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ABSTRACT

Detailed spectroscopic studies of today’s massive galaxies indicate that they formed most
of their stars very rapidly when the universe was very young, but then abruptly stopped their star-
formation activity. Several important questions on the star-forming phase and quenching
mechanisms of today’s massive galaxies remain unanswered. Studying intensely star-forming
galaxies in the distant universe provides a path to furthering our understanding. In this work, we
present the preliminary analysis of data obtained by the FLAMINGOS-2 Extragalactic Near-
Infrared K-band Split (FENIKS) pilot survey, which aims to identify star-forming emission line
galaxies (ELGs) in the distant universe by improving spectral resolution in the K-band
wavelengths. We utilize the BAGPIPES Python package to perform spectral energy distribution
fitting of a selection of galaxies observed in the FENIKS pilot survey. The fitted models allow us
to estimate emission line equivalent widths and identify distant ELGs. The stellar population
properties (e.g., stellar mass, star-formation rate, dust attenuation) of the identified ELGs are
characterized, with the end goal of illuminating the star-forming and quenching mechanisms of

distant galaxies.
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Chapter 1

Introduction

1.1 A Quick Introduction to the Field of Galaxy Evolution

The universe today is populated by a diverse array of galaxies. A galaxy is broadly defined
as a large collection of stars orbiting a mutual center of mass and held together by the force of
gravity exerted by a halo of dark matter. Such a broad definition necessarily encompasses a wide
variety of objects. Galaxies span an enormous range in size, with the smallest dwarf galaxies
hosting just a few thousand stars while the awe-inspiringly massive elliptical galaxies host trillions.
Galaxy morphology is equally diverse; the elliptical galaxies have spherical or ellipsoidal shapes,
while the spiral galaxies are shaped like flattened disks bearing bulging centers and elaborate spiral
arms studded with star-forming nebulae. There are also the irregular galaxies, whose bizarre and
difficult-to-classify shapes result from perturbations like gravitational interactions with other
galaxies or accretion of material from the intergalactic medium (IGM). It is believed that most
galaxies host a supermassive black hole at their centers. Galaxies can also be classified by their
current growth rate; galaxies that are still growing by forming new stars are appropriately referred
to as star-forming galaxies, while galaxies that have effectively stopped forming new stars are
called quenched or quiescent galaxies.

Of course, it was not always this way. In the earliest days of the universe, 13.8 billion years
ago, the universe was a mostly homogeneous mixture of hot plasma. One of the important

outstanding questions in astronomy is the question of how the diverse population of galaxies we
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see today evolved out of this primordial plasma. The cosmic microwave background radiation

(CMBR), a pattern of microwave light that spans the entire visible sky and the oldest light that can
be observed, has given us some clues as to how the process began; irregularities in the CMBR
suggest that rather than being perfectly uniform, some parts of the primordial plasma were denser
than others, and these dense regions formed the seeds from which galaxy centers grew. But while
the process of forming galaxy centers and dark matter halos is a straightforward picture of mass
and gravitational attraction, the physics of forming the stars in the galaxy is much more complex.
A complete picture of a galaxy’s star forming processes must describe how the gas and dust in a
nebula collapses to form stars, how heating from newly-formed stars disperses nebulae and inhibits
further star formation, how gravitational interactions with other galaxies can promote bursts of
intense star formation or disturb star-forming nebulae, and how the supermassive black hole that
resides at most galaxy centers can shut down star formation by blowing all of the galaxy’s gas
away. Star formation is an intricate dance of many internal processes, external processes, and
feedback loops, and the complete story is not presently within our grasp.

Research in the field of galaxy evolution seeks to answer the question of how the early
primordial plasma of the universe, as revealed to us by the CMBR, evolved to form today’s diverse
and fascinating population of galaxies. Because galaxy evolution is a slow process spanning
billions of years, it is impossible to simply wait and watch the process unfold. However, the speed
of light is not infinite, but is instead about 9.5 trillion kilometers per year in vacuum; this distance
travelled by light in one year is known as a light-year. If one looks at galaxies that are billions of
light-years away, one will see the galaxies as they were billions of years ago. Examining many
galaxies at varying distances from us offers glimpses of galaxies at different ages in the universe’s

history. Rather than observe one galaxy evolve over cosmic time, we instead observe snapshots of
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galaxies in different stages of their evolution at different times in cosmic history. By connecting

these snapshots and interpreting them with physical theories, we attempt to piece together the
complete story of how today’s massive and diverse galaxies grew from the primordial plasma of
the early universe.

Throughout this thesis, we adopt the astronomical convention of describing galaxy
distances and ages with the redshift z. Because the universe is expanding, the light that we observe
coming from distant galaxies is redshifted, or stretched out to longer wavelengths. The further
away the galaxy is, the more redshifted it will be, corresponding to a higher z. Because of the finite
speed of light, a greater distance also indicates a greater lookback time and thus a younger universe.
Our current time and position in space are denoted by z =0, so at z = 0, the universe is 13.8 billion
years (Gyr) old. If we adopt the standard ACDM model of the universe, then z = 1 corresponds to
a universe that is 6.1 Gyr old, while z = 2 means the universe is about 3.5 Gyrold.z=3 and z =4
respectively denote ages of about 2.3 Gyr and 1.5 Gyr. The most distant light we can see is the

CMBR at z ~ 1100, which corresponds to a universe that is just 380,000 years old.

1.2 Outstanding Questions in Galaxy Evolution and the Motivation for this Project

Over the past decade, several deep-sky galaxy surveys such as NMBS (Marchesini et al.
2010), selections from the fields surveyed by COSMOS/UltraVISTA (Muzzin et al. 2013), and
ZFOURGE (Straatman et al. 2016) have pointed to the existence of a large population of massive
galaxies at redshifts 3.0 <z <4.0, corresponding to universe ages of roughly 1.5 Gyr <¢<2.3 Gyr.
This suggests that in the early universe, galaxies formed their stellar populations extremely rapidly

and efficiently. Detailed spectroscopic follow-up studies in this redshift range also suggest that



4
some of these massive galaxies had already quenched, or ceased rapid star formation, as early as

redshifts z ~ 3.5 (Forrest et al. 2020; Saracco et al. 2020). The quenching mechanisms of these
massive, quiescent, z > 3.0 galaxies must have been very efficient; in fact, no currently-proposed
quenching mechanism is rapid enough to account for the existence of these galaxies. The
observations so far indicate that in the early universe, galaxy star-forming and quenching
mechanisms operated far faster than astronomers previously believed.

Understanding the discrepancies between theoretical predictions and actual observations
has several important consequences for the field. A model’s validity can be weighed in part by
how accurate its predictions are. If our current models of galaxy evolution do not accurately predict
what we observe, then this indicates that our understanding of galaxy evolution is incomplete or
flawed. Galaxy evolution is a broad term that encompasses many different physical processes and
astrophysical disciplines. To paint an accurate picture of how galaxies evolve requires
understanding how galaxies accrete gas from the IGM, how gravitational interactions and
collisions with other galaxies affect the galaxy’s own internal structure, how feedback from both
its stars and its central supermassive black hole can change the course of a galaxy’s growth, how
dust is formed within a galaxy and how it can be lost or destroyed, and more. It's quite conceivable
that there are gaps in our knowledge of at least one of those topics, and finding those gaps would
open up new questions for both physicists and astronomers to explore.

To understand the discrepancies between the theories and the observations, a robust picture
of what really happened in the universe at redshifts z > 3 is needed. One path towards building this
picture is to conduct a population study of both quenched and intensely star-forming galaxies at z
> 3, with the end goal of identifying the respective quenching and star-forming mechanisms of

these galaxies. This was one of the many goals of the FLAMINGOS-2 Extragalactic Near-Infrared
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K-band Split (FENIKS) pilot survey (Esdaile et al. 2021), an international collaboration between

American, Canadian, European, and Australian universities utilizing the FLAMINGOS-2
instrument onboard the Gemini South Telescope, located in the Chilean Andes and owned by the
National Science Foundation’s NOIRLab. The FENIKS pilot survey was carried out from 2017 to
2019 and served as a small-scale proof of concept for the newly developed K-split filters (Kpne and
Kred) which were developed to improve spectral resolution in the K-band wavelengths. By
improving spectral resolution in the K-band, researchers would be able to more robustly identify
both quenched galaxies and star-forming emission line galaxies (ELGs) at redshifts z > 3. This is
a redshift regime not yet effectively targeted by other surveys such as NMBS and ZFOURGE; the
data collected by the FENIKS survey offers a wealth of new knowledge about z > 3 galaxies that
will be analyzed for years to come.

