIFA data and used a different methodology than those used in
the SDSS MPA-JHU stellar mass estimates. To check for possible
biases in the stellar mass selection, we compare in Figure 2.1 the
Pérez et al. (2013) stellar mass estimates with the MPA-JHU esti-
mates for a sample of galaxies in the CALIFA survey. Both estimates
are found to be in good agreement, with a scatter of ~ 0.1 dex, thus
validating the SDSS stellar mass measurements for this study and

the selected mass range for the IOAG candidates.

The photometric and spectroscopic SDSS galaxy catalogs were cross-
matched using a radius of 2” as the best compromise between the
number of lost matches and possible miss-matched sources. We fur-
ther restrict the sample to the IOAG candidates’ stellar mass range
10.73 — 11.03 M, and to z < 0.1 leading to a final sample of 48127
galaxies. The upper limit in redshift was selected following Kewley
et al. (2006) to avoid completeness issues with the spectroscopic
classification. The selected redshift range is also the proper one for
our study when dealing with morphology (see Section 2.2.4), know-
ing that the classification becomes challenging at higher redshifts,
especially for imaging data from a shallow survey as SDSS (Povié

et al., 2015).
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2.2.2 Spectral classification

We classified galaxies spectroscopically using the “Baldwin, Phillips
& Terlevich” (BPT) diagram (Baldwin et al., 1981). This classi-
fication is based on nebular emission-line ratios that are used to
differentiate their ionizing source. To provide a clean BPT spectral
classification and following previous studies, we applied a further re-
striction to our catalog, by requiring that the signal-to-noise ratio
(S/N) is above 3.0 for each of the emission lines used (e.g., Kew-
ley et al. 2006, 2001; Kauffmann et al. 2004; Brinchmann et al.
2004). This results in samples of 24561, 18478, 11006 galaxies, re-
spectively, for the [OIII]/HS versus [NII]/Ha (BPT-NII), [OILI]/HpB
versus [SII]/Ha (BPT-SII), and [OII1]/Hp versus [OI]/Ha (BPT-OI)
diagrams. Based on these line ratios, sources are classified as either
star-forming, AGN (Seyfert 2 or LINER) or composite. Given the
significantly larger number of sources in the BPT-NII diagram, we

decided to focus on this classification for the rest of this study.

As the BPT classification is based on narrow-line ratios, we removed
the Type 1 AGNs (QSO) from the sample using the spectroscopic
classification from the SDSS DR8. We also removed galaxies without
SFR estimation available in the MPA-JHU catalog, yielding a total
number of 23816 galaxies contained in the BPT-NII diagram. We
do not add the type 1 AGN back to our sample even though their
AGN nature is secure because the accretion disk emission may bias

their stellar mass estimates.

Figure 2.2 shows the BPT-NII diagram for our galaxy sample. Galax-
ies found below the dashed line (Kauffmann et al., 2003) are star-
forming, between dashed and solid line (Kewley et al., 2006, 2001)

are composite, and above the solid line are AGN. Using results of
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FIGURE 2.2: The [OIII]|/Hg versus [NII|/H, BPT diagnostic diagram for the SDSS
galaxies in our sample. The sample has been restricted to galaxies with line emission
detected at the S/N > 3 level. The dashed line shows the (Kauffmann et al., 2003)
empirical division between star-forming and starburst/AGNs composite galaxies. The
solid line represents the (Kewley et al., 2006) division between star-forming galaxies
and those with dominant AGNs contribution (extreme starburst limit). The dotted
line shows the separation between Seyfert 2 and LINER (Schawinski et al., 2007). The
cyan symbols represent the location of the selected SDSS galaxies in the stellar mass
range occupied by inside-out assembled galaxies. The red symbols represent those
galaxies that are WISE-selected AGN. As expected, the locus of WISE AGNs coincides
with the Seyfert 2 AGNs optical classification.

(Schawinski et al., 2007), AGN is further separated between Seyfert
2 (above the dotted line) and LINERs (below). Table 2.1 shows the

number of galaxies in each classification. We find that the majority

(80%) of the galaxies in our sample show signatures of AGN activity

(Composite, Seyfert 2, or LINER).
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2.2.3 WISE AGN

NASA’s Wide-field Infrared Survey Explorer (WISE; Wright et al.
2010) satellite mapped the whole sky in four mid-infrared (MIR)
bands centered at 3.4um (W1), 4.6um (W2), 12pum (W3) and 22um
(W4). We used the AIWISE Data Release® to check the existence
of IR obscured AGN activity in our sources, and validate our optical

AGN spectroscopic classification (see Section 2.2.2). We carried out

2.0

WI1-W2

_l-ﬂ I I T T T T T

FIGURE 2.3: (W1-W2) versus W2 color-magnitude diagram for the mass-selected SDSS
sources with an IR counterpart in the WISE catalog. The adopted color cut to select
AGN sources is shown by the red solid line (Assef et al., 2018).

the spectroscopic classification of galaxies, using the BPT diagram,
as described in Section 2.2.2. We then cross-correlated the 24561

galaxies with enough S/N > 3 in their emission lines to be classified

3http://wise2.ipac.caltech.edu/docs/release/allwise/
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in the BPT-NII diagram (See Section 2.2.2 for details) with the WISE
source catalog, by searching for positional matches within 2”. We
find that 24383 sources (99.3%) have a WISE IR counterpart. Figure
2.3 shows the (W1-W2) versus W2 color-magnitude diagram for the
selected sources. We classified sources with W1-W2 > 0.5 as AGN
following Figure 1 of Assef et al. (2013) and considering the bright
W2 magnitudes of our objects. We find that out of the 24383 sources
with WISE and SDSS matches, 740 are classified as AGNs using this
simple color selection, 316 of which are spectroscopically classified as
Type 1 AGN (QSO). While more strict color cuts at (W1-W2) = 0.6
or 0.7 can provide cleaner AGN samples, the selected cut provides a

sample with ~ 90% reliability according to Assef et al. (2018).

When applying the BPT classification to the sample of sources iden-
tified as AGN through their WISE IR colors, we find that most of
them (63%) are indeed classified as Seyfert 2 and composite (25%),
with a smaller fraction classified as LINER (9%) and star-forming
(3%) objects. We also find that WISE-selected AGN has signifi-
cantly larger median SFRs compared to the optically selected AGN.
For the WISE-selected AGN, we find a median log SFR/[Muyr ]
of 0.35 (consistent with the results of Ellison et al. 2016), while for
Seyfert 2 galaxies and LINERs we find -0.24 and -1.14, respectively.

2.2.4 Morphological Classification

We use the visual morphological classification of galaxies from the
Galaxy Zoo* citizen science project (Lintott et al., 2008, 2011). This
catalog provides a morphological classification for all galaxies in the

SDSS DRY7 spectroscopic sample and is based on a vote fraction

“https://data.galaxyzoo.org/
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threshold of 0.8. Galaxies with lower vote thresholds are typically
more difficult to classify visually as they tend to have low brightness,
low stellar masses, and/or due to the presence of nearby objects
(including foreground and background sources) (Lintott et al. 2011;
Bamford et al. 2009). After cross-matching our sample with the
Galaxy Zoo catalog, we find 44092 IOAG candidates (out of 48127
sources), where 12% are classified as ellipticals, 37% as spirals, and

51% are uncertain. All statistics are shown in Table 2.1.

2.3 Analysis and Results

2.3.1 Comparison of morphological and spectroscopic classifications

Figure 2.4 shows the distribution of SFR of different spectroscopic
and morphological types. As can be seen, galaxies classified as LIN-
ERs appear to have low SFRs, and objects spectroscopically classi-
fied as star-forming galaxies show high SFRs, as expected. Objects
classified as Seyfert 2 or composite galaxies have similar bi-modal
distributions to those objects morphologically classified as spirals,
with a peak at log(SFR) ~ 0, and a second one at log(SFR) ~ —1.5.
Note that the distribution of SFRs for the star-forming galaxies ex-
tends to higher values compared to that of composite and Seyfert

2.

The right panel of Figure 2.4 also shows that most objects classified
as ellipticals are located in the low SFR regime, as expected. The dis-
tribution is relatively narrow and peaks at log SFR(Moyr—!) ~ —1.6.
Similar SF'R values are found for the galaxies with 'uncertain’ classi-
fication. This likely implies that these objects are either faint ellip-

ticals or SO galaxies with almost negligible star formation activity.
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FIGURE 2.4: Distribution of SFR based on the BPT-NII emission-line classification
(left-side). The spectroscopic classified galaxies correspond to SF (green dot lines),
composite (yellow dot-dashed lines), LINER (cyan dashed lines), and Seyfert 2 (violet
solid line). Distribution of SFR based on the Galaxy Zoo classification (right panel).
Elliptical, spiral, and uncertain classes are marked with red (solid lines), cyam (dashed
lines), and yellow (dot lines), respectively.
Spiral galaxies are instead found to have a bi-modal distribution,
with the bulk of the sources showing relatively high SFRs, namely
log(SFR) 2 0, and the second group of sources with low SFRs peak-
ing at log(SFR) ~ —1.5, similar to elliptical and uncertain galaxies,

and with no gap between peaks.

With respect to the spectroscopic classification, we find that 64%
(2802) of the star-forming galaxies are classified as spirals and only
3% (115) as ellipticals. The remaining 33% (1443) are classified as
‘uncertain’ by Galaxy Zoo. In the case of the composite class, we
find that 56% (4939) are spirals and 8% (668) ellipticals, whereas,
for LINERs, we find that 35% (2573) of them are classified as spirals
and 14% (1058) as ellipticals. Finally, we find that for Seyfert 2
galaxies, 53% (857) are spirals and 5% (81) are ellipticals. In the
case of LINERs, the lower number of spirals compared to the other

spectroscopic classes tends to agree with previous studies that find
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that they are mainly hosted by early-type galaxies (Ho, 2008, and

references therein).

2.3.2 Relation to the star-forming main sequence

SF Composite LINER Seyfert
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F1cURE 2.5: SFR as a function of stellar mass for the IOAG candidates in each spectral
class (top panels) and for the morphological classification (bottom panels). A red
dashed line in each panel represents the local main sequence of star formation from

Whitaker et al. (2012). The blue and black solid lines indicate the typical scatter
around the MS of 0.3 dex.

Figure 2.5 shows the SFR versus stellar mass diagram for the sample
of IOAG candidates separated both by spectroscopic and morpho-
logical class, compared to the main sequence of star formation at
z = 0 (Whitaker et al., 2014). Since, by construction, our sample
covers a relatively small stellar mass range, these diagrams show
similar distributions as those shown in Figure 2.4. The main se-
quence (MS) in this short stellar mass range appears relatively flat,

and galaxies with log(SFR) < 0.4 will be located below the lower
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boundary of the MS. For the width of MS, we used £ 0.3 dex (black
and blue color lines in all Figures below), found in different works
to be the proper 1o boundaries (Povi¢ et al., 2016, and references
therein). Galaxies spectroscopically classified as star-forming are
typically consistent with the MS (61%), with only 11% (28%) being
located above (below) the MS. Galaxies spectroscopically classified
as composite, LINER, or Seyfert 2 have lower SFRs, with only 17%,
2%, and 18%, respectively, being within the bounds of the MS and
all the rest below. For the morphological classification, we found
that all the ellipticals lie well below the MS, whereas the spiral class
shows a bi-modality (already seen in the SFR, histograms) with most
of them located on the MS and the second cluster of sources well be-
low the MS. Spirals below the MS are likely due to a combination of
dust reddening and misclassified SO galaxies. Yet it is possible that
some objects are indeed spiral galaxies effectively in the process of

quenching their star-formation (e.g., Masters et al. 2010; Hao et al.

2019; Mahajan et al. 2020).

To visualize more clearly the number of sources of each class above,
in, or below the MS, we compute the specific SFR (sSFR = SFR/M,),
normalized by the sSFR of the MS at z = 0 at a given stellar mass.
This normalized sSFR (dms = sSFR/sSFRyg(M,)) represents the
distance of a given galaxy (with stellar mass M, and redshift z) to
the MS, and thus values log(dms) > 0.3 or < 0.3 will be associated

to starbursts or quiescent galaxies, respectively.

We found that from the spectroscopic (morphological) samples of
IOAG candidates considered, 76% (87%) and 21% (12%) are located
below and on the MS, respectively, with only 3% (1%) of the sources

being in the starburst regime.



Analysis and Results 42

SF Composite LINER Seyfert

30

1075 1080 1085 1090 1095 1100 1075 10.80 1085 1090 1095 11.00 1075 1080 10.85 1090 1095 1100 1075 1080 1085 1090 1095 11.00

log M. (Mg) log M. (Mg) log M. (Mg) log M. (Mg)

30

Elliptical Spiral Uncertain

1075 1080 1085 1090 1095 1100 1075 1080 1085 1090 1085 1100 1075 1080 1085 1090 1095 1100

log M, (Mg) log M. (Mg) log M, (Mg)
F1GURE 2.6: Distribution of IOAG candidates in the rest-frame u — r dust-corrected
color-mass diagram for the spectroscopic (top) and morphological (bottom) classes.
The area between the blue and black lines delineates the region occupied by galaxies
in the green valley, according to the prescriptions from Schawinski et al. (2014). Red

sequence and blue cloud galaxies are located above and below the blue and black solid
lines, respectively.

2.3.3 Color - stellar mass diagram

In this section, we study the distribution of the rest-frame v —r color
associated with the spectroscopic and morphological classification of
the IOAG candidates. We follow Schawinski et al. (2014) work and
correct the observed optical fluxes for dust reddening using the OSSY
Database catalogue® and the Cardelli et al. (1989) extinction law.

Figure 2.6 shows the rest-frame dust-corrected color-stellar mass di-
agram for the IOAG candidates split by BPT spectroscopic (top
panels) and morphological (bottom panel) class. The solid lines il-

lustrate the location of the “green valley”, from Schawinski et al.

http://gem.yonsei.ac.kr/ ksoh/wordpress/
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(2014), in the selected stellar mass range using extinction corrected
colors (see their Fig. 3). Galaxies located between, below, and above
these lines are considered to be in the “green valley”, “blue cloud”

and “red-sequence”, respectively.

For star-forming galaxies, we find that 61%, 26%, and 13% of sources
are located in the blue cloud, green valley, and red sequence, re-
spectively. Composite galaxies are found to be mostly in the red
sequence (45%), with a significant population located in the green
valley (34%). Similarly, 76% and 20% of LINERs are located in the
red sequence and green valley, respectively, whereas Seyfert 2 galax-
ies are found to be relatively uniformly distributed with 42%, 33%,
and 25% in the red-sequence, green valley, and blue cloud, respec-

tively.

For the morphological classification, we found that elliptical galaxies
are mostly (88%) located in the red sequence, as expected, and in the
green valley (10%). For spiral galaxies, 46% and 28% are located in
the red sequence and green valley respectively. Finally, the uncertain
galaxies are mainly located in the red sequence (78%) and the green

valley (14%).

2.3.4 WISE color-color diagram

The WISE color-color diagram classifies astronomical objects accord-
ing to their W1-W2 and W2-W3 colors (see Wright et al. 2010).
Alatalo et al. (2014) noticed a significant bi-modality in the W2-W3
color of galaxies that effectively separates early- and late-type ob-
jects. They refer to the color gap between these populations as the

Infrared Transition Zone (IRTZ). Remarkably, galaxies within the
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IRTZ are not necessarily within the optical green valley, since opti-
cally selected green valley objects tend to fall closer to star-forming
galaxies in the WISE color-color diagram (Alatalo et al., 2014). Fig-
ure 2.7 shows the WISE color-color distribution of our sources. We
find that 96% of the star-forming galaxies are located in the red re-
gion (i.e., redwards of the IRTZ), and the remaining 4% are within
the IRTZ. We also find that 68% of composite galaxies lie in the red
region, 28% within the IRTZ, and 4% in the blue region (i.e., blue-
wards of the IRTZ). Regarding LINERs, 73% fall within the IRTZ,
20% in the red region, and 7% in the blue region. Similarly, we find
that 70% of Seyfert 2 galaxies are located in the red region and 28%
in the IRTZ. In terms of the morphological classification, we find
that 64% and 33% of the elliptical galaxies are located in the IRTZ
and in the blue region, respectively, and 66% and 32% of the spiral
galaxies are located in the red region and in the IRTZ, respectively.
We also find that 69% and 21% of the uncertain classified galaxies

are located in the IRTZ and in the red region, respectively.

