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ABSTRACT

Galaxies evolve within dark matter halos, and their co-evolution shapes
the cosmic-web structure in the Universe, and vice versa. Understanding the
connection between galaxies and their host dark matter halos, therefore, is
paramount in uncovering the physics of galaxy formation and evolution. To
that end, this dissertation undertakes laying down the observed cosmic evo-
lution in the relationship between the fundamental quantities of galaxies and
dark matter halos, the galaxy stellar mass to dark matter halo mass relation-
ship (SHMR). For such an endeavor, large samples of cosmos are necessary to
mitigate cosmic variance in the measurements that lead to the constraining
of the SHMR. Additionally, to probe a significant fraction of the cosmic his-
torical evolution of SHMR, deep catalogs of galaxies are needed, which probe
the cosmos out to high redshifts. We started by constructing a photometric
catalog—FENIKS UDS catalog, covering ~ 0.8 deg?, assembling data from
several surveys covering a wide wavelength range in aggregate from optical
(0.38 ym) to NIR (4.5 pm). This catalog construction resulted in a publi-
cation; all the catalog products—photometric redshifts, stellar populations
properties (stellar mass, star formation rate, etc.) were made public. The
FENIKS UDS catalog was then combined with the UltraVISTA DR3 catalog
(COSMOS field) of comparable depth and area and constructed in the same
way as the FENIKS UDS catalog to probe the SHMR. With the combined
effective area of ~ 1.61 deg? at hand, we measured the galaxy abundance
and clustering out to a redshift of ~ 5 in 9 redshift bins and mass complete
samples within each bin, and used the Halo Occupation Distribution (HOD)
modeling to translate these measurements into SHMR. However, the range in

stellar mass with increasing redshift shrinks due to the depleting complete-
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ness of fainter/less massive galaxies, limiting the clustering and abundance
measurements to high mass galaxies with increasing redshift. Naturally, this
leads to much weaker HOD constraining power with increasing redshift. To
mitigate this, we introduce a novel HOD fitting technique in which we lever-
age the strong constraining power of the low redshift data to help constrain
the high redshift SHMR better by simply realizing that the HOD parameters
should evolve smoothly with redshift. We call this the smooth-z model-
ing technique, in which we jointly fit data in all redshift bins at once while
the redshift evolution in the HOD parameters is laced through the use of
continuity (smoothing) priors. This greatly and unprecedentedly reduces
the uncertainties in the SHMR at high redshift (¢ 2 2) compared to previ-
ous HOD-based analyses, establishing a concrete picture of the evolution in
SHMR out to roughly the first billionth year of the cosmos (z ~ 5). Stellar
mass remains tightly coupled to halo mass out to z~5, with the halo mass
with peak integrated star-forming efficiency (SFE), MP“** staying consis-
tently around 10'%3 M, as opposed to some of the previous work speculating

) . k
an increase or a decrease in My“* at z 2 2.
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Flux ratios (fx / fyipeo_y) of the median growth curves of

the stars in the individual bands, X, and VIDEO-Y before
(top panel) and after PSF matching (bottom panel), except
for MegaCam-u.S. The PSF-matching for MegaCam-uS was

treated differently in which UDS-K was PSF-matched to MegaCam-

uS (see §2.3.3), therefore, we plot (fyps—x / fregacam—us)-
These median growth curves are derived using the same cleaned
star stamps utilized in the PSF matching. The vertical dashed
line in both panels represents the catalog aperture radius
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sec ). The median growth curves of the PSF-matched bands
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Star selection using the uJK, and the K;, versus SExtractor’s

FLUX_RADIUS diagrams. Top-left: Observed u—J versus J—K
colors. The stars are selected as those objects falling be-
low the plotted dashed lines (defined by Eq. 2.5), and are
shown as points with a yellow-purple color gradient indicating
the K-band total magnitudes, as reflected in the histogram
in the bottom-right panel. All other objects are shown in
gray. Top-right: Additional star selection at the bright end
(Kot < 20) using the K, versus SExtractor’s FLUX_RADIUS
diagram. The objects falling below the dashed lines (defined
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of K;; magnitude. The K, distribution of this black curve
is indicated in the bottom-right panel. Bottom-right: The
Ko distribution of stars selected using the uJK diagram (in
purple-yellow), the K, versus SExtractor’s FLUX_RADIUS di-
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combined final selection of stars (in black; star= 1 in the

catalog). . . . ...

K-band detection completeness as a function of K-band total

magnitude derived from the recovery of injected stars both
allowing for overlap (blending) in orange and not allowing for
overlap in teal. The K-band magnitudes corresponding to the
50%, 75%, and 90% detection completeness are also indicated

for both cases. . . . . . . ...,
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2.6  Completeness-corrected K-band number counts of galaxies in our
catalog (black empty circles) plotted as a function of K-band
total magnitude, and compared with similar measurements
from the literature. For our catalog, we only use galaxies with
reliable photometry (use_phot = 1). The adopted complete-
ness correction is estimated using the detection completeness
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1+zspec
Az/(1 + zspee) as a function of zg ... In both panels, the
darkness of the blue hexagon bins indicates the density of the
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3.4 Clustering (main panels) and SMF (inset panels) measurements
in the whole UDS+COSMOS sample along with the best
fits of the “smooth-z” model as a function of redshift. The
empty circles in the main panels show the clustering mea-
surements and their associated uncertainty, whereas the solid
curves show the clustering produced by the best-fit “smooth-
z” model, our main result, whereas the dashed curves show
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ing as indicated in the legends, with darker shades showing
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3.5 HOD parameter fits derived through the “discrete-z” model are
shown in yellow scatter points and the ones derived using
the novel “smooth-z” model are shown via the blue line. The
errors indicated through yellow bars for “discrete-z” and blue-
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as a function of halo mass for each z-bin. The SFE (=
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most ordinates. The colored vertical dashed lines (two for
each z-bin) indicate the lowest and highest halo mass probed
by our analysis, as described in §3.5.3, where the color indi-
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3.7 Redshift evolution of the halo mass, M?*** at which the MICan cen /g,
ratio as shown in Figure 3.6 peaks representing the peak
SFE (integrated over halo’s lifetime). The black line and the
gray shaded region shows our main result (using “smooth-z")

and the corresponding 1o uncertainty, respectively, for the
full UDS+COSMOS sample. We also indicate the median

M?*** and 1o errors using only UDS (black x’s) and COS-

MOS (black +’s), (both with “smooth-z") highlighting the
cosmic variance. A compilation of other observationally con-

strained M’;f“k values in the literature using different methods

- Abundance matching (AM), empirical modeling (emp.), and
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shown. Finally, to highlight the decrease in error on MP“*
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also include our “discrete-z” UDS+COSMOS results as filled
turquoise circles. . . . . ... 113
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bars. . . ..o 116
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right-most ordinates indicate the SFE (= (MMMCALCEN /N[,y /£
in percentage. The gray shaded regions indicate the halo
masses not directly probed in our analysis, as in Figure 3.6. . 122
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3.11 Left: Evolution of the total (centrals+satellites) stellar-halo mass

Al

B1

B2

B3

B4

B5

ratio along the main progenitor branches (most massive branch)

of z = 0.35 (median of the lowest z-bin in our analysis) dark

matter halos in the TNG300-Dark-1 simulation (Pillepich et al.

2018). The total stellar mass in a given TNG300-Dark-1 halo
mass (average in a 0.2 dex bin), depicted by the sizes of the
red circles, is calculated using the fitted HOD model param-
eters at each redshift as described in §3.5.5. The shading
of the circles and the lines connecting them reflect the final
halo mass at z = 0.35 (as shown in the legend), where lighter
shades of red depict lower final halo masses. Right: Evo-
lution of the mean central stellar-halo mass ratio along the
main progenitor branches of z = 0.35 dark matter halos in the
TNG300-Dark-1 simulation as in the left panel. Again, this
is evaluated at the best fit HOD parameters. As in the left
panel, the colors of the circles represent the final halo masses

(at z = 0.35), and their sizes capture the current halo masses. 127

Measured SMFs from the individual UDS and COSMOS fields

and their combination (UDS4+COSMOS). The thinner error
bars indicate the total errors as described in §3.3.3, whereas
the contributions of cosmic variance (indicated via thicker
bar) decrease due to combining the two fields in the right-

most panel. . . . . . ...
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4.5 as described in §3.4.8). The median values and the 1o un-
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shown with contours with lightening shades of yellow going
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CHAPTER 1
INTRODUCTION

1.1 Cosmology to Galaxies

The beautiful cosmic web structure we see in the Universe today (see Figure
1.1) was orchestrated through an intricate gravitational dance of the contents
of the Universe, at least according to the currently standard paradigm of the
cold dark matter with dark energy —ACDM. It all started with the quantum
fluctuations in the otherwise smooth density field of the Universe after the
Big Bang, the imprint of which is observable today in the cosmic microwave
background (CMB) radiation pattern (see Figure 1.2) 13.8 billion years later.
CMB was first discovered by Arno Penzias and Robert Wilson (Penzias &
Wilson 1965) by accident in 1964 as a mysterious isotropic background noise
while studying radio signals for satellite communications at Bell Telephone
Laboratories in Holmdel, New Jersey. Interestingly, a small fraction of the
static hiss (white noise) picked up by the old CRT television sets when tuned
to an unused channel is also actually CMB.

The emission of the cosmic microwave background (CMB) 380,000 years
after the Big Bang marks the first time the Universe had cooled enough, due
to expansion, for free electrons and protons to combine into neutral hydrogen,
an event termed the recombination. With fewer free electrons available to
scatter photons, light was finally able to travel freely (photon decoupling),
creating the nearly isotropic background radiation we observe today as the
CMB. However, dark matter, which does not interact with photons, could
begin forming clumps even prior to photon decoupling, creating gravitational

potential wells onto which baryonic matter could ultimately funnel in leading
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Figure 1.1: The cosmic web structure from the Millennium simulation
(Springel et al. 2005). Projected matter density in a 15 Mega-parsecs
(Mpc)/h thick slice at redshift=0 is shown in the main panel, with four
inset panels showing zoom-ins each by a factor of 4. The scale is indicated
through a white line in each panel.



Figure 1.2: “The anisotropies of the Cosmic microwave background (CMB)
as observed by Planck. The CMB is a snapshot of the oldest light in our
Universe, imprinted on the sky when the Universe was just 380,000 years
old. It shows tiny temperature fluctuations that correspond to regions of
slightly different densities, representing the seeds of all future structure: the
stars and galaxies of today.” —Image and caption credit: ESA and the Planck
Collaboration

to star formation. Dark matter also dominates over baryonic matter by a
factor of more than ~ 5. Without dark matter, baryons alone would have
taken much longer to form the intricate cosmic web structure we observe
today, shaped over 13.8 billion years since the Big Bang.

Over time, regions with slightly more matter pulled more matter in due
to gravity, making initially slightly over-dense regions grow in density, while
the initially slightly under-dense regions became more and more sparse over
time. Each density peak, after achieving a certain threshold of over-density,
is able to decouple from the expansion of the Universe, ultimately forming
self-gravitating, virialized structures, called dark matter halos. Definitions
vary in the literature, but typically in dark matter-only simulations show-

ing structure formation, an over-density by a factor of ~ 200, compared to



average background density, is considered to be a threshold to form dark
matter halos, based on the spherical top-hat collapse models! (Eke et al.
1996). Within these collapsed halos, cold streams of hydrogen gas funnel in,
reaching density thresholds to trigger nuclear fusion. Stars are born. These
stars, and the soup of their surrounding gas, form rotating luminous struc-
tures called galaxies, residing at the centers of much larger and invisible dark
matter halos.