To constrain the scope of this project, we choose to focus here on the active star-forming
ELGs, and leave the topic of the quiescent galaxies to future studies. ELGs are distinct from other
galaxies because their spectra contain strong emission line features that may originate from nebular
gases being excited by newly-formed stars. Our long-term goal for this research is to determine
how galaxies in the early universe grew so quickly and why they suddenly stopped; by examining
ELGs in detail, we can work towards an understanding of the first half of this question. We
combine the newly-obtained FENIKS data, which effectively targets ELGs at 2.0 <z < 6.0, with
data from previous missions like NMBS and ZFOURGE, which employed medium band filters in
the J and H wavelength bands to effectively target ELGs at 0.0 <z < 4.0. The combined dataset
represents a higher-resolution and more complete sample of galaxies in the redshift range 0.0 <z
< 6.0. We analyze this dataset to identify ELGs that we will later target in more detailed follow-

up spectroscopic studies. These follow-up studies will be used to infer the star-forming
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mechanisms of massive early ELGs and thus help to answer the first part of our overarching

research question.

1.3 Outline for this Thesis

In this thesis, we present the preliminary analysis of a dataset combining previous medium
band galaxy surveys with the newly-obtained data from the FENIKS pilot survey, with the goal of
identifying star-forming ELGs for future spectroscopic follow-up studies. Chapter 1 has presented
the motivations for this analysis. Chapter 2 will provide the needed theoretical background, and
Chapter 3 will detail the data being analyzed as well as the analysis methods being applied. Our
analysis utilizes the Python programming language, in particular a recently-developed Python
package called Bayesian Analysis of Galaxies for Physical Inference and Parameter EStimation
(BAGPIPES) (Carnall et al. 2018). With this Python package, we are able to infer the emission
line strengths of galaxies imaged by the FENIKS pilot survey, which allows us to identify star-
forming ELGs. Chapter 4 presents the analysis itself, concluding with the total number of ELGs
detected by the FENIKS pilot survey. Chapter 5 concludes with discussion of the results and some
preliminary analysis of the stellar population properties of the identified ELGs, as well as
discussion of plans for more detailed characterization of the identified ELGs with the end goal of

illuminating the star-forming and quenching mechanisms of these distant galaxies.



Chapter 2

Background

2.1 Characterizing Galaxies through Spectral Energy Distribution Fitting

Discerning star-forming ELGs from quenched galaxies is not a trivial task. At cosmic
distances, the individual stars and nebulae of galaxies cannot be resolved, and images of ELGs
may look superficially similar to quenched galaxies. Additionally, galaxy evolution is a slow
process that cannot be observed on human timescales; re-imaging the galaxies even decades apart
would not reveal significant changes that could separate ELGs from quiescent galaxies. Because
by-eye distinctions cannot be made for high-z galaxies, alternative approaches must be used. A
popular approach to this problem is spectral energy distribution (SED) modelling (Conroy 2013).
The SED of a galaxy describes how luminous the galaxy is as a function of the output wavelength
of light. Many of the galaxy’s interesting physical properties, such as its star formation rate (SFR),
star formation history (SFH), stellar mass, dustiness, and age have a direct impact on the shape of
the SED. Recovering these physical properties from the SED is the mission of stellar population
synthesis (SPS), the technique from which many SED modelling programs are developed.

The idea behind SPS is conceptually straightforward. We consider galaxies to be
collections of different stellar populations, each of which have their own total masses, ages, initial
mass functions, and metallicities. Each stellar population, being made of different types of stars,
will generate a different spectrum; younger populations will be more luminous and emit more light
in blue, violet, and ultraviolet (UV) wavelengths, while older populations will be dimmer and emit
more of their light in red and infrared (IR) wavelengths. SED modelling combines stellar

population spectra derived from SPS theories with spectra from nebular gases and the interstellar
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medium (ISM); excited nebular gases contribute light to the SED at multiple discrete wavelengths

as well as continuously across certain wavelength bands, while the dusty ISM absorbs stellar UV
photons and re-emits them as IR photons. The final SED is thus the sum of the SPS-derived stellar
spectra, the excited nebular gas emission, and the ISM-reddened stellar light. The advantage of
SED modelling is that because we know the stellar populations input into the model, we
immediately know many of the interesting physical properties of the galaxy modelled by the SED.

The technique of SED modelling to characterize real galaxies works as follows. A galaxy
is observed, either via spectroscopy over a continuous band of wavelengths, or via photometry in
multiple wavelength bands. SED modelling programs are used to generate hypothetical SEDs
based on different combinations of SPS-derived stellar populations mixed with varying levels of
nebular emission and ISM reddening. The hypothetical SEDs are compared to the observations of
the real spectrum/photometry to see how well the hypothetical picture matches reality. Due to
limitations in the precision of the data as well as degeneracies in the modelled SED, we cannot
ever obtain a perfectly fit SED that we can claim with full confidence is accurate to reality.
However, we can recover a range of SEDs, and thus a range of physical property estimates, that
could describe the observed galaxy. Therefore, by fitting SEDs to observed galaxy spectra or
photometry, we can estimate the galaxy’s physical properties: e.g., how old the galaxy is, how
much mass it contains, and whether or not the galaxy is actively forming stars at an appreciable
rate. The reliability of these estimates depends on part in the quality of the SED modelling program

used, and in part on the quality of the input data.



2.2 Targeting ELGs and the Need for Better Spectral Resolution

The SEDs of intensely star-forming galaxies are distinguished by the presence of strong
emission lines, which originate from nebular gases being excited by newly-formed stars. The
subsequent de-excitation of the nebular gas emits light at discrete wavelengths, which gives
emission lines very thin spectral profiles. Thus, a star-forming ELG could be identified by
examination of its modelled SED for the presence of emission lines.

Ideally, as ELGs are best identified by their SEDs, one would collect high-resolution
spectra of galaxies by observing them through a spectrograph, thus yielding the best-constrained
model SEDs to describe them. In practice, this is not feasible; a spectrograph necessarily must
disperse the incoming light and reduce the quality of the already-faint signal, lowering the signal-
to-noise ratio (SNR) of the observations to the point where robust characterization of the galaxies
would become impossible.

In lieu of obtaining spectra, astronomers instead obtain photometric observations of the
galaxies in multiple filters, discretely sampling the spectrum at multiple wavelength bands, with
each band having its own bandwidth. A model SED is then fitted to the photometric data points,
with the robustness and accuracy of the model SED dependent in part on the widths of the filters
used in the observation. In selecting filter widths, one must deal with competing tradeoffs. The use
of broadband filters which cover large spectral ranges allows for more light to be collected,
improving the SNR of the observations. However, broadband filters have low spectral resolution,
making fine spectral features such as emission lines difficult to detect. On the other hand, one
could use medium band filters, which sample a smaller range of wavelengths and thus collect less
light (thereby risking lower SNR or else demanding longer exposure times), but are better at

resolving emission lines, enabling more robust identification of ELGs.
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2.3 Dividing the K-band with Medium Band Filters

Because of the observing challenges associated with using medium band filters, the choice
of which wavelength bands should receive the medium band treatment is an important one. After
all, it would be inefficient to conduct medium band surveys in wavelength bands that have no
emission lines or sharp continuum features to resolve in the first place. If one is looking for ELGs
at redshifts z > 3, then one should select bands that contain emission lines at those redshifts. This
goal is part of what motivated the design of the FENIKS pilot survey, which aimed to improve
spectral resolution in the K-band wavelengths. The conventional broadband filter for the K-band,
the K filter, is centered on Acen = 2.2 um and covers the range from 1.9 um to 2.5 um for a total
width of about A4 = 0.6 um. The FENIKS K-split filters break the broadband K filter into two
medium band filters, Koiue (Acen = 2.06 um, AL = 0.25 um) and Kred (Acen = 2.31 um, AL = 0.27 um).
These wavelength bands were chosen in part because at redshifts 2 < z < 5, these bands sample
several important emission lines, such as the [SII] doublet, the [NII] doublet, the Balmer Ha and
Hp lines, and the [OIII] doublet. The proximity and relative narrowness of the Kpie and Kred bands
allows these thin emission lines to be sampled by one filter without simultaneously being sampled
by the other; the resultant “boosting” of one filter’s flux and not the other’s is a robust indication

of an emission line.