2.3.5 Dn4000 distribution

Previous studies have shown a clear connection between the star
formation history of galaxies and the stellar absorption line indices,
such as Dn4000 break and H; (Kauffmann et al., 2003). These two
indices have been used as indicators of the age of the stellar popula-
tions in galaxies. In addition, Dn4000 has been used as an indicator
of SFR (Brinchmann et al. 2004; Salim et al. 2007). In this section,
we study the distribution of the Dn4000 index. Figure 2.8 shows
the distribution of Dn4000 in our sample in relation to both, spec-
troscopic (left) and morphological (right) classifications. Distribu-

tions are consistent with results obtained in Figure 2.4, as expected,
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since the MPA-JHU SFRs have been measured using the Dn4000
index (Brinchmann et al. 2004). Li et al. (2015) used Dn4000 to
differentiate between galaxies that are centrally star-forming (with
Dn4000 < 1.6) or centrally quiescent (with Dn4000>1.6). We find
more galaxies to be centrally quiescent in both the spectroscopic
(62%) and morphological (72%) samples. According to this crite-
rion, star-forming galaxies are more likely to be classified as centrally
star-forming (87%), while composites (61%), Seyfert 2 (58%), and
LINERs (95%) are more commonly classified as centrally quiescent.
Ellipticals (97%), spirals (62%), and uncertain (86%) galaxies in our
sample are all found to have predominantly centrally quiescent star-

formation activity.

10
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separating those galaxies that are centrally star-forming (Dn4000 < 1.6) are centrally
quiescent (Dn4000 > 1.6).

2.3.6 UV colour distribution

We use the GALEX GR6+7 (Bianchi et al., 2017) AIS to study the
NUV -r color distribution of our sample. We find counterparts for
67% of the spectroscopically and 54% of the morphologically clas-
sified sources. The reason for this is (1) the difference in depths
between SDSS and GALEX, and (2) a large fraction of our sources
do not have active star formation or have older stellar populations.
Figure 2.9 shows the normalized NUV -1 color distribution for our
sample split by classification. The left panel shows that star-forming
galaxies have a broader distribution of colors (NUV — r ~ 3 — 6
mag), while composite galaxies have a narrower distribution peaked
at NUV-r ~ 2.7 mag. LINERS and Seyfert 2 galaxies have similar
distributions, peaked at NUV — r ~ 3.3 mag. The right panel of
Figure 2.9 shows the galaxies split by their morphological classifi-

cation. Elliptical and uncertain galaxies show similar distributions
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FIGURE 2.9: Distribution of NUV -1 for of BPT-NII emission-line classification (left-
side) and Galaxy Zoo morphological classification (right panel).

with peaks at NUV — r ~ 3.3 mag, whereas spiral galaxies have

broader distribution spanning NUV-r ~ 3 — 6 mag.

2.4 Discussion

Observations and simulations suggest that massive galaxies are dom-
inated by spheroidal components and have predominantly old stellar
populations, particularly in their central regions (e.g., De Lucia and
Borgani 2012; Ibarra-Medel et al. 2016; James and Percival 2016;
Morselli et al. 2016; Nelson et al. 2016; Belfiore et al. 2018; Avila-
Reese et al. 2018; Tacchella et al. 2018). Pérez et al. (2013) studied
the assembly history of galaxies for different spatial regions (nu-
cleus, inner 0.5R50 — Rs0, and outer region > Rsp). They find that
for the stellar mass range we study here, the great majority of the
stars, amounting to 80% of the stellar mass, at the central region
(< 0.5R5) were assembled a long time ago (~7.1 Gyr) indicating
that low SFRs were in place through the rest of their lifetime, and

thus quenching of the star-forming activity must have occurred. The
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remaining 20% of the stellar mass would have formed at low SFR
and assembled in the past ~ 2—3 Gyr. In these massive galaxies, the
mean stellar age in the central region is greater than in the outer re-
gions, as discussed earlier (see Section 2.1), indicating that the bulk
of the star-formation activity in the central regions was quenched at

earlier times.

In this work, we have analyzed the spectroscopic and morphological
properties of a sample of SDSS galaxies selected to be in the stellar

mass range typical of IOAG candidates (Pérez et al., 2013).

We have spectroscopically classified IOAG candidates using the BPT-
NII diagram and found that 20% of them are classified as SF, 40%
as composite, 33% as LINERs, and 7% as Seyfert 2. These fractions
are different from those obtained by Leslie et al. (2016) using the
same data MPA-JHU catalog, but for the entire SDSS sample. For
selecting their sample, these authors used S/N criteria of Ha line > 3
and three different BPT diagrams, although only 17% of the Leslie
et al. (2016) sample is ambiguous galaxies (i.e., do not fall into the
same class in all 3 BPT diagrams). They found for the same redshift
range that 60.4% of galaxies are SF, 12.2% composite, 6.5% LINER,
and 4.1% Seyfert 2. However, regarding the distribution of different
spectroscopic types around the MS, we find similar results to Leslie
et al. (2016), where the SF galaxies are mainly located on the MS,
composites, and Seyferts 2 on and below the MS, and LINERs well
below the MS. They also suggested that this sequence supports an
evolutionary pathway for galaxies in which star formation quenching
by AGN plays a key role. In our study, we found that IOAG candi-
dates with the possible presence of AGN activity were significantly
below the MS. Specifically, we found that 83%, 82%, and 98% of
those classified as composite, Seyfert 2 and LINERs, respectively,
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were below the MS. We note that out of those galaxies selected as
LINERs, up to 79% could be photoionized by post-AGB stars in-
stead of AGN activity if we use the EW < 3 A criterion proposed by
Cid Fernandes et al. (2011) to identify them. If this was to be the

case, however, it would not alter the main conclusions of our study.

Additionally, we found that although a higher fraction of IOAG can-
didates are spiral galaxies, those that hosted LINERs are most likely
ellipticals compared to the other spectral classes, while those clas-
sified as Seyfert 2 galaxies were primarily spirals. While the fact
that large fractions of IOAG candidates had unclassified Galaxy Zoo
morphologies makes these results difficult to interpret, our analysis
suggests that IOAG candidates classified as Seyfert 2 are still spi-
ral galaxies, just as those classified as SF, but have quenched SFRs,
comparable to those hosting LINERs. This, combined with the fact
that AGN activity is more prevalent in IOAG candidates than in
galaxies at other stellar masses (as per the comparison above with
Leslie et al. 2016), suggests that these galaxies could be important

to study for improving our understanding of galaxy evolution.

We have also investigated the distribution of ellipticals and spirals
in relation to the green valley. We can compare our findings, with
the results obtained by Schawinski et al. (2014) using the entire
SDSS sample at z < 0.1. For the same redshift range, we found
that galaxies classified as ellipticals in Galaxy Zoo are 88% in the
red sequence, 10% in the green valley, and 2% in the blue cloud.
Schawinski et al. (2014, see their Table 1), found a slightly bluer
distribution for elliptical galaxies, with 82.5%, 12.4%, and 5.2% being
in the red sequence, green valley, and blue cloud, respectively. For
spirals in our work, we find that 46% are in the red sequence, 28% in

the green valley, and 26% in the blue cloud, in contrast to Schawinski
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et al. (2014) who found 74.1%, 18.9%, and 7.0%, respectively. This
result suggests that IOAG candidates are mainly based in the red
sequence and the green valley, with a significant fraction being spirals

with quenched star formations.

These results are in line with those obtained in Section 2.3.4 when
studying WISE color as a significant number of galaxies are located
within the IRTZ (64% of ellipticals, 32% of spirals, and 69% of galax-
ies that remain unclassified morphologically). As concluded by Alat-
alo et al. (2014), galaxies laying in the IRTZ are mainly in their late
stages of transitioning across the optical green valley, shedding the
last of their remnant interstellar media. This again is in line with
the analysis of Dn4000 break in Section 2.3.5, where we found that
most of the galaxies in our sample have centrally quiescent star-
formations (62% and 72% of all galaxies classified spectroscopically

and morphologically, respectively).

Our results are in excellent agreement with the recent study by Mc-
Partland et al. (2018). They found that the fraction of galaxies
hosting AGN activity (composite, LINERs, and Seyfert 2) increases
towards the most massive end, making up to 60% of galaxies with
log M, > 10.5 M,. We find that 80% of IOAG candidates with a
spectral classification host AGN activity. As explained above, we
find consistent evidence that AGN host galaxies are located below
the MS and present redder colors, yet they are more likely to have
spiral morphologies. This could imply that AGN activity in IOAG
candidates is associated with galaxies that have recently shut down
star-formation activity but are still in the process of transforming

their morphologies from spirals to ellipticals.
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2.5 Conclusions

We have presented a study of galaxies with stellar masses in the
range (log M, = 10.73 — 11.03M;) and z < 0.1 selected from the
SDSS DR8. We use stellar masses and SFRs from the MPA-JHU
catalog, together with morphological classification from Galaxy Zoo.
Local galaxies in this stellar mass range were identified by Pérez et al.
(2013) as having assembly times in their inner regions (Rsy < 0.5)
two times shorter than in their outskirts (Rs > 0.5). We refer to
these galaxies as Inside-Out Assembled Galaxies or IOAG candi-
dates. We studied the morphological properties of our galaxies by
using the Galaxy Zoo classifications, as well as their spectroscopic
properties based on their BPT-[NII] diagram classifications. We find
that:

e Using strong enough emission lines with S/N > 3, 20% of IOAG
candidates are classified as star-forming galaxies, 40% as com-
posites, 33% as LINERs, and 7% as Seyfert 2. This suggests
that 80% of IOAG candidates are not pure star-forming as has
been seen previously for the entire SDSS population at z < 0.1.

e IOAG candidates classified as star-forming galaxies have spiral
morphologies and are located in the MS of star formation as ex-
pected, whereas Seyfert 2 and composites have spiral morpholo-
gies, but quiescent SFRs, which may point to the idea that the
AGN could be related to their SFR quenching and evolution. In
addition, taking into account the high fraction of galaxies with
AGN, it might be that AGN activity has an important role in
quenching SF in IOAG candidates.
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e We find that IOAG candidates classified as LINERs show the
lowest SFRs (median log SFR/[Mgyr~!] of -1.14) and that those

with a morphological classification are more commonly spirals
(35%) than ellipticals (14%).

e Most of [IOAG candidates are spirals rather than ellipticals in the
Galaxy Zoo classification scheme, independently of their spec-
troscopic type (therefore including LINERs). Since they are
mainly located in the green valley and the red sequence on the
rest-frame color-stellar mass diagram, with a significant fraction
being inside the infrared transitional zone using WISE colors, we

expect these spirals to be the early-type ones.

Our findings suggest that a high fraction of IOAG candidates are
transition galaxies. AGN in this stellar mass range has systemati-
cally lower star-formation rates than star-forming galaxies, suggest-
ing AGN activity may be related to this quenching. Galaxies at
the stellar mass range of log M, = 10.73 — 11.03 M, are moving
from star-forming to quiescent, and from the blue cloud to the red

sequence and/or to recently quenched galaxies.
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An Overdensity of Lyman Break
Galaxies Around Hot Dust Obscured
Galaxy WISE J224607.56—052634.9

Zewdie et al., 2023, AEA, 677, AdJ.

We report the identification of Lyman break galaxy (LBG) candi-
dates around the most luminous hot dust-Obscured galaxy (Hot
DOG) known, WISE J224607.56—052634.9 (W2246—0526) at z =
4.601, using deep r-, i-, and z-band imaging from the Gemini Multi-
Object Spectrograph South (GMOS-S). We used the surface density
of LBGs to probe the megaparsec-scale environment of W2246—0526
to characterize its richness and evolutionary state. We identified
LBG candidates in the vicinity of W2246—0526 using the selection
criteria developed in the Subaru Deep Field and in the Subaru XMM-
Newton Deep Field, slightly modified to account for the difference
between the filters used, and we find 37 and 55 LBG candidates,
respectively. Matching to the z-band depths of those studies, this
corresponds to § = 5.87%7 times the surface density of LBGs ex-
pected in the field. Interestingly, the Hot DOG itself, as well as

53
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a confirmed neighbor, do not satisfy either LBG selection criteria,
suggesting we may be missing a large number of companion galaxies.
Our analysis shows that we have most likely only found those with
a higher than average intergalactic medium (IGM) optical depth or
moderately high dust obscuration. The number density of LBG can-
didates is not concentrated around W2246—0526, suggesting an early
evolutionary stage for the proto-cluster, that the Hot DOG may not
be the most massive galaxy, or that the Hot DOG may be affect-
ing the IGM transparency in its vicinity. The overdensity around
W2246—0526 is comparable to overdensities found around other Hot
DOGs and is somewhat higher than what is typically found for radio

galaxies and luminous quasars at a similar redshift.

3.1 Introduction

Active galactic nuclei (AGNs) are some of the most luminous non-
transient objects in the Universe. Observational studies have found
luminous AGN activity already at the epoch of reionization (z > 5.5;
see 7, for a recent review), implying that very massive supermassive
black holes (SMBHs) existed only a few hundred million years after
the Big Bang (e.g., Mazzucchelli et al., 2017, Yang et al., 2021, Farina
et al., 2022). There is strong evidence that luminous AGN activity is
linked to galaxy mergers (Treister et al., 2012), although the causal-
ity of this relation is still a matter of debate. Numerical simulations
strongly suggest that in the early Universe, the most massive SMBHs
reside in the densest regions, which are built up from the accretion
and merger of massive dark matter halo seeds, and surrounded by
a large number of fainter galaxies (Springel et al., 2005, Volonteri

and Rees, 2006, Costa et al., 2014, Habouzit et al., 2019). Mergers
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and high gas accretion rates, which are both associated with high-
density regions, could be driving this very rapid growth, but the at-
tempts to study the environments of these objects based on searches
for Lyman-Break Galaxies (LBGs; e.g., Morselli et al., 2014, Hus-
band et al., 2013, Utsumi et al., 2010, Kashikawa et al., 2007, Zheng
et al., 2006, Garcia-Vergara et al., 2017, Steidel et al., 2003) and
Lyman Alpha Emitters (LAEs; e.g., Kashikawa et al., 2007, Garcia-
Vergara et al., 2019) have produced a wide variety of results. This
is particularly the case for z 2 5 luminous quasars (e.g., Morselli
et al., 2014, Kim et al., 2009). Recently, multiwavelength observa-
tional studies with the Very Large Telescope (VLT) and the Ata-
cama Large Millimeter Array (ALMA), have found evidence for a
strong clustering of LBGs, LAEs, and CO emitters around quasars
at z ~ 4 (Garcia-Vergara et al., 2017, 2019, 2022). While searches
with ALMA for [CII]158 pm line emitting companions around a few
quasars at z ~ 6 (Decarli et al., 2018) and z ~ 5 (Nguyen et al.,
2020, Trakhtenbrot et al., 2017) have been successful, other studies
that focused solely on continuum emitters amd submilimeter galaxies
(SMGs) were not (e.g., Champagne et al., 2018, Meyer et al., 2022).
These findings are supported by observations of a large number of
star-forming galaxies highly clustered around quasars at z ~ 6 (e.g.,
Utsumi et al., 2010, Decarli et al., 2017, Mignoli et al., 2020). Stud-
ies of radio-loud AGN at z ~ 2 have found them to be good tracers
of protoclusters (Wylezalek et al., 2013, Noirot et al., 2016, Maglioc-
chetti et al., 2017, Retana-Montenegro and Rottgering, 2017). At
high redshift (z ~ 5 — 6), a variety of results have been reported,
with some authors finding these quasars trace overdensities (Zheng
et al., 2006, Ajiki et al., 2006, Venemans et al., 2007, Bosman et al.,

2020). However, some studies found no significant excess of galaxies
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in high redshift quasar fields (e.g., Banados et al., 2013, Simpson
et al., 2014, Mazzucchelli et al., 2017), and other studies finding a
mix of overdensities and under-densities in the vicinity of quasars at

high redshift (Stiavelli et al., 2005, Kim et al., 2009).

Hot dust-obscured galaxies (Hot DOGs, Eisenhardt et al., 2012, Wu
et al., 2012) are a population of hyperluminous, obscured quasars,
which were identified using the Wide-field Infrared Survey Explorer
(WISE; Wright et al., 2010). Due to their high dust obscuration,
these objects are detected by WISE at 12 and 22um and are un-
detected or faint in the more sensitive 3.4 and 4.6pum bands. The
extreme bolometric luminosities of Hot DOGs, Ly, > 1013Lg (10%
of which exceed 10L.,Tsai et al. 2015), are powered by accretion
onto SMBHs buried under enormous amounts of gas and dust, mak-
ing them close to Compton-thick in the X-rays (Stern et al., 2014,
Assef et al., 2015, 2016, 2020, Piconcelli et al., 2015). The obscuring
material absorbs ultraviolet (UV) and optical light, reemitting it as
infrared light. Hot DOGs exert significant feedback into their host
galaxies by driving massive ionized gas outflows (Diaz-Santos et al.,
2016, Finnerty et al., 2020, Jun et al., 2020). Together, these stud-
ies suggest that Hot DOGs may be probing a critical stage in the
evolution of their host galaxies, in which quasar feedback is starting
to shut down star formation by ejecting significant amounts of cold
gas and transitioning into a UV-bright traditional quasar (e.g., see
Assef et al., 2020, Tsai et al., 2018, Wu et al., 2018). Notably, Assef
et al. (2015) found that the number density of Hot DOGs is simi-
lar to that of equally luminous type 1 AGN at 2 < z < 4, with an

effective number surface density of 1 per 31 & 4 deg?.