As the Universe evolves, dark matter halos merge due to gravity, growing
in size and mass—heavier halos eat up lighter halos. As a result, galaxies
within merging halos also merge, acquiring stars (ez-situ star-formation) and
gas, growing in size and mass. Additionally, based on the availability of
cold and dense gas, galaxies continue to form stars internally (in-situ star
formation). This availability of cold and dense gas is crucial for star formation
and is not unaffected by the various feedback effects mentioned below that
take place throughout the rest of cosmic history, regulating star formation.

Massive stars run out of their fuel fast and die with supernova explosions,
spewing out heavier elements up to Iron formed in their cores back into their
environment. Supernova explosions, along with stellar winds from massive
stars, heat up the surrounding gas, suppressing the availability of cold gas,
and in turn lowering the efficiency of star formation in low-mass galaxies. On
the other hand, ultimately, black holes at the centers of galaxies accumulate
enough mass by the time their host galaxies have also become massive. The
swirling accretion disks and/or the jets emanating from their central region
can heat the surrounding gas and/or push the gas out of galaxies and pre-

vent further accretion, halting star formation. As regulated star formation

Thttps://ned.ipac.caltech.edu/level5/Sept11/Benson/Benson2.html



continues, the Universe becomes more and more structured, guided by the
same gravitational principle: Larger galaxies and their halos attract smaller
galaxies and their halos, forming clusters. The result is a highly structured
cosmic web as seen in Figure 1.1, with regions of extreme over-densities,

called nodes and filaments, and regions with very little matter, called voids.

1.2 The Galaxy-Halo connection

Due to the dominance of dark matter in terms in terms of mass and scale
over baryonic matter, the structure formation is dominated by the assembly
of dark matter halos. In essence, dark matter halos provide cocoons within
which galaxies form and evolve. Not only that, but it is through the dark
matter halos that these galaxies connect to and are influenced by the large-
scale structure of the Universe. Therefore, to understand the full physics
of galaxy formation, it is imperative to understand its connection to the
assembly of dark matter halos.

As the cosmic web we see today is the result of the assembly histories of
dark matter halos and the galaxies within, hidden within its imprint are the
clues to galaxy formation. The first step in this is to map this cosmic web,
or in other words, the spatial distribution of galaxies within the Universe.
This is where large-scale surveys come into play. Not only do they map the
configuration of this structure today, but also back in time. As light travels
at a finite speed, galaxies that are far away appear as they did in earlier
times. This allows us to map the evolution of cosmic structure with time,
allowing us to trace the evolutionary history of galaxies and ascertain the

galaxy formation physics at play.



While galaxy evolution depends on the complex baryonic physics of gas
cooling, star formation, for instance, the evolution of dark matter halos de-
pends only on the cosmological model. By focusing on the spatial distribution
of galaxies which depends on the cosmology-only dependent dark matter ha-
los, we can indirectly probe the galaxy formation physics. The results thereof
are therefore incredibly helpful in disentangling the different models of galaxy
formation physics.

One of the earliest works on the measurements of the spatial distribution
of galaxies came from Totsuji & Kihara (1969) based on the brightest galax-
ies captured on photographic plates of size 6° x 6° by Shane & Wirtanen
(1967) at the Lick Observatory. Peebles (1973) expanded on earlier studies
to present a comprehensive framework to analyze the statistics of the spa-
tial distribution of objects in the extragalactic catalogs based on the power
spectrum. Soon, it was realized that the measurements of the clustering of
galaxies, which is connected to the clustering of halos, should enable prob-
ing the halo masses, as clustering of halos depends strongly on halos mass
(Bahcall & Soneira (1983); Kaiser (1984); Bardeen et al. (1986); Mo & White
(1996)).

1.3 Current understanding of the Galaxy-Halo Con-
nection

Since the turn of the 215 century, two strands have seen significant devel-
opment, enabling more and more refined understanding of the galaxy-halo
connection. On the one hand, advances in computational power enabled

N-body cosmological simulations showing the evolution of cosmic structure



starting from dark matter particles (Springel et al. 2005; Klypin et al. 2011;
Riebe et al. 2013; Vogelsberger et al. 2014; Schaye et al. 2015), improving in
size and resolution. Additionally, galaxy formation models could be applied
onto these dark matter simulations to produce observables that could be com-
pared directly with the real observations (e.g., Springel et al. (2018)). On
the other hand, advances in large survey telescopes allowed robust mapping
of the galaxy distributions, using spectroscopy, over large areas of sky and
depth. Spectroscopic (or redshift) surveys measure the full spectral energy
distributions (SEDs) of galaxies, allowing for robust redshift estimation and
stellar population properties, far surpassing the photometric surveys in that
regard (see §1.5 for more details on photometric surveys). The earliest rev-
olutionary spectroscopic survey was the Two-degree Field Galaxy Redshift
Survey — 2dFGRS (Colless et al. 2001) , which measured redshifts of about
250,000 galaxies, followed by the landmark Sloan Digital Sky Survey — SDSS
(York et al. 2000) , capturing millions of galaxies over multiple phases.

A myriad of studies have explored the galaxy-halo connection utilizing the
advancements both in the simulations and the observations mentioned above.
By far, the most focused upon aspect has been the connection between the
galaxy stellar mass and its host host dark matter halo mass, the stellar-to-
halo mass relationship (SHMR) as it is thought to capture the fundamental
essence of the galaxy-halo connection, and is also easier to constrain.

While laying down a complete multi-variate connection between galaxy
properties (stellar mass, star formation rate, morphology, etc. and halo prop-
erties (halo mass, halo formation time, halo angular momentum, etc.) across
cosmic time is the long-term goal of the field, this dissertation focuses on

the fundamental facet of the galaxy-halo connection: the dependence of a
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Figure 1.3: M, /M, as a function of M, of central galaxies in the local Uni-
verse (z=0) derived using various methods as indicated in the legend, and
described in Wechsler & Tinker (2018). It shows a characteristic peak at My,
~ 102M,, indicating the most efficient conversion of baryonic matter into
stellar matter. The candidate physical processes responsible for suppression
in integrated star forming efficiency (SFE) at different halo mass scales are
indicated at the top, while the typical galaxies hosted by these halos are
shown at the bottom. Figure taken from Wechsler & Tinker (2018).

galaxy’s stellar mass on the mass of its host halo.

There is broad, overwhelming agreement in the shape of the SHMR at z
= 0. Usually it is plotted as a ratio of stellar mass to halo mass, (M, /M)
as a function of halo mass, My, as it informs how efficient the halo of a given
mass has been in converting baryons into stars integrated over its lifetime.
The ratio, M, /My, peaks at about M, ~ 1012 M, (which we call M;P¢*) in

the local Universe (see Figure 1.3). M;P®* can be converted into integrated

star forming efficiency (SFE) by dividing it by the baryonic fraction of the



Universe, f, = 0.158 (Planck Collaboration et al. 2020), i.e., (M./My) / fi.
It turns out that even at the M;P*®*| the SFE never exceeds ~ 20 % in any of
the studies, highlighting that star formation, the act of converting available
gas into stars, is indeed a very inefficient process, in a cosmically averaged
sense. Prior to the work presented in this dissertation, there was general
consensus in the increase of MP¢* out to z ~ 2, by ~ 0.3 dex (Leauthaud
et al. 2012; Moster et al. 2018; Behroozi et al. 2019; Shuntov et al. 2022),
and it was unclear if it continues to rise, flatten, or decline beyond z ~ 2
(Ishikawa et al. 2017; Moster et al. 2018; Legrand et al. 2019; Shuntov et al.
2022). However, most of these results are either based primarily on or rely
heavily on the singular COSMOS field. As shown in chapter 3, with the
unprecedented use of the homogeneously prepared catalogs of the UDS and
COSMOS fields, both contributing roughly equal sky coverage, and a novel

reak stays consistent with no

modeling framework, we establish that the M,
evolution throughout 0.2 < z < 4.5. This indicates that the star formation
in the Universe is even more tightly coupled to the halo mass than previously
thought.

It is an ongoing quest to understand the even lower integrated SFE of
halos of masses on either side of M;, ~ 102 M. In less massive galaxies
and halos, currently the consensus is that small-scale feedback effects such
as supernovae and stellar winds heat the surrounding gas, suppressing star
formation (e.g., Hopkins et al. (2012)). In the more massive galaxies and
halos, large-scale active galactic nuclei (AGN) jets powered by the central
black holes push the gas out of the galaxies, heat it, and prevent it from falling
back on, thus halting star formation (e.g,. Silk & Rees 1998; Kondapally et al.

2023).



1.4 Constraining the Galaxy-Halo Connection—Galaxy
Stellar Mass to Halo Mass Relationship (SHMR)

In the literature, a wide range of approaches are present to connect galaxy
stellar masses to their host halo masses. Full hydrodynamical simulations
such as IlustrisTNG (Weinberger et al. 2017) evolve gas, stars, dark mat-
ter, and sometimes black holes self-consistently within a cosmological box,
assuming galaxy formation physics informed via an amalgamation of lessons
learned through observations of galaxies and their feedback cycles. Then
there are semi-analytical approaches like DARK SAGE (Stevens et al. 2024)
that leverage dark matter halo merger trees from dark matter-only simula-
tions and use analytical equations to approximate galaxy formation processes
atop those halo merger trees. On the other hand, empirical modeling avoids
assuming any galaxy formation physics altogether, and instead, utilizes a
combination of measurements such as galaxy clustering, stellar mass func-
tions, etc., to constrain parameterized models of, for instance, star formation
in halos (Behroozi et al. 2019). Finally, there are other approaches which, in
addition to not assuming any galaxy formation physics like in empirical mod-
els, do not suffer from the biases of parameterized galaxy formation present
in empirical models.

The simplest of such approaches is abundance matching (e.g., Marinoni &
Hudson (2002)). In this technique, the abundance of halos (volume number
density of halos per halo mass) as a function of halo mass, called the halo
mass function (HMF), is first determined from the dark matter-only simu-
lations run assuming a set of cosmological parameters. Resulting halos are

then rank ordered based on their masses and then matched to the rank or-
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dered galaxies from the observed galaxy abundance (volume number density
of galaxies per stellar mass), or the galaxy stellar mass function (SMF). Such
an assignment of galaxies to halos produces the SHMR, albeit fraught with
major shortcomings discussed below that can be overcome with the measure-
ments of galaxy clustering, the spatial distribution of galaxies in the cosmic
web. As mentioned in section 1.2, it was realized early on that galaxies are
biased tracers of the underlying dark matter halos, and therefore, the spatial
distribution of galaxies provides an invaluable probe into the halo mass.

In abundance matching, it is unclear how to assign galaxies as central
and/or satellites within halos and/or sub-halos. The same abundance of
galaxies or SMF can produce varied relative distributions of centrals and
satellites within the same halos. However, the relative central/satellite dis-
tributions within halos leave an imprint on the small-scale galaxy clustering
amplitude, which can be leveraged to help constrain the halo mass. Not only
that, but since halo clustering increases with mass as high mass halos are
more biased, a highly clustered galaxy population indicates a higher host
halo mass, therefore, clustering provides an independent probe on the halo
mass. In addition, the scatter between halo mass and stellar mass is also
highly sensitive to the clustering of galaxies. The same SMF, with different
scatter, produces a different clustering signal. Given all the above, clustering
becomes crucial in addition to the abundance of galaxies (SMF) in connecting
halo mass to galaxy stellar mass.