2.4 A Brief Diversion to Address Active Galactic Nuclei (AGN)

We divert for a moment to address a caveat brought up in Chapter 1.2. All star-forming
galaxies that have strong emission lines due to ionized nebular gases are ELGs; however, not all

ELGs are star-forming galaxies because emission line features can have other physical origins. If,
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for example, the galaxy possesses an active galactic nucleus (AGN; i.e., an actively accreting

supermassive black hole), photoionization of gases within the supermassive black hole’s accretion
disk will generate a spectrum of strong emission lines that can be difficult to distinguish from lines
generated by star formation in the absence of spatially-resolved spectroscopic data. If one has such
spectroscopic data, one can measure diagnostic emission line ratios which can distinguish between
AGN and star formation processes (Kewley et al. 2019). However, we use only photometric
observations here and do not have access to such diagnostic line ratios. Thus, if any AGN were
observed by FENIKS, our SED modelling program will falsely flag them as star-forming ELGs.

As our primary goal is to study star-forming ELGs and not AGN, this may seem like a
major flaw in our study. However, there are two reasons why AGN needn’t concern us here. One
reason is that AGN make up less than about 30% of the galactic population, so the majority of our
detections will not be AGN falsely flagged as star-forming ELGs. The other reason is that
mistakenly finding an AGN is not necessarily a bad thing. Though star-forming ELGs are our
objects of interest for this particular study, identifying AGN for future studies is relevant to our
broader goal of determining the star-forming and quenching mechanisms of early galaxies, as
AGN are believed to be one mechanism by which the star formation activity may quench and a
star-forming galaxy becomes quiescent. Thus, permitting some AGN to slip into our sample set is
an acceptable result of our study, even if it is not necessarily intended. In the future, follow-up
spectroscopic studies of our identified ELGs will allow us to robustly identify the AGN that made
it into our ELG sample set.

We have presented the theory behind SED modelling and the choice behind the FENIKS
survey’s K-split filters. In the next chapter, we will provide the details of the FENIKS pilot survey,

including the size of the pilot dataset, what fields were targeted, and what data from other surveys
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were combined with our results to yield our final analysis dataset. We will also discuss the SED

modelling program that we chose to use, and what modifications were made to this program to

allow us to quantify the number of ELGs observed by FENIKS.
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Chapter 3

Data Collection and Analytical Methods

3.1 The FLAMINGOS-2 Extragalactic Near-IR K-Band Split Pilot Survey

To test the effectiveness of the new K-split filters, a small-scale pilot survey was carried
out from 2017 to 2019. While the full FENIKS survey intends to cover 0.5 deg? of sky in three
deep legacy fields (COSMOS, GOODS — South, and UDS), the pilot survey covered a much
smaller field of just 0.02 deg? of sky, with survey areas taken from the Chandra Deep Field Survey
(CDFS) field as well as from the COSMOS 352 and COSMOS 544 fields. Despite a factor of 25
reduction in total survey area, the pilot survey still imaged 9,593 galaxies at redshifts 0 <z < 6. In
Table 1, we present the coordinates of the targeted fields as well as the total exposure time achieved

for the Kpiwe and Kieq filters in each field.

Field Name Filter Total Exposure Time [hours]
(right ascension [°], declination [°])

CDFS Kblue 1.9

(53.082, -27.809) Kied 2.8

COSMOS 352 Kbiue 3.2

(150.090, 1.703) Kred 3.7

COSMOS 544 Kbiue 6.6

(150.442, 2.557) Kied 3.0

Table 1: Summary of observations in CDFS, COSMOS 352, and COSMOS 544 fields. Adapted from
Esdaile et al. (2021), with permission.

The new K-split observations from the pilot survey were combined with two previously-
compiled photometric catalogs, these being the UltraVISTA DR3 (Muzzin et al. 2013) and
ZFOURGE (Straatman et al. 2016) catalogs. The UltraVISTA catalog covers galaxies in the
COSMOS 352 and 544 fields, while the ZFOURGE catalog covers galaxies from the CDFS field.

By combining the FENIKS pilot photometry with photometry from these catalogs, we were able
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to obtain a final photometric dataset of 50 filters for the COSMOS fields, and 37 filters for the

CDEFS fields. Figures 1 and 2 present the filter curves for all of the filters used by UltraVISTA and
ZFOURGE, respectively. In Figure 3, we show the photometric data of galaxy 16181 from the

UltraVISTA catalog as an example of what our data typically looks like, with the new Kpne and

Kieq data points highlighted.
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Figure 1: The transmission curves for the filters used on the COSMOS fields, which were covered by
the UltraVISTA survey. The Kbiwe and Kr.d filters are highlighted in blue and red, respectively. The majority of
our filters cover the visible and near-IR bands, with some coverage into both the UV and mid-IR.
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Figure 2: The curves for the filters used on the CDFS field, which was surveyed by ZFOURGE. The
Kove and Kiea filters are highlighted in blue and red, respectively. Compared to the COSMOS fields, these
galaxies lack UV coverage, but have a similar coverage level for the visible, near-IR, and mid-IR regimes.
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Photometry of COSMOS 16181

Arest [HM]
0.1 0.2 0.3 0.5 1.0 2.0

T T T T T T

[e)] ~ oo
S ]
HeH

19}
T
1

w
HH

fa[107P ergs 1 ecm=2 A-1]
N =S
—
e

-

}iiiﬁ*
i1 L

%.2 0.5 1.0 2.0 4.0 9.0
Aobs [IJm]

Figure 3: Galaxy 16181 from the UltraVISTA catalog. The observed, redshifted wavelength in microns
is plotted on the lower x-axis, while the upper x-axis shows the rest-frame wavelength (the wavelength at which
the light was originally emitted before it was cosmically redshifted). The flux density has been scaled by a factor
of 10", The blue point is Koie and the red point is Krea; between them, in grey, is the original K point.

If a filter is “missing”, it means a significant observing error, systematic or otherwise,
occurred that rendered the data point from that filter completely unusable for analysis. In the
ZFOURGE catalog, we found the majority of our missing data points were from filters F105W (45
data points missing), F140W (55), F814W (21), and IA598 (9). Considering that we analyzed
3,198 ZFOURGE galaxies (and thus more than 90,000 data points overall), these numbers are
remarkably small. In the 4,082 UltraVISTA galaxies that we analyzed, we found the majority of

our missing data points were from the ultraviolet filters, with 1,337 FUV and 1,320 NUV data
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points missing, and approximately 1,145 missing data points each for the u, g, r, I, and z filters

from the Canada-France-Hawaii Telescope (CFHT).

3.2 Bayesian Analysis of Galaxies for Physical Inference and Parameter EStimation

Because of the sheer size of our dataset, it was necessary to use a computer script to process
and analyze our data. Our script was written in Python and utilizes BAGPIPES (Carnall et al. 2018)
for SED modelling purposes. BAGPIPES is a Bayesian fitting program that uses a nested sampling
algorithm (Skilling 2006) to explore semi-random combinations of physical parameter estimates,
using these parameters to generate model SEDs that it measures against the data. The parameters
it explores are not totally random; the user must specify upper and lower bounds for each
parameter, and for components such as the SFH and dust attenuation, a specific form must be
chosen. For dust attenuation, the user must choose to use one of the following dust attenuation
curves: the Calzetti et al. (2000) curve, the Cardelli et al. (1989) curve, the Charlot & Fall (2000)
curve, or the Salim et al. (2018) curve. Users also must specify an SFH model. BAGPIPES allows
for the implementation of piecewise or non-parametric models, but it also comes with a set of
parametric models that parametrize the SFR as a function of the time 7. Some of the parametric
models offered by BAGPIPES include the delta-function burst model in which all stars form at
once, the constant model which treats SFR as constant from some time # to the present, the
exponential model which treats SFR as a decaying exponential beginning at some starting time ¢,
and the delayed exponentially declining model, which gives SFR as a function of time according

to

SFR(t) « te_é (D
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where the parameter 7 is a decay timescale. We adopt the delayed model throughout this thesis and

will limit our discussions of SFH and related parameters to delayed models.