Multiwavelength observations of Hot DOGs have statistically shown

that these objects are likely to live in dense environments (Assef



Chapter 3 An overdensity of LBG Around W2246-0526 57

et al., 2015, Jones et al., 2014, Penney et al., 2019). More recently,
Luo et al. (2022) found an overdensity of distant red galaxies (DRGs)
around a Hot DOG at z = 2.3, while Ginolfi et al. (2022) revealed an
overdensity of LAEs in the environment of a z = 3.6 Hot DOG with
VLT /MUSE observations. All of this evidence suggests that Hot
DOGs exist in overdense regions of the Universe, where significant
gas accretion can be maintained and mergers could lead to large-
scale obscuration. Furthermore, Diaz-Santos et al. (2018) found that
WISE J224607.56—052634.9 (hereafter, W2246—0526), the most lu-
minous Hot DOG known with Lp, = 3.6 x 10 L, (Tsai et al., 2015)
and at redshift z = 4.601 (Diaz-Santos et al., 2016), is found at the
center of a multiple merger system (Diaz-Santos et al., 2018). Using
deep ALMA observations, Diaz-Santos et al. (2016, 2018) revealed
three spectroscopically confirmed companion galaxies with disturbed
morphologies and four sources as potential companions within ~30
kpc. They found that W2246-0546 lives in a dense local environ-
ment, and speculate that it may become the brightest cluster galaxy
(BCG) of a galaxy cluster at redshift 0. Diaz-Santos et al. (2016)
show that this object is likely in a key stage of its evolution, expe-
riencing isotropic outflows of atomic gas. However, the evidence of
overdense environments so far has come through deep ALMA obser-
vations encompassing a spatial scale of only ~30 kpc. There have
not yet been detailed studies of the environments of this object on
larger scales (>30 kpc), which is relevant to assess its megaparsec-
scale environment. Further characterizing the environments of Hot
DOGs, such as W2246—0526, is critical to understand how galax-
ies evolve over cosmic time and the physical processes driving their

evolution.

The Lyman break identification technique (e.g., Giavalisco, 2002,
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Steidel et al.; 1996, 1999) is commonly used to select star-forming
galaxies at z > 2. Star-forming galaxies at high redshift selected
with this method are known as LBGs. The technique uses broad-
band photometry, typically with three bands that bracket the Ly-
man break to identify sources that are faint in the bluest band due
to redshifted hydrogen absorption but have the flat continuous UV
emission typical of star-forming galaxies in the two redder bands. As
the Lyman alpha forest opacity increases with redshift at z > 4, a
large number of LBGs have been identified using the combination
of Lyman break and Lyman alpha absorption (Ouchi et al. 2004,
hereafter O04; Yoshida et al. 2006, hereafter Y06).

In this work, we probe the environment within 1.4 Mpc of W2246—0526
by studying the surface density of nearby LBGs. Specifically, we
study LBG candidates at redshift z ~ 4.601 selected as r-band
dropouts in deep Gemini Multi-Object Spectrographs South (GMOS-
S) imaging using the selection functions of O04 and Y06, modified
to fit our specific set of filters. The work is organized as follows. In
Section 3.2, we describe the observations from GMOS-S, the data
reduction, and the photometric measurements. In Section 3.3, we
discuss modifications to the color selection function of O04 and Y06
to accommodate the GMOS-S filters used. We also study the color
and space distribution of the LBG candidates as well as their lumi-
nosity function. In Section 3.4, we compare our results with other
Hot DOG and quasar environments in the literature. We present
our conclusions in Section 3.5. Throughout this work, all the mag-
nitudes are in the AB system. We assume a flat ACDM cosmology
with Hy = 70 km s~ Mpc~! and ;= 0.3. At a redshift of z = 4.601,
W2246—0526 is observed at 1.3 billion years after the Big Bang, and

an observed spatial scale of 1”7 is equal to 6.5 kpc.
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3.2 Observations

We obtained GMOS-S deep imaging in the r-band on the nights
of UT2017-09-16 and UT2017-09-23, in the i-band on the nights of
UT2017-09-16 and UT2017-09-27, and in the z-band on the night of
UT2017-09-23, (program ID: 102 207-33Q, P.I: R. J. Assef). During
our observations, the average seeing conditions in the r-, -, and z-
bands were 0.52”, 0.61”, and 0.58", respectively. The observations
were taken with an average airmass of 1.1 for the r-band, 1.3 for the
i-band, and 1.2 for the z-band. All images were obtained with a pixel
scale of 0.16” pix~!. We obtained 25 and 24 images with exposure
times of 300 seconds each in the r- and ¢-bands, respectively, and
62 in the z-band with an exposure of 100 seconds to avoid the sky
emission becoming nonlinear. The observations are summarized in
Table 3.1. The field of view of the instrument is 5.5 arcmin X 5.5
arcmin and observations were obtained by dithering with a grid of 4
by 3 with 6 arcsec intervals for the r- and i-bands, and a grid of 6
by 5 for the z-band.

3.2.1 Data reduction

We reduced the GMOS-S data using the Gemini package in IRAF
V2.16 through the Python PyRAF! interface. We use the GMOS
package to bias-correct, and flatfield the images. We combined the
images using the Gemini imcoadd task. We find, however, that the
extended glow of two heavily saturated bright stars (r < 20 mag)
in the field results in a very uneven background in the final image
obtained using this task, so we have instead decided to subtract

the extended glow of these stars from each frame before combining

"https://iraf-community.github.io/pyraf .html
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TABLE 3.1: Information on the GMOS-S observations used in this work

Band Exposure Time Mean Seeing Mean Airmass UT Dates Depth of the Stack Image

50 /30 /1o
r 25 x 300s 0.52" 1.1 2017-09-16/23 27.29/27.84/29.00
i 24 x 300s 0.61" 1.3 2017-09-16/27 26.58/27.16/28.34
z 62 x 100s 0.58 " 1.2 2017-09-23 26.02/26.57/27.77

Chapter 3 An overdensity of LBG Around W2246-0526
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F1GURE 3.1: i-band image of W2246—0526. Black circles and rectangles show the

masked area that we did not use for our LBG selection (see Section 3.2.2 for details).

The 5 arcsec radius solid orange circle indicates the position of the W2246—0526, 4

by 4 arcsec blue rectangles show the LBG candidates selected with the modified 004

and Y06 selection criteria (see Table 3.3), and the 3 arcsec radius blue circles show

those selected with the modified Y06 selection criteria only (see Fig. 3.5 and Table

3.4). There are no LBG candidates present in the SE corner of the image that has

been clipped.
them. Specifically, we masked all sources of each fully reduced frame
detected at > 50 by the DAOStarFinder routine of the photutils”
Python package. Most sources were masked with a 15-pixel radius
circle, but larger radii were used for brighter sources. We modeled
the source-subtracted images as a combination of two Moffat profiles
(one for the extended glow of each star) and a flat background. Then,

we subtracted the best-fit Moffat profiles and coadded the resulting

2https://photutils.readthedocs.io/en/stable/
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images without correcting for dithering to create an illumination
correction frame. As observations for some bands were obtained
across multiple nights, we created one illumination correction frame
per night per band. Finally, each Moffat-profile subtracted frame
was corrected by the appropriate illumination frame®. The corrected
frames were finally stacked using the imcoadd task of the Gemini

IRAF package. The reduced i-band image is shown in Fig. 3.1.

3.2.2 Photometry

Using the astroalign Python module, we aligned the r- and z-band
images to the i-band image. We then used SExtractor® (Bertin and
Arnouts, 1996) for source detection and photometry. Specifically,
we measured the photometry in fixed 2" diameter apertures with
SExtractor in dual image mode using the i-band image for source
detection. We used a detection and analysis threshold of at least 3
pixels detected above 1.50. We used a global model for the back-
ground with mesh and filter sizes of 32 and 3, respectively. We car-
ried out the source detection in the i-band and used those positions
to obtain photometric measurements in all three bands. We masked
out the bright stars and their spikes and cut off the borders of the
images (as well as regions not covered by all three bands) to avoid
spurious sources. The final ¢-band image with the masking applied
is shown in Fig. 3.1. We estimated the usable area by generating
10 random uniform points, distributed throughout the image, and
counting the fraction of unmasked points. The usable area remaining
after the masking is 23.7 arcmin?. For reference, the masked regions

in Fig. 3.1 account for 13% of the combined field of view.

3The scripts to subtract the Moffat-profiles, create and apply the illumination corrections can be
found at https://github.com/rjassef/GMOS_W2246_ICMS
4sExtractor version 2.5.0 https://www.astromatic.net/software/sextractor/
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The photometric calibration was carried out using data from the
Panoramic Survey Telescope & Rapid Response System (Pan-STARRS)
Survey (Tonry et al., 2012). We only considered point sources, se-
lected using the probabilistic classification of unresolved point sources
with ps_score greater than 0.83 as suggested by Tachibana and
Miller (2018)°. The Pan-STARRS point sources were cross-matched
with the sources from our imaging using a 1 arcsec radius. We find 36
Pan-STARRS point sources within the unmasked area of our images.
To estimate the photometric calibration constant, we only consider
sources with magnitudes 19 < i < 21 (21 sources), 19 < r < 21.7
(18 sources), and 17 < z < 20.4 (21 sources) in Pan-STARRS. These
magnitude limits are meant to avoid sources bright enough to be in
the nonlinear regime of the GMOS observations as well as poorly
detected sources in Pan-STARRS. We fit for the photometric cali-
bration of the GMOS data in r-band using ¢ — r and r — ¢ colors,
in ¢-band using r — ¢ and ¢ — z colors, and in z-band using ¢ — 2
color. These corrections were required to obtain an accurate calibra-
tion (see Section 3.3.1) given the differences between the instruments
and filters. We applied the 30 detection catalog limit to the 7 (27.16)
and z (26.57) bands.

3.2.3 Detection completeness

We estimate the detection completeness as a function of the ¢-band
apparent magnitude since our LBG candidates were selected from
sources detected in the i-band image. The detection completeness
was estimated using a Monte Carlo simulation. Specifically, we in-
jected 100 mock sources into the ¢-band image with a Gaussian PSF
with a full-width-at-half-maximum (FWHM) of 0.61 arcsecs (i.e., the

*https://outerspace.stsci.edu/display/PANSTARRS /How+to+separate+stars+and+galaxies
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average seeing in this band). We randomized the positions of the in-
jected sources across the i-band image and found that 92 sources
fell within the unmasked region. We ran SExtractor to recover the
injected sources using the same procedure described in Section 3.2.2.
We repeated this process by changing the magnitude of the injected
sources in the range between 24.1 to 27.0 mag in steps of 0.1 mag.
The recovered fraction of injected sources is shown in Fig. 3.2 as
a function of the input magnitude. As expected, the completeness
sharply decreases with increasing magnitude when approaching the

30 limit of the observations.

Completeness
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FIGURE 3.2: Detection completeness in the i-band image. The dots show the com-
pleteness as a function of the apparent magnitudes in the i-band solid black line shows
the best fit to the detection completeness. The vertical purple line shows the 3o limit
of our z-band observation.

We fit the recovered fraction of injected sources using an error func-

tion. Specifically, we fit the completeness p as

plme) = gall - erf(" L) (3

|
245 25.0 255 26.0 265 27.0
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where m; is the i-band apparent magnitude, and «, u, and o are
fit to the data. We find that the completeness is best modeled by
a=0.92, 4=26.56, and 0=0.68.

3.3 Selected Lyman break galaxy candidates
3.3.1 Modified method to identify LBG candidates

We used the LBG color selection criteria proposed by O04 and Y06.
In general, the Y06 criteria is a more permissive version of the O04
criteria aimed at obtaining a larger number of LBG candidates. Both
of them were developed using observations obtained with the Subaru
Telescope Suprime-cam instrument. We consider them representa-
tive of the average surface density of sources in the sky. Both studies
used the R.-, i-, and z-band imaging of the Subaru Deep Field (SDF)
and while O04 also used observations of the Subaru XMM-Newton
Deep Field (SXDF). Since the Suprime-cam filters do not exactly
match the GMOS-S r-, i-, and z-bands (see Fig. 3.3), we modify
the selection function to ensure that the contamination level by in-

terlopers of our sample is consistent with that of the samples of O04

and YO06.

We used the z ~ 3 LBG composite spectrum from Shapley et al.
(2003) to estimate the changes needed to be applied to the O04
and Y06 selection criteria to accommodate the GMOS filter set. At
z=4.601, we expect significantly more IGM absorption shortward of
Lya than at z ~ 3. Therefore, in order to incorporate the expected

excess absorption at z = 4.601, we used the Madau (1995) model,
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FIGURE 3.3: Composite LBG spectrum of Shapley et al. (2003), with the IGM ab-
sorption at z = 3 and shifted to z = 4.601 (grey-shaded line), and the IGM absorption
correction at z = 4.6 (black-solid line). See text for further details. After accounting

for quantum efficiency and atmospheric transmission, the blue and the red solid line are
the GMOS-S (used in this work) and Subaru Suprime-cam filter curves, respectively.

adding a parameter x to account for variations in the IGM opti-
cal depth. The equation we used to incorporate the dispersion and

excess absorption is as follows:

fU(LBG)(Z — 4_6> — fV(LBG)(Z = 3) exp (—F&Teff(z:4.6) + Teff(z:3)) (3-2)

where T.g corresponds to the mean optical depth of the Madau (1995)

model.

As can be seen in Fig. 3 of Madau (1995), there is a significant
dispersion around the mean optical depth of IGM absorption, 7.,
at z ~ 3.5. We find that the 1o range in that Figure corresponds
to k = 0.18 to 2.69 times the mean optical depth at z ~ 3.5. We
later consider this range of k values when assessing the effectiveness

of our selection.
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Figure 3.3 shows the LBG composite spectrum of Shapley et al.
(2003) shifted to z = 4.601 assuming the mean IGM optical depth
at this redshift (i.e., kK = 1 see in Eq. 3.2). The Figure also shows,
for comparison, the same LBG composite spectrum but corrected for

IGM absorption.

To estimate the modifications to the selection function, we computed
the expected photometry of this LBG template at z = 4.601 for k = 1
and the Suprime-cam filters used by O04 and Y06 and in the GMOS-
S bands using the synphot package®. The transmission curves of the
GMOS-S and Subaru Suprime-cam filters were obtained from the
Spanish Virtual Observatory (SVO)7. Subaru SuprimeCam’s i and z
filter transmissions are available considering the pass-band and at-
mospheric transmissions as well as the quantum efficiency, but for
the R. band only the passband transmission is available. For the
GMOS-S filters, only the pass-band transmission is available. We
used the quantum efficiency of the respective CCDs® and the ex-
pected atmospheric transmission” to construct the full transmission

curves for these filters.

We calculated the colors of the LBG template redshifted to z = 4.601
with k = 1 to be (r — i) = 1.18, (i — 2)=0.058, (Rc — ig)=0.95 and
(is — 25)=0.075. Applying this color difference, we can write the O04
selection criteria in the GMOS-S bands as:

Shttps://synphot.readthedocs.io/en/latest/.

"http://svo2.cab.inta-csic.es/svo/theory/fps3/index.php?mode=browse

8quantum efficiency of Subaru Suprime-cam CCDs https://www.subarutelescope.org/Observing/
Instruments/SCam/ccd.html and the GMOS-S CCDs http://www.gemini.edu/instrumentation/
gmos/components#GSHam

9Based on the location of the two instruments, we get the atmospheric transmission for both instru-
ments using the Sky Model Calculator https://www.eso.org/observing/etc/
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http://www.gemini.edu/instrumentation/gmos/components#GSHam
http://www.gemini.edu/instrumentation/gmos/components#GSHam
https://www.eso.org/observing/etc/

Chapter 3 An overdensity of LBG Around W2246-0526 68

r—i>1.43,
i — 2 < 0.683,
r—i>i—z+1.247, (3.3)

and the Y06 selection criteria in the GMOS-S bands as:

r-i

r—i>1.23,
i — 2 < 0.683,
r—i>1.2(—z)+ 1.15. (3.4)
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FiGURE 3.4: r — idivsi — =z color-color diagram used in this work to select LBG

candidates and exclude contaminants. The solid magenta and black lines define the
selection boundaries in the color diagram established by the modified color selection
criteria from O04 and Y06, respectively. In the left panel, we show the representative
colors of several classes of galaxies from Coleman et al. (1980) as a function of red-
shift from z= 0 to 3. In the right panel we show the colors of different types of stars,
from main-sequence to brown dwarfs, obtained by using models of stellar atmospheres
from Castelli and Kurucz (2004) and brown dwarf spectra from Burgasser (2014)

To assess if our modified selection could be differently affected by

contamination from stars and lower redshift galaxies, we follow a
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similar procedure as O04. Figure 3.4 shows the colors of represen-
tative galaxy templates from Coleman et al. (1980), shifted in the
redshift range 0 — 3. The figure also shows the colors of the main se-
quence, giant, and super-giant stellar atmosphere models of Castelli
and Kurucz (2004) and of the M and L dwarfs of Burgasser (2014).
Figure 3.4 shows that our modified selection should not be more af-
fected by contaminants than the O04 selection (see their Fig. 6) or
the Y06 selection.