The halo occupation distribution—HOD modeling framework allows lever-
aging clustering and number density measurements, and without assuming
any galaxy formation physics, connects galaxy stellar mass to dark matter

halo mass. The HOD model simply dictates how many galaxies a halo above
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a given threshold (usually a stellar mass or a luminosity threshold) hosts, on
average. For a given set of HOD parameters and the resulting population of
galaxies within halos, a unique combination of clustering and number den-
sity appears. Therefore, for a given observed clustering and number density,
HOD parameters can be determined by matching the observations with HOD

model predictions.

1.5 Constraining SHMR with large extragalactic pho-
tometric surveys

It is ideal to constrain the HOD models utilizing measurements based on
spectroscopic surveys that capture the distribution of galaxies in 3-D in de-
tail, due to accurate redshifts. Currently existing spectroscopic samples such
as SDSS Abazajian et al. (2009) have been vital in uncovering the galaxy-
halo connection, especially the SHMR, utilizing the HOD approach (e.g.,
Moster et al. (2010)). While they are great for constraining the galaxy-halo
connection at low redshift (z < 0.7), any inference about the halo or galaxy
assembly at high redshift is still extrapolated. Some spectroscopic surveys do
probe higher redshifts, out to z ~ 2, but only for small and biased samples,
e.g., KBSS Steidel et al. (2014). Such samples are not ideal for conduct-
ing complete statistical studies of the galaxy-halo connection, but rather are
designed to target specific galaxy populations.

Only now, spectroscopic surveys that probe higher redshifts and are com-
plete down to a stellar mass are being initiated. For instance, the Prime Focus
Spectrograph (PFS) survey is starting to collect its first light. PFS is going

to be the most extensive high redshift survey ever conducted, exquisitely
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charting the large-scale structure of our Universe in 3D over ~ 12 deg? just
with its low-z (z < 1.7) component. While the PFS low-z data is a treasure
trove for understanding how galaxy assembly intertwines with halo assembly
since z ~ 2, an era when star formation in the Universe peaked, there is still
time in its collection and processing to be ready for science. Therefore, the
extraction of the evolution of the galaxy-halo connection over a significant
portion of cosmic history, at least until now, could only be done through deep
photometric surveys.

Advances in ground-based 8-m class telescopes with adaptive optics have
allowed conducting photometric surveys that not only cover large sky areas
sampling the cosmos adequately, but are deep, capturing galaxy populations
as they evolve with cosmic time. A photometric survey involves pointing the
telescope at a desired patch of sky using different wavelength filters, mostly
broad-band and less commonly, medium or narrow-band. These resulting
multiple wavelength fluxes serve as data points for fitting spectral energy
distributions (SEDs), as opposed to continuous spectra obtained in spectro-
scopic surveys. Therefore, to confidently model the SEDs, wide wavelength
coverage in addition to enough filters is crucial. Accurately modeling an SED
allows the understanding how much the SED has shifted in wavelength due
to redshift, hence allowing for accurate estimation of the redshift. Galaxy
redshifts estimated using photometry are called photometric redshifts, which
are less reliable than spectroscopic redshifts, but with wide wavelength cov-
erage and fine sampling, the resulting photometric redshifts can reach high
accuracies (below 1—5%). With accurate SED modeling of galaxies, stellar
population properties, such as stellar mass, star formation rates, etc., can

also be reliably estimated. Catalogs with high-quality photometric redshifts
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and stellar population properties are therefore immensely powerful in ex-
tragalactic science due to their generally much better depth. In addition,
photometric surveys are generally less expensive and less time-consuming to

conduct, making them invaluable.

1.6 Large extragalactic photometric surveys

In the last couple of decades, several large and high redshift photometric
campaigns have been conducted with ground-based optical and near-infrared
(NIR) telescopes, resulting in abundant literature within the field of extra-
galactic astrophysics. A few of the most notable surveys are the following:

i- NEWFIRM Medium Band Survey—NMBS (van Dokkum et al. 2009)
was conducted with the Kitt Peak 4m Mayall Telescope covering 5 medium-
band NIR filters—.J;, Jo, J3, Hy, and H, designed to detect the Balmer and
4000A breaks of 1.5 < 2 < 3.5 galaxies with high confidence due to their
fine sampling and narrower width as opposed to broad-band filters. This
ultimately led to a more accurate SED modeling of galaxies, and as a result,
the photo-z’s and stellar population properties. This survey covered a total
of ~ 0.5 deg? within the COSMOS and AEGIS fields.

ii- United Kingdom Infrared Telescope (UKIRT) was used to conduct the
Ultra-Deep Survey (UDS) (Lawrence et al. 2007) utilizing 3 broad-band NIR
filters—.J, H, and K covering ~ 0.8 deg? within the UDS field, aiming to
measure the growth of structure since z = 3 (Lawrence et al. 2007).

iii- Another NIR survey, UltraVISTA (McCracken et al. 2012) was con-
ducted with the Visible and Infrared Survey Telescope for Astronomy (VISTA)
in 4 broad-bands—Y', J, H, K, and a narrow-band—NB118 in the COSMOS
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field covering a large 1.5 deg?. Its 1% data release appeared in February 2012,
and the 5" data release was in May 2023, substantially improving the initial
survey depth, allowing probing of the galaxy evolution and the evolution of
structure out to z ~ 5.

iv- An optical survey which has recently concluded was conducted with
the Hyper Suprime-Cam Subaru Strategic Program—HSC SSP (Aihara et al.
2019) at the Subaru Telescope in the five broad-band— g, r, i, z, y, and
three narrow-bands — NB387, NB816, and NB921 bands covering 26 deg?
across four fields (E-COSMOS, XMM-LSS, ELAIS-N1, DEEP2-3) called the
Deep layer and 4 deg? embedded within them called the UltraDeep layer in
COSMOS (within E-COSMOS) and SXDS (within XMM-LSS) fields.

v- Then there is the Canada-France-Hawaii Telescope (CFHT) Large Area
U-band Deep Survey (CLAUDS) (Sawicki et al. 2019) conducted on the bluer
end of the optical wavelengths, just blue-ward of the optical g band, covering
~ 18 deg? designed. The CLAUDS was designed to supplement the lacking
U-band (u* and u) photometry to the HSC-SSP Deep and UltraDeep fields

with comparable depth.

1.7 Extensively multi-wavelength photometric catalogs

All of the aforementioned surveys and many others have been integral in
the progress of our understanding of the evolution of galaxies. However,
a single survey’s wavelength range is limited, and its wavelength sampling,
which can be noticed from above, typically ranges between ~2 to ~8. The
limited range and sparse sampling are usually not robust enough for accurate

SED modeling. Therefore, multiple surveys usually need to be combined to
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cover a wide range in wavelength, and a greater number of filters finely
sampling the SEDs, to confidently estimate photo-z’s with their errors down
to a few percent. This need leads to a myriad of photometric catalogs in
the field that combine data from multiple surveys like the ones mentioned
above to achieve robust cataloging of galaxies, in terms of their photo-z’s and
their stellar population properties, e.g., UltraVISTA (Muzzin et al. 2013)
and COSMOS2020 (Weaver et al. 2022). This dissertation describes the
construction of one such catalog—FENIKS catalog (Zaidi et al. (2024); see
chapter 2), which combines ground-based (and space-based Spitzer IRAC)
data in 24 bands spread over multiple surveys.

Such extensive multi-wavelength cataloging is essential to understand the
evolution of the galaxy-halo connection since high redshift, especially in the
absence of high redshift spectroscopic surveys. Additionally, beyond combin-
ing multi-wavelength data from various surveys in one field, multi-wavelength
data across multiple fields can be combined to expand the total cosmic area
and volume probed. This is vital in mitigating cosmic variance while ascer-
taining the galaxy-halo connection from the cosmic structure. Such is the
topic of Chapter 3.

However, careful attention needs to be given to avoid any systematic dis-
crepancies going from raw data to final science-ready catalogs of galaxies
across multiple fields, again, a feature of the analysis mentioned in chap-
ter 3. The homogeneous photometric catalog construction while combining
data form multiple fields/surveys is crucial for understanding the galaxy-halo
connection out to high redshift right now, but even in the future when the
spectroscopic surveys at high-z will become commonplace as photometric

surveys will always tend to be cheaper to conduct and guide the follow-up
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spectroscopic efforts.

1.8 This Dissertation

In this dissertation, I will discern the relationship between galaxies and their
dark matter halos through careful utilization of multiple large-scale surveys
conducted at various filter wavelengths (photometry). In chapter 2, T will
walk you through the construction of a photometric galaxy catalog starting
from multi-wavelength large-scale surveys. The wide range and high sam-
pling of galaxy SEDs allowed robust characterizations of an array of galaxy
properties. Such catalogs, which contain the spatial distribution, redshifts,
and stellar mass of galaxies in addition to a myriad of other properties, are
the bedrock on which the galaxy-halo connection can be gleaned from the
cosmic web structure. In chapter 3, using HOD modeling, I constrain the
evolution in the fundamental facet of the galaxy-halo connection, which is
the relationship between the galaxy stellar mass and its host dark matter
halo mass out to the first billionth year (z ~ 5) of the Universe. Finally, in
chapter 4, I mention my ongoing effort to extend the SHMR out to the cosmic
dawn (2~10), thanks to enough accumulation of sky coverage in three years
since everyone’s favorite — James Webb Space Telescope started conducting

surveys deep enough to capture the earliest phases of galaxies’ lives.
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CHAPTER 2
THE FENIKS SURVEY: MULTI-WAVELENGTH
PHOTOMETRIC CATALOG IN THE UDS FIELD, AND
CATALOGS OF PHOTOMETRIC REDSHIFTS AND STELLAR
POPULATION PROPERTIES

2.1 Introduction

Over the last 15 years, the construction of near-infrared (NIR) detected
multi-wavelength photometric survey catalogs has become progressively more
sophisticated (MUSYC, Quadri et al. 2007; NMBS, Whitaker et al. 2011,
UVISTA-DR1, Muzzin et al. 2013; ZFOURGE, Straatman et al. 2016; COS-
MOS2015, Laigle et al. 2016; COSMO0S2020, Weaver et al. 2022).

The high-quality, point-spread function (PSF) matched multi-wavelength
photometry is essential for any investigation of galaxy evolution. Besides al-
lowing for large photometric statistical analysis, they enable the identification
of robust targets for detailed follow-up studies, e.g., spectroscopy for confir-
mation and stellar continuum and emission line studies, longer wavelength
investigations (e.g., with ALMA), or space-based imaging and spectroscopy.

This has become increasingly important in the era of JWST, as the pre-
viously unprobed regions of parameter space (e.g., low-mass galaxies and
objects in the epoch of re-ionization) by ground-based facilities can now be

explored. For instance, rest-frame optical spectroscopic studies of massive

Reprinted with permission from “The FENIKS Survey: Multi-wavelength Pho-
tometric Catalog in the UDS Field, and Catalogs of Photometric Redshifts and
Stellar Population Properties” by Kumail Zaidi et al. 2024, ApJ, 969, 84, doi:
10.3847/1538-4357 /ad45fa
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dusty star-forming galaxies at z > 4 are now possible with JWST. To fa-
cilitate such endeavors, here we present a K-band detected, PSF-matched
multi-wavelength (from the u-band to the mid-IR) photometric catalog for
the F2 Extragalactic NearIR K-Split Survey (FENIKS). The FENIKS sur-
vey is currently being carried out using two medium-band filters, Kyye (Aesy
= 2.06pum) and K,eq (Aefr = 2.31pm) (see Esdaile et al. 2021 for more de-
tails) recently added to the FLAMINGOS-2 (F2) instrument (Eikenberry et al.
2008, 2012; Gomez et al. 2012) atop the 8.1-meter Gemini South Telescope
in Chile. The medium Ky, /K,eq filters, which straddle the K-band, increase
the photometric redshift accuracy with better sampling of either side of the
Balmer /4000A breaks of the z > 4 galaxies.