BAGPIPES generates SED models within the user-specified constraints by interpolating
between grids of pre-made SPS models covering a range of stellar ages and metallicities. The SPS
models used by BAGPIPES are Bruzual & Charlot (2003) models, generated using the Kroupa &
Boily (2002) initial mass function. Nebular gas emission, which may be generated by the
ionization of gas by newly-formed stars and thus correlated to the galaxy’s SFR, is added to the
stellar spectra using the CLOUDY photoionization code presented in Ferland et al. (2017).
Emission from the ISM is handled by the Draine & Li (2007) model, while attenuation from the
IGM is handled by the Inoue et al. (2014) model.

The generated model SEDs are compared to the input photometric data using the log-

likelihood function

1 - — £.(0))°
InL = _5(2 In(2wo?) + Z%) )

where L is the likelihood, f; is the ith input photometric data point with corresponding uncertainty
oi, and £i(0) is the ith photometric point predicted by the model that uses the parameter set 0. Models
that fit the photometric input more closely have larger log-likelihood values. BAGPIPES will
always accept a model that increases the log-likelihood. Though it may seem counterintuitive to
do so, BAGPIPES does not automatically reject every parameter set that decreases the log-
likelihood. Instead, based on the log-likelihood value, BAGPIPES will accept some parameter sets
even if they produce less accurate solutions; in degenerate, multidimensional parameter spaces,
this ensures that the algorithm does not become trapped on local maxima and is able to conduct a

more thorough exploration of the parameter space.



18
After many thousands of iterations, BAGPIPES returns the posterior distributions of the

parameters. These are series of histograms showing how frequently it returned to each parameter
value. The most frequently sampled values are those that produced the highest log-likelihood, and
thus these values produce better-fitting models than those that were sampled less often and had
low log-likelihoods. Each sampled set of parameters is used to generate a SED; typically, upwards
of 2,000 different SEDs are generated and added into the SED posterior distribution. Each SED
also generates an expected set of photometric observations, thus giving us access to a photometry
posterior distribution as well. An example of a range of SEDs taken from the posterior, as well as
the corresponding parameter posteriors, is shown in Figures 4 and 5. In Figure 6, we show an

example of a SFH posterior distribution using the delayed model detailed earlier.
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CDFS 11438
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Figure 4: The fitted SED posterior for galaxy 11438 from the CDFS field, taken from the ZFOURGE
catalog and observed at a redshift of z ~ 1.54. The dark red line marks the median SED, while the pale red
region outlines the 16™ to 84™ percentiles of SEDs explored by BAGPIPES while fitting. The grey points with
error bars represent the photometry, while the cyan boxes represent the photometry posterior. Overlap
between the grey points and cyan boxes indicates agreement between the model and the observations. The
presence of sharp emission lines and a high flux density at rest-frame wavelengths < 0.2 zm suggest that this
galaxy has not quenched yet.
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Figure 5: The posterior distributions for galaxy 11438. The solid red line in each plot represents the
median value, while the dashed red lines mark the 16" and 84™ percentile values. From left to right, top to
bottom, the parameters are: stellar mass, average SFR over the last 100 Myr, specific SFR (the SFR divided by
the stellar mass), average age of the universe when most of the galaxy’s stars formed, time since star formation
switched on, stellar mass formed by the delayed SFH model (including stellar remnants and material returned
to the ISM), metallicity of the stars, timescale of the delayed SFH model, attenuation due to dust, extra dust
factor for nebulae, base-10 logarithm of the ionization parameter, and redshift.
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Figure 6: The SFH posterior distribution for galaxy 11438, using the delayed exponential model. The
solid black line is the median SFH model, with the grey shaded region representing 16" through 84" percentile
models. The lower x axis marks the age of the universe, with the upper x axis denoting the corresponding
redshift z. The solid red line marks the location of #.rm, the average age of the universe when most of the galaxy’s
stars formed. The left edge of the plot marks tons, the age of the universe at the lookback time when the galaxy
was observed. The dashed green line marks the location of #sart = fons - Agedel, which is the median age of the
universe at which star formation in galaxy 11438 first started. The difference between fobs and fform is the mass-
weighted age, or the average age of stars in the galaxy weighted by their mass. Stars in galaxy 11438 are thus
typically about 0.95 Gyr old. The median model shown in solid black has a decay timescale of 6.55 Gyr and
first switched on 2.59 Gyr before the time at which it was observed.

Figure 5 represents the core of the BAGPIPES fitting procedure, and it is worth taking a
brief diversion to discuss it in depth. Each histogram presented in this figure is the actual range of
parameter values explored by BAGPIPES while model fitting was being performed for galaxy
11438 from the CDFS field. It is from these ranges of parameters that the SED posterior
distribution is developed. These parameter ranges are also the sought-after estimates of the
galaxy’s physical properties that we can use to infer the galaxy’s star-forming rate and history. We
now address each parameter from top to bottom, left to right, to explore their physical significance.
The first parameter is the stellar mass, and it describes how much mass is contained in the galaxy

that is in the form of main-sequence and evolved stars. Stellar mass does not include the mass of
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dust and gas that in the ISM, regardless of whether or not this gas and dust is primordial or was

ejected from stars. Stellar mass also does not include the mass locked away in the form of stellar
remnants such as white dwarfs, neutron stars, and black holes. The second parameter is the SFR,
and it describes the average rate over the past 100 Myr at which new stellar mass was being formed.
This parameter is of key importance to our study; its value will be large in ELGs and considerably
smaller in quenched galaxies. The third parameter, the specific SFR, is the SFR divided by the
stellar mass of the galaxy. The fourth parameter, tfom, is the average age of the universe when the

galaxy’s stars formed, calculated as

[,°" t SFR(t)dt

t = 3
form [,°" SFR(¢t)dt

It can be thought of as an average “birth year” for the stars in the galaxy; referencing Figures 5
and 6, trorm = 3.14 Gyr indicates that on average, the galaxy’s stars were formed when the universe
was 3.14 Gyr old. The fifth parameter, Ageqel, is the time since star formation first began in the
observed galaxy (the subscript “del” refers to the delayed model of SFH); again referencing
Figures 5 and 6, Ageqel = 2.59 Gyr means that the galaxy’s first stars formed 2.59 Gyr before the
epoch of observation. The sixth parameter is the total mass formed by the delayed star formation
model. Unlike the stellar mass parameter, this parameter also includes the mass locked away in
stellar remnants, as well as the mass of gas and dust that was once contained within stars but was
ejected and returned to the ISM by processes like stellar winds and supernovae. The seventh
parameter is Z, not to be confused with the redshift z. Z is the metallicity of the stars being formed
by the galaxy, where metallicity refers to the fractional abundance of elements heavier than
hydrogen and helium (such elements are known as metals in astronomy). In the early universe (and

thus for older galaxies), Z tends to be smaller than it is today because metals had not yet had time
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to form. The eighth parameter, zqel, is the timescale of the delayed SFH model and tells us whether

star formation in the galaxy occurred in a burst (small zq4e1) or occurred more gradually (large zqer).
The ninth parameter, (Av)dust, i the attenuation in V-band magnitudes due to dust, and represents
the intensity of dust obscuration in the galaxy. The tenth parameter, written above as dust:eta and
formally written as #, is a multiplicative factor that accounts for the excess dust within nebulae.
The young stars forming within nebulae can be heavily enshrouded in dust, causing the light from
these stars to be more strongly attenuated. When generating the model spectrum for galaxies
modelled or fitted with BAGPIPES, the attenuation factor 10~%4~DAaust js multiplied into the
spectrum of stars in nebulae; as # increases, this factor shrinks and thus the intensity of the
spectrum emitted by stars in nebulae is reduced, thus describing an increase in dust attenuation.
The attenuation factor is also applied to the emission line fluxes, so a higher value of # will
diminish the strength of the modelled emission lines. The eleventh parameter, written as
nebular:logU and formally written as log(U), is the base-10 logarithm of the CLOUDY ionization
parameter, U = ¢(H)/cn(H), where ¢p(H) is the flux of hydrogen-ionizing photons, ¢ is the speed
of light, and n(H) is the density of hydrogen atoms. log(U) is also key to our project, as more
negative values of log(U) indicate galaxies with a higher flux of ionizing radiation; thus, log(U) is
partly responsible for setting the shape of the nebular emission spectrum. The twelfth parameter,
z, 1s the redshift, which is only a free parameter for galaxies with redshifts that were determined
photometrically and not spectroscopically (more on this in Chapter 4).