Figure 3.5 shows the color tracks for the LBG composite spectrum of
Shapley et al. (2003), modified for the changes in the IGM absorption
expected through Eq. (3.2). We show the colors expected for the
typical absorption (k = 1) as well as for k = 0.18 and k = 2.69
(see above). We find that neither the O04 nor the Y06 selection is
able to identify an LBG at z = 4.601 with k = 1, assuming the
Shapley et al. (2003) composite spectrum, as O04 identifies sources
with z > 4.715, and Y06 with z > 4.625. Figure 3.5 also shows how
colors at z = 4.601 change due to dust absorption, assuming the
reddening law of Calzetti et al. (2000). While the figure shows that
LBGs with typical IGM absorption and no dust reddening would
not be selected, an increase in either parameter can shift the sources
into the selection region. Figure 3.6 shows the relation between the
minimum value of x and the minimum value of E(B — V') needed
to shift our assumed LBG spectrum (Eq. [3.2]) into the O04 and
Y06 selection boxes. While unreddened sources would need x = 1.4
(k = 1.08) to appear inside the O04 (Y06) selection box, sources
with x = 1 would only need a moderate amount of obscuration
with (B — V) = 0.34 [E(B — V) = 0.08] to be shifted into the
selection region. We note too that as reddening affects the ¢ — z

color, a maximum amount of reddening of £(B — V') = 1.53 can be



Chapter 3 An overdensity of LBG Around W2246-0526 70

tolerated before z = 4.601 LBGs escape through the left boundary
of the selection region. This suggests our selection is likely missing
a significant amount of sources with less reddening/IGM absorption

than the minima in Fig. 3.6.

Although we assume all sources are at z = 4.601 (in contrast to the
assumption of z = 4.9 by both O04 and Y06), we need to find out the
redshift range over which our modified criteria can find LBGs. As
shown in Fig. 3.5, the modified selection criteria of O04 yield redshift
intervals of 4.715 < z < 5.361 and of Y06 are 4.625 < z < 5.361,
for k = 1.0, the mean IGM absorption of Madau (1995). While we
assume k=1 for simplicity to estimate the volume over which our
sources are found, for completeness we note that the redshift range
for k = 2.69, the upper 1o range of the Madau (1995) IGM absorp-
tion distribution, is z = 4.477 to z = 5.277 which is comparable to
the range found by O04 (z = 4.6 — 5.2) and when we used the mod-
ified selection criteria of Y06 (z = 4.7 — 5.1), we found the redshift
range to be z = 4.401 to z = 5.277.

We tested the modified selection function that would be obtained by
doing the same analysis but using instead the mock spectrum at z =
4.601 from the JWST Advanced Deep Extragalactic Survey (JADES;
Williams et al. 2018). We find that using these spectra instead of
the Shapley et al. (2003) composite to calculate the color changes
between the filter sets results in a very similar, yet slightly more
permissive version of the selection criteria in Eqgs. (3.3) and (3.4).
Given this, and the fact that the JADES mock spectrum is estimated
for much fainter galaxies than the LBG candidates targeted here, we
use the selection based on the Shapley et al. (2003) LBG composite

spectrum.
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3.3.2 Selected LBG candidates

Using the modified O04 selection criteria, we identified 41 LBG can-
didates within the unmasked regions of our images. Of these, 4 have
their photometry potentially contaminated by nearby CCD features
as assessed by visual inspection, so we discard them. Of the remain-
ing 37 LBG candidates, 27 are brighter than the 1o limit in the
r-band. Using the modified Y06 selection criteria, we identified in-
stead 55 candidates unaffected by CCD features and 45 of them are
brighter than the 1o limit in the r-band. Photometry and cutout im-
ages in 1, 1, and z-band of all candidates and the Hot DOG provided
in the Appendix in Tables 3.3 and 3.4 and Figs. 3.13 - 3.14.
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FIGURE 3.5: Left panel: Color-redshift track of the LBG composite spectrum of Shap-
ley et al. (2003) with the IGM absorption of Madau (1995) as described in Eq. (3.2) for
values of k= 2.69 (dotted black line), 1.0 (solid grey line), and 0.18 (dashed brown line).
The open red squares mark the z = 4.0 and z = 5.5 endpoints of each color-redshift
track. The dots in each track indicates Az = 0.25 bins. Right panel: Distribution of
the r — ¢ and ¢ — z colors of sources around W2246—0526 (grey dots). The blue-filled
circles show the LBG candidates identified by both the O04 and Y06 selection criteria.
The blue open circles show the LBG candidates identified by only the Y06 selection
criteria. The spectroscopically confirmed (brown squares) and potential (purple star)
companions from Diaz-Santos et al. (2018) are also shown, and the red dot shows the
Hot DOG. Ten of the identified LBG candidates are fainter than 1o in the r-band, and
hence their (r — i) Colors are shown as lower limits.
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FIGURE 3.6: Relation between the minimum value of the x and the minimum value of

E(B — V) that shift the Shapley et al. (2003) LBG composite spectrum at z = 4.601

into the modified selection criteria of O04 and Y06. In both modified selection criteria,

the selected sources with x = 1 would only require a moderate amount of obscuration

with E(B —V) =0.34 and (E(B — V) = 0.08) to be shifted into the modified O04 and

Y06 selection box
Figure 3.5 shows the color distribution diagram of all detected ob-
jects in the W2246—0526 field, with those selected as LBG candi-
dates highlighted in blue. We also highlight the locations of W2246—0526
and of the companions (both potential and with spectroscopic confir-
mation) identified with ALMA data by Diaz-Santos et al. (2016) and
Diaz-Santos et al. (2018). Interestingly, the modified O04 selection
criteria do not identify the Hot DOG, and the previously identified
companions (Diaz-Santos et al., 2018) as LBG candidates. However,
the spectroscopically confirmed companions are closer to the selec-
tion box than the potential companions, suggesting the latter may be

interlopers. We note that we are comparing populations of detected

galaxies that were obtained in different ways. Using the modified
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FIGURE 3.7: Postage stamps (20" x 20”) of W2246-0526 with similar field of view of
deep ALMA observation by Diaz-Santos et al. (2016) and Diaz-Santos et al. (2018).
The top-left panel is r-band, the top-right panel is the i-band, the bottom-left panel
is z-band and the bottom-right panel is the color composite of W2246-0526. The
spectroscopically confirmed and potential companions of Diaz-Santos et al. (2016, 2018)
are shown in magenta and red circles, respectively. The Hot DOG is shown by the cyan
circle. Cutouts of 8’ x 8” of each of the marked sources are shown in Fig. 3.15.

Y06 selection criteria, we were able to identify one of the spectro-
scopically confirmed companions as an LBG candidate. Figure 3.7
shows a zoomed-in view of a field that closely resembles the field of
view of the deep ALMA observations of Diaz-Santos et al. (2018).
Additionally, we have marked the locations of spectroscopically con-
firmed and potential companion galaxies identified by Diaz-Santos

et al. (2016) and Diaz-Santos et al. (2018), and their stamps of 8" x
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8" are shown in Figs. 3.15.

Figure 3.8 shows the magnitude distribution of the selected LBG
candidates in the three bands. For the r-band, we only show sources
brighter than the 1o limit. The - and z-band magnitudes have sim-
ilar distributions, which is expected since LBGs have, by definition,
flat UV SEDs. Figure 3.1 shows the i-band image with the position
of the selected LBG candidates based on the modified O04 and Y06

selection criteria.
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FI1GURE 3.8: Left and right panels show the magnitude distribution of the LBG
candidates selected with the modified O04 and Y06 selection criteria, respectively, in
each band. The r-band magnitude distributions only show the LBG candidates that
are brighter than the 1o limit. The three vertical lines are the 30 magnitude limit for
the i-band (brown) and z-band (purple) and the 1o magnitude limit for the r-band

(grey).

3.3.3 Surface density of selected LBG candidates

Figure 3.9 compares the number counts of LBG candidates in the
field of W2246—0526, as a function of apparent z-band magnitude,
to those measured by O04 in the SDF and SXDF areas, and to those
measured by Y06 using only the SDF. In both studies, the num-

ber counts were not corrected for detection completeness. Figure
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3.2 shows the detection completeness corrections and the corrected
number counts in the field of W2246—0526 are shown alongside the
uncorrected ones in Fig. 3.9. For simplicity, we estimate the uncer-
tainties of our surface density as the square root of the number of

LBG candidates in each magnitude bin, neglecting cosmic variance.

and magnitude

FIGURE 3.9: Surface density of the selected LBG candidates (filled blue circles) and

LBG candidates corrected for completeness (open blue circles) compared to that mea-

sured in the SDF field by 004 and Y06 (magenta and brown squares, respectively). We

also show the measurement of LBG number counts in the SXDF field by 004 (filled

grey circles).
Based on the modified O04 and Y06 selection criteria, we find 37
and 55 LBG candidates, respectively, by matching the z-band mag-
nitude depth in the field studies. We estimate the overdensity,
8 = Nfound/Newpectea, to be § = 7.1 £ 1.1 (§ = 5.1 & 1.2) when
compared with the O04 study of the SDF (SXDF). On the other
hand, we measure 6 = 5.2 + 1.4 when compared with the Y06 study

of the SDF field. The average overdensity is hence § = 5.87%¢.
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3.3.4 Spatial distribution of the LBG candidates

To gauge whether the two-dimensional overdensity is concentrated
around W2246—0526, we count the number of LBG candidates in
annuli with widths of 20 arcsecs, centered on W2246—0526 and start-
ing 2 arcsecs (~13 kpc) away from the Hot DOG, The brightness of
W2246-0526 interferes with the detection of candidates at smaller
radii. We estimate the unmasked area of each ring using randomly
distributed points within each ring and counting the unmasked frac-
tion. Figure 3.10 shows the density of LBG candidates as a function
of distance to the Hot DOG. While the highest density of LBG can-
didates is in the second ring around W2246—0526, there is not a
clear radial profile centered on this Hot DOG. As done earlier, for
simplicity, we estimate the uncertainties as the square root of the
number of LBG candidates found in the ring divided by the usable

area of the ring.

3.3.5 Luminosity function of Lyman break galaxy candidates

We estimate the UV luminosity function of our LBG candidates at
rest-frame wavelength 1700A following the approach of O04. Specif-
ically, we estimate a correction to transform the z-band (rest-frame
effective wavelength = 9521.7A at z = 4.601) magnitude into a
monochromatic flux at 1700A using the synphot package with the
LBG composite of Shapley et al. (2003). We assume a top-hat band
pass at rest-frame 1700A with a £5A width. Given that the z-band
is already covering a region close to that of rest-frame 1700A, we find
an almost negligible k& correction of 0.022 mag. Finally, we convert

the z-band apparent magnitude by using the following equation.
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FIGURE 3.10: Spatial distribution of LBG candidates as a function of distance to
W2246—0526. The blue open circles and gray open squares show the selected LBG
candidates based on the modified O04 and Y06 selection criteria, respectively, corrected
for detection completeness. We count the number of LBG candidates in annuli with 20
arcsec radius intervals avoiding the inner 2 arcseconds (~13 kpc). For clarity, we shift
the surface density of the O04 selected LBG candidates by +0.03 Mpc on the x-axis.

M0 & = M. + 2.51log(1 + 2) — blogdl + 5 — k, (3.5)

where m, is the apparent magnitude in the z-band and dl = 42305.5
Mpc, is the luminosity distance at z = 4.601.

Similarly, we follow Y06 to estimate the UV luminosity function of
our LBG candidates at 1500A in the rest-frame for which we calculate

a k correction of -0.015.

We estimate the effective volume Vg on which our sample is found
as the comoving volume between the zy,;, and z,.x redshifts of each
selection (see Section 3.2.3) within our field of view of 23.7 arcmin?.

For the 004 and Y06 selections, this corresponds to 20638.77 Mpc 3
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and 23633.09 Mpc 3 respectively. We computed the luminosity func-

tion from the observed number density of the completeness corrected

z-band at the UV rest-frame using these comoving volumes:

¢ [mag~! Mpc~3]
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T T T T T
—— best fit 004

004 SXDF
004 SDF

T

@ Z23 (This Work) i -

T T T T T
————— best fit Z23 (This Work), fixed M* .

—— best fit Z23 (This Work)
T —— best fit Y06
W@ Y06 SDF

I H 1- I I I I
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F1cURE 3.11: UV luminosity functions of the LBGs at z ~ 4.6. The blue circles are
selected LBG candidates around the Hot DOGs. The magenta and brown rectangles are
from O04 and Y06, respectively. The solids line shows the best-fit Schechter function
for each study and the black dashed lines show the best fit by fixing the M, and «
based on the result of O04 and Y06.

1

¢(m) =

1
Veg Am ; p(m;)’

(3.6)

where p(m;) is the detection completeness based on the i-band mag-

nitude of each source j (see Section 3.2.3). Figure 3.11 shows the

estimated luminosity functions.

We fit the luminosity function using a Schechter (1976) function,

namely,
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* Oé+1
Qb(MUV)dMUV = (0.4111 10) gb* (100'4(MUVMUV)>

exp (—100'4(M6V_MUV)> dMyy, (37)

where M}y is the characteristic magnitude, ¢*(h3,Mpc=3) is the nor-
malization that provides the number density and « is the slope of

the luminosity function at the faint end.

As can be seen in Fig. 3.11 the luminosity function of the LBG
candidates around W2246—0526 has significantly larger space den-
sity than in the SDF studies of O04 and Y06, as expected given our
results based on the number densities (see Fig. 3.9). The best-fit
parameters of the luminosity function are shown in Table 3.2, for the

modified O04 and Y06 selection functions.

TABLE 3.2: Parameters of the Luminosity Function calculated in this work, using the
modified O04 and Y06 criteria for selecting LBG candidates.

004 Y06
¢*(h3gMpc=2)  Mizq0(mag) o ¢*(hdgMpc™2)  Mis0(mag) o
2.487 x 1073 —20.31 —1.67  1.78 x 1073 —20.72¢ —1.82¢

9.557 x 1074  —21.18 £0.70 —1.6" 7.029 x 107% —21.554+0.44 —1.82%

t: Value fixed to that used by O04.

1: Value fixed to that used by Y06.

3.4 Discussion

3.4.1 Overdensities around Hot DOGs

In Section 3.3.3, we showed that LBGs are more abundant by a fac-
tor of ~ 6 around W2246—0526 than in a blank field, leading to the

conclusion that W2246—0526 lives in a dense region at a time when
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the Universe was 1.3 Gyr old. This result is qualitatively consis-
tent with the conclusions of other studies. In particular, Assef et al.
(2015) studied the environment of a large number of Hot DOGs
using Spitzer /IRAC imaging. Based on the number counts of red
galaxies within 1’ of the Hot DOGs, Assef et al. (2015) found that,
statistically, these objects live in dense environments, comparable to
those of radio-loud AGN found by Wylezalek et al. (2013). Sim-
ilarly, Jones et al. (2014, 2017) concluded that Hot DOGs live in
overdense environments based on the excess of companions detected

at submillimeter wavelengths with JCMT/SCUBA-2.

More directly, Diaz-Santos et al. (2016, 2018) studied W2246—0526
using deep ALMA observations. They found three spectroscopically
confirmed companions joined by dusty streamers within ~35 kpc of
W2246—0526. Additionally, they found 4 more continuum sources
in a ~ 20" field of view that may correspond to further companions.
Diaz-Santos et al. (2018) argue that this Hot DOG is at the center of
a triple merger and speculate its environment may become a massive
cluster at z = 0 with the Hot DOG as the BCG. However, we do
not find a strong indication that the Hot DOG is at the center of
the overdensity. This may be because a) the overdensity, most likely
a proto-cluster, is in a very early stage of collapse and is far from
being virialized; b) this Hot DOG is not the most massive, central
galaxy of the structure, even if it is the most luminous and radiating
well above its Eddington limit (Tsai et al., 2018); or ¢) the Hot DOG
may be luminous enough to affect the IGM transparency around it,
effectively erasing the LBG overdensity’s radial pattern. We notice
that option b) appears unlikely given the lack of other bright sources
in the field. However, JWST observations probing the peak of stel-

lar emission are needed to confirm this. We note that possibility
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c) is consistent with the fact that the spectroscopically confirmed
companions of W2246—0526, as well as W2246—0526 itself, are not
identified as LBG candidates. The potential consequence of the Hot
DOG’s feedback on the IGM is that we may be underestimating the
number of companions in the vicinity of W2246-0526.