The footprint of the catalog and the primary data comes from the UKIDSS
UDS data release 11 (UDS DR11, hereafter) for which other catalogs already
exist (Almaini et al. in prep.; Hartley et al. in prep.)! The UKIDSS project
is defined in Lawrence et al. (2007). Further details on the UDS can be
found in Almaini et al. (in prep). UKIDSS uses the UKIRT Wide Field
Camera (WFCAM; Casali et al. (2007)). The photometric system is de-
scribed in Hewett et al. (2006), and the calibration is described in Hodgkin
et al. (2009). The pipeline processing and science archive are described in
Irwin et al (in prep) and Hambly et al. (2008). Besides the data in the
broad-band filters of UDS DR11 (J, H, K) and the FENIKS medium bands,
we also included ancillary data from other surveys: CLAUDS (MegaCam
uS-band; Sawicki et al. 2019), SXDS (B, V, R, i, z; Furusawa et al. 2008),
HSC (g, r, i, z, y, NB0816, NB0921; Aihara et al. 2019), VIDEO (H, K, Y,
z; Jarvis et al. 2013), Spitzer-IRAC (ch1-4; Mauduit et al. 2012; Lacy et al.

https://www.nottingham.ac.uk/~ppzoa/DR11/
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2021), totaling data in 26 bands over a surveyed area of ~ 0.9 deg®. Our
catalog, containing about half the area but ~0.7(0.3) mag deeper than the
UltraVISTA K-band ‘deep’(‘ultra-deep) regions, is nicely complementary to
the COSMOS2020 catalog (Weaver et al. 2022). This makes the FENIKS
catalog the deepest wide-field ground-based NIR dataset and importantly,
it probes a different line of sight, vital in reducing the uncertainties due to
cosmic variance in measured quantities (e.g., number densities).

The photometric catalog, along with the associated catalogs of photomet-
ric redshifts and stellar population properties, are made publicly available?,
enabling scientific investigations over a wide range in redshift (0.2 < z < 8.0,
i.e., covering about 95% of cosmic history). The combination of very deep
NIR imaging over a wide area allows for the study of both distant faint/low-
mass galaxies, as well as the population of rare distant bright /massive galax-
ies. The ultra-deep K-band photometry in combination with high-quality
photometric redshifts enables complete studies of galaxies out to z ~ 5, as
the selection in the rest-frame optical reduces biases against evolved and/or
dusty star-forming galaxies.

The paper is structured as follows: in §3.2, we describe the different
surveys from which the multi-wavelength data have been combined to build
the catalog; in §2.3, we present the procedure for the construction of the
catalog in detail, as well as define the included quantities/parameters in the
catalog and how they can be used to make a typical selection of galaxies; §2.4

presents the modeling of the spectral energy distributions (SEDs) to derive

2The Version 1 (v1) release of the FENIKS UDS catalogs containing photo-
metric catalog, the redshift catalog and the catalogs of stellar population proper-
ties as described in this paper can be found at https://www.zaidikumail.com/
feniks-uds-catalogs and through Zenodo at 10.5281/zenodo. 11002299
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Figure 2.1: Filter transmission curves of different bands. For clarity, some
filters are normalized to have a maximum relative transmission less than
1: FENIKS (solid) Kpye and K,.q peak at 0.4; HSC (dotted) g, 7, i, z, y,
NB0816, and NB0921 have peaks at 0.4; VIDEO (dash-dotted) z, Y, H, and
K peak at 0.8. All the other bands (solid) peak at 1. The detection UDS
K-band (see §2.3.2 for details) is shown in solid black.

photometric redshifts and stellar population properties; we conclude with a
summary in §3.7.

Throughout this paper, we assume a ACDM cosmology with Hy = 70
km st Mpc™!, Q,,0 = 0.3, and Q50 = 0.7. The magnitudes and colors are
presented in the AB magnitude system (Oke & Gunn 1983). The stellar pop-

ulation parameters are derived assuming the Chabrier initial mass function

(IMF) (Chabrier 2003).

2.2 Data and Overview

Our catalog is based on the final release (UDS DR11)? of the J, H, and K

data over the full UDS field which covers an area of ~0.9 deg?. Along with

3https://www.nottingham.ac.uk/astronomy/UDS/data/dril.html
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these primary data, ancillary data have been combined from various deep
surveys to produce a PSF-matched photometric catalog of 26 bands, whose
transmission curves are shown in Fig. 2.1, the footprint shown in Fig. 2.2,
and the metadata is shown in Table 2.1.

In the optical, we employ the deep imaging available in B, V', R, i', 2!
from the SubaruXMM-Newton Deep Survey (SXDS), which covers the UDS
field with five SuprimeCam pointings from the 8.2m Subaru Telescope (Fu-
rusawa et al. 2008). We utilize the version of these mosaics generated by
C. Simpson (Gemini) to complement the UDS DR11 release which benefits
from a considerably better zero-point (ZP, hereafter) scaling and background
subtraction compared to the initial release*. We target the shortest wave-
length in our catalog using the available data in the wS filter obtained with
MegaCam on the Canada-France Hawaii Telescope (CFHT) as part of the
CLAUDS survey (Sawicki et al. 2019).

Additionally, we took advantage of the overlap with the public data re-
lease 2 (PDR2) of the Hyper Suprime-Cam (HSC) Subaru Strategic Program
(SSP) (Aihara et al. 2019), also conducted by the Subaru Telescope. The
PDR2 provides multi-band data in a large area of over 300 deg? including
deep/ultra-deep and wide regions out of which the tract number 8523 over-
laps with our UDS field in ¢, r, i, 2z, Y, NB0921, and NB0816 bands, all
of which we included in our catalog. We noticed that the astrometry of
the PDR2 was offset from UDS DRI11 in both the RA and DEC direction,
with median offsets of ~ 0.1 arcsec . Furthermore, these offsets were not
uniform across the image. To remedy this, we re-mapped the astrometry of

the relevant part of PDR2 images using the centroids of stars relative to the

“https://www.nottingham.ac.uk/~ppzdm/research.html
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corresponding stars in UDS DR11, resulting in residual offsets of the order
of milli-arcseconds.

Available data from the data release 4 (DR4) of the VISTA Deep Extra-
galactic Observations (VIDEQO; Jarvis et al. 2013) in the NIR filters Z, Y,
H, K, were also included. VIDEOQO is a deep NIR imaging survey covering
~12 deg? in three fields XMM1, XMM?2, and XMM3 out of which XMM1
fully encapsulates the UDS DR11 pointing.

Finally, in the mid-IR, we took advantage of the data from the SERVS
(Mauduit et al. 2012) and DeepDrill (Lacy et al. 2021) surveys using the
Spitzer Space Telescope Infrared Array Camera (IRAC) in chl and ch2.
For IRAC ch3 and ch4, we used the imaging data from the [SpUDS sur-
vey|https://www.ipac.caltech.edu/doi/irsa/10.26131 /TRSA403.

Due to the delays in the FENIKS data collection in the medium K, and
K,.q bands at the Gemini Telescope, we have not incorporated the FENIKS
medium-band photometry in our catalog yet. As soon as the data collection
is complete, we will release an updated version of the publicly released cata-
logs including the FENIKS photometry along with the updated photometric

redshifts and stellar population properties.

2.3 Catalog construction

2.3.1 PSF matching of the optical-NIR bands

The optical-NIR images in the 20 filters between MegaCam-uS (0.38m) and
the UDS K (2.1pm) bands suffer from atmospheric seeing resulting in varying

image resolutions that manifest in inhomogeneous point spread functions
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(PSFs). As a result, aperture photometry cannot be performed consistently
across the bands as a fixed aperture size would not necessarily correspond
to the same physical region of the source. To ensure consistent aperture
photometry, we need to homogenize the PSFs among all the optical-NIR
bands. To do so, we first determined the lowest resolution band to which all
the other bands should be PSF-matched. As a side note, the IRAC images
are heavily blended and have much broader PSFs than any of the optical-NIR
bands, and therefore they require a different approach to obtain consistent
aperture photometry which we describe in §2.3.5.

In practice, the median full-width-at-half-maximum (FWHM) of each
band is determined by fitting a 2D Gaussian or Moffat profile on high signal-
to-noise ratio stars and taking the mean or median of the resulting distribu-
tion. Then, the band with the largest FWHM is considered to be the worst
resolution band. However, any variability in the PSF shapes of the different
bands implies that the FWHMs resulting from simple Moffat or Gaussian fits
are sometimes not appropriate to reliably identify the band with the worst
image quality, especially if multiple bands have very similar FWHMSs. There-
fore, we adopted a much simpler approach assuming no functional form for
the PSF shape. Specifically, for each band, we extracted the median growth
curve using the normalized circular star stamps with a diameter equal to
32 pixels (8.6 arcsec ), large enough to contain all of the stars’ fluxes, and
the corresponding median 50% and 75% encircled light radii, r5y, and rys,
respectively. The band with the worst resolution is MegaCam-uS (r50 ~
0.63 arcsec ; FWHM ~ 1.00 arcsec ) which is slightly worse than the second
worst resolution band, VIDEO-Y (r5y ~ 0.60 arcsec ; FWHM ~ 0.87 arcsec ).

To avoid the extra loss of signal we would have had if all optical-NIR bands
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were PSF-matched to MegaCam-uS instead of VIDEO-Y, we decided to PSF
match all the optical-NIR bands (except MegaCam-uS) to VIDEO-Y.

In §2.3.3, we describe how we differently included PSF-matched aperture
photometry for the MegaCam-u.S band.

The FWHMSs of stars are found to vary between +/-2% and +/-4% across
the field, depending on the band, which is expected as the image footprint
is large enough (~0.9 deg?). Therefore, instead of having one single model
PSF for the whole image, we subdivided our images into grids, determined
the model PSF's for each patch, and then PSF matched the images patch by
patch. To determine model PSFs, both in the low-resolution image (VIDEO-
Y) and high-resolution images, we utilized unsaturated, high S/N stars in
the local area, enough in number to sample the local PSF appropriately. The
density of the PSF grid was based on the number of total stars selected in
each high-resolution image. Once the PSF grid for a high-resolution band
and the corresponding grid for VIDEO-Y is developed, we fit the Fourier
transform of the model PSFs with a series of Gaussian-weighted Hermite
Polynomials as presented in Skelton et al. (2014) and Shipley et al. (2018) to
obtain the corresponding convolution kernel grid. The convolution kernels
were then used to PSF match the whole image patch by patch, and then
stitched together using the code TOPH?®.

Figure 2.3 shows the ratio of the high-resolution image median growth
curves to the VIDEO-Y’s median growth curve before (top) and after (bot-
tom) PSF matching. The median growth curves were derived from the same
cleaned star stamps utilized in the PSF matching. After PSF matching, the

median growth curves of all bands agree very well, within 1%, at all radii.