For the purposes of identifying ELGs, we were interested in finding ways to characterize
the strengths of the galaxies’ emission lines. To this end, we added new features into the
BAGPIPES code. Specifically, we made it possible to break each model SED into its three major

components: the stellar continuum spectrum, the emission line spectrum, and the dust emission
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spectrum. To quantify the impact that emission lines were having on the shape of the spectrum,

we extracted predicted photometric points from two versions of the model SED, one which
contained all three components and one which had no emission line component. We thus generated
two sets of posteriors for each galaxy’s SED and photometry; one posterior was made from models
that included the emission line spectrum (“lined”), and the other posterior was made from models
that excluded the emission line spectrum (“lineless”). Two examples of these lineless SEDs in

comparison to the lined SEDs are shown in Figure 7.
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Figure 7: The split SEDs of galaxies 17619 (top) and 17559 (bottom), both from the ZFOURGE catalog
and with redshifts labelled in the upper right. In each plot, the red lines represent the complete SEDs while the
blue lines represent the median lineless SEDs. The green line represents the difference between these two SEDs
— in effect, it is the contribution to the spectrum by emission lines alone. Cyan boxes represent the complete
photometry posterior, while golden bars indicate the median photometry of the median lineless SED. Galaxy
17619 clearly has a strong emission line component, stark discrepancies between the red and blue, and
significant differences between the cyan and golden boxes; it is more than likely a star-forming ELG. Galaxy
17559 has very few visible emission lines, a tight matchup between the red and blue SEDs, and minimal
differences between the cyan and golden boxes; it is likely to be a quiescent galaxy.
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Having access to these two kinds of photometric models allowed us to design plots that

compare the change in magnitude between lined and lineless models as a function of galaxy
redshift and wavelength of observation; the development, analysis, and implications of these
“delta-magnitude” or Am plots will be detailed in Chapter 4.

We have outlined the FENIKS pilot dataset and the program that we used to conduct our
analysis. In the next chapter, we will discuss the analysis itself, starting from our choice of
constraints for our SED models, and then discussing the development and interpretation of the Am

plots, concluding with the total number of ELGs detected by this analysis.



27

Chapter 4

Analysis and Results

4.1 Model Fitting for a Select Sample of 14 FENIKS Galaxies

We began our analysis by selecting a set of 14 galaxies from the complete dataset to use as
a testbed for model selection and code development. These 14 galaxies were selected because they
contained minimal missing filters and errors that were, for the most part, smaller than 10%; thus,
any difficulties in fitting could be attributed to flaws in the code and not in the data itself.

For fitting, we used a delayed SFH model with the parameter zqe1 as the exponential decay
timescale. We permitted the galaxy’s age to vary between 100 Myr and 15 Gyr — that is, between
recent cosmic history and a bit more than the age of the universe. While BAGPIPES was free to
sample any age within these limits, the program rejects ages that would predate the Big Bang; for
example, a galaxy at redshift z = 0 could not have an age of more than 13.8 Gyr, and a galaxy at
redshift z ~ 3 could not have an age of more than 2.3 Gyr. If the algorithm samples a model galaxy
that is older than the universe, the likelihood value is immediately set to 0 and the model gets
rejected. The timescale z4e1 Was constrained to be between 10 Myr and 10 Gyr, where small values
of 74e1 describe rapid bursts of star formation in which stars are formed almost all at once, and large
values of 7qe1 describe steady star formation histories in which the galaxy forms stars at a nearly
constant rate throughout its life. The total mass formed by the SFH was constrained to be between
1 and 10" solar masses. The metallicity of stars in the galaxy was constrained to be between 0.04

and 1.5 times the solar metallicity. We used a Calzetti et al. (2000) dust attenuation model, with a
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dust attenuation coefficient constrained to be between Av = 0 (no dust attenuation) and Ay =5

(strong dust attenuation). We also constrained the value of # to lie between 0 (no dust around
young stars) and 3 (significant dust enshrouding young stars). The logarithm of the ionization
parameter, log(U), was constrained to lie between -4.0 (low ratio of ionizing photons to hydrogen
atoms) and -2.1 (high ratio of ionizing photons to hydrogen atoms). Finally, the redshift of the
galaxy was handled on a case-by-case basis; for those galaxies that had a spectroscopically-
observed redshift zgec, we fixed z = zgee. Otherwise, we set the redshift to lie between z,ns — o and
Zphot T 0, Where zpnor 1 the photometrically-determined redshift and o is the standard deviation on
Zphot, bOth derived using the EAZY photometric redshift fitting program (Brammer et al. 2008).
This choice was motivated by the fact that zy,.. tends to be a very well-constrained measurement,
while zpno 1 subject to comparatively larger uncertainties.

Using these constraints, we performed SED fitting for 14 galaxies, and developed our SED
splitting routine using these SEDs. Examples of the fitted SEDs and split SEDs we developed from
these 14 galaxies were presented in Chapter 3. With the basic SED modelling infrastructure in

place, we turned our attention to the development of the Am plots.

4.2 Extending the Fitting Algorithm to a Larger Sample

The initial set of 14 galaxies served us well in developing the initial SED modelling and
SED splitting routines, but a far larger sample would be needed in developing the delta-magnitude
plots. To extend our analysis, we selected additional galaxies based on a set of criteria designed to

exclude from the analysis galaxies with questionable or less robust measurements. Because the
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CDFS and COSMOS catalogs were conducted by two different teams using different instruments,

filters, and catalog formats, it was necessary to develop two different criteria.

For the CDFS fields, we restricted our attention to galaxies with AB magnitudes in the K-
band 15 < mx < 26.5 to exclude galaxies that were unrealistically bright (most likely caused by
cosmic ray contamination) and galaxies that were too dim for the measurements to be considered
reliable. We required each galaxy to have star = 0 and nearstar = 0; this means that each galaxy is
not likely to actually be a star that was imaged by mistake, nor is it too close on the sky to a bright
star, which could cause the photometry to be contaminated. We required use = 1 and use_nosnr =
1; this is a flag raised by the catalog when the galaxy passes a set of criteria established by the
ZFOURGE survey (see Straatman et al. (2016) for details). We constrained redshift to lie in the
range 0.2 <z < 6.0. We also required the number of Source-Extractor (SE) flags SEfag < 3 and
SEfag # 1, where SE is a catalog-building program that was used to construct the multi-wavelength
photometric catalogs from the survey images. Finally, we required the EAZY redshift fit quality
1 < 1,000, which means the fit to the galaxy’s photometric redshift was not catastrophically bad.
This results in selecting 3,198 galaxies from the CDFS field.

For the COSMOS 352 and COSMOS 544 fields, we restricted our attention to galaxies
with AB magnitudes in the K-band 15 <mx < 25, again excluding galaxies that were contaminated
by cosmic rays or too dim to use. The upper bound was adjusted to reflect the change in survey
depth between the UltraVISTA and ZFOURGE surveys. We required the galaxies to have 0 star
and contamination flags, which means that the galaxies are neither stars nor are they contaminated
by starlight or cosmic rays. We required each galaxy to have less than 3 missing filters and to lie
in the redshift range 0.2 <z < 6.0. Finally, we required that the number of SE flags (denoted in the

COSMOS catalogs as Kiag) were restricted to Kaag < 3 and Krag # 1, and that the EAZY redshift
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fit reached a chi-squared value y, < 1,000 to ensure it was not catastrophically bad. This results in

selecting 2,139 galaxies from the COSMOS 544 field, and 1,943 galaxies from the COSMOS 352
field.

The final criteria-selected sample covers 2,139 galaxies from the COSMOS 544 field,
1,943 galaxies from the COSMOS 352 field, and 3,198 galaxies from the CDFS field, for a final
sample size of 7,280 galaxies out of the 9,593 imaged in the complete pilot dataset. Our sample
set of 7,280 galaxies spans a redshift range from z = 0.2002 to z = 5.9128, and a stellar mass range

from 10 to 10'"'7 solar masses.