Recently, Ginolfi et al. (2022) studied the environment of W0410-
0913, a Hot DOG at z = 3.631, using VLT/MUSE observations,
and also concluded that this Hot DOG lives in a dense environment.
Specifically, they found the number density of Lya emitters within
0.4 Mpc of W0410-0913 to be 14f§6 times that of field galaxies with
comparable Lya luminosity. Also recently, Luo et al. (2022) studied
the environment of W1835+44355 at z = 2.3 and found a factor of
two enhancement in the number of DRGs in its surroundings. The
overdensity differences between these studies may be indicative of
the diversity of the environments around Hot DOGs, but may also
be driven by the specific selection methods used in each study. Cos-
mological simulations show that the presence of early SMBHs with
masses of ~ 10°M, at z > 6 is typically associated with galaxy over-
densities, although the number of galaxies involved can vary (e.g.,
Costa et al., 2014, Habouzit et al., 2019). Habouzit et al. (2019) con-
ducted a study using the Horizon AGN simulations, which focus on a
wide range of galaxy and black hole properties, as well as the poten-
tial overdensity of the regions. They predict a wide variety of both
obscured and unobscured quasar environments that are not driven
by cosmic variance. While the use of photometric selection presents
challenges due to cosmic variance, the inclusion of a large sample
and the consideration of spectroscopic confirmation has the poten-
tial to provide additional insights (Champagne et al., 2023, Wang

et al., 2023). Despite using a photometric selection and focusing on
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a single Hot DOG environment, the observed level of overdensity of
LBG candidates around the Hot DOG could potentially represent a

lower limit if spectroscopically confirmed.

3.4.2 Comparisons of overdensities around other luminous sources

Studies based on a number of different techniques and wavelengths
show that dense environments are not a unique property of Hot
DOGs, but are shared by different types of luminous quasars, consis-
tent with the evolutionary picture recently proposed by Assef et al.
(2022) in which Hot DOGs correspond to a phase in the life of lu-
minous quasars. Figure 3.12 shows a compilation of overdensities

measured in quasar studies, which we detail below.
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5ol  LAEs % Zewdie+2023 (This Work)
LBGs & O RGs % Ginolfi+2022
24um sources A QSO Luo+2022
12.5F _
© - % HotDOGs | A Zheng+2006, Morselli+2014*
S Look | Balmaverde+2017*
.E ' Garcia-Vergara+2017
N © O Miley+2004, Intema+2006*
o 73 Overzier+2008
g o © o o A Garcia-Vergara+2019
— = —
g >0 ©.9 o o ‘%‘ O  Venemans+2002, 2004, 2005*
° g [0% ogp ® a A Venemans+2007, Miley+2004
25F 0° o .%ol . ° o8 © Dok o A A | O Mayo+2012
Q 8 Cgm .%)n Fa) ‘% © A
O [©) ko) O A O
0.0 ® Q AA i
| | | | | |
1 3 4 5 6
redshift

F1GURE 3.12: Overdensity around high redshift radio galaxies, quasars, and Hot DOGs
as a function of redshift. We highlight the studies based on LBGs around quasars
(magenta triangles, Morselli et al., 2014, Zheng et al., 2006, Garcia-Vergara et al.,
2017, Balmaverde et al., 2017), around radio galaxies (magenta circles, Miley et al.,
2004, Intema et al., 2006, Overzier et al., 2008) and Hot DOGs (magenta star, this
work), those based on LAEs around quasars (blue triangles, Garcia-Vergara et al.,
2019), radio galaxies (blue circles, Venemans et al., 2007, Miley et al., 2004, Venemans
et al., 2002, 2004, 2005), and Hot DOGs (blue star, Ginolfi et al., 2022) and a study
based on DRGs around Hot DOGs (cyan star, Luo et al., 2022). Overdensities of 24um
sources around high redshift radio galaxies are also shown (grey dot, Mayo et al., 2012).
The red solid horizontal line indicates no overdensity.

*: These studies defined the overdensity instead as § = Nfound/Newpecteda — 1. We transformed these

estimates to reflect our definition of § before adding them to the Figure.



Chapter 3 An overdensity of LBG Around W2246-0526 83

3.4.2.1 LBGs around quasars and radio galaxies

Garcia-Vergara et al. (2017) studied LBGs around six quasars at
z ~ 4 using VLT /FORS narrow band imaging and found a strong
LBG clustering with an overall overdensity of 6 = 1.5. Morselli
et al. (2014) also studied the overdensities of LBGs around four lu-
minous z~6 quasars and found a significant galaxy overdensity of
0 = 2.35. This finding is also supported by Balmaverde et al. (2017)
and Mignoli et al. (2020), who obtained a similar result. Utsumi
et al. (2010) and Overzier et al. (2006) independently investigated
LBGs around quasars and found overdensities that exceeded the 99%
confidence level. Miley et al. (2004) studied the overdensity of LBGs
around a radio galaxy at redshift z = 4.1 and found the environment
to be 2.5 times denser than the field. Furthermore, when they re-
stricted the inspected area to a 1 Mpc radius, they found that the
field of the radio galaxy exhibited an overdensity five times higher
than the average blank field, which is a comparable result to our
findings in similarly sized regions. Intema et al. (2006) conducted
a study on the overdensity of LBGs in the vicinity of a radio galaxy
and reported an overdensity of =744. Similarly, Overzier et al.
(2008) studied the overdensity of LBGs and LAEs around a radio
galaxy and found an average overdensity of § = 3.53f8:§§. In ad-
dition, Ota et al. (2018) found high-density excess clumps of LBGs
around quasars at z = 6.61, and Kashino et al. (2023) and Matthee
et al. (2023) conducted spectroscopic analysis and verified the ex-
istence of an overdensity of [OIII] emission surrounding the most

luminous quasar at z > 6.
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3.4.2.2 LAEs around quasars and radio galaxies

Garcia-Vergara et al. (2019) probed the overdensity of Lya emitters
around 17 quasars at z ~ 4 using the VLT/FORS2 narrow band
imaging and observed clustering with an average overdensity of § =
1.4+ 0.4 although they note that 10 of the 17 targets have nominally
underdense environments. They highlight the large cosmic variance
inherent in quasar environments, with overdensities ranging from
0.0 to 3.75. Venemans et al. (2002) studied the environment of radio
galaxies and found that the number density of Lya emitters is § =
4+ 1.4. They also evaluated the overdensity by taking into account
the detected FWHM of the velocity distribution, which is four times
smaller than the FWHM of the filter width, and revealed this radio
galaxy field is 15 times denser than a blank field in Lya emitters.
Venemans et al. (2004) also found an overdensity of Ly« emitters of
§ = 3.3511% around radio galaxy at z=>5.2.

3.4.2.3 Mid-Infrared sources around radio galaxies

Mayo et al. (2012) studied overdensities of 24 pm sources around 63
high redshift radio galaxies between redshift z = 1 — 5.2 using the
using the Multiband Imaging Photometer for Spitzer (MIPS) and
found an average overdensity of 2.2 + 1.2 compared to the Spitzer
Wide-area InfraRed Extragalactic Survey (SWIRE) fields. In this
large sample of high redshift radio galaxies, they confirmed 11 pro-
tocluster candidates and identified 9 new. The selected protocluster
candidates have an overdensity ranging from 3.1 to 8.7. Note that,
in particular, Mayo et al. (2012) found a protocluster candidate of a

high redshift radio galaxy with an overdensity of 6=5.1 at z=4.413.
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Wylezalek et al. (2013) studied the environment of obscured and un-
obscured radio-loud AGNs at 1.3 < z < 3.2 and found that 92% of
radio-loud AGNs are overdense, however, they did not quantify the
overdensities using the delta parameter. As can be seen in Fig. 3.12,
Hot DOGs sit toward the upper range of the diversity of environ-
ments around other types of luminous quasars, but mostly within it.
This is consistent with Hot DOGs being one of the phases in the evo-
lution of luminous quasars, as while the AGN properties are widely
different between them, they live in qualitatively similar regions of

the Universe.

3.5 Conclusions

We present GMOS-S deep imaging observations of the Hot DOG,
W2246—0526 in the r-, -, and z-bands, and we use them to identify
potential LBG companions and characterize the density of its envi-
ronment. We use the O04 and Y06 color selection criteria to identify
LBG candidates, modified to account for the differences between the
GMOS-S and Suprime-cam bands, using the Shapley et al. (2003)
LBG composite modified to include the additional IGM absorption
expected at z = 4.601. Figure 3.5 shows that both modified criteria
can successfully isolate LBG candidates from foreground objects and
brown dwarf stars (see Section 3.3.1 and Fig. 3.4). Using the mod-
ified O04 and Y06 color selection, we found 37 and 55 LBG candi-

2

dates (r-dropouts), respectively, in an area of 23.7 arcmin® centered

on W2246—0526. We find the following main results:

1. W2246—0526 lives in a dense environment as compared with the

mean density of the Universe. Specifically, matching to z-band
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magnitude depth of O04 and Y06 studies, this corresponds to
§ = 5.8115 times the surface density of LBGs expected in the
field

2. Figure 3.6 shows that, in order to be selected, companion LBGs
may need a combination of mild dust obscuration and excess
IGM absorption over the typical expected amount. This sug-
gests that we might be missing many potential companions to
W2246—0526. In fact, we find that the O04 selection does not
identify either of the known, resolvable companions found by
Diaz-Santos et al. (2016, 2018), and the Y06 selection identifies

only one of them.

3. We estimated the UV luminosity function of the selected LBG
candidates around W2246—0526 in both modified selection cri-
teria and found the presence of the LBG candidates in signifi-
cantly higher space densities than in the studies of O04 and Y06,

consistent with our findings based on the number densities.

4. We studied the density of LBG candidates as a function of dis-
tance from the Hot DOG, counting them in rings of 20 arcsec
widths starting 2 arcsec away from W2246—0526. We did not
observe a clear radial profile centered on the Hot DOG. While
W2246—0526 lives in an overdense environment, the overdensity
is not clearly concentrated around the Hot DOG. This may be
because a) the overdensity is in an early stage of collapse and
has not yet virialized; b) although this Hot DOG is the most
luminous object in the structure and radiates well above the
Eddington limit, it is not the most massive or central galaxy

in the structure; or ¢) the intense radiation emitted by the Hot
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DOG may affect the IGM transparency around it, deleting the
radial pattern in the LBG overdensity.

5. The W2246—0526 overdense environment is qualitatively consis-
tent with statistical studies of Spitzer/IRAC and submillimeter
companions to Hot DOGs (Assef et al., 2015, Jones et al., 2014,
Fan et al., 2017) and with recent observational studies of the
environment around the Hot DOGs W0410 at z=3.6 (Ginolfi
et al., 2022) and W1835 at z=2.35 (Luo et al., 2022).

6. Compared with radio galaxies and rest-frame UV bright quasars
at a similar redshift, Hot DOGs live in somewhat denser envi-

ronments (see Fig. 3.12).

The high overdensities identified for W2246-0526 and other Hot
DOGs suggest that these objects might be good tracers of dense re-
gions like proto-clusters at high redshift. Further studies of their en-
vironments, particularly at different redshifts and luminosities, and
considering different ways of selecting the potential nearby counter-
parts, will push forward our understanding of SMBHs, galaxies, and

large structure formation and evolution.
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A. LBG Candidates

The coordinates and magnitudes of all LBG candidates that were
selected based on the modified O04 and Y06 criteria are shown in
Table 3.3. Those selected solely by the Y06 criteria are shown in Ta-
ble 3.4. We also list the previously detected sources by Diaz-Santos
et al. (2016) and Diaz-Santos et al. (2018) in Table 3.5. Stamps of 8"
x 8" are shown in Figs. 3.13 and 3.14 for all LBG candidates. The
stretch in the stamps of all bands is linear and normalized to the
i-band flux of each source. We also show the stamps of the detected
sources by Diaz-Santos et al. (2016) and Diaz-Santos et al. (2018)
using the deep ALMA observations and stamps of W2246-0526 in
Fig. 3.15.
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TABLE 3.3: The list of selected LBG candidates in order of i-band magnitude from brightest to faintest using the modified selection criteria of 004
and Y06, the magnitudes are measured in 2" apertures.

LBG candidates Ra Dec rmag r'magerr i'mag imagerr z'mag zmagerr

LBGC1 341.5000812 -5.4621209 25.91 0.06 24.40 0.02 24.21 0.04

= LBGC2 341.5238785 -5.4738352  26.62 0.11 24.98 0.04 24.95 0.08
LBGC3 341.5634960 -5.4611731 26.93 0.15 25.07 0.05 24.60 0.05

LBGC4 341.5406383 -5.4077323  26.98 0.16 25.18 0.06 25.55 0.14

LBGC5H 341.5674046 -5.4257313 26.93 0.15 25.45 0.07 25.33 0.11

LBGC6 341.5546196 -5.4564413 27.22 0.20 25.51 0.08 25.84 0.18

LBGC7 341.5676332 -5.4255572  26.99 0.16 25.54 0.08 25.92 0.19

LBGCS8 341.5167494 -5.4631821 27.74 0.32 25.55 0.08 24.91 0.07

LBGC9 341.5434564 -5.4698341 27.06 0.17 25.61 0.08 25.47 0.13

LBGC10 341.5683588 -5.4263881 28.22 0.51 25.64 0.09 25.39 0.12

LBGC11 341.4862233 -5.4518122 27.37 0.23 25.72 0.09 25.55 0.13

LBGC12 341.4896542 -5.4596500 27.46 0.25 25.86 0.11 25.71 0.16

LBGC13 341.5260347 -5.4651164 27.48 0.25 25.88 0.11 25.66 0.15

LBGC14 341.5436721 -5.4741600 27.53 0.27 25.95 0.12 26.52 0.34

LBGC15 341.5239417 -5.4254533  28.58 0.71 26.01 0.12 26.01 0.21

LBGC16 341.5683885 -5.4150181 ;29.0 26.01 0.12 25.73 0.16

LBGC17 341.4860620 -5.4519042 28.53 0.68 26.03 0.13 25.56 0.14

LBGC18 341.5175633 -5.3935374 28.14 0.47 26.09 0.13 25.98 0.20

LBGC19 341.5725185 -5.4205112 28.15 0.48 26.10 0.13 25.67 0.15

LBGC20 341.5289983 -5.4473865 27.79 0.34 26.16 0.14 26.40 0.30

LBGC21 341.5316215 -5.4170330 27.91 0.38 26.17 0.14 25.73 0.16

@ LBGC22 341.4826847 -5.4571690 ;29.0 26.20 0.15 25.69 0.15
Um LBGC23 341.5347913 -5.4452524 ;29.0 26.24 0.15 26.44 0.31
M LBGC24 341.5055473 -5.4173291  ;29.0 26.24 0.15 26.00 0.21
S LBGC25 341.5244762 -5.4688419 27.76 0.33 26.30 0.16 26.38 0.30
o LBGC26 341.5619358 -5.4686734 28.11 0.46 26.35 0.17 26.52 0.34
w LBGC27 341.5160667 -5.4269681 27.95 0.40 26.36 0.17 26.06 0.22
) LBGC28 341.5059390 -5.4178372 ;29.0 26.41 0.18 26.53 0.34
Ax LBGC29 341.5148175 -5.4221763 ;29.0 26.41 0.18 26.28 0.27
pm LBGC30 341.5530543 -5.4439086  28.37 0.58 26.44 0.19 25.94 0.20
g LBGC31 341.5428250 -5.4423416 ;29.0 26.48 0.19 25.86 0.18
Anny LBGC32 341.5230371 -5.4030845 28.54 0.69 26.59 0.21 26.04 0.21
LBGC33 341.5228025 -5.4275428 28.48 0.65 26.63 0.22 26.21 0.25

LBGC34 341.5267696 -5.4423843 28.73 0.82 26.64 0.22 26.07 0.22

LBGC35 341.5189382 -5.4619869 ;29.0 26.65 0.23 26.40 0.30

LBGC36 341.4958418 -5.4524641 ;29.0 26.72 0.24 26.45 0.32

LBGC37 341.5494098 -5.4744106 ;29.0 27.04 0.33 26.46 0.32
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Appendix A. LBG Candidates
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TABLE 3.5: Diaz-Santos et al. (2016) and Diaz-Santos et al. (2018) list of two spectroscopically confirmed and potential companions in order of

i-band magnitude from brightest to faintest found through deep ALMA observations.

LBG candidates Ra Dec rmag r'magerr i'mag i'magerr z'mag z magerr
U1 341.5319518 -5.4427905 24.02 0.01 23.41 0.01 22.87 0.01
C3 341.5315566 -5.4424653 25.84 0.05 24.48 0.03 24.43 0.05
C2 341.5326256 -5.4440949 25.51 0.04 24.67 0.03 24.52 0.05
Knot 341.5322715 -5.4439102 25.13 0.03 24.92 0.04 24.58 0.05
U3 341.5300995 -5.4454121  25.77 0.05 25.42 0.07 24.58 0.09
U2 341.5303579  -5.4416845 26.64 0.11 25.59 0.08 25.52 0.13
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FIGURE 3.13: Postage stamps (8’ x 8”) of the selected LBG candidates using the
modified criteria of O04 and Y06 in each band.
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FIGURE 3.14: Postage stamps (8” x 8”) of the 18 LBG candidates that were selected
only by the modified criteria of Y06.
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FIGURE 3.15: Postage stamps (8” x 8”) of the W2246-0526, 2 spectroscopically con-
firmed companions (C2 and C3) and 4 potential companions (U1, U2, U3, and knot)
that were detected using deep ALMA observation by Diaz-Santos et al. (2016) and
Diaz-Santos et al. (2018). All those companions with W2246-0526 are shown in Fig.