*https://github.com/jacqdanso/TOPH
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Figure 2.2: The K-band (detection band) image overlaid with the footprints
of different filters or surveys. The UDS, VIDEO, HSC, and IRAC chl/2
bands (16 out of 26 bands utilized in the catalog) have full coverage across
the shown K-band image. SXDS coverage is shown in yellow, IRAC ch3 in
blue, IRAC ch4 in red, observed FENIKS Kj,e/ K, eq in purple, and planned
FENIKS Kjpye/ Kreq in pink.
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Figure 2.3: Flux ratios (fx / fypro_y) of the median growth curves of the
stars in the individual bands, X, and VIDEO-Y before (top panel) and after
PSF matching (bottom panel), except for MegaCam-u.S. The PSF-matching
for MegaCam-u.S was treated differently in which UDS-K was PSF-matched
to MegaCam-uS (see §2.3.3), therefore, we plot (fups—k / fmegacam—us)-
These median growth curves are derived using the same cleaned star stamps
utilized in the PSF matching. The vertical dashed line in both panels rep-
resents the catalog aperture radius (color aperture) of 0.65 arcsec (aperture
diameter of 1.3 arcsec ). The median growth curves of the PSF-matched
bands agree within 1% at all radii, as shown in the bottom panel.
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2.3.2 K-band Detection

The UDS DR11 K-band, with a total 5-sigma depth of 25.3 AB, was used as
the source detection band. We used SExtractor (Bertin & Arnouts 1996)
to perform the detection using the sky-subtracted UDS K-band image along
with the associated weight map. A series of tests were performed to fine-
tune the critical SExtractor detection parameters, namely DETECT MINAREA,
DETECT_THRESH, and DEBLEND_MINCONT.

The best combination of detection parameters was identified by inspect-
ing the resulting segmentation map and the detected sources. Firstly, we
ensured that the object centroids were located inside the pixel with peak
flux value, and that resolved close pairs were not detected as single objects.
Furthermore, occasionally a faint few pixels (usually noise) get assigned the
same object ID as the brighter source in the vicinity, even if those faint
pixels are not physically connected to the brighter source (quite common in
SExtractor) i.e., a big ‘island’ (brighter source) and a small ‘island’ (a faint
few pixels) get assigned the same object ID. This is regardless of whether the
brighter source is a point source or not. We optimized the detection param-
eters by minimizing such occurrences, however, there still remained many
such stray faint pixels assigned to the neighboring brighter sources. We set
such pixels to a value of ‘0’ in the segmentation map a posteriori, meaning
that those pixels are not assigned to any object. Finally, we arrived at the
best set of detection parameters ensuring that no real object was undetected.

The final set of chosen parameters is shown in Table 2.2.
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Table 2.2: Adopted SExtractor detection and photometry parameters

Parameter Value
ANALYSIS_THRESH 0.9
BACK_FILTERSIZE 5
BACK_SIZE 64
BACK_TYPE MANUAL
BACK_VALUE 0

CLEAN Y
CLEAN_PARAM Y
DETECT_MINAREA 7
DEBLEND_MINCONT 1x10~7
DEBLEND_NTHRESH 32
DETECT_TYPE CCD
FILTER Y

FILTER _NAME gauss_3.0_7x7.conv
MASK_TYPE CORRECT

PHOT_APERTURES

PHOT_AUTOPARAMS
PIXEL_SCALE
SATUR_LEVEL
STARNNW_NAME
THRESH_TYPE
WEIGHT_TYPE

2.235, 3.726, 4.844, 5.589,
7.452,11.177, 14.903, 18.629
2.5, 3.5

0.2684

150000

default.nnw

RELATIVE
MAP_WEIGHT,NONE
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2.3.3 Aperture photometry

To obtain aperture photometry, we first determined the optimal aperture
diameter which would maximize the signal-to-noise ratio (S/N). To do so,
similar to the extraction of growth curves before PSF-matching above using
bright and unsaturated stars, we extracted the growth curves after PSF-
matching using the same diameter of 32 pixels (8.6 arcsec ) used for normal-
ization of the circular apertures. Then, using the resulting median growth
curves in each band, we calculated the corresponding S/N as a function of

aperture radius, r, as follows:

S/Nx(r) = ox(r) (2.1)

Vix (r) + 4mr?’

where gx denotes the median PSF-matched growth curve of any band (de-
noted by X), and S/Ny is the corresponding S/N curve. The median of
the aperture diameters corresponding to the peak S/N in all bands - D=1.3
arcsec - was adopted as the optimal (color) aperture diameter to be used to
derive all color fluxes f¢ in each band X. We ran SExtractor in dual mode
using the parameter values shown in Table 2.2 to detect sources and extract
the photometry for the detected objects in the PSF-matched bands within
the optimal color aperture diameter.

It should be noted that as mentioned in §2.3.1, we do not PSF-match
MegaCam-uS to VIDEO-Y to obtain its optimal aperture photometry like
the rest of the optical-NIR bands. Instead, following Quadri et al. (2007),
we take advantage of the assumption that the (u - K) color within D=1.3
arcsec at VIDEO-Y’s resolution, (u— K) %iigfs, is the same as (u - K) color

within D=1.5 arcsec at MegaCam-uS’s resolution, (u — K) %i‘lrgs . This al-

lows for easy extraction of the optimal color aperture photometry for the
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MegaCam-uS without the need to PSF-match it to VIDEO-Y. In Figure
2.3, we show the growth curve of the K-band PSF-matched to MegaCam-
uS (black curve labelled ‘MegaCam-uS’). As investigated by Quadri et al.
(2007), this assumption works reliably for distant galaxies that our catalog is
optimized for. This is expected because distant galaxies are barely resolved
by ground-based imaging in the color aperture sizes considered here, hence
any discrepancies in colors measured using different aperture sizes and/or
different resolutions will be negligible (Quadri et al. 2007).

Furthermore, we measured the total flux for the objects in the K-band
utilizing the SExtractor output FLUX_AUTO - the flux within a flexible el-
liptical aperture (Kron 1980). Although FLUX_AUTO is a good approxima-
tion of the total flux, it is still an underestimation of it. We therefore applied
an auto-to-total correction using the PSF-matched K-band growth curve, gg,
as shown in Eq. 2.2, where rg,., is the circularized Kron radius evaluated
using the SExtractor’s KRON_RADIUS, A_ IMAGE, and B_.IMAGE, f,,: i is
the total flux in the K-band, and fapyro k is the SExtractor’s FLUX_AUTO
in K-band.

1
Jrot.x = favro,x X = (2.2)

9K (rKron)

This correction is smaller for large Kron radii, and in general, is on the order
of ~ 10%. We note that these corrections utilize g which is derived from
point sources, and therefore, might not be accurately applicable to extended
faint sources outside of the AUTO aperture. However, any resulting bias will
be sub-dominant in the presence of large flux uncertainties associated with
extended faint sources (Quadri et al. 2007). We show the comparison of our

total photometry with other catalogs in Appendix 2.7.
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2.3.4 Errors on photometry

The errors on the aperture fluxes have contributions from background noise
and Poisson noise. The error due to the background noise, ¢,,,s, depends
on the extent of the correlation between the number of pixels, N, within the
adopted apertures. If the pixels are completely uncorrelated, then o,,,s o
V/N. On the other hand, if the pixels are perfectly correlated, g,ms < N. In
reality, the correlation of the pixels is neither perfect nor absent but some-
where in between (Labbé et al. 2003; Quadri et al. 2007; Whitaker et al. 2011;
Straatman et al. 2016; Papovich et al. 2016). On small scales, pixels are cor-
related due to interpolations performed on the local PSF. On large scales,
there are various contributions, such as i) imperfect background subtraction,
ii) the glow of the bright stars extending beyond the masked regions, and iii)
faint, undetected sources.

Therefore, we determined the background noise for each band empirically
by randomly placing 5000 empty apertures of diameter 1.3 arcsec (the color
aperture diameter as described in §2.3.3), avoiding the pixels occupied by the
sources in the segmentation map. Then, we fitted Gaussian functions to the
resulting distributions and calculated the standard deviation, o,,s x for each
PSF-matched X-band. The 3-0 and 5-0 total depths listed in Table 2.1 are
calculated using this method. Finally, we calculate the total error budget for
fluxes in the color aperture by adding the contribution from background noise
and Poisson noise in quadrature. The error due to background dominates for
the faint sources whereas the Poisson error dominates for the bright sources
(Whitaker et al. 2011).

We similarly calculated the errors on the auto fluxes (fluxes enclosed by

the Kron radii) in the K-band. As the Kron radius differs for each object,
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we model the background noise on auto fluxes, o4u k as a function of area,

A, enclosed by the Kron radius as:
Oautorc (A) = aAP/2, (2.3)

where a and [ are constants that were empirically determined. We fit for
a and 8 by randomly placing 5000 empty apertures for each area based on
the range of Kron radii available. We then calculated the error on the K-
band auto fluxes in a similar way to how the errors in color apertures were
calculated above by adding the contributions from background noise and
the Possion error in quadrature. All fluxes and associated errors were then
further scaled to an AB ZP of 25, and corrected for Milky Way extinction as
listed in Table 2.1.

2.3.5 ITIRAC photometry

The resolution of the IRAC images is significantly worse than the optical-NIR
images. Therefore, we chose not to PSF match the optical-NIR bands to the
IRAC PSF. That would have resulted in a serious blending of objects and an
unnecessary loss of vital depth. However, we still needed to derive consistent
photometry in color apertures from the IRAC images. To that end, we use
an algorithm designed specifically to clean the blended photometry of the
heavily confused images (Labbe et al. 2006).

The brighter sources impacting the blending in the IRAC images are also
typically bright in the K-band. Therefore, the K-band image is used as
the high-resolution template to deblend the IRAC photometry. In practice,
we use the K-band image PSF-matched to the VIDEO-Y image and, here-

after, whenever the K-band image is mentioned, it is assumed that it is the
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PSF-matched to the VIDEO-Y, if not otherwise explicitly indicated. The
segmentation map of the K-band image is used to identify the position and
extent of the sources in the IRAC images. Then using bright, unsaturated,
and isolated stars in the K and IRAC images, convolution kernels are built
to convolve the K-band image to the IRAC band resolution. A model is then
fit to the K-band image convolved to the IRAC band resolution. Finally, for
each object, instead of performing the photometry on the modeled image as
the fit is never perfect, it is directly performed on the original IRAC image
after the models of the neighbors have been subtracted out (see Wuyts 2007
for a more detailed description of this method). The adopted approach and
the deblending code have been previously used in, e.g., Marchesini et al. 2010
(MUSYC), Whitaker et al. 2011 (NMBS), Skelton et al. (2014) (3D-HST),
Straatman et al. 2016 (ZFOURGE), Muzzin et al. 2013 (UltraVISTA DR1).

We started by measuring the deblended IRAC fluxes in an aperture of
diameter D=3 arcsec . The extracted deblended IRAC fluxes are then cor-
rected to match the resolution of the template K-band (i.e., the resolution
of the VIDEO-Y image). Finally, we obtained the IRAC fluxes in the color
aperture, D=1.3 arcsec , at the resolution of VIDEO-Y image to conform
with the rest of the catalog by assuming that the K-IRAC color in D=1.3
arcsec is the same as K-IRAC color in D=3 arcsec . Therefore, the result-
ing IRAC fluxes in the color aperture homogeneously matching the color
aperture fluxes of the optical-NIR bands, fp_13 rrac|y_,.., 18 calculated as
follows:

fD:l-S” 7K‘Y77‘es

fD:1.3”,IRAC\y_TeS = fD:S”,IRAC|y_TCS X ) (2.4)

fD:'?’” 7K|Y—res

where, fp_s rrac|y_,.. 18 the deblended IRAC flux within D=3 arcsec at
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the resolution of the VIDEO-Y band, fp_;3 g, _,., is the flux within D=1.3
arcsec in the K-band PSF-matched to the VIDEO-Y image, and fp_s k1, ..
is the flux within D=3 arcsec measured on the K-band image PSF-matched
to the VIDEO-Y image after the removal of the neighboring sources. We

applied the same method to obtain catalog fluxes for all of the IRAC bands
(chl-ch4).