4.3 Delta-Magnitude and its Relation to the Equivalent Width of Emission Lines

With our extended sample in place, we could begin the development of the Am plots. As
mentioned before, we are able to create two different versions of the SED and photometry
posteriors for each galaxy, with one version including the emission line component and one
excluding it. The photometry posteriors describe how much flux should have been observed
through each of our filters based on the underlying SED model used to generate the photometry.
If emission lines are present, then the photometry posterior for the lined model piined Will be brighter
than the photometry posterior for the lineless model piinciess. From Hogg et al. (2002), the change

in flux between the two models can be converted into a change in magnitude Am in the X filter via

f % flined,obs (V)X(V)

dv
f ETE flineless,obs (V)X(V)

Piined

Am =25 10g<

) = 2.5log 4)

Piineless

where fiined, obs(v) 1 the observed (i.e., redshifted) spectrum of the galaxy with the emission lines

included, fiineless, obs(V) 18 the observed spectrum with emission lines excluded, and X(v) is the
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transmission curve for the X filter. This term is defined to be positive when emission lines are

present. Am can be used as a proxy for the rest-frame equivalent width Wgs of the emission line.

The equivalent width of an absorption or emission line in the rest frame of the absorber or emitter

is defined by

fiinea(d)
wo= [(1-pmEm)a ©

and unlike the spectra used in calculating the observed change in magnitude, the spectra here are
in the rest frame and not redshifted. For absorption lines, Wrs describes the width of a perfect
absorption line (with fiinea = 0, or 100% absorption) that removes the same amount of flux from the
stellar continuum spectrum as the actual absorption line (which is an imperfect absorber with 0 <
flined < flineless). Emission lines have fiined > fiineless; 1n these cases, we take the absolute value of the
equivalent width to report Wrs as a positive number. The equivalent width is a metric of the
emission line strength; a stronger emission line adds more flux to the observed spectrum and
increases the magnitude of Wks.

Increasing the ratio fiined/fiineless has the effect of increasing both Wrs and Am, which allows
us to use Am as an effective proxy for Wrs. Galaxies with high Am values are thus expected to
have emission lines with large rest-frame equivalent widths. However, the precise relationship
between Am and the rest-frame equivalent width of the emission line is filled with nuances. The
observed flux coming from a galaxy is affected by many factors, including the intrinsic strength
of the emission line (controlled in part by the present SFR and sSFR), the shape of the nebular
emission spectrum (controlled by the nebular parameter log(U)), and attenuation due to dust

(controlled by the coefficient Av). In addition, the flux f collected by a filter spans a bandwidth

much larger than the emission line itself; thus, the Am value reported for a specific emission line
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of equivalent width Wrs may be contaminated by other features contained within the filter’s

bandwidth, such as other emission lines, nearby absorption features, and the shape of the
continuum around the targeted emission line.

To explore the complex relationships between Am observed in a chosen filter, the rest-
frame equivalent width Wrs of an emission line targeted by that filter, and the four modelling
parameters (log(U), Av, SFR, and sSFR), we modelled 935 galaxies using BAGPIPES and
generated simulated photometric observations for each. All of these modelled galaxies employed
a delayed SFH with a total mass formed of 10'° solar masses and an age Ageds = 1 Gyr. The
models covered decay timescales z4el ranging from 50 Myr to 1.0 Gyr (which, in tandem with the
fixed mass formed and age, covered SFRs ranging from 0.0 to 13.9 Me/yr), dust attenuation
coefficients ranging from 0.0 to 5.0, and log(U) parameter values ranging from -4.0 to -2.0. We
modelled these observations twice, once for galaxies at a redshift z = 2.5 as observed through the
Kieq filter, and again for galaxies at a redshift z = 2.1 as observed through the Ky filter. These
redshifts were chosen because both filters at these redshifts will be centered very nearly on 4 =
6,562.81 A, which is the wavelength of the Ha emission line. From the simulated photometric
observations as well as built-in methods from BAGPIPES, we extracted both Am in the chosen
filter and Wrs of the Ha line in the rest frame for each modelled galaxy. We plotted the modelled
rest-frame Ha equivalent widths Wrs against the modelled Am and the results are shown below in

Figure 8.
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Figure 8: The simulated Wrs vs. Am plots for the Kred filter (left column) and for the Kb filter (right
column). Each plot is color-coded to highlight the relationship between a particular parameter and Wrs. The
color-coding in 8a and 8b represents the dust attenuation coefficient Av, with cooler colors indicating less dust.
8c and 8d are color-coded to the value of log(U), with darker tones indicating a higher flux of ionizing radiation.
8e and 8f are color-coded to the value of the SFR, with brighter colors indicating higher SFR. 8g and 8h are
similarly coded to the value of the sSFR. The plot titles are color-coded to the filter used in each plot.

Examination of these plots reveals a great deal about the relationship between the observed
Am and the implied rest-frame equivalent width of the Ha emission line. For fixed Wrs, Figures

8a and 8b reveal that increasing the level of dust attenuation will cause the observed Am to
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decrease; in other words, in the presence of more dust, a stronger emission line is needed to

produce the same Am that would be observed from a weaker emission line in a less dusty
environment. Figures 8c and 8d shows that for a fixed log(U) value, Am increases linearly with
Wrs. More negative values of log(U) decrease the slope of the graph, meaning that higher Am are
observed for weaker emission lines if the magnitude of log(U) is high. However, it should be noted
that this dependency is entirely a result of the fact that the filters are wider than the emission line
itself; additional simulations conducted with hypothetical filters of much narrower width showed
that this dependency disappears if the filter’s bandwidth spans only the emission line itself and
does not include other spectral features (see Appendix A). Thus, the dependency of Am on log(U)
is not related to emission line strength but is instead the result of the filter integrating parts of the
spectrum other than the emission line. Finally, Figures 8e, 8f, 8h, and 8g plot galaxies with varying
levels of star formation, and show that galaxies with low SFRs and sSFRs generally have lower
Am values and weaker emission lines with lower equivalent widths. Most importantly, for the
range of log(U), SFR, sSFR, and Av values covered by the FENIKS galaxies, these simulations
suggest that an observed Am value of about 0.30 corresponds to a rest-frame equivalent width of
at least 100 A or more. From these plots, we can thus define a threshold Am value above which a
galaxy can be classified as an ELG; for this study, we take that threshold to be 0.30. We note that
the exact choice of threshold is arbitrary, and that adopting higher thresholds should be used to
select more extreme ELGs. The appropriate threshold is also filter-dependent; while a cutoff of
0.30 might target at least 100 A in medium width IR filters, a different threshold will be needed

for other bands.
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4.4 Delta-Magnitude Plots and Separating ELGs from non-ELGs

For all of the galaxies in our extended sample, we calculated the Am values and produced
a plot of Am versus galaxy redshift z for the medium band IR filters used in the observations. This
choice was motivated by the fact that at different redshifts, each filter will be observing a different
rest-frame wavelength and will thus be sampling different emission lines. Equivalently, this means
the same emission is sampled by different filters at different redshifts. In Figures 9, 10, and 11, we
present three Am plots, one for the Kpne filter, one for the Krq filter, and one for the K filter that
they split. In Figures 12, 13, 14, 15, and 16, we present additional Am plots for the other medium
band IR filters used in our catalog, these being the J1, J>, J3, H1, and H> filters which split the broad

J- and H-band filters.
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Figure 9: The Am plot for the Ky filter. Each dashed vertical line indicates an emission line, while the
horizontal dashed line indicates the threshold Am value (0.30) above which a galaxy is flagged as a potential
ELG. The cyan line is the running median, which highlights trends in the data.
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Am vs redshift for f_Kr
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Figure 10: The Am plot for the Krea filter. Each dashed vertical line indicates an emission line, while

the horizontal dashed line indicates the threshold Am (0.30) value above which a galaxy is flagged as a potential
ELG. The cyan line is the running median, which highlights trends in the data.
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Figure 11: The Am plot for the K; filter. Each dashed vertical line indicates an emission line, while the

horizontal dashed line indicates the threshold Am (0.30) value above which a galaxy is flagged as a potential
ELG. The cyan line is the running median, which highlights trends in the data.
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Figure 12: The Am plot for the Ji filter. Each dashed vertical line indicates an emission line, while the
horizontal dashed line indicates the threshold Am (0.30) value above which a galaxy is flagged as a potential
ELG. The cyan line is the running median, which highlights trends in the data.
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Figure 13: The Am plot for the J: filter. Each dashed vertical line indicates an emission line, while the
horizontal dashed line indicates the threshold Am (0.30) value above which a galaxy is flagged as a potential
ELG. The cyan line is the running median, which highlights trends in the data.