3.7



Chapter 4

The Environment of Hot Dust Ob-

scured Galaxies

Zewdie et al., (2023b, in prep)

We present the identified Lyman Break Galaxy (LBG) candidates
in the vicinity of three hyper-luminous Hot Dust-Obscured Galaxies
(Hot DOGs): W0410-0913 at z=3.631, W0813+0140 at z = 3.912,
and W2246-0526 at z = 4.601. The work are based on the data al-
ready presented in Zewdie et al. (2023), but reanalized in a manner
consistent with that of the other Hot DOG fields. We used deep
Magellan /IMACS imaging in the g-, r,- and i-bands for the fields of
the first two targets. We optimized the photometric selection crite-
ria using the COSMOS2020 catalog. When comparing the density
of LBG candidates with the COSMOS2020 blank field, we find an
overdensity of sources around each Hot DOG. Our analysis revealed
that the overdensity of the two Hot DOGs observed with IMACS,
W0410-0913 and W0813+0140, shows a steep decline at distances
greater than 250°. The smaller field of view of GMOS precludes us
from confirming this for W2246-0526. This radial density profile

may indicate the broader structure of the cosmic environment. Our
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results strongly suggest that Hot DOGs are an excellent tracer of

protoclusters.

4.1 Introduction

The formation and growth of massive galaxies in the early universe
occurs through hierarchical merging (e.g., Bower et al., 2006, Collins
et al., 2009), wherein smaller galaxies merge over time to form mas-
sive galaxy and/or a larger-scale structures (Kauffmann et al., 1999).
The hierarchical merging of galaxies implies that the environment in
which galaxies are born and live can play a fundamental role in driv-
ing their evolution. This merging process is thought to be driven
by the gravitational interactions between galaxies, as well as the ac-
cretion of material onto supermassive black holes (SMBHs) at their
centers. SMBHs grow the majority of their mass through merg-
ers and through gas accretion during Active Galactic Nuclei (AGN)
phases. The existence of SMBHs in the early universe (e.g., Mazzuc-
chelli et al., 2017, ?) and the amounts of gas needed to fuel the rapid
growth necessary to create these 10 M., SMBHs require these objects
to live in the densest regions of the Universe. Some observational
studies show the existence of an overdensity around high-redshift
radio galaxies (1 < z < 5; e.g., Miley et al., 2004, Intema et al.,
2006, Venemans et al., 2002, Mayo et al., 2012), high-redshift quasars
(z 2 4; e.g., Morselli et al., 2014, Zheng et al., 2006, Garcia-Vergara
et al., 2017, Balmaverde et al., 2017), confirming these expectations.
These overdense environments also provide a unique opportunity to
understand the formation of large-scale structures such as protoclus-

ters.
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Spanning over two decades, the exploration of overdensities around
luminous high-redshift quasars and radio galaxies has notably deep-
ened our comprehension of the environment surrounding extremely
luminous, high-redshift obscured quasars throughout cosmic time.
Identifying most companion galaxies spectroscopically to these quasars
and radio galaxies is difficult due to their inherent faintness, so var-
ious methods based purely on photometric observations have been
devised to trace overdense regions around luminous quasars or ra-
dio galaxies. These include the selection of Lyman-Break Galaxies
(LBGs; e.g., Ouchi et al., 2004, Yoshida et al., 2006, Morselli et al.,
2014, Husband et al., 2013, Garcia-Vergara et al., 2017, Steidel et al.,
2003) through broad-band optical colors or Lyman alpha emitters
(LAEs; e.g., Kashikawa et al., 2007, Garcia-Vergara et al., 2019) via

narrow-band observations.

Hot Dust-Obscured Galaxies (Hot DOGs; Eisenhardt et al., 2012,
Wu et al., 2012), discovered through the Wide-field Infrared Survey
Explorer (WISE; Wright et al., 2010) mission, are some of the most
luminous and rare population of obscured quasars. These objects are
heavily obscured by dust and are powered by intense accretion onto
SMBHs, buried under enormous amounts of gas and dust. They are
strongly detected at 12 and 22 “m WISE bands while appearing faint
or undetected in the 3.4 and 4.6 "m ones. The extreme bolometric
luminosities of Hot DOGs, with Ly, > 103L., with some exceeding
Lpo > 10ML, (Tsai et al., 2015). These objects play a significant
role in influencing their host galaxies by inducing substantial gas
outflows (Diaz-Santos et al., 2016, Finnerty et al., 2020, Jun et al.,
2020).
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Numerous studies have been conducted using multiwavelength obser-
vations to comprehend the characteristics of the environments sur-
rounding Hot DOGs. Previous studies regarding the environments of
Hot DOGs have suggested that they might inhabit densely populated
regions (Assef et al., 2015, Jones et al., 2014, 2017, Fan et al., 2017).
In particular, Assef et al. (2015) studied a large number of Hot DOGs
through Spitzer /IRAC imaging and revealed that these objects sta-
tistically exist in dense environments similar to radio-loud AGN.
Jones et al. (2014, 2017) explored the overdensities of submillime-
ter galaxies (SMGs) and mid-IR Spitzer-selected galaxies situated in
proximity to Hot DOGs.Their findings suggest that Hot DOGs could
potentially reside in overdense environments similar as the CARLA
clusters (Assef et al., 2015, Wylezalek et al., 2013).

Recently, Ginolfi et al. (2022) studied the environment of W0410-
0913, z = 3.361 through VLT/MUSE observations, found a signifi-
cant overdensity 1473% of LAEs around it. Luo et al. (2022) found
an overdensity, 0 = 2 of distant red galaxies around W1835+4355 at
z = 2.3 using near-infrared observations conducted with the wide-
field infrared camera on the Palomar 200-inch telescope. Recently,
Zewdie et al. (2023) studied the environment of the most luminous
known Hot DOG, W2246-0526 at z = 4.601, using deep GMOS-S
imaging in the r, i, and z bands and revealed an overdensity J = 6
of LBGs around this Hot DOG within a scale of 1.4 Mpc. However,
they did not observe a radial profile overdensity of LBGs around it.
They suggested that the overdensity, likely a proto-cluster in early
collapse, lacks a clear central positioning for the Hot DOG. This Hot
DOG, despite being hyper-luminous and radiating beyond its Ed-
dington limit, Aggy=2.8 (Tsai et al., 2018), might not constitute the

most massive or central galaxy. Alternatively, its luminosity could
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affect intergalactic transparency, potentially leading to the alteration
of the LBG pattern. Deep ALMA observations, Diaz-Santos et al.
(2016, 2018) revealed the presence of companions around W2246—
0526 linked by dust-streams to the Hot DOG, extending to 30 kpc.
They suggested a triple merger, which signifies ongoing merging and
a locally dense environment. These studies suggest that Hot DOGs
reside in and underscore their potential as indicators for investigat-
ing, dense regions at high redshifts, where processes of galaxy for-

mation and evolution processes are enhanced.

In this work, we study the environment of three Hot DOGs: W0410-
0913, W0831+0140, and W2246-0526, by surveying their LBG com-
panions. Specifically, we investigate LBG candidates at redshifts
z ~ 3.631 and z ~ 3.912, selected as g-dropouts in the Inamori-
Magellan Areal Camera and Spectrograph (IMACS), and we used
the data from Zewdie et al. (2023), who studied the selection as
r-band dropouts at z ~ 4.601 in deep Gemini Multi-Object Spec-
trographs South (GMOS-S) imaging. We use optimized selection
functions based on the observations, redshifts and classifications of
the Cosmic Evolution Survey (COSMOS; Scoville et al., 2007) cata-
log. The Chapter is organized as follows: In Section 4.2, we discuss
the observations from IMACS, data reduction, photometric measure-
ment, and the COSMOS catalog. In Section 4.3, we discuss the opti-
mization of the selection function based on the color selection criteria
and we discuss the study of the color and spatial distribution of the
LBG candidates. In Section 4.4, we compare our results with other
Hot DOG and quasar environments presented in the literature. Our
conclusions are presented in Section 4.5. Throughout this Chapter,
all magnitudes are given in the AB system. We assume a flat ACDM
cosmology with Hy = 70kms 'Mpc~! and Qj; = 0.3. At a redshift
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of z = 3.631, W0410-0913 is observed at 1.696 billion years after
the Big Bang, and an observed spatial scale of 1”7 is equal to 7.222
kpc. Similarly, at a redshift of z = 3.912, W0831+0140 is observed
at 1.554 billion years after the Big Bang, with an observed spatial
scale of 1” being equal to 7.014 kpc.

4.2 Observation and data reduction
4.2.1 Magellan/IMACS Observations

We used the IMACS instrument at the Magellan Baade telescope to
obtain deep images in the g¢-, r-, and i-bands of the fields around
WO0410-0913 at z=3.621 and WO0813+0140 at z=3.912 on the night
of UT2019-11-25 (Program: PI R.J. Assef). The average seeing was
1.02"”, 1.07”, and 1.08” for the W0410-0913 observations in the g¢-,
r-, and ¢-bands, respectively, with airmass ranging 1.07 to 1.15. For
the W08314+0140 observations, the r-band exhibited a better mean
seeing of 0.81” compared to the ¢g- and i-bands, which were 1.1”7 and
1.01”, respectively, with the airmass ranging from 1.17 to 1.54. All
images were obtained with a pixel scale of 0.22" pix~!'. The details

of the observations are summarized in Table 4.1.

4.2.1.1 IMACS data reduction

We reduced the IMACS observations by applying bias and flat field
corrections using Theli (Schirmer, 2013). The raw IMACS images
have no World Coordinate System (WCS) information, so we devel-
oped a simple python package! to calibrate the image astrometry.

We first made an initial guess based on the telescope information in

"https://github.com/TrystanScottLambert/imacs_wcs
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FIGURE 4.1: Left Panel: r-band image of W0410-0913. Black circles and polygons

show the masked area that we did not use for our LBG selection (see Section 4.2.1.2 for

details). The cyan circles indicates the area of the Hot DOG at the centered position,

and the red circle represents the position of W0410-0913. Right Panel: r-band image of

W0831+40140. Black circles show the masked area that we did not use for our selection.

The cayn circles indicates the area of the Hot DOG at the centered position, and the

red circle represents the position of W0831+4-0140.
the image headers. We then cross-match our sources with objects in
Gaia DR3 (Gaia Collaboration et al., 2023) using the astroquery
package. The pixel to world relation was then used to define an ac-
curate wcs object for each image. We found that the initial guess

was off by about 20”. Finally, we used Swarp? to coadd our images.

There are a number of saturated stars, particularly in the field of
WO0410-0913, with large saturation spikes that cause irregular sys-
tematic features in the image, so we applied some conservative mask-
ing to avoid the detection of spurious sources. The final masked
images are shown in Figure 1. We have estimated the usable area
by generating 10° randomly uniform points distributed throughout
the image and counting the fraction of unmasked points. The usable
2

area remaining after is ~ 213 arcmin? and ~ 236 arcmin?, respec-

tively for the W0410-0913 and W0831+0140 fields. As can be seen

2Swarp version 2.3 8
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in Figure 4.1, our IMACS observation is not centered on the Hot
DOGs. We repositioned the cropped-out positions of our targets to
be at the center of the images. We trimmed them to an area of 8.5
by 8.5 arcmin? for W0410 and 7.5 by 7.5 arcmin® for W0831.

4.2.1.2 Photometry

We carried out the photometry using fixed 2” diameter apertures
with SExtractor® (Bertin and Arnouts, 1996) in dual-image mode,
using the r-band image for source detection. Our approach involved
applying a detection and analysis threshold requiring a minimum
of 3 pixels detected above 1.50. We applied a 5x5 convolution filter
based on a Gaussian Point Spread Function (PSF) with a Full Width
at Half Maximum (FWHM) of 3.0 pixels. For reference, the seeing
in the r-band was 4.9 and 3.7 pixels respectively for W0410-0913
and WO0831+0140. For the background, we used a global model with

mesh and filter sizes of 32 and 3, respectively.

The photometric calibration was conducted using data from the
Panoramic Survey Telescope & Rapid Response System (Pan-STARRS)
Survey (Tonry et al., 2012). We exclusively considered point sources,
which were selected based on the probabilistic classification of un-
resolved point sources with a ps_score greater than 0.83, following
the suggestion by Tachibana and Miller (2018)%. The Pan-STARRS
point sources were cross-matched with the sources from our imaging
using a 1 arcsec radius and we found 346 and 414 matches within
the unmasked areas of the W0410-0913 and W0831+0140 fields re-
spectively. To avoid issues with saturation and non-linearity in the
IMACS images and issues with low SNR detections in PanSTARRS,

3SExtractor version 2.28
‘https://outerspace.stsci.edu/display/PANSTARRS/How+to+separate+stars+and+galaxies
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we perform the photometric calibration in the IMACS g, - and
i-bands using objects with PanSTARRS magnitudes in the range
of 17.2-21.5 (67 sources), 17.0-20.8 (99 sources) and 16.9-20.0 (95
sources) respectively in the field of W0410-0913. In the field of
WO08314-0140, the ranges used were 17.8-20.5 (106 sources), 17.8—
21.0 (102 sources) and 18.7-20.5 (132 sources) for g, r and i respec-
tively. We found two color terms were needed, so we used the g-r
and r-1 PanSTARRS colors for the IMACS r-band, and the r-i and i-z
PanSTARRS colors for the IMACS z-band. The 1, 3 and 50 depths

of the image stacks are shown in Table 4.1.

We estimated the photometric constant considering point sources
with magnitudes: for W0410-0913, 17.2 < g < 21.5 (67 sources),
17.0 < r < 20.8 (99 sources), and 16.9 < i < 20.0 (95 sources)
in Pan-STARRS. For W0831+4-0140, 17.8 < g < 20.5 (106 sources),
17.8 < r < 21.0 (102 sources), and 18.7 < ¢ < 20.5 (132 sources)
in Pan-STARRS. We found that to calibrate the g-band IMACS
observations, a single color term, g-r from PanSTARRS was needed
in addition to the PanSTARRS g-band magnitude. For the r- and
i-band IMACS observations

4.2.2 Gemini GMOS-S data

We also used deep imaging data in the -, i-, and z-bands of Gemini
GMOS-S presented by Zewdie et al. (2023). This study focused on
examining the environment of W2246-0526 and comparing it with
the SDF/SXDF blank field. The magnitude limits of the detected
sources in the observations were established based on the 3o limit
of the ¢- and z-band magnitudes, which are 27.16 and 26.57, re-
spectively. Additionally, the r-band magnitude was required to be
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brighter than the 1o limit, which is 29.0. The field of view of GMOS-
Sis 5.5 x 5.5. In their study,Zewdie et al. (2023) masked the area
around bright saturated stars.. They also masked the spikes and the
border of the image, resulting in a usable area of 23.7 arcmin?. For

detailed information regarding the observations, we refer the reader

to Zewdie et al. (2023).

4.2.3 COSMOS data

The COSMOS field (Scoville et al., 2007) offers a unique and multi-
wavelength dataset covering a relatively large area of ~2 deg?. Here,
we use Here, we use the COSMOS2020 catalog (Weaver et al., 2022)°,

with detection of over ~1.7 million sources.

We, specifically, use the Subaru HSC g-, r-, i- and z- photometry of
the sources in the COSMOS2020 catalog. We only considered sources
that were detected without photometric issues caused by saturated
stars and their spikes. We require sources to be in the combined re-
gion (i.e., to have FLAG_COMBINED=0, hereafter, combined cata-
log) to ensure a uniform quality of photometric redshifts and object
classifications. The area of this combined region is 1.278 deg?. As
discussed earlier, we use the COSMOS field both as a blank to as-
sess the magnitude of the overdensities, as well as to optimize the

selection function (see Section 4.3.

4.3 Selection function optimization

We use the COSMOS2020 catalog to define optimal selection func-

tions for companions. In order to optimize the selection function,

"The COSMOS2020 catalog is available for download at https://cosmos2020.calet.org/
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we used the HSC ¢, r, i, and 2z observations of COSMOS (see Sec-
tion 4.2.3), as the depths of these observations are deeper than our
IMACS observations and comparable in depth to the GMOS-S obser-

vations. The filter curves are very similar between the instruments.

Specifically, we derive the selection function for the field of each of
the three Hot DOGs, W0410-0913 at z = 3.631, W0831+0140 at
z = 3.912, and W2246-0526 at z = 4.601, by optimizing the selec-
tion of sources within +/-0.1 units of redshift from each Hot DOG.
The combined catalog has a total of 723,897 sources and includes
spectroscopic or accurate photometric redshift estimates, as well as
separate classifications for galaxies, stars, X-rays, and failures, which

enable us to estimate the contamination level.

As mentioned earlier, the HSC observations of the COSMOS field
are much deeper than our IMACS observations. This is not ideal as
the sources in COSMOS will have a different scatter than those in
our IMACS fields that could impact the efficiency of the selection
function. To account for this, we added noise to the HSC COSMOS
photometry to match that of our observations. We modeled the

photometric uncertainty as a function of magnitude in our IMACS
fields as:

om(m) = Ae’™ (4.1)

where dm is the magnitude error, m is magnitude, and A and 3 are

constants to fit for.