2.3.6 Star classification

First, we flagged our catalog sources as stars using their positions in the
observed u—J versus J— K color-color space (uJ K diagram). Stars segregate
themselves from extended sources in such color-color diagrams which target
similar combinations of wavelengths (see e.g. Straatman et al. (2016) who use
B, J, and K filters). We split our uJ K diagram (top-left panel of Figure 2.4),
containing only sources with K-band S/N > 3 and K, < 25.75, with dashed
lines defined by Equation 2.5. These dashed lines were marked where we see
a clear division between the stellar sequence at the bottom and extended
sources at the top. We classify sources as stars if they fall below the dashed
lines. We indicate the brightness in the K-band of so-selected stars through
purple-yellow shading; the distribution of these stars is then shown in the

bottom-right panel of Figure 2.4 with the same color shading.

(J—K) < 0.1727(u—J)—0.6546 and(J—K) < 0.0176(u—J)—0.1112 (2.5)

Then, to complement the star selection described above at the bright
end, we again considered sources with K-band S/N > 3 and plotted them

in the log (FLUX_RADIUS) vs K, diagram. This method of selecting stars

36



=
=
2
3
o
=)
=}
9]
=
2
on
L

T T 1400 T T T T T T

[ 1200
0.8
i 1000

S
=)

g
= ] 800
e | z
£t 600
804 ]
& L
400
0.2 -
— 200
07 1 1 1 1 1 1 0
25 15 175 20 225 25 . 15 175 20
K, [AB] Ky [AB]

Figure 2.4: Star selection using the uJK, and the K, versus SExtractor’s
FLUX_RADIUS diagrams. Top-left: Observed u — J versus J — K colors. The
stars are selected as those objects falling below the plotted dashed lines (de-
fined by Eq. 2.5), and are shown as points with a yellow-purple color gradient
indicating the K-band total magnitudes, as reflected in the histogram in the
bottom-right panel. All other objects are shown in gray. Top-right: Ad-
ditional star selection at the bright end (K, < 20) using the K, versus
SExtractor’s FLUX_RADIUS diagram. The objects falling below the dashed
lines (defined by Eq. 2.6) are classified as stars and shown in blue. Their
K,y distribution is also shown in the bottom-right panel in blue. All other
objects are again shown in gray. Bottom-left: The fraction of the stars in
the catalog, selected using both the methods above (star=1 in the catalog),
as a function of K;,; magnitude. The K, distribution of this black curve
is indicated in the bottom-right panel. Bottom-right: The K, distribution
of stars selected using the uJK diagram (in purple-yellow), the K, versus
SExtractor’s FLUX_RADIUS diagrams (in blue, applicable only for K, < 20
AB), and the combined final selection of stars (in black; star= 1 in the
catalog).
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works well for bright sources, as it identifies point-like bright objects, i.e.,
most likely stars (Shipley et al. 2018) with a clear separation at K, < 20
AB as shown in the top-right panel of Figure 2.4. Here, the FLUX_RADIUS is
the half-light radius provided by SExtractor i.e., the radius at which 50% of
the FLUX_AUTO is enclosed. The stars are selected as falling below the dashed
lines as defined by Eq. 2.6 and having K;,; < 20 AB. As can be seen, the
stars form a clear sequence shown in blue; their K;, distribution is further

plotted in the bottom-right panel of Figure 2.4.

log (FLUX_RADIUS) < —0.17 K;;—2.1 andlog (FLUX_RADIUS) < —0.005 K;,;—0.205
(2.6)
We finally combined the stars selected from both methods and flagged
them as star = 1 in our photometric catalog, and plotted (in black) their
fraction in the overall catalog as a function of K, and their K, distribu-
tion in the bottom-left and bottom-right panels of Figure 2.4, respectively.
The two methods of selecting stars using the u — J versus J — K color-color
diagram and the log (FLUX_RADIUS) vs K, diagram agree well where they
overlap at K;,; < 20 AB. This can be seen by the fact that the black his-
togram (showing all stars; star=1) almost perfectly overlaps the boundary
of the purple-yellow histogram (showing uJK-selected stars), meaning that
the blue histogram (showing the log (FLUX_RADIUS) vs K;.-selected stars) do

not introduce too many additional stars except at 19 < K, [AB] < 20.

38



2.3.7 Masking bright stars and other artifacts

In general, the photometry of the galaxies can be contaminated if they lie
close enough to artifacts created by the foreground bright Milky Way stars.
Some of the artifacts that bright stars can introduce, depending on the tele-
scope design, are diffraction spikes, blooming (leakage of the flux along the
horizontal axis of the star), halos, ghosts, and others (see, e.g., Aihara et al.
2019, 2022 for a detailed explanation of such artifacts). The size and extent of
these features are mostly predictable as they usually depend on the bright-
ness of the stars. Therefore, we created masks based on brightness-based
empirical relationships for such artifacts, and hand-drew masking regions
when needed.

For UDS DR11 bands (J, H, and K), we derive empirical relationships of
the sizes for circular patches to mask halos around bright stars and rectangu-
lar patches to mask diffraction spikes around bright stars. As such features
only become visible for stars brighter than K;,; < 16 AB, we do not apply
these masks for dimmer stars. Moreover, in the UDS DRI11 bands, stars
also produce ghost patterns which are very faint, small, and roughly circular
residual repeating patterns along the vertical and horizontal axes of the stars.
For this, a mask was created for the DR8 data release by Quadri et al. (2008)
which we adapted and extended to the footprint of the UDS DR11 data im-
ages. Some other artifacts, e.g., cosmic rays, random streaks generated by
the detectors in the UDS DR11 images, or image borders with no data or
severely contaminated data, do not behave predictably. For such artifacts,
we drew the masking regions manually. It should also be noted that any
area masked in the K-band image was also masked in all of the other bands

as we only consider the photometry of the K-band detected and unmasked
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objects. The objects detected in the K-band image and masked are denoted
by the flag det_contam = 1 in our photometric catalog, and det_contam =
0 otherwise.

For the HSC bands (g, r, i, z, y, NB0816, and NB0921), we started
from the list of bright objects (mag < 18 AB in each band), identified for
masking, provided with the third public data release - PDR3 (Aihara et al.
2022). However, we did not use the corresponding masks as they seem to be
too aggressive at least within the tract 8523 applicable for our catalog, and
in applying these masks, we would lose a lot of valuable data. Therefore, we
self-determine the empirical relationships of brightness vs. size of the halo
around bright objects, and brightness vs. length/width of the rectangles
for horizontal blooming around bright objects. We masked circular patches
around all bright objects with mag < 18 AB for each band as in Aihara et al.
(2022), and masked horizontal rectangular patches around objects brighter
than 14.2 AB, where blooming becomes visible. Furthermore, only for the
HSC-y band, do we see visible vertical diffraction spikes for objects brighter
than 14.2 AB, which we masked using rectangular patches whose sizes were
again determined empirically.

For VIDEO-Y and VIDEO-z, to mask the halos around bright objects,
we utilized the brightness vs. radius relationships of HSC-y and HSC-z,
respectively. As these VIDEO and HSC bands have similar wavelengths, the
same objects will have similar intrinsic brightness between them. However,
the PSF changes between the HSC bands and VIDEO bands so the brightness
vs. radius relationships of HSC-y and HSC-z will not be applicable directly.
We find that scaling them down by a factor of ~ 0.5 works well for VIDEO-Y
and VIDEO-z. On the other hand, for VIDEO-H and VIDEO-K, we derived
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their empirical relationships to mask halos around bright stars for objects
brighter than the total magnitudes of 16 AB in both bands. Besides, artifacts
such as diffraction spikes, ghosts, etc. within VIDEO-zY H K, bands do not
appear predictable, and therefore, we mask such appearances manually.

For MegaCam—u.S, we once again masked halos around bright stars using
an empirically determined relationship for stars with a total magnitude less
than 19 AB, and append them with hand-drawn masks of the bad regions

that could not be easily predicted.

2.3.8 K-band Completeness

The completeness of our catalog is limited by the sensitivity in the K-band,
the band used to perform the detection of sources, and the deblending ca-
pabilities of SExtractor with our chosen parameter settings. We estimated
the detection completeness for point sources as a function of K-band magni-
tude by calculating the recovery fraction of injected simulated point sources
into the K-band image. To simulate the point sources, we selected a bright,
unsaturated, and isolated star randomly from our K-band image and scaled
its flux up or down before injecting 2000 copies of it at random locations in
the image. We repeated this for the magnitude range 19 < K;,; < 28 with
a step of 0.1 mag. Then, we ran SExtractor with the exact same settings
as used for our catalog detection and as shown in Table 2.2, and calculated
the recovery fraction as a function of K-band magnitude. We performed
this test in two different ways: 1) not allowing the injected sources to fall
on previously detected sources with the help of the segmentation map, to

avoid blending of objects and maximize the recovery fraction (teal curve in
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Figure 2.5: K-band detection completeness as a function of K-band total
magnitude derived from the recovery of injected stars both allowing for over-
lap (blending) in orange and not allowing for overlap in teal. The K-band
magnitudes corresponding to the 50%, 75%, and 90% detection completeness
are also indicated for both cases.
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Fig. 2.5); 2) allowing for the injected sources to fall on the image completely
randomly, hence allowing for the overlap with previously detected sources to
estimate a more realistic recovery fraction (dark orange curve in Fig. 2.5).

The 90% detection completeness of our catalog, when no overlap is al-
lowed, is Ky = 25.21 +/- 0.02 AB. On the other hand, a more conservative
estimate for the detection completeness, when the overlap of sources is al-
lowed, is found to be K,y = 23.96 +/- 0.32 AB, as shown in Figure 5. These
errors (and those shown in Fig. 5) are the Poisson errors from counting the
recovered number of injected stars. Throughout the rest of the paper, we
will adopt the upper 1-c envelop of the completeness curves shown in Fig-
ure 5, specifically K;,; = 25.2 AB (no overlap allowed) and K;,; = 24.3 AB
(allowing overlap) for the 90% detection completeness.

The completeness-corrected galaxy number counts as a function of K-
band magnitude are shown in Figure 2.6, along with the number counts from
other similar surveys, finding general good agreement. Here, we corrected
our galaxy number counts using the detection completeness curve evaluated
while allowing for the overlap of sources, excluding fainter magnitudes with

less than ~ 70% completeness.