38

Am vs redshift for )3
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Figure 14: The Am plot for the J; filter. Each dashed vertical line indicates an emission line, while the

horizontal dashed line indicates the threshold Am (0.30) value above which a galaxy is flagged as a potential
ELG. The cyan line is the running median, which highlights trends in the data.
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Figure 15: The Am plot for the H: filter. Each dashed vertical line indicates an emission line, while the

horizontal dashed line indicates the threshold Am (0.30) value above which a galaxy is flagged as a potential
ELG. The cyan line is the running median, which highlights trends in the data.
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Am vs redshift for H2
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Figure 16: The Am plot for the H: filter. Each dashed vertical line indicates an emission line, while the
horizontal dashed line indicates the threshold Am (0.30) value above which a galaxy is flagged as a potential
ELG. The cyan line is the running median, which highlights trends in the data.

There are several features of interest to note in these plots. For one, all plots show distinct
peaks in the curve corresponding to the wavelengths of emission lines such as the Hydrogen
Paschen and Balmer series lines, as well as the [SII], [NII], and [OIII] doublets. However, the
peaks for the medium band K-split filters are both taller and narrower than the peaks for the
broadband K filter, demonstrating the improved spectral resolution of the medium filters.

The redshift-dependent boosting effect can also be observed in the K-band plots by
examining the peaks corresponding to the overlapping Ha line and [NII] doublet. Notice that in
the Kpie delta-magnitude plot, the Ha+[NII] peak lies roughly between redshifts 1.90 and 2.40,
while the same peak falls roughly between redshifts 2.25 and 2.75 for Kred. This shows that the
Ho+[NII] lines, which originate from rest-frame wavelengths of 6,562.81 A, 6,548.05 A, and
6,583.45 A, are redshifted to the Kpiye filter (1.9 < Aobs < 2.2 um) at redshifts of about 1.90 < z <
2.40, and are redshifted further into the Kieq filter (2.1 < Aobs < 2.4 um) at redshifts of about 2.25 <

z < 2.75. The boosting effect for Ho+[NII] can thus be observed through the K-split filters for
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galaxies at redshifts between 1.90 and 2.75, with Kpne boosting observable at 1.90 <z < 2.40, and

Kied boosting observable at 2.25 <z <2.75.

The most important feature to note about these graphs is that even at the redshift regimes
where the filters sample emission lines, there are still galaxies with Am values close to 0. Such
galaxies do not have significant emission lines present, which indicates that they are likely
quenched, quiescent galaxies that are not forming stars. On the other hand, the galaxies
corresponding to the peaks of the Am plots are likely to have strong emission lines present and
thus be active star-formers or AGN. By examining each galaxy’s Am values as a function of filter
and redshift (which together are a proxy for wavelength), and selecting only those with high Am

values, it should be possible to automatically identify ELGs from the dataset.

4.5 The Number of ELGs Found by FENIKS

We now bring together all of the discussion above to yield the final result. Our exploration
of the relationship between Am and Wgs suggests that we can select galaxies with W > 100 A in
the rest frame by setting the threshold Am value to be 0.30. We apply this threshold to the Kpiue,
Krea, J1, Jo, J3, H1, and H» Am plots shown above. Tallying up the galaxies flagged as ELGs by
each Am plot, we find that the total number of galaxies in the FENIKS pilot survey dataset with
emission line equivalent widths in excess of 100 A is 1,648, representing ~23% of the sample of
galaxies modelled with BAGPIPES. Of these detections, 595 were detected by Koiue, 500 by Kred,
216 by Ji, 158 by J, 261 by J3, 331 by Hi, and 384 by H>. Note that the same galaxy can be

detected by multiple filters, hence these numbers do not sum to 1,648. Of the galaxies detected via
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these methods, 589 were detected through only one filter, 524 were detected by two filters, 287 by

three, 101 by four, 87 by five, 25 by six, and 35 by all seven medium band IR filters.

Chapter 5

Discussion and Conclusions

5.1 Discussion of Results

Our final analysis concluded that 1,648 galaxies out of the 7,280 galaxies that we analyzed
were ELGs. These results are, of course, highly dependent on the Am threshold that we chose, and
we could get quite different results by adjusting Am. If we wanted to select for only the most active
and extreme of the ELGs, we could set Am to 0.8 or 0.9, pulling out galaxies with equivalent
widths exceeding 300 A. Alternatively, we are free to drop the threshold Am and examine galaxies
forming stars at much more moderate rates. The key takeaway from this analysis is not the exact
number of ELGs so much as it is the development of a program that allows us to select ELGs at
the desired level of star formation intensity; such a tool will be invaluable when the need for
detailed spectroscopic follow-up studies arises, as we can use this tool to quickly generate a list of
viable targets.

In selecting these targets, we may need to turn our attention to an as-yet underutilized part
of our program, this being the parameter posterior distributions such as the ones shown in Figure
5. While exceeding a Am threshold is a good start towards declaring a galaxy to be an ELG, cross-
referencing this information with the reported SFR and sSFR values in its parameter posteriors
would be an effective way to double down on this claim. In addition, recall that the Am and Wrs

relationship, as presented in Chapter 4.3, is more nuanced than it may first appear. A galaxy
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flagged as a potential ELG by an initial Am check could be better scrutinized by examination of

its estimated SFR and sSFR, which should both be appreciably high if the galaxy truly is an ELG.

We present the beginnings of this work below. In Figure 17, we present the distributions
of the stellar mass, Ay, SFR, sSFR, and mass-weighted age of all galaxies in our dataset as well as
of those specifically flagged as ELGs. In Figures 18, 19, and 20, we present three color-coded
plots of the modelled galaxies’ stellar masses against redshift z, with color-coding used to describe
the dust attenuation coefficient Ay, the SFR, and the sSFR. There are two plots in each of these
figures; one contains all of the galaxies analyzed while the other presents only those flagged as

ELGs.
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Figure 17: The distributions of (left to right, top to bottom) stellar mass, Av, SFR, sSFR, and mass-
weighted age. The grey histogram plots all galaxies analyzed for which a model was successfully fitted and a
parameter output file generated. The red histogram includes only those galaxies flagged as ELGs. For clarity,
galaxies that had values of log(sSFR/yr!) < -12 were binned. Galaxies with log(SFR/(Me yr')) < -2 were also
binned for clarity.
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Stellar Mass vs z, coded to Ay: all galaxies
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Figure 18: The plots of stellar mass versus redshift, color-coded to Av. The upper plot includes all
galaxies, while the lower plot shows only those flagged as ELGs.
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Stellar Mass vs z, coded to SFR: all galaxies
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Figure 19: The plots of stellar mass versus redshift, color-coded to SFR. The upper plot includes all
galaxies, while the lower plot shows only those flagged as ELGs. The SFRs of the characterized galaxies span
six orders of magnitude; as a result, the color-coding on these plots is logarithmic.
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Stellar Mass vs z, coded to sSFR: all galaxies
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Figure 20: The plots of stellar mass versus redshift, color-coded to sSFR. The upper plot includes all
galaxies, while the lower plot shows only those flagged as ELGs. As with SFR, we present the sSFR in
logarithmic scaling because the data spans more than five orders of magnitude. For clarity, we set the
log(sSFR/yrY) of all galaxies with log(sSFR/yr™) <-12 to -12.

Examining Figure 17 shows certain trends in the ELGs that are not reflected in the complete
galaxy sample. The stellar mass shows similar trends in both sets, but the galaxies flagged as ELGs
generally have log(sSFR/yr'!) > -9, while non-ELG galaxies can have substantially lower values
of log(sSFR/yr ™). Similarly, the fraction of galaxies in the dataset flagged as ELGs goes up as SFR
increases; as star-forming galaxies tend to also be ELGs, this trend agrees well with our

expectations. Note also that most ELGs have mass-weighted ages of less than about 2 Gyr,
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meaning that these galaxies formed most of their stars more recently than non-ELGs. This, too,

agrees with expectations, as star-forming galaxies will have many more young stars than older,
quenched galaxies which long ago exhausted their gas supplies or otherwise found a way to quench
star formation.