As shown in Table 4.2, we find 8 and A values for each filter in both
Hot DOG fields. We note that for background dominated uncertain-
ties, one would expect § = 0.92, which is very close to the best-fit
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TABLE 4.2: Constants to model the photometric uncertainty as a function of magni-
tude in our IMACS fields.

Hot DOGs filters I3 A (1071

¢ 0903  0.801
W0410-0913 r 0.896  2.035
i 0901  3.371
¢ 0905  0.909
W0831+40140  r  0.894  3.022
i 0902  3.350

values. Using this relation, we create a simulated version of the COS-
MOS data for the depth of each of the IMACS field. Specifically, for
every object in COSMOS2020, we simulate a new magnitude as a
random draw from a Gaussian distribution with mean equal to the
COSMOS HSC magnitude in the respective band, and a dispersion
equal to dm?(m)—dm¥go)'/?, where dmpysc is the photometric uncer-
tainty of the HSC observations. We exclusively consider sources that
are brighter than the 1o depth in the r- and i-bands. For sources
fainter than the 1o depth in the g band, we treat them as upper lim-
its without simulating their magnitudes. Similarly, for W2246-0526,
where the 1o depth in the r band applies, we also treat the sources
as upper limits. The GMOS-S observation are similarly deep to the
HSC observations of the COSMOS field, and therefore it was not
necessary to modify the COSMOS2020 magnitudes.

We optimize the selection separately for each of our fields.We con-
sider COSMOS sources according to specific criteria to minimize the
effects of contaminants. In the g-, r, and ¢-bands, we select sources
fainter than 20 mag. In the i-band, our criteria include selecting
sources fainter than the Hot DOG and brighter than the 30 depth of
our images in the r- and i-bands. Specifically, for the IMACS sources,
we apply an i-band magnitude limit of i=23.95 for W0410-0913 and
i=22.33 for W0831+0140. Similarly, for Hot DOG W2246-0526, we
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select COSMOS sources fainter than 20 mag in the r- and i-bands
and sources in the z-band fainter than the Hot DOG (z=22.31). In
the i- and z-bands, we ensure that these sources are brighter than
the 30 depth of our images. We do this because it is unlikely that
companions will be brighter than the Hot DOG, so it is better to

focus the optimization on the fainter sources to avoid contaminants.

We assume general shape of the selection function compatible with
those of Ouchi et al. (2004). Specifically, our selection function re-
quires: i) that sources are red in the bluest color (g-r or r-i depending
on the field) to target the Lyman break and the break due to IGM
absorption; ii) that sources are blue in the reddest color (r-i or i-
z depending on the field); and iii) that they are above a diagonal
color threshold joining criteria i and ii to avoid contamination from
the lower redshift galaxies. We optimize the selection function by
maximizing the contrast of the number of galaxies in the intended
redshift range (Ntarg) With respect to contaminants. Specifically, we

maximize the function:

N- Targ

0= :
(NTarg + Nlowz + Nhighz + NStars + NX—ray + NFail)1/2

(4.2)

where N,y are the galaxies with redshifts below the targeted range,
Nyign. are the galaxies with redshifts high the targeted range, Nrarg.
are the galaxies with redshift targeted +/-0.1, Ngtars are the stars in
COSMOS, Nx_yay are the X-ray sources in COSMOS, and Ng, are
the failures in COSMOS, which are failure in the fit (most of these
objects have less than 1 band, the reader refers the COSMOS2020
catalogue and Weaver et al., 2022).

The optimized selection functions are:
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g—r>1.017,
r—1 < 0.498,
g—r>1449(r —i) +0.881,  for W0410-0913, z = 3.631. (4.3)

g—r>1.354,
r—1 < 0.585,
g—r>1311(r — i) 4+ 0.789, for W0831+4-0140, z = 3.912.
(4.4)
r—1 > 0.968,
1 — 2z < 0.315,

r—i>1466(i —z)+0.788,  for W2246-0526, z = 4.601. (4.5)

Figures 4.2 - 4.4 show the color distribution of all sources used to op-
timize the selection functions. The right panels of the Figures also
show the colors of representative galaxy templates from Coleman
et al. (1980), in the redshift range of 0-3. The figure also shows the
colors of the LBG composite spectrum from Shapley et al. (2003),
shifted within the redshift range of 3.0-4.5, with the assumption of
the mean intergalactic medium (IGM) optical depth at this red-
shift (i.e., k=1), following the methodology outlined by Zewdie et al.
(2023) and accounting for IGM absorption. The figure shows that
our optimized selection should not be significantly affected by con-

taminants. Those low-redshift galaxies are not within our selection
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FIGURE 4.3: Same as Figure 4.2 but for optimizing the selection of companions to
W0831+4-0140 in the redshift range 3.912 £+ 0.1.

criteria.

4.3.1 Selected LBG candidates

We applied the magnitude limits that we used to optimize the se-

lection functions described in the previous section to select LBG
cadidates around each Hot DOGs field and we found 465, 914, and
89 LBG candidates around W0410-0913, W0831+0140, and W2246—
0526, respectively. The Hot DOGs were not positioned at the center
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in the COSMOS field used to optimize the selection of companions to W2246-0526 in

the redshift range 4.601 £ 0.1. Symbols are defined in the same way as in Figure 4.2.

The figure also shows the selection function adopted by Zewdie et al. (2023) based on

those of Ouchi et al. (2004, cyan) and the Yoshida et al. (2006, black). See Zewdie et al.

(2023) for details. The gray lines color-redshift track of the LBG composite spectrum

of Shapley et al. (2003) with the IGM absorption of Madau (1995) shifted from z = 4.0

to z = 5.5, and the dots in each track indicate dz = 0.25 bins.
of our IMACS observations. We considered the region around the
Hot DOG as the center up to a maximum radius; we refer to this area
as the smaller region (see Figure 4.1, the circle region). Within this
smaller region, we applied our selection criteria, we found 173 and
259 LBG candidates in the fields of W0410-0913 and W0831+0140,

respectively.

Figure 4.5 and 4.6 shows that the color distribution of all detected
objects and the selected LBG candidates in each Hot DOG field.

We scaled and calculated the overdensity of each Hot DOG using
the COSMOS filed as a blank field (see Table 4.3).

We also applied magnitude limits for W2246-0526 and found 89
LBGs around the Hot DOG. Interestingly, we discovered a similar
number of LBGs as Zewdie et al. (2023) did, using the modified Y06
selection criteria and accounting for contamination removal. How-
ever, the selection functions are not similar, and Zewdie et al. (2023)

did not estimate the contaminants. However, W2246—0526 is not
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FIGURE 4.5: Left and right panels: Distribution of the g — r vs r — ¢ colors of sources
around W0410-0913 at z = 3.63 and W0831+0140 at z = 3.92, respectively. In both
of the panels, the gray dots represent detected sources, and the blue dots represent the
LBGs around each field. The magenta lines represent the optimized selection criteria
using the combined catalog from the COSMOS field.

selected as an LBG in our study, nor in the study by Zewdie et al.
(2023). The optimized selection function includes more sources with
bluer colors, and the redward slope is higher (refer to eqn. 4.5 and

Zewdie et al., 2023, equations 3 and 4)

Figure 4.7 shows the distribution of magnitudes among the selected
LBG candidates around the two Hot DOGs in the three bands. No-
tably, the magnitudes in the r- and i-bands exhibit similar distribu-
tions, as expected due to the flat UV spectral energy distributions
of LBGs.
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z = 4.6. The gray dots represent detected sources, and the blue dots represent the
LBGs around each field. The magenta lines represent the optimized selection criteria
using the combined catalog from the COSMOS field. The details description of the
selection function the same as 4.4

4.3.2 Overdensity of LBG around the Hot DOGs

We estimate the magnitude of the overdensities using the surface
density of sources identified in the COSMOS field using the opti-
mized selection criteria. Specifically, We estimated the overdensity

without considering contamination (§) and with contamination (4').

0= E—E and § = 1\11\?%;1(\;]:5 , where Np is the total number of sources se-
lected in our field, NI is the total number of objects that are selected
as LBGs, N§¢ represents the number contaminants selected as LBGs
in the COSMOS field (see 4.2). For W0410-0913, we found an over-
density of 6 = 1.567)12 and § = 5.37752, while for W0831+0140,
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FIGURE 4.7: Left panel: Distribution of magnitudes of the selected LBG candidates at
z = 3.631 in the W0410-0913 field. Middle panel: Magnitude distribution of selected
LBG candidates in the field of W0831+4-0140 at z = 3.912. Right panel: Distribution of
magnitudes of selected LBGs around the W2246-0526 field at z = 4.601.

the overdensity § = 4.627)36 and & = 30.837(39. We also estimated
the overdensity by making the Hot DOGs at the center to the max-
imizing radius, we observed significantly higher overdensity values
compared to the entire area. Specifically, for W0410-0913, the over-
density 0 = 247793 and ¢ = 12.44%431 and for W0831+0140, the
overdensity § = 5.297082 and § = 36.0071}5. We also estimated
the overdensity of W2246-0526 and found that § = 2.12704 and
§ = 6.8872%. As can be shown in Table 4.3, the ovrdensity of LBGs
around the Hot DOGs, which suggest that these objects live in quite

dense environment.

Zewdie et al. (2023) found an overdensity of LBG candidates around
the Hot DOG W2246-0526. They reported overdensities of § =
7.1711 (0 = 5.1773) using the modified selection criteria from Ouchi
et al. (2004) in the SDF (SXDF), and an overdensity of § = 5.271"
using the criteria from Yoshida et al. (2006). We found similar figures

of overdensity when considering potential contaminants as those that




Chapter 4. 117

Zewdie et al. (2023) found using the modified selection criteria from

Ouchi et al. (2004) in the SDF field.

Ginolfi et al. (2022) studied the overdensity of LAEs around W0413-
0913 using MUSE/VLT, and they identified 24 LAEs associated with
this Hot DOG. In our observation, we also identified 10 of these
LAESs, three of which were classified as LBGs. Among these, three
were faint in the i-band, while one exhibited a brighter i-band. Inter-
estingly, both W0410-0913 and W0831+0140 are selected as LBGs.
These objects might have intense star formation and less dust ob-
scuration, or the AGN activity might not be completely dominating

their emission.

Figures 4.8 - 4.10 show the comparison of the counts LBG candidates
in the fields of W0410-0913 and W0831+0140 as a function of ap-
parent i-band magnitude and W2246-0526 as a function of apparent
z-band magnitude. A noticeable trend is observed where the overden-
sity decreases towards fainter ones. To keep things straightforward,
we calculate the uncertainties in our surface density by taking the
square root of the number of LBG candidates within each magnitude

bin, without accounting for cosmic variance.

4.3.3 7riz-LBGs in COSMOS vs SDF/SXDF

As we discussed in the previous section, We studied, considering only
sources fainter than the Hot DOG in the z-bands, and found inter-
esting results. Zewdie et al. (2023) studied the overdensity of LBGs
around W2246-0526 using the SDF and SXDF as blank fields. How-
ever, we did not specify the magnitude range in the z-band. Zewdie
et al. (2023) addressed this aspect by considering the z-band mag-

nitude when estimating overdensity comparisons. We used the same
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TABLE 4.3: Statistical information of the three Hot DOGs

Hot DOGs  Area (deg?) Selected sources in COSMOS field ~Selected objects in our field o 0
LBG candidates / Contaminants
W0410—-0913  0.05914 38 / 261 465 1.56+012  5.37+0.95
0.01380 9 /61 173 2.47+035 12 444431
WO0831+0140  0.06543 24 / 174 914 4.62%0-36  30.83%6-39
0.01604 6/ 43 259 5.20%082  36.00+14.9
W2246-0526  0.00658 8 /34 89 2.121040 ¢ 88+2.60

Chapter 4.
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FIGURE 4.9: Surface density of the selected LBG candidates around W0831+0140
(filled blue stars) and the selected objects in the COSMOS field (gray solid circles).

Left panel: the selected LBGs in the full image, and the right panel shows a smaller
area as depicted in Figure 4.1.

z-band magnitude range as mentioned in both Ouchi et al. (2004)
and Yoshida et al. (2006), both of whom used the SDF instrument.

However, there are slight differences between the observation field

of view (area) and the magnitude range they used. We applied the

selection criteria modified by Zewdie et al. (2023) due to considera-

tions of filter curve differences and intergalactic medium absorption

at z = 4.6. Whereas, given the similarities in filter curves between

the GMOS instrument and HSC, we used these selection criteria to
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FIGURE 4.10: Surface density of the selected LBG candidates around W2246-0526

(filled blue stars) and the selected objects in the COSMOS field (gray solid circles).
compare the overdensity between the two fields. We also compared
the overdensity using Zewdie et al. (2023) selection criteria against
the overdensity estimated using the SDF in Ouchi et al. (2004) and
Yoshida et al. (2006). Our findings reveal that the COSMOS field
exhibits greater density than the SDF /SXDF field. However, we did
uncover slight differences between the two selection criteria, which
is an intriguing result. We found that the COSMOS field is 2.7
times denser than the SDF, while using the criteria of Yoshida et al.
(2006), it is 1.6 times denser. Furthermore, we conducted a com-
parison with the SXDF and found that the density of the COSMOS
field is 2.1 times higher. We checked the targeted coordinates for all

fields and confirmed that they are located significantly away from
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FIGURE 4.11: Spatial distribution of LBG candidates as a function of distance to
W0410-0913. We count the number of LBG candidates in annuli with 20 arcsec radius
intervals avoiding the inner 1 arcsec (7.222 kpc). The vertical dashed red lines represent
the radius (256 arcsec) of the circle, as shown in Figure 4.1.

Galactic coordinates.

4.3.4 Spacial distribution

Figures 4.11 and 4.12 show the density of LBG candidates as a
function of distance to W0410-0913, and W0831+0140, respectively,
measured in 20” wide annuli centered on the Hot DOG, with the first
annulus beginning at 1”. As can be seen in the figures, the overden-
sity of LBGs tentatively show a profile centered around these Hot
DOGs. However, in the case of W2246-0526, we could observe this
radial profile. Nonetheless, the observed physical scale is is smaller
~1.5Mpc, which might be related to the area that we have consid-

ered.
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4.4 Discussion

Our analysis has revealed that the three Hot DOGs we are studying
reside in clearly overdense environments. We estimated the overden-
sity of LBG candidates around each field in two ways (see Section

4.3.2): 1) by considering all selected sources in the blank field as
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LBGs (without contaminants), d, and 2) by accounting for poten-
tial contaminants in the blank field, ¢’. These contaminants include
Niow-, representing galaxies with redshifts below the targeted range,
and Nygn, representing galaxies with redshifts above the targeted
range. Additionally, we considered stars, X-ray sources, and fail-
ures, but only LBGs with redshifts within the targeted range 40.1

were included.

For W0410-0913, we found that § = 1.567013 and &' = 5.37"002,
while for W0831+0140, the overdensity was § = 4.627030 and § =
30.837039. Additionally, when considering the maximum area that
keeps the Hot DOG at the center in all directions, we observed signif-
icantly higher overdensity values compared to the full area. Specif-
ically, for W0410-0913, the overdensity was § = 2.471032 and §' =
12.44%43 and for W0831+0140, the overdensity was § = 5.297052
and &' = 36.007149.

Furthermore, we reanalyzed the study of the environment of W2246—
0526 using optimized selection criteria and found § = 2.12%%40 and
&' = 6.88730 times the number of sources found in the COSMOS
field. When considering potential contaminants, we obtained a sim-
ilar result with modified selection criteria Zewdie et al. (2023) and

Ouchi et al. (2004), yielding § = 7.11 1.

Previous studies (e.g., Assef et al., 2015, Jones et al., 2014) have sug-
gested that Hot DOGs reside in dense environments. As mentioned
earlier, Zewdie et al. (2023) recently performed a comparison involv-
ing the overdensity of Hot DOGs, quasars, and radio galaxies, as
illustrated in their Figure 12. In Figure 4.14, we have adapted their
figure by adding the overdensity of the three Hot DOGs. Zewdie et al.
(2023) estimated the overdensity and studied the spatial distribution
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FIGURE 4.14: Adapted from Zewdie et al. (2023), overdensity around high redshift
radio galaxies, quasars, and Hot DOGs as a function of redshift. We added additional
overdensity figures for Hot DOGs to their figure.

as a function of the distance to the Hot DOG. They found that there
is no clear indication of clustering in the radial profile. However, we
observed a clear overdensity of LBGs around Hot DOGs, as shown
in Figure 4.13. It is important to note that the overdensity is quite

similar, but clustering depends on the selection function.

It is worth noting that other galaxies can also inhabit dense environ-
ments. The dense environments of Hot DOGs may be related to their
unique properties, such as extreme infrared luminosities and high ac-
cretion rates onto SMBHs. However, further studies are needed to
fully understand the relationship between galaxy properties and their

environments.