2.3.9 Catalog Format/Typical selection for galaxies

We present the various quantities associated with each parameter included
in the photometric catalog in detail in Table 2.3. To select a robust and
complete sample of galaxies with reliable photometry for an extragalactic
study where completeness is important, we recommend at least applying the

following selection cuts: use phot = 1, 0.2 < z < 8.0, log (M,/My) > 8,

43



10°

T, 10°
(]
ho)
TOD
<
=

= 3

210

10°

FrfrrrrrrrrrJrrrrJrrrrJrrrr[rrrr[rrrr[rrrr[rrrrJrrrrJH
| | | | | | | | | | |

+

N @@ i
3 +90 = ZFOURGE UDS
+ of ZFOURGE CDFS
g + ZFOURGE COSMOS

M UVISTA COSMOS DRI
| % NMBS
; ® FENIKS UDS
67 IS0 20 21 22 23 24 25 26

Ktot [AB]

Figure 2.6: Completeness-corrected K-band number counts of galaxies in our
catalog (black empty circles) plotted as a function of K-band total magni-
tude, and compared with similar measurements from the literature. For our
catalog, we only use galaxies with reliable photometry (use_phot = 1). The
adopted completeness correction is estimated using the detection complete-
ness derived allowing for the overlap of sources (orange curve in Fig. 2.5).
Furthermore, we omit plotting the number counts for magnitudes correspond-
ing to less than ~ 70% completeness.

44



and K, < 24.3 (the 90% completeness level from the upper 1-sigma envelop
of the completeness curve estimated when allowing for overlap - the upper
envelope of the dark orange curve in Fig. 2.5). This results in 136, 235 sources.
Using a more relaxed estimate of the completeness - K;; < 25.2 (the 90%
completeness level from the upper 1-sigma envelop of the completeness curve
estimated when no overlap is allowed - the upper envelope of the teal curve

in Fig. 2.5), while keeping all other cuts the same gives 188, 564 sources.

2.4 Redshifts and Stellar Population Parameters

2.4.1 Photometric Redshifts by eazy-py

We derived the photometric redshifts using the software eazy-py (Bram-
mer 2021), a python implementation of EAZY (Brammer et al. 2008). It
uses a linear combination of spectral energy distribution (SED) templates
to fit the photometric data points for catalog sources. To fit our SEDs, we
chose the Flexible Stellar Population Synthesis (FSPS) templates of Conroy
et al. (2009) and Conroy & Gunn (2010), a set of 12 templates denoted
as tweak fsps_QSF_12_v3 available among the template sets provided by
eazy-py, designed to target the various types of stellar populations. How-
ever, any stellar population synthesis model is hard to perfectly calibrate
(e.g. due to errors in stellar evolution tracks, missing spectral features, etc.).
Moreover, the vast range of star formation histories and dust extinction in
galaxies within a cosmic epoch, but also over time, are difficult to fully repro-
duce with any given set of templates (Brammer et al. 2008). Therefore, to

mitigate such uncertainties, eazy-py utilizes a wavelength-dependent tem-
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plate error function that captures these errors. Besides, eazy-py allows for
the use of an apparent magnitude prior as a function of redshift, which we
employed on our detection UDS-K band, that assigns a lower probability of
finding a bright galaxy at a high redshift than at a low redshift.

Due to imperfect background subtraction, uncertainties in the PSF match-
ing, and other effects, the zero-points (ZPs) of each PSF-matched band may
need small corrections. Following Straatman et al. (2016) and Shipley et al.
(2018), we determined these ZP corrections iteratively within eazy-py, us-
ing only sources with non-grism spectroscopic redshifts, i.e., sources with
use_phot=1, z_spec>0, and z_grism=0, adjusting the individual band ZPs
at each iteration to minimize the residuals between the observed photome-
try and the best-fit template photometry (see Straatman et al. 2016 for a
detailed description on the ZP correction determination). The ZP correc-
tions so determined, as multiplicative factors to scale the flux, are listed in
Table 2.1.

To assess the quality of photometric redshifts, we compare them with the
available spectroscopic redshifts from the following surveys: UDSz survey®
(Bradshaw et al. 2013; McLure et al. 2013; Maltby et al. in prep.), 3D-
HST survey (Momcheva et al. 2016; Brammer et al. 2012), SDSS-IV DR15
(Blanton et al. 2017), 6DF Galaxy Survey (Jones et al. 2009), VIPERS PDR2
(Scodeggio et al. 2018), PRIMUS (Coil et al. 2011; Cool et al. 2013), IMACS
(Kelson et al. 2014), and others (Lacy et al. 2013; Le Fevre et al. 2013; Garcet
et al. 2007; Lacy et al. 2007; Stalin et al. 2010; Yamada et al. 2005; Ouchi
et al. 2008; Ono et al. 2010; Sargsyan & Weedman 2009; Childress et al. 2017,

Masters et al. 2019; McLure et al. 2018). All of these spectroscopic redshifts

Shttps://www.nottingham.ac.uk/astronomy/UDS/UDSz/
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are included in the catalog, labeled as z_spec. The redshifts based on grism
spectroscopy from the 3D-HST survey (flag z_best_s = 2) additionally have
their z_grism flag set to 1 (see Table 2.3). As shown in Figure 2.7, we

see excellent agreement between zpn,: and zgpe.. The normalized median

Zphot —Rspec ( Az

1+2zspec 1+zspec’ hereafter),

absolute deviation, onpAD ~ 148 x MAD of

is typically quoted as a measure of the agreement between zpne and zgpec.

For zypee < 2, we find onppap = 0.0112, the median in 25— of 0.0014,

and the catastrophic outlier percentage (=2%— > 0.15) to be ~ 1.80%. At

1+Zspec

Az
1+Zspec

high redshift, for z,e. > 2, we find onpAp = 0.0505, the median in

of 0.0306, and the catastrophic outlier percentage ( Az 0.15) to be

1+Zspec

~ 9.38%.

2.4.2 Photometric redshift errors using close-pairs
Close-pairs method

The distribution of spectroscopic redshifts is dominated by low-redshift (me-
dian zgpe. ~ 0.87) and bright sources (median K, ~ 21.5). Therefore, es-
timating the photometric redshift errors from the comparison with spec-
troscopic redshifts does not provide a reliable assessment of the quality of
photometric redshifts at high redshifts.

To reliably estimate photometric redshift uncertainties over the full ranges
of photometric redshifts, magnitudes, and stellar mass, we adopted the method
involving galaxy pairs, first developed by Quadri & Williams (2010). This
method relies on the fact that the galaxies that lie in close proximity on the
sky (close pairs) actually have a high probability of being physically asso-

ciated, meaning that they lie at the same redshift. This is simply because
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Figure 2.7: Top: eazy-py derived photometric redshifts (zpn.t), vs spectro-
scopic redshifts (zgpe.) of objects with use_phot = 1 and Ky, < 25.2 AB. The
oNMAD ©f objects with zg. < 2 and zg,.. > 2 are indicated along with the
corresponding outlier (3 Jﬁfpec > 0.15) percentages in parenthesis. Bottom:
Az/(1+ zspec) as a function of zge.. In both panels, the darkness of the blue
hexagon bins indicates the density of the objects. If the number of objects
within the hexagon bins is less than 5, the individual objects are shown as
blue scatter points.
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galaxies are not distributed randomly in the universe, but they rather tend
to cluster together. There are of course contributions to close pairs due to
random projections on the sky, but they can be accounted for statistically.
In practice, we first determined all close pairs in our data catalog. If a
true pair lying at the same redshift is considered, then the mean of their
photometric redshifts gives a good estimate of their true redshift. Therefore,
their error can then be computed by Azpuir/(1 4 Zmean). We estimated this
error by fitting a Gaussian to the distribution of Azpur/(1 4 Zmean) after
subtracting the contribution from random pairs. To compute the contribu-
tion to this distribution from the random projections, we first randomized
the positions in our data catalog leaving redshifts the same. Then, similar
to finding pairs in the data catalog, we found the pairs in the random cata-
log. For example, to derive the photometric redshift errors of all the galaxies
within a specified redshift interval and brighter than a given K-band mag-
nitude limit, we selected all the galaxies that satisfy these criteria and their
neighbors between 2.5 arcsec and 15 arcsec from the list of pairs evaluated
earlier and then obtained their distribution of Az,uir/(1 + Zmean). Then we
applied the same selection and methodology to the random catalog, followed
by removing pairs randomly until the number of galaxies in the data catalog
becomes exactly equal to the number of galaxies in the random catalog.
Finally, we subtracted the resulting distribution of Azyuir/(1 + Zmean) Of
the random pairs from the original distribution which contains both random
and true pairs. We repeated this process a few times to obtain an aver-
age distribution of Az,ui/(1 + Zmean) of the true pairs. The broadness of
this distribution indicates the error on the photometric redshifts, with nar-

rower distributions reflecting smaller errors and vice versa. We quantified
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the errors on the photometric redshifts, are also indicated (see §2.4.2).
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Figure 2.9: Left: Photometric redshift errors from the close-pair analysis as
a function of redshift for different K-band magnitude limit samples. Right:
Same as the left panel but for different stellar mass limit samples.

the photometric uncertainty by fitting a Gaussian to this distribution and
determining its standard deviation, o. Since this distribution comes from
pairs, we divide the o by v/2 to obtain the average error per galaxy. We
show an example of such distributions in Figure 2.8 in bins of redshift for a
sample with K;,; < 23.3. In the redshift interval, 0.5 < z < 1.0, the aver-
age uncertainty in photometric redshifts is less than 1%, which progressively

increases to ~ 3.3% at 3 < z < 4.

Validation of the close-pairs method

We also performed this analysis for different K-band magnitude limited sam-
ples and stellar mass threshold samples. The results of this analysis are
shown in Figure 2.9, where o, ,qrs is the average photometric uncertainty
per galaxy, equal to o/ V2 as described in §2.4.2 above, where o is the stan-
dard deviation of the Gaussian fit on the corresponding Azpuir/(1 + Zmean)

distribution. The trends in the photometric redshift errors as a function of

52



redshift are generally similar for K-band bright (faint) samples of galaxies
and high (low) stellar mass samples, with photometric redshift errors being
larger for faint and low-mass galaxies. Moreover, for both samples, the errors
in zpnet peak at 2 < z < 3 across all the sub-samples, and it is found in the
range of 2.5-4.5%. This peak can be explained by the absence of the NIR
medium-band filters in our catalog which, if present, would allow for a better
sampling of the SEDs around the rest-frame optical Balmer/ 4000A breaks in
z ~ 2 — 3 galaxies.

Figure 2.10 shows the comparison of the photometric redshift uncertain-
ties estimated using the three different methods, i.e., the comparison of pho-
tometric redshifts with spectroscopic redshifts where available, the close-pair
analysis, and the median errors as inferred from the eazy-py redshift poste-
rior probabilities. Because the sample of galaxies with spectroscopic redshifts
is limited to relatively bright (K, < 23.3) galaxies, the same K-band magni-
tude cut was adopted when deriving the photometric redshifts uncertainties
with the close-pair analysis and the eazy-py redshift posterior probabilities.
The typical uncertainty from the eazy-py redshift probability distributions
was derived by calculating the median of (zues — zi6s)/[2(1 + 2pnot)] for all
galaxies in a given redshift interval and with K;,; < 23.3, where z,63 and
2168 are the 16-th and 84-th percentiles of the eazy-py redshift probability
distributions. As shown in Figure 2.10, the z,,, uncertainties derived from
the comparison with the spectroscopic redshifts are generally larger than the
uncertainties derived from the close-pair analysis, whereas the 2, errors
from the eazy-py redshift probability functions are the smallest, potentially
indicating a tendency by eazy-py to underestimate photometric redshift er-

rors. However, we note that in the redshift interval z < 1.5, where most of
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the spectroscopic redshifts are available, the 2,5, errors estimated from the

three methods agree very well.

2.4.3 Redshift Distribution

The accuracy of photometric redshifts derived by eazy-py allows us to cap-
ture the large-scale structure of the Universe, as clearly visible in the top
panel of Figure 2.11, with the sequence of dark-colored stripes showing high-
density peaks, and the light-colored stripes showing density troughs. The
jaggedness of the histograms in the bottom panel of Figure 2.11 also reflects

the large-scale structure.