Examining Figures 18, 19, and 20 reveals some of the limitations of our methods. In
particular, the plot color-coded to SFR shows that there are some galaxies that BAGPIPES assigns
appreciably high SFR values to that are not flagged as ELGs. Notice that the potential ELGs that
the algorithm failed to detect are clustered in specific redshift bands; for example, between z = 2.7
and z = 3.0, there is a cluster of galaxies with SFRs exceeding 10 Me/yr that are nonetheless absent
from the plot of galaxies flagged as ELGs. Such redshift regimes indicate regions where emission
lines have not been redshifted into any of the seven medium band IR filters analyzed here; we
could likely recover these galaxies as ELGs if we extended our analysis to include filters that target
emission lines at these redshifts. Alternatively, some of these galaxies may be highly active star-
formers and yet not be ELGs. This is the case for galaxies heavily obscured by dust, as obscuration
from dust can suppress the intensity of the emission lines relative to the stellar continuum, reducing
the value of Am below our cutoff threshold even though the galaxy is forming many new stars.

The accuracy of our results is constrained in part by the reliability of our data. Our analysis
required each analyzed galaxy to have SNR > 5 as part of the selection criteria, which means that
each photometric data point carried a fractional uncertainty of 20% or less. Our SED posteriors
tended to reflect this uncertainty, with the range of generated spectra (the percentiles as shown in
Figure 4) being broadest around data points that carried the highest uncertainties. In choosing
targets for follow-up studies, we could set stricter constraints on the SNR. However, the SNR of a

galaxy in one survey does not necessarily set its SNR in future missions, and the SNR of a galaxy
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covered in a deep-sky survey is certainly going to be lesser than its SNR in a dedicated follow-up.

Thus, constraining SNR >> 5 is most likely unnecessary and would only discard valuable targets.

In this analysis, we restricted our analysis of the Am plots to the medium band filters, which
are Kred, Kolue, J1, J2, J3, H1, and H>. We only used the other filters in our dataset for SED fitting
purposes. In the near future, it could be worthwhile to broaden our Am plot analysis to include
some of these filters, extending the reach of our analysis into different redshift ranges not yet well-
sampled by our methods. However, using broadband filters does introduce a selection bias favoring
ELGs with more intense emission lines, compared to the use of medium band filters which are

better able to detect less extreme ELGs.

5.2 Conclusions and Future Directions

In this thesis, we presented the preliminary analysis of a dataset combining previous
medium band galaxy surveys with the newly-obtained data from the FENIKS pilot survey. Our
analysis suggests that out of the 7,280 galaxies we analyzed, 1,648 galaxies are ELGs with
emission line equivalent widths in excess of 100 A. The code developed for this project represents
a useful tool that can be used to select galaxies from the fields surveyed by FENIKS at desired
levels of star formation activity; the galaxies thus selected can be targeted in detailed spectroscopic
follow-up studies designed to more rigorously constrain the properties of each galaxy. In the short-
term, several underutilized features of our program will be expanded upon to make the selection
process more rigorous and efficient, allowing us to confidently select the best targets for detailed
spectroscopic studies as well as further validate our methods. In the long-term, follow-up missions

informed by this analysis will yield insight into the star formation mechanisms of these early, fast-
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growing galaxies, bringing us closer to determining how the universe’s early galaxies grew and

quenched so quickly.
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Appendix A. Simulations of EW Dependency on log(U)

In Chapter 4.3, we claimed that the effects of log(U) on the Wrs-Am relationships were
entirely a result of the filters being wider than the emission line itself, thus causing Am to be
calculated from parts of the galactic spectrum that included features other than the emission line.
We now present the additional simulations conducted which led us to draw this conclusion. We
generated a hypothetical thin filter centered on 22,965 A and targeting galaxies at a redshift of z =
2.5; at this redshift, the Ha line is centered at 22,969 A and is thus acutely targeted by the
hypothetical thin filter. Figure 1A below shows the hypothetical thin filter curve in grey, plotted

over the actual K4 filter curve used in our study.
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Figure 1A: The hypothetical filter curve (grey) against the actual Krea curve (red). The hypothetical
thin filter’s width is orders of magnitude thinner than the Krea curve and is designed to sample only the flux of
the Ho emission line at a redshift z = 2.5.
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We run the same set of simulations against this hypothetical figure as we did in Chapter

4.3 against our real filters. Figure 2A shows the resultant rest-frame Ha equivalent width vs. Am

plots generated using the hypothetical thin filter.
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Figure 21: The simulated Wrs vs. Am plots for the Ki.a filter (left column) and for the hypothetical thin
filter (right column). The color-coding in these plots is identical to that of Figure 7.
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While most of the relationships between Wrs and Am are preserved even in the thin filter

case (Wrs increases with SFR and sSFR, dust reduces the observed Am when Wks is fixed), notice
that the log(U) dependency has almost completely collapsed. There is still some dispersion of the
Wrs-Am curve as a result of the thin filter’s finite width, but compared to the much broader Kred
curve, the effects of log(U) on the Wrs-Am relationship are much diminished. We conclude from
these simulations that Wrs is largely insensitive to the value of log(U), a result that agrees well

with other studies in nebular emission modelling (e.g., Nell et al. 2017).
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Appendix B. Remarks on the Strength of the K-split Filters

The FENIKS pilot survey and the full FENIKS survey both aim to improve spectral
resolution in the K band by introducing the K-split filters, Kpiue and Kred. We briefly remark here
on the effectiveness of these filters in improving spectral resolution by presenting Figures 1B and
2B below. These figures show the change in magnitude Am detected in each of the medium filters

for each galaxy versus the value of Am measured in the conventional broadband K filter.
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Figure 1B: The plot of Am in Kpe versus Am in Ks, color-coded to redshift. The red dashed line marks
the line of equal performance between Kvwe and Ks; above this line lie points where the medium filter
outperformed the broad filter. In the redshift bands where both filters target emission lines (e.g., z ~ 2.0), we
expect higher Am values to be recovered in the medium filter.
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Figure 2B: The plot of Am in Krca versus Am in K, color-coded to redshift. The red dashed line marks
the line of equal performance between Kra and Ks; above this line lie points where the medium filter
outperformed the broad filter. In the redshift bands where both filters target emission lines (e.g., z ~ 2.5), we
expect higher Am values to be recovered in the medium filter.

In redshift ranges where neither K5 nor the K-split filters target emission lines, we expect
the filters to perform similarly, not because the filters have similar resolving power, but because
there are few to no spectral features present to resolve. This is reflected in the central line of data
points (not the dashed red line) present in both Figures 2A and 2B; this line of scatter points, which
has a slope of just over 1, shows the broadband and medium filter performing comparably, with
the medium filter just slightly outperforming the broadband filter. On the other hand, in redshift
ranges where both the broadband filter and one of the K-split filters target emission lines, we expect
the K-split filter to recover higher Am values than the conventional broadband filter. This is
reflected in both figures as a sharp spur jutting upwards to the left of the central line. These spurs

show that in the appropriate redshift bands, the K-split filters outperform the conventional filter by
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+0.2 Am or more. Because the K-split filters are narrower, there will be redshift ranges where the

K filter still targets emission lines that have been redshifted out of the range covered by the
medium filter. In these regions, we expect the broadband filter to outperform the medium filter.
This is reflected in each plot as a sharp spur jutting rightwards, located just beneath the central
line. Notice that the color-coding on each plot indicates redshift. In the regions where Kied
outperforms K, Ks tends to outperform Kpie, and vice versa; that is, the lower spur in one plot
corresponds to the same redshift range as the upper spur in the other plot. For example, the upper
spur for Kpe (Where it outperforms the broadband filter) targets redshifts z ~ 2.0, the same
approximate redshift band that makes up the lower spur for Kieq (Where it is outperformed by the
broadband filter). This is because the emission lines visible in Kpie at z ~ 2.0 are also visible in K
at that same redshift, but they have not yet been redshifted into the z range at which they can be

targeted by Kred.
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