We found a higher overdensity of LBGs surrounding Hot DOGs com-
pared to other types of quasars, implying that Hot DOGs exist in
more densely populated regions. This finding suggests that Hot
DOGs inhabit considerably overdense environments, indicating the
potential influence of these surroundings on their evolutionary path-
ways. Consequently, Hot DOGs could serve as potential indicators

for protoclusters at high redshifts.
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4.5 Conclusions

In this work, we present IMACS and GMOS-S observations of three
Hot DOGs to study their environments and search for LBGs around
each target redshift. The IMACS field of view is larger, enabling us
to identify a large sample of LBGs around W0410-0913 at z = 3.631
and W0831+0140 at z = 3.912, and we reanalyzed W2246-0526 at
z = 4.601. We optimized the selection criteria using the COSMOS
combined catalog, resulting in selected LBG candidates based on
these optimized criteria. However, in our IMACS observations, the
Hot DOGs were not centered. We studied the environment of these
Hot DOGs across the entire field of view. Additionally, we studied
the environment by considering the maximum area that keeps the
Hot DOG at the center in all directions, with radii of 4.3" and 3.8’
from the Hot DOGs, W0410-0913 and W0831+0140, respectively.

Our main findings are as follows:

1. We estimated the overdensity of LBG candidates around three
Hot DOGs, covering the entire field of view (the maximum
area that keeps the Hot DOG at the center in all directions).
For W0410-0913, we found § = 1.56%) 15 and & = 5.377072
(6 = 247703 and ¢ = 12.447431) and for W08314-0140, 6 =
4.6270:36 and ¢ = 30.8378:39 (5 = 5.297082 and ¢’ = 36.007117).
We also re-estimated the overdensity of W2246-0526 and found
§ = 2.125040 and § = 6.8875 times the surface density of LBGs
expected in the COSMOS field.

2. Figure 4.11 and 4.12 show the density of LBG candidates as
a function of distance from the Hot DOG, counted in rings

of 20 arcsec widths starting 17 away from W0410-0913 and
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WO0831+0140, while Figure 4.13 shows the same counting start-
ing 2 arcsec away from W2246—0526. We can observe a clear

radial profile centered on the Hot DOGs.

3. The 3 Hot DOGs live in overdense environments. Our results
are qualitatively consistent with recent observational studies of
the environments around Hot DOGs, such as W0410-0913 at
z = 3.6 (Ginolfi et al., 2022), W1835+44355 at z = 2.35 (Luo
et al., 2022), and W2246-0526 at z = 4.601 (Zewdie et al., 2023),
as well as with statistical studies of Spitzer/IRAC and submil-
limeter companions to Hot DOGs (Assef et al., 2015, Jones et al.,
2014, Fan et al., 2017).

We also compared our work with previous overdensity studies involv-
ing tracers such as LBGs, LAEs, and other companions around Hot
DOGs, quasars, and radio galaxies. We found a higher overdensity
of LBGs around Hot DOGs. This correlation might be linked to the
high-density region, suggesting that Hot DOGs are strong candidates
for protocluster searches. Consequently, further follow-up spectro-
scopic observations are requied to confirm the presence of LBGs, as
well as to identify faint LAEs using instruments like JWST, HST,
and VLT, within these fields on a larger scale.
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Conclusions and Outlook

In this thesis, we presented a comprehensively study the AGN and
star-formation properties of inside-out assembled galaxies, and the
environment of extremely luminous Hot DOGs. The summary of our
work, the conclusions drawn, and future directions are presented in

this chapter.

5.1 General summary

The thesis specifically focuses on achieving two major research projects.
In the first project, presented in Chapter 2, we characterized the
physical properties of IOAG candidates, aiming to gain a better un-
derstanding of the nature of inside-out growth and the connection
between environments, AGN, and galaxy evolution. The second area
of focus, covered in Chapters 3 and 4, involves characterizing the en-
vironments of Hot DOGs by identifying companion Lyman Break

Galaxies.

127
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5.2 Conclusions

The main results from this comprehensive analysis are:

We studied the physical properties of galaxies expected to show
inside-out stellar mass assembly, and their morphologies, fo-
cusing on the relationship between AGN and star formation.
Specifically, We studied galaxies within a stellar mass range of
log M* = 10.73 —11.03L, and redshift z < 0.1, using data from
SDSS DRS8, WISE, GALEX GR6+7, and Galaxy Zoo. Pérez
et al. (2013) found that in this stellar mass range the inner re-
gions (< 0.5Rs5p) of galaxies reached 80% of their final stellar
mass twice as fast as in the outskirts. Using the BPT diagram
for sources with emission lines exhibiting a signal-to-noise ra-
tio (S/N) greater than 3, we identified a substantial fraction
of AGN, 40% (33% as LINERs, and 7% as Seyfert 2 galax-
ies) and composite galaxies (40%) within the subset of galaxies
possessing sufficiently strong emission lines for this classifica-
tion. Notably, IOAG candidates classified as LINERs exhib-
ited the lowest SFRs, with a median log SFR/[Myr~'] of -1.14.
Among these, those with a morphological classification skewed
predominantly towards being spirals (35%), rather than ellipti-
cals (14%). Remarkably, the majority of these sources (76%) are
located below the main sequence of star formation in the SFR-
stellar mass diagram, and in the green valley or red sequence in
the color-stellar mass diagram. These results suggest that AGN

could have an important role in quenching SF in galaxies.

We presented the environment study using deep Gemini GMOS-
S imaging in the r, 7, and z bands. We identified LBG candidates
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in the vicinity of W2246-0526 by applying the selection criteria
developed by O04 and Y06 in the Subaru Deep Field and the
Subaru XMM-Newton Deep Field. These criteria were slightly
modified to account for differences in the filters used. As a
result, we found 37 and 55 LBG candidates in the two fields,

respectively.

Furthermore, we optimized the selection criteria using the COS-
MOS2020 photometric redshift catalog and the HSC r, i, and 2
bands, identifying a total of 89 LBG candidates in the COSMOS
field. We also estimated the overdensity of LBGs around this
Hot DOG by comparing with the SDF, SXDF, and COSMOS
fields for both the modified O04 and Y06 selection criteria.

The results indicated an overdensity of § = 7.17}'1 (6 = 5.11}2)
for the modified O04 selection criteria in the SDF (SXDF), and
an overdensity of § = 5.271- for the Y06 selection criteria, and
an overdensity § = 2.1270 for is the optimized selection in the
COSMOS field, assuming that all the selected sources in COS-
MOS are LBGs. Additionally, due to the information provided
by COSMOS, we are able to estimate the contamination. An
overdensity of § = 6.887%% was observed with the optimized
COSMOS selection, factoring in the potential contamination in
the field. The similarity between the overdensity 6 and the re-
sult obtained with the modified O04 criteria in the SDF field
suggests minimal contamination when employing the modified
004 selection function, as they indicated negligible contamina-
tion. However, when considering the SXDF and SDF with the
modified Y06 selection criteria, we observed a lower level of over-

density. This suggests a potential increase in contamination for
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both the SXDF and SDF fields based on the modified Y06 se-
lection criteria. However, there is a possibility of overestimating
contamination in COSMOS. Similarly, we do not expect all the
selected sources in COSMOS to be LBGs. Therefore, we as-
sume that the overdensity lies between ¢ and ¢, implying that
8§ < Gepect < 0.

We further investigated two additional Hot DOGs using deep
Magellan /IMACS imaging in the ¢, , and 7 bands. LBGs were
selected around W0410-0913 and W0831+0140 using the op-
timized selection criteria, as determined by the COSMOS2020
photometric redshift catalog and the HSC ¢, r, and ¢ bands. Our
optimized selection function factors in selected sources within

A = +0.1.

We estimated the overdensity without considering contamina-
tion (0) and with contamination (&), while also taking into ac-
count the central area (where the Hot DOG is kept at the center)
and the extended area (as outlined in Table 4.3). For W0410-
0913, we found an overdensity of § = 1.567015 and § = 5.377002,
while for W083140140, the overdensity was § = 4.62703% and
0 = 30.8316:39

However, when considering the entire field of view, including the
maximum area that keeps the Hot DOG at the center in all direc-
tions, we observed significantly higher overdensity values com-
pared to the full area. Specifically, for W0410-0913, the overden-
sity was 0 = 2.47703% and & = 12.447}31 and for W0831-+0140,

the overdensity was § = 5.2970%2 and ¢ = 36.007{}¢.
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We discovered an overdensity of LBGs around 3 Hot DOGs,
irrespective of the differences in overdensity values. When ex-
amining the spatial distribution of LBGs as a function of dis-
tance from the Hot DOG, counting them in rings of 20 arcsec
widths starting 1 arcsec (W0410-0913 and W0831+40140) and
2" (W2246-0526) away from each Hot DOG, we observed a dis-
tinct radial profile in all of the Hot DOGs. However, as can
be seen Figure 3.9 we did not see a clear radial profile around
W2246-0526 when we used the modified O04 and Y06 selection

criteria .

We discovered an overdensity of LBGs around 3 Hot DOGs,
regardless of the differences in overdensity values. When exam-
ining the spatial distribution of LBGs as a function of distance
from the Hot DOG, we counted them in rings with widths of
20 arcseconds, starting 2 arcseconds away from each Hot DOG.
We observed a distinct radial profile in two of the Hot DOGs,
namely W0410-0913 and W0831+4-0140. However, a clear radial
profile was not discernible around W2246-0516. This lack of a

clear profile could be due to several factors:

a) The overdensity might be in an early stage of collapse and

has not yet fully virialized.
b) While this Hot DOG is the most luminous object in the

structure and radiates significantly above the Eddington
limit, it might not be the most massive or central galaxy

within the structure.

¢) The intense radiation emitted by the Hot DOG could poten-
tially impact the transparency of the IGM around it, possi-
bly affecting the radial pattern in the LBG overdensity.
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d) The overdensity might be we are looking smaller physical

scale

Furthermore, this discrepancy could also be attributed to the
field of view of our observation. The IMACS instrument has a
field of view 9 times larger than GMOS-S, which might suggest a

potential connection with the specific area that we are observing.

Compared with radio galaxies and rest-frame UV bright quasars
at a similar redshift, Hot DOGs live in somewhat denser envi-
ronments (refer to Figure 4.14). This significant overdensity
strongly indicates that Hot DOGs are excellent indicators for

protoclusters at high redshift.

Previous statistical studies have found significant overdensities of
submillimeter- and mid-IR-selected galaxies around Hot DOGs, in-
dicating that they may reside in dense regions. Deep ALMA ob-
servations show that W2246-0526 lives in disturbed morphologies
within a locally dense environment. Recently, Ginolfi et al. (2022)
found an overdensity of LAEs around Hot DOGs, while Luo et al.
(2022) revealed an overdensity of distant red galaxies. We also found
an overdensity of LBGs around three Hot DOGs. All studies of Hot
DOGs’ environments show an overdensity with different tracers, sug-
gesting that Hot DOGs are excellent indicators of protoclusters or
that these galaxies are in a critical stage of evolution. The underden-
sity issue that we have might be related to the orientation or depend
on the level of obscuration. If the central target is a Type 1 AGN,
the radiation (jets) from the center might suppress the UV radiation

coming from the companions. This point is not clear yet.
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This thesis pushes forward our knowledge of the environment of ex-
tremely luminous Hot DOGs population, by presenting a comprehen-
sive study of the overdensity of LBGs around Hot DOGs. However,

several questions are still left unanswered:

Do Hot DOGs trace protoclusters or regions of large-scale struc-

ture formation?

Are these regions tracers of the early stages of cluster and galaxy
group assembly, or are they related to different physical pro-

cesses in the early universe?
How does the overdensity of Hot DOGs change over cosmic time?

What role does feedback from Hot DOGs play in shaping their

surrounding environments?

Can the energy and radiation output from these objects impact
the gas properties, star formation, and AGN activity in their

vicinity, potentially influencing the overdensity evolution?

Are these overdense regions consistent with our current under-
standing of galaxy and AGN evolution, or do they challenge
existing models and theories of cosmic evolution and large-scale

structure formation?

In the following section, we will outline potential future directions
aimed at addressing these questions. These directions will make use
of both state-of-the-art and upcoming observational facilities and

surveys.
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5.3 Outlook

We selected the LBGs using photometric methods. With the mod-
ified and optimized selection function, we surveyed a large number
of LBGs around three Hot DOGs. We have plans to conduct follow-
up observations for our selected LBG candidates. For one of the
Hot DOGs, we have deep MUSE/VLT data for W2246-0526, and
the data reduction is complete; the preliminary results are promis-
ing. We are able to confirm the selection of five LBG candidates
around the Hot DOG within the MUSE field of view (approximately
0.4 Mpc) and are searching for any fainter LAEs. These findings
will enable us to gain meaningful insights into the intricate interplay
between star formation processes and the environment within these
galaxies, providing significant insights into their intrinsic character-

istics and surroundings.

The multi-faceted approach of this research expands our knowledge
and contributes to the field, providing valuable information about
galaxy formation and evolution. Considering the significance of these
research endeavors and their potential contributions, we also plan to
submit a follow-up proposal to spectroscopically confirm the selected
LBGs in the vicinity of Hot DOGs. We aim to observe the bright
LBGs surrounding the Hot DOG in our selected sample and con-
firm the LBG candidates through deep, multi-object spectroscopy,
covering projected distances of up to approximately 1.5 Mpc. This
will help us confirm the selected LBGs, quantify our selection crite-
ria, and improve our understanding of the intergalactic medium and

dust extinction.

We have plans to study the environments of a substantially larger

number of Hot DOGs at z = 3 — 4 in upcoming semesters. We also
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have plans to conduct searches through various publicly available
surveys, including COSMOS and LEGACY, targeting Hot DOGs,
as well as other obscured AGNs such as Extremely Red Quasars
(ERQs). Studying large samples of the environment of extremely
luminous, high-redshift Hot DOGs provide valuable insights into the
early Universe, probes the co-evolution of galaxies and supermassive
black holes, maps the large-scale structure of the Universe, helps
us understand quasar fuelling and feedback mechanisms, and tests

cosmological models.

We also want to advance our understanding of the formation mech-
anisms of dense environments in optical-selected ERQs. ERQs and
Hot DOGs show similar outflows and their potential close relation-
ship to blue-excess Hot DOGs Assef et al. (2022). Therefore, study-
ing ERQs within their environments is of particular interest. These
quasars can provide valuable insights into the conditions and struc-
tures of the universe during its early stages. Overall, studying ex-
tremely red quasars can provide crucial clues about the evolution
of galaxies and the universe itself. The insights gained from this
research will be instrumental in the development of models and the
ability to make precise predictions concerning galaxy formation, feed-
back processes, and quasar evolution, which, in turn, will contribute

to a more profound understanding of the cosmos.

We find ourselves in a remarkable era marked by the pursuit of
overdensity in high-redshift quasars, thanks to the emergence of
advanced, extensive sky surveys. In particular, over the last two
years, the JWST has greatly expanded the search for high-redshift
quasars. Euclid, which recently launched, is instrumental in measur-

ing the distribution of galaxies and galaxy clusters across cosmic time
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and understanding high-redshift quasar environments. These instru-
ments have been making a huge contribution to our understanding
of high-redshift quasars with z > 5.5, allowing us to gain a better
understanding of the early universe. Furthermore, several new trans-
formative instruments and surveys are scheduled to come online in
the near future (e.g., LSST, 4MOST, ELT, Roman Space Telescope).
They will provide an additional exploration of these early galaxies in
excellent detail and follow their evolution through cosmic time. This
will help us understand how galaxies form and evolve, providing a
key contribution to our knowledge of the Universe. Some of them
will provide a new foundation for spectroscopic exploration of these

early galaxies.

For example, some of the instruments that we expected to come

online in the next two years will be available.

4MOST - 4-metre Multi-Object Spectroscopic Telescope
is a ground-based, wide-area survey optical spectrograph in-
stalled on a dedicated 4-meter class telescope. It operates by
simultaneously capturing spectra from approximately 2400 ob-
jects across a hexagonal field of view spanning 4.2 deg?. This
versatile instrument serves as a crucial tool for various spec-
troscopic follow-up campaigns. It enables us to explore a wide
range of astronomical phenomena, including the observation of
LBG and fainter LAEs. Moreover, it facilitates the investiga-
tion of the growth rate of structures within galaxy clusters and
the study of AGN evolution and the growth of black holes over
cosmic time, allowing for an exploration of their connection to

galaxy evolution.
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The Large Synoptic Survey Telescope (LSST) is a ground
based observatory located in Cerro Pachon, Chile, designed to
survey the sky repeatedly over a decade. Its primary scientific
objectives include unraveling AGN, dark energy, galaxies, infor-
matics and statistics, the solar system, stars, the Milky Way, the
local volume, strong lensing, and transients and variable stars.
With its impressive 3.2 Gigapixel camera boasting a wide 9.6-
degree field of view, LSST will map a vast expanse of the sky,
totaling 30,000 deg? (Ivezi¢ et al., 2019). LSST have 6 broad
band filters (ugrizy).
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