2.4.4 Stellar Population Parameters
FAST

We use the FAST code (Kriek et al. 2009) to derive stellar population pa-
rameters such as stellar mass, star formation rate (SFR), stellar age, and
dust obscuration. We adopted the stellar population synthesis library of
Bruzual & Charlot (2003) and assumed a delayed exponentially declining
star-formation history (SFH oc ¢t e7¥/7), where ¢ is the time since the be-
ginning of star formation in the range 7 < log (t[yr]) < tuniv, With tymw
the age of the Universe at the redshift of the galaxy, and 7 is the e-folding
star-formation timescale in the range 7 < log (7[yr]) < 10. We assumed the
Chabrier (2003) IMF, the Calzetti et al. (2000) dust attenuation law with the
visual attenuation, Ay, allowed to vary in the range 0 < Ay [AB mag|< 10,

and solar stellar metallicity. We used the spectroscopic redshifts when avail-
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Figure 2.10: Comparison of the z,,, errors estimated using three differ-
ent methods. The errors derived from the comparison to the spectroscopic
redshifts are shown in black; the errors derived from the close-pair analy-
sis in orange; and the median errors from the eazy-py redshift posterior
probabilities in blue. The vertical grid lines correspond to the boundaries
of redshift bins within which the close-pair errors and the eazy-py errors
were calculated. To match the K-band magnitude limit of the sample with
spectroscopic redshifts, the zp,, errors using the close-pair analysis and from
eazy-py were derived using only galaxies with K, < 23.3.
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Figure 2.11: Top: Hexagonal density plot showing the K-band magnitude
vs. the best redshift (zg.. if available, otherwise z,,¢). Galaxies are selected
with use_phot = 1 and K;,; < 25.2. For reference, the horizontal light orange
line at K, = 24.3 indicates the adopted 90% completeness limit

when overlapping of sources is allowed. Individual scatter points are shown
where the hexagons contain less than 5 galaxies. Bottom: The redshift dis-
tribution of galaxies adopting the two different limits in K-band magnitude.
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Figure 2.12: Density maps showing the FAST-derived stellar masses as a
function of the best available redshift, zpest (2spec if available, otherwise 2,0t )
for the two K-band 90% completeness limits. Bright yellow indicates high
density which turns into green as the density decreases and eventually into
dark blue showing the lowest densities. The left panel corresponds to the
adopted 90% K-band completeness limit of 24.3 AB derived allowing for
source overlapping; the right panel corresponds to the adopted 90% K-band
completeness limit of 25.2 AB derived using the no overlap method

(see §2.3.8 for the description on the two methods). The 50%, 80%, and 90%
stellar mass completeness curves as a function of redshift are also plotted as
dashed brown, orange, and red curves, respectively.

able, otherwise, we adopted the photometric redshifts derived using eazy-py
(see §2.4.1).

In Figure 2.12, the stellar mass of the galaxies is plotted vs the redshift,
along with the 50%, 80%, and 90% stellar mass completeness curves as a
function of redshift. The stellar mass completeness was derived using the
method described in Pozzetti et al. (2010) for the two different K-band survey
limits (90% detection completeness in the K-band; see §2.3.8. As can be
seen from Figure 2.12; our catalog is complete at the 50%(90%) level down
to log (M,/M5)=10(10.4) at z = 5.
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Dense Basis

We also derived the stellar population properties using Dense Basis (Iyer
et al. 2019), an SED fitting code that makes use of non-parametric SFHs,
which differs from codes like FAST that use only a singular function to fit
the SFHs (see §2.4.4). Dense Basis is designed to extract smooth SFHs with
no functional form (non-parametric SFHs) utilizing the Gaussian Process
(GP; Iyer et al. (2019)). Singular parameterizations of SFH are unable to
capture different stellar populations that reside in galaxies, and therefore,
are known to give biased estimates of the derived quantities from the SED
fitting (Mowla et al. 2022). They are known to underestimate the stellar
masses (Iyer & Gawiser 2017; Leja et al. 2019; Lower et al. 2020) as can be
seen in the left panel of Figure 2.13 which shows the comparison between the
FAST-derived and Dense Basis-derived stellar masses for our catalog.

As with eazy-py, (see §2.4.1), in Dense Basis, we use the FSPS templates
of Conroy et al. (2009) and Conroy & Gunn (2010), along with the nebular
emission lines in CLOUDY (Ferland et al. 2017; Byler et al. 2017). Following
Chworowsky et al. (2023), and based on the quality of available photometry,
we constrained the shape of the non-parametric SFHs using three lookback
times (t5, ts0, t75) at which 25%, 50%, and 75% of the stellar mass have
been assembled, respectively. Furthermore, we assumed the Chabrier (2003)
IMF, and the Calzetti et al. (2000) dust attenuation law just as we did
in our FAST run described in §2.4.4. Although, unlike FAST, we imposed
an exponential prior on the dust attenuation with the range 0 < Ay [AB
mag|< 4. Besides that, we assigned a flat prior on the specific star formation
rate (sSSFR=SFR/M,) with bounds —14 < sSFR [yr™'] < —7, and a flat

prior in log-space on metallicity within 0.01 < Z/Z, < 2.0.
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Figure 2.13: Left: Comparison of stellar masses derived using FAST and
Dense Basis. Top: Density map showing the median posterior stellar masses
from Dense Basis as a function of best-fit stellar masses from FAST. To guide
the eye, the 1-1 line is shown in black. Bottom: The offset in stellar masses
between the two codes as a function of FAST stellar masses. The white solid
lines show the running median calculated in FAST stellar mass bins of 0.1
dex and the white dashed lines show the corresponding 16" /84" percentiles.
We overplot red and blue dashed lines showing how the white solid line would
shift if the 16" (blue) or 84" (red) percentile Dense Basis stellar masses were
used instead of the 50*". This highlights how the uncertainties in the Dense
Basis stellar masses compare to the systematic offset between the FAST and
Dense Basis stellar masses. The red dashed line is derived by subtracting the
running median of the difference of the 84 and 50" percentiles of the Dense
Basis stellar mass posteriors. Similarly, the blue dashed line is obtained by
adding the running median to the difference of the 50" and 16" percentiles
of the Dense Basis stellar mass posteriors. As mentioned in the text, codes
like FAST that assume parametric SFHs tend to underestimate the stellar
masses as seen here. Right: Comparison of SFRs from FAST and Dense
Basis shown in the same way as in the left panel.
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2.4.5 Selecting Quiescent Galaxies
Using UV J diagrams

The rest-frame V — J versus U — V' color-color diagram (UV.J diagram;
hereafter) has been used to separate star-forming from quiescent galaxies, a
method proposed by Williams et al. (2009) and reliably utilized by many (e.g.,
Whitaker et al. 2011; Muzzin et al. 2013; Straatman et al. 2016) at least out
to z & 3 (see below for a more appropriate method for z > 3). We derived the
rest-frame magnitudes in the U, V', and J filters using eazy-py by integrating
the bandpass fluxes from the best-fitted templates of the redshifted SEDs. In
Figure 2.14, we show the resulting UV.J diagrams, each row representing a
color-coding according to a different quantity - number counts, stellar mass,
sSFR, and dust attenuation Ay, respectively - while the different columns
correspond to six redshift intervals from z = 0.2 to z = 6.

The bi-modality of star-forming and quiescent galaxies is evident in the
first two panels of the first row of Figure 2.14 with the star-forming galaxies
mostly sitting at the bluer, lower-left section of the UV.J diagram, and the
quiescent galaxies occupying the redder, quiescent wedge at the top-left. The
second row of Figure 2.14 shows the trend of increasing stellar masses from
the bluest corner (lower-left) to the reddest corner (top-right), implying that
more massive galaxies tend to be redder in color (either older or dustier).
The ability of the of UVJ diagram to separate star-forming from quiescent
galaxies (at least out to z ~ 3 is nicely shown by the third row of Figure 2.14,
where the sSFR progressively decreases as galaxies move into the quiescent
wedge of the UVJ diagram. Finally, the bottom row of Figure 2.14 shows

how dust obscuration Ay increases from the bottom-left to the top-right
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Figure 2.14: eazy-py derived rest-frame V —.J versus U —V colors of galaxies
in bins of redshifts (columns), color-coded by the number of objects in the
first row, followed by the FAST-derived properties - the stellar mass, the
sSFR, and the dust attenuation in the V-band (Ay) in the second, third and
the fourth rows, respectively.

of the UVJ diagram, especially outside of the quiescent galaxies’ wedge.
We note that the properties of the population of galaxies in the reddest
corner of the UVJ diagram are degenerate, as their red colors can be caused
by their stellar population being predominantly old and quiescent, or dusty

star-forming. This is also the reason why the photometric redshifts of this

population of galaxies are the least reliable (e.g., Straatman et al. 2016).

Using (ugis) diagrams

Although the UVJ diagram has been quite successful in selecting quiescent

galaxies at z < 3, it has been known to produce contaminated samples
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at higher redshifts with up to ~30% galaxies undergoing considerable star-
formation activity as reported by recent spectroscopic surveys (e.g., Schreiber
et al. 2018; Forrest et al. 2020). To remedy this, Antwi-Danso et al. (2023)
recently introduced a rest-frame g, — @5 versus u, — g5 color-color diagram
((ugi)s diagram), a selection scheme for quiescent galaxies at high redshift
(z > 3) based on the synthetic top-hat us, gs, and i, filters centered at 2900 A
4500 A and 7500 A, respectively. We refer the reader to Antwi-Danso et al.
(2023) for a detailed discussion on the design of the (ugi), filters. Briefly,
the u, and g, filters have narrower widths and are separated by 1600A which
means that they produce a stronger us - g5 color due to the Balmer break.
Moreover, unlike the UVJ filters, the (ugi)s filters avoid wavelength regions
with strong emission lines for z 2 3 galaxies, avoiding artificially boosting
the photometry and contaminating the quiescent selection. Furthermore, the
rest-frame J filter of the UV.J diagram is probed, at z = 4, by Spitzer-IRAC
ch3 and ch4 images, which are usually not available or shallow, leading to
somewhat unreliable rest-frame V — J colors. The antidote to this is the
rest-frame is,-band of the (ugi)s diagram, which overlaps with the shorter
wavelengths IRAC chl and ch2 at z 2 4, where much deeper data than from
ch3 and ch4 are usually available. Therefore, this leads to more accurate
gs — 15 colors, helping to break the degeneracy between dusty star-forming
and quiescent galaxies. Figure 2.15 shows the (ugi), diagrams for our catalog

similar to UVJ diagrams in Figure 2.14.

Example SEDs from the catalog

Based on the UV J and (ugi)s diagrams, we select a handful of galaxies from

our catalog and show their SEDs and modeling as output by eazy-py in
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Figure 2.15: eazy-py derived rest-frame g5 —i versus u;—gs colors of galaxies
in bins of redshifts (columns). The color-coding is the same as in Fig. 2.14
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Figure 2.16: Example SED modeling of different types of galaxies at 0.2 <
z < 4 using eazy-py. The SED fits of quiescent galaxies (Q) are shown
in dark red (top row), dusty star-forming galaxies (dSF) in orange (middle
row), and the star-forming galaxies (SF) in blue (bottom row), as identified
using the UV J and (ugi)s diagrams (described in §2.4.5). To identify dSF
galaxies (middle row), we used the wedge in the top-right corner of the UV .J
diagrams as de